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Abstract

Normalisation to standard reference gene(s) is essential for quantitative real-time polymer-
ase chain reaction (RT-gPCR) to obtain reproducible and comparable results of a gene of
interest (GOI) between subjects and under varying experimental conditions. There is limited
evidence to support selection of the commonly used reference genes in rat ischaemic and
toxicological kidney models. Employing these models, we determined the most stable refer-
ence genes by comparing 4 standard methods (NormFinder, gBase+, BestKeeper and com-
parative ACq) and developed a new 3-way linear mixed-effects model for evaluation of
reference gene stability. This new technique utilises the intra-class correlation coefficient as
the stability measure for multiple continuous and categorical covariates when determining
the optimum normalisation factor. The model also determines confidence intervals for each
candidate normalisation gene to facilitate selection and allow sample size calculation for
designing experiments to identify reference genes. Of the 10 candidate reference genes
tested, the geometric mean of polyadenylate-binding nuclear protein 1 (PABPN1) and beta-
actin (ACTB) was the most stable reference combination. In contrast, commonly used ribo-
somal 78S and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were the most unsta-
ble. We compared the use of PABPN1xACTB and 2 commonly used genes 78S and
GAPDH on the expression of 4 genes of interest know to vary after renal injury and
expressed by different kidney cell types (KIM-1, HIF1a, TGFB1and PECAMT). The less sta-
ble reference genes gave varying patterns of GOI expression in contrast to the use of the
least unstable reference PABPN1xACTB combination; this improved detection of differences
in gene expression between experimental groups. Reduced within-group variation of the now
more accurately normalised GOl may allow for reduced experimental group size particularly
for comparison between various models. This objective selection of stable reference genes
increased the reliability of comparisons within and between experimental groups.
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Introduction

Quantitative real-time polymerase chain reaction (RT-qPCR) is a widely used, sensitive and
specific method for detection and quantification of messenger RNA (mRNA) expression over
a large dynamic range for validation of selected genes identified by other techniques (e.g.
RNA-seq) [1] [2]. For rare mRNA species, RT-qPCR may be the only practical way to quanti-
tate gene expression. A critical aspect of RT-qPCR assessment of gene expression is controlling
for the amount of starting material, i.e., normalisation of gene expression to an endogenous
gene not affected by the experimental conditions. Normalisation is critical for comparison of
samples from different sources that may contain varying quantities of mRNA [3]. Differences
in the quantity of mRNA may result from differences in extraction and isolation efficiency of
mRNA species. Variation in input quantity to RT reactions and inefficiency in complimentary
deoxyribose nucleic acid (cDNA) synthesis may also introduce experimental variation [4]. For
this study, these sources of variation were termed ‘experimental error’. Varying normalisation
strategies have been used to minimise the intrinsic variability resulting from such sources.
Techniques include normalisation to the initial total RNA, addition of known quantities of
cDNA, and the use of internal reference genes [4, 5]. Endogenous reference genes are regarded
as optimal, since detection and amplification of reference genes and target genes occur under
the same conditions [6]. Nevertheless, critical prerequisites for an ideal reference gene are a
broad dynamic range and constant level of expression compared to the gene of interest (GOI)
under the same experimental conditions and, ideally, under different experimental conditions
[7, 8]. Selection of appropriate reference genes is critical to reducing experimental error. How-
ever, there is no consensus regarding the best reference genes based on rat strain, tissue type
and injury model with a variety of genes suggested for various organs or regions of various
organs [9-16].

