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Abstract
MicroRNA (miRNA) expressions in tumor biopsies have shown potential as biomarkers in cervical cancer, but
suitable reference RNAs for normalization of reverse transcription quantitative polymerase chain reaction (RT-
qPCR) assays in patient cohorts with different clinicopathological characteristics are not available. We aimed to
identify the optimal reference miRNAs and apply these to investigate the potential of miR-9-5p as human papilloma
virus (HPV) 16 biomarker and miR-210-3p as hypoxia biomarker in cervical cancer. Candidate reference miRNAs
were preselected in sequencing data of 90 patients and ranked in a stability analysis by RefFinder. A selection of
the most stable miRNAs was evaluated by geNorm and NormFinder analyses of RT-qPCR data of 29 patients. U6
small nuclear RNA (RNU6) was also included in the evaluation. MiR-9-5p and miR-210-3p expression was assessed
by RT-qPCR in 45 and 65 patients, respectively. Nine candidates were preselected in the sequencing data after
excluding those associated with clinical markers, HPV type, hypoxia status, suboptimal expression levels, and low
stability. In RT-qPCR assays, the combination of miR-151-5p, miR-152-3p, and miR-423-3p was identified as the
most stable normalization factor across clinical markers, HPV type, and hypoxia status. RNU6 showed poor
stability. By applying the optimal reference miRNAs, higher miR-9-5p expression in HPV16- than HPV18-positive
tumors and higher miR-210-3p expression in more hypoxic than less hypoxic tumors were found in accordance
with the sequencing data. MiR-210-3p was associated with poor outcome by both sequencing and RT-qPCR
assays. In conclusion, miR-151-5p, miR-152-3p, and miR-423-3p are suitable reference miRNAs in cervical cancer.
MiR-9-5p and miR-210-3p are promising HPV16 and hypoxia biomarkers, respectively.
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troduction
icroRNA (miRNA) expression in tumor biopsies is a novel source
biomarkers that may lead to improved tools for patient

ratification and treatment decision in cervical cancer [1]. Aberrant
iRNA expression has been shown to correlate with poor clinical
tcome [2–9], advanced tumor stage [10–12], lymph node
etastases [12,13], and infection with specific types of human
pillomavirus (HPV) [14]. Moreover, miRNAs associated with
mor hypoxia, which is a well-known aggressive feature of this
sease [15], have been identified in other cancer types [16] and
ould be evaluated in cervical cancer as well. Reverse transcription
antitative real-time polymerase chain reaction (RT-qPCR) allows
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st and sensitive measurement of miRNA expression that would be
sy to implement in the clinic. However, the results rely on proper
oice of stably expressed reference RNAs for normalization to correct
nbiological sample-to-sample variations [17]. The search for
omarkers by RT-qPCR in cervical cancer specimens poses strict
quirements with regard to stability of the reference RNAs across
inicopathological characteristics that have so far only been addressed
r mRNA, and not miRNA, expression assays [18].
MiRNAs belong to a different RNA class than mRNAs, with
fferent biogenesis, size, and stability. Reference RNAs optimized for
iRNA expression are therefore required [19]. The choice of
ndidates is challenging because current knowledge of miRNA
nction is scarce. Small nucleolar RNAs, such as U6 small nuclear
NA (RNU6), have been widely used in miRNA RT-qPCR studies
various cancer types, including cervical cancer [20–25]. However,
eir robustness as reference RNAs has been questioned [26,27].
oreover, for reliable normalization of assays applied on clinical
ecimens, multiple RNAs are recommended [28]. In previous work,
ndidate miRNAs have been evaluated for their suitability to detect
pression differences between normal or precancerous cervical
sions and invasive cancer [29–31]. These candidates may therefore
t meet the criteria required in studies of aggressive tumor features.
In this work, we aimed to identify the optimal set of reference
iRNAs for RT-qPCR studies in cervical cancer and apply these to
sess the potential of miR-9-5p and miR-210-3p as HPV16 and
poxia biomarkers, respectively. We evaluated expression level,
ability, and correlation to clinical markers, HPV type, and hypoxia
atus for all expressed miRNAs in a cohort of 90 patients, as
termined by small RNA sequencing of tumor biopsies. The most
omising nine candidates together with RNU6 were further
aluated by RT-qPCR, and an optimal set of three reference
iRNAs feasible for biomarker studies was identified. Our work
monstrates the importance of careful selection of references RNAs
d suggests consideration of miR-210 as a novel prognostic hypoxia
omarker in cervical cancer.