Housekeeping genes (HKGs) are ideal candidate reference genes as these are constitutive
genes required for basic cellular function and expressed in most cells under normal physiologi-
cal conditions [9]. However, HKGs may be affected by experimental conditions as many repre-
sent metabolic pathways or structural genes that may be altered by experimental interventions
[10]. Commonly employed HKGs for RT-qPCR include beta actin (ACTB), glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and 18S ribosomal RNA (18S). The choice of these
mRNA species stems from use in traditional non- or semi-quantitative methods such as
Northern blotting and have often not been validated for RT-qPCR across diverse experimental
conditions [8]. A growing body of evidence suggests that, both in vivo and in vitro, there may
be considerable fluctuation under varying experimental conditions making them unsuitable as
reference genes for RT-qPCR [2, 10, 12, 17-21]. For example, GAPDH varies under hypoxic
stress [13] and 18S varies under both toxic and hypoxic stress [2]. In addition, reference genes
may be tissue specific, so that ideal HKGs may differ between tissues and experimental condi-
tions [22, 23]. Currently, normalisation against the geometric mean of the most stable refer-
ence genes is regarded as the best strategy for error reduction in raw qPCR data [24].

A number of statistical algorithms such as Normfinder [11], geNorm (14, improved to
qBase+), BestKeeper [25, 26] and comparative delta quantification cycle (ACq) approach [27]
were devised to evaluate stable reference gene/s for given experimental conditions. While
these represent an improvement over arbitrary selection, there are limitations to these algo-
rithms. They do not allow for randomly missing data and do not account for multiple systemic
effects (experimental conditions), systemic effects related to continuous variables, or for refer-
ence gene-systemic effect interactions. In addition, stability values are not accompanied by
confidence intervals (ClIs). This precludes determination of minimal sample size, which could
reduce error in reference gene selection. It also prevents ranking of reference genes with close
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stability values. In order to address these limitations a 3-way linear mixed-effects model
(LMM) was employed based on the intra class correlation coefficient (ICC) [28].

The rat is one of the most commonly used models in the study of renal disease [29]. Ischae-
mia-reperfusion injury, IRI, and toxic injury represent the majority of causes of acute kidney
injury [30]. However, pre-clinical animal studies have been plagued by inconsistent, poorly
reproducible results. Gene expression studies often guide pre-clinical studies and direct further
investigation. A consistent method of normalising GOI expression between experimental
groups in time and across treatment strategies is critical. Thus, validated stable endogenous
reference genes are needed to normalise RT-qPCR data for rat kidney and other studies.

There has been an increase in the number of studies evaluating the stability of gene expres-
sion in various tissues, however, few have studied the reference genes in rodent kidney. Valida-
tion studies of reference genes in rodents have been performed mainly in liver and heart injury
models, usually for ischaemic and toxic injury [2, 12, 13, 31]. We selected 10 candidate genes
for analysis based on an exhaustive literature review of rat studies performed over the last 20
years to evaluate the suitability of reference genes. Table 1 summarises the most pertinent of
these rat studies and compares these with human studies.

Experimental conditions which overlapped with the present study were weighted to a
greater extent. Hence studies concerned with rat and kidney models were weighted to a greater
extent than those of IRI which in turn were weighted to a greater extent than the rest of the
studies. An arbitrary scale out of 5 was used to weigh each study when selecting 10 candidate
reference genes for the present study based on this criteria and is detailed in Table 1. Ppia and
Polr2a were excluded from analysis as although they have been identified as stable in myocar-
dial and carotid body IRI models [13, 38], the aforementioned Ppia and Polr2a genes were
shown to be the most unstable in kidney tissue in a study analysing reference genes in obese
zucker rats [9].

The primary aim was to determine the most stable reference genes for normalisation of
gene expression studies in ischaemic and toxic rat renal kidney injury models. A second aim
was to compare the results of the current standard techniques with that of a 3-way LMM and
to estimate the sample size for determination of accurate qPCR results for given combinations
of reference genes with known ICCs. Kidney injury molecule (KIM)-1, Hypoxia Inducible Fac-
tor 1 Subunit Alpha (HIF1a), Platelet and Endothelial Cell Adhesion Molecule 1 (PECAM]1),
Transforming Growth Factor Beta 1 (TGEf1), were assayed as representative GOIs to allow
statistical comparisons.