aterials and Methods

atients and Tissue Samples
In total, 110 samples from patients with locally advanced squamous
ll carcinoma of the uterine cervix, enrolled for treatment at The
orwegian Radium Hospital from 2001 to 2012, were included
upplemental Table 1). MiRNA sequencing data were utilized for 90
tients (sequencing cohort), and 29 of these patients were included in the
ability evaluation analysis with RT-qPCR (RT-qPCR cohort 1;
pplemental Table 1). In the RT-qPCR validation analysis, 16 more
tients were included in addition to the 29 patients from the stability
aluation analysis (RT-qPCR cohort 1 extended; Supplemental Table 1).
he remaining 20 patients were included in an independent validation
alysis with RT-qPCR (RT-qPCR cohort 2; Supplemental Table 1).
The study was approved by The Regional Committee for Medical
d Health Research Ethics in South East of Norway (REC 2016/
79), and written informed consent was obtained from all patients.
he tumor biopsies were collected before the start of treatment,
mediately snap frozen, and stored at −80°C. Those with more than
% tumor cell fraction in hematoxylin and eosin–stained
stological sections were selected for analyses. All patients received
ternal radiation followed by brachytherapy as described [32].
oncurrent cisplatin was given according to tolerance.
Clinical markers, HPV type, and hypoxia status were collected
om previous work on the same patients [32,33]. In brief, HPV type
as determined based on multiplex PCR of genomic DNA using
imers specific for HPV16 and HPV18 as well as two consensus
imers [33]. Tumor hypoxia status was assessed as more or less
poxia according to a 6-gene hypoxia classifier determined from
lumina gene expression profiles [32].

ell lines
HeLa and SiHa cervical cancer cell lines were used to assess
iRNAs regulated by hypoxia or hypoxia combined with lactic
idosis. Culturing was performed in Dulbecco's modified Eagle
edium with GlutaMAX supplemented with 10% fetal calf serum,

penicillin–streptomycin (Gibco, NY), and 1% L-glutamine
7513, Sigma-Aldrich, St. Louis, MO) under 5% CO2 at 37°C.
he cells were exposed to either normoxia (95% air, 5% CO2),
poxia (0.2% O2, 5% CO2), or the combination of hypoxia (0.2%
2, 5% CO2) and lactic acidosis (10 mM lactic acid, pH 6.7) for
hours before they were harvested for RNA isolation. An Invivo2200
amber (Ruskinn Technology Ltd., UK) was used to create hypoxia.
ctic acidosis was generated by adding calcium L-lactate hydrate
4388, Sigma Aldrich) and further adjusting the culture medium to a
of 6.7 using HCl. HEPES buffer (1 M) was used to maintain a

able pH during the experiments.

NA Isolation
Total RNA was isolated from tissue cryotome sections and cell
ltures by the miRNeasy kit (Qiagen, Hilden, Germany; sequencing
hort, cell lines) or with TRIzol Reagent (Invitrogen, Carlsbad, CA)
llowed by LiCl precipitation (RT-qPCR cohort 2) and dissolved in
clease-free dH2O. RNA concentration was measured on a
anoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,
E). The RNA was isolated from all biopsies over a time span of 6
eeks and stored at −80°C. The RNA integrity was assessed by
ioanalyzer 2100 (Agilent Technologies, Inc. Santa Clara, CA) on all
e samples within 1 year before small RNA sequencing.

all RNA Sequencing
Small RNA preparation for sequencing was performed on samples
om 90 patients (sequencing cohort) and cell cultures according to
lumina TruSeq Small RNA library protocols (Illumina, San Diego,
A). The patients included in the sequencing cohort were selected on
e basis of RNA integrity of the isolated total RNA from tumor
opsies. RNA samples with an RNA integrity number (RIN) N6.5
om tumor biopsies and RIN N8 from cell cultures were considered
ceptable for small RNA sequencing. Briefly, indexed 3′- and 5′-end
NA adapters were ligated to 1 μg of isolated total RNA per sample
llowed by reverse transcription and library amplification. The
NA was purified on a PAGE gel by cutting out bands
rresponding to 140-160 bp (length of miRNA + adapter and
dex sequences), followed by ethanol precipitation of pooled RNA.
he Illumina HiSeq 2500 platform was used for single-end
quencing of cDNA molecules. Real-time analysis, base calling,
d filtering of low quality reads were performed by Illumina's
ftware packages (Illumina). FASTQ data were quality checked, and
ads were aligned, quantified, and annotated using the miRDeep2
gorithm with miRBase v.21 for annotation of mature miRNAs [34].
ead counts were normalized as reads per million (RPM) annotated
ature miRNAs. After normalization, miRNAs with read counts less
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an 10 across all patients were excluded from the clinical data set.
og2-transformed data were used in the analyses.

everse Transcription Quantitative PCR
RT-qPCR was performed on samples from 65 patients, including
patients in the sequencing cohort (RT-qPCR cohort 1, extended)
d 20 independent patients (RT-qPCR cohort 2). The miRCURY
NA Universal RT microRNA PCR system (Exiqon Vedbaek,
enmark) was applied. cDNA was synthesized from 10 ng of total
NA using the miRCURY LNA microRNA PCR, Polyadenylation,
d cDNA synthesis kit II (Exiqon). For amplification and detection
the selected miRNAs and RNU6, predeveloped microRNA LNA

CR primer sets (Supplemental Table 2) and the ExiLENT SYBR
reen master mix (Exiqon) were used according to the standard
otocols. Reference Dye for Quantitative PCR (1×, Sigma Aldrich
-4526) was used as passive reference. The qPCRs were run on a
00HT Fast Real-Time PCR thermocycler (Applied Biosystems,
arlsbad, CA) using the thermal-cycling parameters recommended
the manufacturers. Amplification was analyzed using the SDS
ftware v.2.3 (Applied Biosystems). A no reverse transcriptase
ntrol and a no template control were included as negative controls
r all reactions and showed no amplification [quantification cycle
q) = “undetectable”].
Primer specificity was assessed in a patient sample by melting curve
alysis of the amplicons. PCR efficiency in percentage (E %) was
aluated by cDNA dilution series (80-, 320-, 1280- and 5120-fold),
ing the formula E% = [10(−1/slope)−1]*100. The 320-fold dilution
as selected for the studies.
All samples were run in technical duplicates, and the average Cq of
ch sample was used in the analysis. The normalized expression level
Cq) of miR-9-5p and miR-210-3p was calculated by the
mparative Cq method [35] using a normalization factor calculated
the average Cq values of the reference miRNAs identified in this
udy.

ata Analysis and Statistics
BRB-ArrayTools v.4.5 (developed by Dr. Richard Simon and the
RB-ArrayTools Development Team) [36] and SigmaPlot v12.5
ystat Software, Inc., Chicago, IL) were used for subsetting, filtering,
d statistical analyses of miRNA expression data. The web-based
ol RefFinder [37] was used to rank candidates in the miRNA
quencing data based on their stability values, as assessed by the
gorithms BestKeeper [38], the comparative cycle threshold (ΔCt)
ethod [39], geNorm [40] and NormFinder [28]. Based on the
ability ranking of the individual programs, a weight was given to
ch miRNA. The geometric mean of the weights was used for the
nal ranking in RefFinder. GeNorm and NormFinder were further
ed to evaluate the selected candidates in RT-qPCR experiments.
he geNorm algorithm calculates a stability value (M) for each
ndidate based on the average pairwise variation for each candidate
ith all other candidates. GeNorm excludes the least stable candidate
ighestM) in a stepwise process until the most stable gene pair is left,
., the pair with the lowest average standard deviation (SD) of
pression ratios between the candidates. GeNorm also calculates a
rmalization factor (NF) which determines the number of genes
quired for reliable normalization. Starting with the two most stable
iRNAs (lowest M values), geNorm continuously adds another gene
d recalculates the NF. The optimal number of reference genes is
tained when the pairvise variation value (VNF) is below the
commended cutoff value of 0.15 [40]. NormFinder is an ANOVA-
sed algorithm used to estimate overall variation of candidate
ference genes across subgroups based on both their intergroup and
tragroup variation. The calculations are combined into a stability
lue (SV) for each candidate, where a low SV indicates higher
ability [28].
The miRNA information database miRBase v.22 [41] was used to
sess miRNA family affiliations. MiRNA expression was compared
tween patient groups by Mann-Whitney U test or Student's t test.
earson's and Spearman's correlation analyses were used to correlate
e expression level between miR-28 family members and correlation
tween Cq-values of the miRNAs versus age of biopsy, respectively.
ox proportional hazards univariate analysis was used to search for
sociations between miRNAs and survival, with progression-free
rvival or disease-specific survival with a maximum follow-up time of
years as clinical end point. For progression-free survival and disease-
ecific survival, time from diagnosis to the first event of recurrence or
sease-related death was used, respectively. Kaplan-Meier analysis
as performed by comparing survival curves for patients with high
d low miR-210-3p expression using log-rank test.
esults