Results
Descriptive statistics and gene expression

Descriptive statistics of the gene expression of the candidate reference genes is in Table 2 and
plate specific efficiencies and correction factors are listed below in Table 3. As expected 185
showed the highest expression with an arithmetic and a geometric mean Cq of 15 while the
lowest expression was YWHAG. The maximum standard deviation of Cq values was found for
18S. ACTB and PABPNI had the lowest dispersion of Cq values from the mean. Reference
gene Cq distributions were normal in each case and D’Agostino-Pearson test p > 0.05. A

box plot of reference gene RQ values for a representative experimental run is presented in

Fig 1. Amplification efficiency values were > 1.85 for all reference genes with the highest effi-
ciency being 2. Mean efficiencies for the same reference gene were similar +0.05 for all 3 exper-
imental runs.
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Table 1. Reference gene evaluation studies.

Number of Pathology/Intervention/ Tissue Species Reference Gene Suitability Weight when | Reference
reference genes treatment selecting
studied Reference genes
3 Various acute and chronic Kidney Human 18S and GAPDH unstable and 4 [32]
kidney pathologies unsuitable to be used singly as
reference genes
10 Hypoxia Kidney HEK cell line Human | The most suitable reference genes for 4 [33]
RT-qPCR studies in kidney HEK cell
line were Ppia, HPRT, B2M
16 Cystic kidney disease Kidney Mouse The most suitable reference genes 4 [31]
were Ppia, GAPDH, Pgkl
6 Influence of testosterone on Kidney Rat Most suitable and stable 5 [10]
kidney (orchidectomy +/- (Sprague- normalisation factor for RT-qPCR
testosterone) Dawley) studies in kidney was HMBS
+ GAPDH
10 Fasting and acute Kidney Rat The most suitable reference genes 5 [9]
hyperglycaemia (Zucker) | RT-qPCR studies in kidney was TBP,
ACTB, GAPDH
10 Post infarction heart failure Myocardium Human The most suitable reference genes in 3 [13]
humans were Rpl32 and Pgkl
10 Post infarction heart failure Myocardium Mouse The most stable reference genes in 3 [13]
mice Rpl32, GAPDH and Polr2a
10 Post infarction heart failure Myocardium Rat (Wistar) | The most suitable reference genes in 4 [13]
Polr2a, Rpl32 and TBP
9 Ischaemia reperfusion Heart Rat (Wistar) For RV were HMBS + HPRT 4 [12]
For LV were YWHAZ+ PABPN1 4
+HMBS
10 Fasting and acute Heart Rat Most stable was SDHA, TBP 4 [9]
hyperglycaemia (Zucker)
2 Asthma Endobronchial tissue and Human GAPDH, ACTB unsuitable as 2 [34]
bronchoalveolar lavage cells reference genes
10 Fasting and acute Lung Rat Most stable were ACTB, YWHAG 3 [9]
hyperglycaemia (Zucker)
12 Control (no insult) Juvenile and adult rat tissue | Rat (Wistar) Most stable for both adult and 3 2]
(ovary, liver, adrenal, juvenile rat tissues (i.e across
prostate, fat pad, testis) developmental stages) were HPRT
and SDHA
12 Various toxicological insults Liver, ovary, adrenal, Rat (Wistar) Most stable reference gene in all 3 [2]
prostate, fat pad, testis tissues examined were HPRT and
SDHA
8 Hepatotoxicity Liver Rat (Wistar) | The most suitable reference genes 3 [6]
SDHA and r18S
17 Fat gavage or dietary Liver Rat (Wistar) | The most suitable reference genes for 3 [35]
restriction RT-qPCR studies in liver was r18S
17 Fat gavage or dietary Duodenum, jejunum, ileum | Rat (Wistar) | The most suitable reference genes for 3 [35]
restriction RT-qPCR studies in duodenum was
TBP
In jejunum was Ubc 3
In ileum was HPRT 3
6 Influence of testosterone on Hypothalamus Rat The most table reference genes were 3 [10]
hypothalamus (orchidectomy (Sprague- HMBS and Ppia
+/- testosterone) Dawley)
10 Hypoxia Breast MCF 7 cell line Human | Most stable reference genes in MCF 7 1 [33]
cell line were TBP and ATP5G3
(Continued)
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Table 1. (Continued)