reselection from Small RNA Sequencing Data
A total of 571 different miRNAs detected by small RNA
quencing of tumor samples from 90 cervical cancer patients were
e basis of our selection of candidate reference miRNAs (Figure 1).
o be selected, we required that the miRNA was expressed in all
mples and exhibited low expression variance across the patients, and
cluded only the 25% least variable miRNAs. In addition, to ensure
appropriate expression level within the range of most other

iRNAs [42], those with a median log2-transformed expression
nging from 4 to 12 rpm were included. Only 5% of the miRNAs
d an expression above 12 rpm, and those with expression below
rpm might be difficult to detect in RT-qPCR experiments. These
o criteria excluded 477 miRNAs (Supplemental Table 3).
To optimize our list of candidates for prognostic biomarker studies,
e excluded miRNAs that were responsive to hypoxia or hypoxia
mbined with lactic acidosis in the cervical cancer cell lines HeLa
d SiHa using a threshold of 1.5-fold change to define the responsive
es (Supplemental Table 3). We further required that the candidate
owed no differences in expression between patient groups
hibiting different clinical variables, including age, tumor stage,
mor volume, lymph node status, and HPV type, or was associated
ith survival. After the selection and filtering criteria were met, the
t was reduced to 20 different miRNAs (Supplemental Table 3).
Stability ranking of the remaining 20 candidates by RefFinder
owed good accordance between the 4 integrated algorithms
upplemental Table 4). The nine top recommended miRNAs
ere selected for evaluation in RT-qPCR assays. They were among
e nine most stable candidates by all algorithms, except for miR-
1b which was ranked as number 10 by NormFinder. In addition,
e included RNU6 to compare its performance with the candidate
iRNAs.

iRNA Family Affiliation and RT-qPCR Assay Performance
To avoid inclusion of highly co-regulated miRNAs, family
filiation analysis was carried out on the nine selected candidates.
hree miRNAs, miR-151a-5p, miR-151b, and miR-28-5p, were
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Figure 1. Schematic presentation of the study workflow.
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entified to belong to the same miR-28 family (Supplemental Table
and thus likely to be co-regulated. MiR-151b is identical to miR-
1a-5p, except for three extra bases on the 3′ terminus in miR-151a-
(Supplemental Figure 1A). The sequencing data of the two

iRNAs were identical (Supplemental Figure 1B). MiR-151b was
erefore excluded from the further analysis, as it was ranked lower
an miR-151a-5p in the RefFinder analysis (Supplemental Table 4).
efore excluding either miR-28-5p or miR-151a-5p, which also
owed correlation in expression (Supplementary Figure 1C), their
R efficiency was analyzed together with the remaining candidates.
Melting curve analysis of the amplicons in RT-qPCR showed the
esence of a single peak for all primer sets (Supplemental Figure 2).
R efficiencies were in the satisfactory range of 93% (miR-652-3p)
108% (RNU6), except for miR-532-5p (70% efficiency) and miR-
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Table 1. Optimal Combination of Candidate Reference miRNAs by NormFinder