Number of Pathology/Intervention/ Tissue Species Reference Gene Suitability Weight when | Reference
reference genes treatment selecting
studied Reference genes
10 Hypoxia Prostate LNCaP and PNT2 Human For LNCaP cell lines GAPDH and 1 [33]
TBP and PNT2 cell line were
ATP5G3 and HPRT
10 Cell Culture Cultured T helper cells Human GAPDH unstable and MLN51, EF-1- 1 [36]
a, UbcH5 more stable and suitable
13 Cell Culture, TB Culture of whole blood and Human HuPO most stable and suitable in 1 [18]
PBMC whole blood
HuPO and HPRT most stable suitable 1
in cultured PBMC
9 Differentiation of intestinal | Cultured intestinal epithelial Human The most suitable reference genes for 1 [37]
and colonic adenocarcinoma cells RT-qPCR studies in differentiating
intestinal epithelial was RPLPO
In adenocarcinoma of colon was 1
B2M
6 Normoxia, chronic hypoxia Early post-natal period Rat Ppia + TBP most stable and suitable 3 [38]
or hyperoxia carotid body (Sprague- normalisation factor overall
Dawley)

ACTB = beta-actin; ATP5G3 = ATP synthase, H+ transporting, mitochondrial FO complex, subunit C3 (subunit 9); B2M = beta-2-microglobulin; EF-1-a = elongation
factor 1-alpha; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; HMBS = hydroxymethylbilane synthase; HPRT = hypoxanthine phosphoribosyltransferase;
HuPO = human acidic ribosomal protein; PABPNI poly(A) binding protein nuclear 1; PBMC = peripheral blood mononuclear cells; Pgkl = phosphoglycerate kinase 1;
Polr2a = RNA polymerase II subunit A; Ppia = peptidylprolyl isomerase A; r18S = ribosomal 18S subunit; RpI32 = ribosomal protein L32; RPLPO = ribosomal
phosphoprotein; SDHA = succinate dehydrogenase complex flavoprotein subunit A; TB = tuberculosis; TBP = TATA-box binding protein; UbcH5B = ubiquitin-
conjugating enzyme E2 D2; YWHAG = tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein gamma; YWHAZ = tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta

https://doi.org/10.1371/journal.pone.0233109.t001

Reference gene stability

Reference gene ranking. Normfinder, qBase+, BestKeeper and comparative ACq
approaches were used to assess the initial stability of candidate reference genes. The candidate
reference genes are ranked in Table 4 with corresponding stability values in descending order
with the most stable reference gene at the top. Normfinder ranked HMBS as the most stable
(0.23) and PABPNI and YWHAG as second (0.36). For Normfinder, lower values have greater
stability. For a 2 gene stability factor, Normfinder found HMBS and YWHAG as the best two
genes to construct a normalisation factor of 0.187. The qBase+ algorithm ranked ACTB,

Table 2. Descriptive statistics of reference gene expression.

18S GAPDH ACTB HMBS HPRT PABPN1 SDHA TBP YWHAG YWHAZ

Number of values 54 54 54 54 54 54 54 54 54 54

Minimum Cq 11.27 20.18 16.87 18.60 17.84 16.57 13.94 22.02 24.51 16.78
Maximum Cq 24.44 31.45 23.39 24.61 26.88 23.06 21.61 30.49 33.19 24.33
Mean Cq 15.49 26.45 19.67 20.97 22.82 19.96 17.72 26.43 27.87 20.25
Std. deviation 2.461 2.407 1.198 1.367 1.986 1.314 1.745 1.733 1.772 1.705
Geometric mean 15.32 26.34 19.64 20.92 22.73 19.92 17.63 26.37 27.81 20.18
D’Agostino Pearson test K> p-value 0.08 0.16 0.13 0.54 0.43 0.71 0.82 0.73 0.17 0.74