Group Best miRNA Combination Stability

Lymph node status miR-151a-5p + miR-152-3p 0.035
Tumor volume miR-151a-5p + miR-152-3p 0.076
Tumor stage miR-151a-5p + miR-152-3p 0.032
HPV type miR-151a-5p + miR-152-3p 0.091
Hypoxia status miR-151a-5p + miR-152-3p 0.040
Age miR-151a-5p + miR-505-3p 0.094
Recurrence miR-151a-5p + miR-152-3p 0.055
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-5p (111% efficiency), which were excluded (Supplemental Table 6).
iR-671-3p showed Cq values N35 in the least diluted samples (×80)
d was excluded since accurate quantification could be difficult,
aving five candidates and RNU6 for the subsequent analyses.

ability Evaluation in RT-qPCR Assays
To visualize expression level and variation of the candidates, raw
q values were plotted for 29 patients in the sequencing cohort (RT-
CR cohort 1). The candidates displayed mean ± SD Cq values in
e range from 23.5 ± 1.6 (RNU6) to 31.9 ± 0.7 (miR-505-3p),
here RNU6 clearly showed high expression and variance across the
mples compared to the other candidates (Figure 2A, Supplemental
able 7). No relationship was found between the Cq value and year of
opsy sampling for the miRNAs evaluated with RT-qPCR
upplemental Figure 3), indicating no degradation of the investi-
ted miRNAs during storage time.
In the overall stability analysis, NormFinder ranked miR-151a-5p
the most stable candidate, followed by miR-152-3p. NormFinder
nked RNU6 as the least stable RNA (Figure 2B). Similarly, miR-
1a-5p and miR-152-3p were the most stable candidates in the
Norm ranking, as shown by the M value of 0.47 (Figure 2C). This
below the expected M value range of 0.5-1 when evaluating
ference genes in cancer biopsies, and where M b 1 is required for
itability as reference genes [43]. In accordance with NormFinder,
Norm ranked RNU6 as the least stable RNA. The M value
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To determine the optimal number of reference miRNAs required
r normalization, geNorm's recommended cutoff value of 0.15 for
irwise variation between normalization factors (VNF) was used. The
st VNF value below 0.15 appeared at V3/4, suggesting that the top
ree stable miRNAs, miR-151a-5p, miR-152-3p, and miR-423-5p,
ere sufficient (Figure 2D). The high V5/6 value (Figure 2D) was
nsistent with the steep decrease inM value obtained by the stepwise
clusion of the lowest rated candidate, RNU6 (Figure 2C).
NormFinder was further used for stability evaluation across clinical
bgroups of the 29 patients. Stability ranking based on inter- and
tragroup variation for lymph node status, tumor volume, tumor stage,
poxia status, HPV type, age, and cancer recurrence showed that miR-
1a-5p was the most stable candidate in all groups, except for hypoxia
atus wheremiR-152-3pwas rated as themost stable (Figure 3). RNU6
as the least stable candidate in all analyses, with a predominantly high
ter- and intragroup variation (Supplemental Figure 4).
The best combination of candidates wasmiR-151a-5p andmiR-152-
for all markers, except age, in the NormFinder analysis (Table 1).

hese two miRNAs therefore appeared as the overall best combination
r a normalization factor. However, for application of the normaliza-
n factor in HPV and hypoxia studies, the third most stable candidate
the geNorm ranking, miR-423-5p, was also included based on the
irwise variation analysis described above (Figure 2D).

pplication in HPV and Hypoxia Studies
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iR-423-5p or on only miR-151a-5p and miR-152-3p was evaluated
d compared in studies of miR-9-5p and miR-210-3p in the
tended RT-qPCR cohort 1 of 45 patients. The importance of these
iRNAs in cervical cancer pathogenesis was first demonstrated in our
quencing data of 90 patients, showing a higher miR-9-5p
pression in HPV16- than HPV18-positive tumors (Figure 4A)
d a higher miR-210-3p expression in more hypoxic than less
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iles; circlesmark outliers.P values calculated by the Student's t test
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Figure 5. MiR-210-3p expression in relation to hypoxia status and treatment outcome. (A) MiR-210-3p expression in less and more hypoxic
tumors based on sequencing data of 90 patients (sequencing cohort). (B, C) MiR-210-3p expression in less and more hypoxic tumors by RT-
qPCR in 45 patients (extended RT-qPCR cohort 1; B) and 20 independent patients (RT-qPCR cohort 2; C). (A-C) Boxes represent lower and
upper quartiles, with median as horizontal line; whiskers depict the 10-90 percentiles; circles mark outliers. P values were calculated by the
Student's t test (two-sided) or the Mann-Whitney U test. (D, E, F) Kaplan-Meier curves of progression-free survival illustrating difference in
recurrence for patients with high (n = 19) and low (n = 71) miR-210-3p expression by sequencing (sequencing cohort, 90 patients) (D) and
high (n = 15) and low (n = 30) miR-210-3p expression by RT-qPCR (extended RT-qPCR cohort 1, 45 patients; E, F). P values by log-rank test
are shown. The analyseswere based on log2 transformed RPM (A, D) or relative expression calculated by the Cqmethod using the 3-miR NF
(miR-151a-5p, miR-152-3p, and miR-423-3p) or the 2-miR NF (miR-151a-5p and miR-152-3p) (B, C, E, F). **P b .005, ***P b .001.
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poxic tumors (Figure 5A). By RT-qPCR, we found that the
rmalization factors based on three miRNAs (miR-151a-5p, miR-
2-3p, miR-423-5p) and two miRNAs (miR-151a-5p, miR-152-
) were both suitable for distinguishing miR-9-5p expression
etween HPV16- and HPV18-positive tumors (Figure 4B).
oreover, the difference in expression between the two groups was
most equal for the two normalization factors. Similarly, a significant
fference in miR-210-3p expression between less and more hypoxic
mors that was almost equal for both normalization factors was
und (Figure 5B). In addition, a larger difference between less and
ore hypoxic tumors was detected in both cases in the independent
T-qPCR cohort 2, which included an equal number of 10 highly
poxic tumors and 10 tumors with minor hypoxia (Figure 5C).
To investigate the feasibility of the reference miRNAs in the search
r prognostic biomarkers, we first assessed the relationship between
iR-210-3p expression and treatment outcome in the sequencing
hort. The patient group classified with high miR-210-3p expression
owed significantly increased risk of disease progression (Figure 5D),
ggesting that miR-210-3p expression could serve as a prognostic
omarker in cervical cancer. The relationship to outcome was
lidated by RT-qPCR, and the significance was not altered by any of
e two normalization factors (Figure 5E and F). Altogether, it seems
at our reference miRNAs were suitable for biomarker studies in
rvical cancer and that there was no benefit of including miR-423-5p
addition to miR-151a-5p and miR-152-3p in calculation of the
rmalization factor.

iscussion and Conclusions
valuation of normalized miRNA sequencing data of a large patient
hort made it possible to identify all potentially suitable reference
iRNAs for testing in RT-qPCR assays. The preselected candidates
ere particularly promising for biomarker studies, with an appropri-
e expression level that was neither associated with clinical markers,
eatment outcome, or HPV type nor responsive to hypoxia or
poxia combined with lactic acidosis. Among the excluded
ndidates were miR-191-5p and miR-23a-3p, which have been
ggested as reference miRNAs in studies comparing normal cervix,
ecancerous lesions, and cancer [30,31]. In our study, miR-191-5p
d a higher expression level than most other miRNAs, and miR-23a-
expression was associated with treatment outcome, demonstrating
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e need for optimizing reference RNAs for each study purpose.
rther stability analysis by RefFinder based on the sequencing data
abled selection of nine top-ranked candidates for testing in RT-
CR assays. The accuracy of the RefFinder ranking has been
estioned, as bias due to differences in assay efficiency may occur
hen the input is noncorrected, raw Cq values from RT-qPCR [44].
owever, our analysis was based on normalized sequencing data,
aking the ranking more robust.
After excluding four miRNAs based on family affiliation, poor
ficiency, and expression level in RT-qPCR assays, five preselected
ndidates, together with RNU6, remained for a rigorous evaluation
geNorm and NormFinder analyses on RT-qPCR data. The output
geNorm and NormFinder is a stability value per gene and per
mbination of genes. In addition, geNorm provides guidelines for
itable stability values, and M values in the range of 0.5-1 are
ceptable when evaluating candidate reference genes in heteroge-
ous samples like cancer biopsies [43]. In our study, theM values of
e preselected miRNA candidates ranged from of 0.65 using all five
ndidates to 0.47 using the two most stable ones. NormFinder
ovides no similar guidelines for stability values. However, the
nsistency in candidate ranking between NormFinder and geNorm
sured that the selected candidates are suitable as reference miRNAs.
RNU6 showed a high expression level and the lowest stability in all
alyses by both geNorm and NormFinder. TheM value increased to
99 if RNU6 was included, which is close to the recommended M
lue limit of 1. Also, including RNU6 in the normalization factor
creased the VNF value above the recommended cutoff of 0.15.
ence, RNU6 was found to be less suitable as reference RNA, in
cordance with other reports [26,27]. Of particular importance for
omarker studies, RNU6 had the highest inter- and intragroup
riation across clinical markers, HPV type, and hypoxia status.
onsequently, the ability to minimize technical variation between
mples would be reduced when using RNU6 as normalization factor,
d small changes in miRNA expression could be difficult to detect.
NU6 is a longer RNA specie of 106 bp and has different
ysicochemical properties, isolation efficiency, and stability in
lutions than miRNAs [27]. The poor performance of RNU6 could
erefore be due to partly degradation or suboptimal RT-qPCR
nditions.
Both geNorm and NormFinder suggested miR-151a-5p and miR-
2-3p to be the best pair of reference miRNAs. These miRNAs were
nked as the most stable ones based on overall and inter- and
tragroup stability across clinical markers, treatment outcome, HPV
pe, and hypoxia status, strongly indicating suitability in biomarker
udies. One exception was NormFinder's analysis of the age groups,
here a combination of miR-151a-5p and miR-505-3p was found to
more stable. However, the individual stability values for miR-152-
and miR-505-3p were similar. The ranking of miR-505-3p above
iR-152-3p could therefore be due to the lower intergroup variability
miR-505-3p. Since this discrepancy between NormFinder and
Norm was minor, it seems reasonable to select miR-151a-5p and
iR-152-3p as the optimal pair of miRNAs. MiR-423-3p was
lected as the third reference miRNA since this candidate was ranked
number three in the geNorm analysis and the overall stability
creased by adding miR-423-3p to the combination of miR-151a-5p
d miR-152-3p. Moreover, miR-423 has been identified as a
itable reference miRNA in cervical tissues in previous work [29].
Our studies of miR-9-5p and miR-210-3p in relation to HPV type
d hypoxia status, respectively, showed that the three-miRNA
mbination (miR-151a-5p, -152-3p, -423-3p) and two-miRNA
mbination (miR-151a-5p, -152-3p) performed equally well as
rmalization factor. In particular, both combinations led to a
gnificant association between miR-210-3p expression and treatment
tcome. Moreover, the association between miR-210-3p and
poxia status was validated in an independent patient cohort in
th cases. These results strongly support the suitability of the two
ts of reference miRNAs in studies of prognostic biomarkers. To
crease robustness of the normalization factor, it is recommended to
e at least three reference RNAs [40]. However, the benefit of using
e three-miRNA rather than two-miRNA combination seems to be
all and should be evaluated against the added cost.
In conclusion, miR-151-5p, miR-152-3p, and miR-423-3p are
itable reference miRNAs in RT-qPCR analyses of cervical cancer
opsies. Application of the reference miRNAs in biomarker studies
owed a higher miR-9-5p expression in HPV16- than HPV18-
sitive tumors, supporting our results based on miRNA sequencing
ta and previous findings in cervical cancer [14]. Moreover, a higher
iR-210-3p expression in more hypoxic than less hypoxic tumors
d its association to poor treatment outcome were demonstrated,
pporting findings in other cancer types [16] and representing novel
sults for cervical cancer. These results encourage development of
PV16 and hypoxia biomarkers based on miR-9-5p and miR-210-
expression in cervical cancer. Moreover, RT-qPCR with the

ference miRNAs identified here would probably be a feasible assay
r assessment of such biomarkers.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.12.010.
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