Data shown for a representative experiment. Cq = quantification threshold; D’Agostino-Pearson test (Omnibus K2) p-value for distribution of KIM-1I gene expression

normalised to various normalisation factors. Null hypothesis for Omnibus K2 test = all values sampled from a Gaussian distribution.

https://doi.org/10.1371/journal.pone.0233109.t002
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Table 3. Correction factors, plate specific efficiencies and quantification threshold.

Gene
18S
GAPDH
ACTB
HMBS
PABPN1
HPRT
SDHA
TBP
YWHAG
YWHAZ

Correction factor (F,) Plate 1
0.94
1.41
0.74
0.7
0.97
0.73
0.66
0.88
0.33
1.46

Data shown for a representative experiment.

https://doi.org/10.1371/journal.pone.0233109.t003

Efficiency (E,) Plate 1

1.88
2.00
1.94
1.97
1.84
1.97
1.98
2.00
2.00
1.85

Nq Plate 1
41.00
44.30
52.83
69.18
60.42
49.90
48.45
66.59
17.64
46.16

Correction factor (F,) Plate 2

1.06
0.71
1.34
1.43
1.03
1.37
1.51
1.14
2.00
0.68

Efficiency (E,) Plate 2

1.86
2.00
2.00
1.92
1.85
1.97
1.87
2.00
2.00
1.93

Nq Plate 2
20.68
52.59
33.98
52.32

107.28
57.07
32.84
63.73
33.12
56.20

HMBS and PABPN1 as the top 3 most stable reference genes with respective ‘M’ values of 0.62,
0.69 and 0.71. A higher ‘M’ value denotes higher variation and less stability (see further evalua-
tion of reference genes using qBase+ in S1 File). BestKeeper ranked HMBS, YWHAG and
PABPNI as the most correlated genes in the constructed BestKeeper index and hence the most
suitable stable reference genes. The standard deviations (+ mean Cq) of the HMBS, YWHAG
and PABPNI were 1.09, 1.36 and 1.09 respectively, all higher than the recommended standard
deviation of 1 [26]. Only ACTB had a standard deviation (+ mean Cq) less than 1 (0.92). The
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Fig 1. Relative quantitation of reference genes. ACq values for reference genes in a representative experimental run.

Whiskers are 2.5% - 97.5% and ‘+” denotes the arithmetic mean of Cq values for that reference gene.

https://doi.org/10.1371/journal.pone.0233109.g001
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Table 4. Reference gene ranks.

Rank
1

O (0| U W N

—
S

Normfinder
HMBS (0.26)
PABPNI (0.36)
YWHAG (0.36)
ACTB (0.42)
YWHAZ (0.47)
TBP (0.5)
HPRT (0.53)
SDHA (0.71)
18S (0.79)
GAPDH (0.85)

qBase+ ' BestKeeper Comparative ACq *
ACTB (0.62) HMBS (0.94) HMBS (1.23)
HMBS (0.69) YWHAG (0.92) PABPNI1 (1.28)

PABPNI1 (0.71) PABPNI1 (0.88) ACTB (1.33)

YWHAZ (0.83)

YWHAZ (0.88)

YWHAG (1.39)

YWHAG (0.9) ACTB (0.86) YWHAZ (1.46)
TBP (1.0) HPRT (0.82) TBP (1.48)
HPRT (1.07) TBP (0.81) HPRT (1.57)
SDHA (1.22) GAPDH (0.69) SDHA (1.91)
GAPDH (1.36) SDHA (0.63) GAPDH (2.03)
185 (1.56) 185 (0.57) 185 (2.52)

Ranking of reference genes from highest to lowest stability for each algorithm.

1geNorm (‘M’ value),

“Correlation coefficient ‘r’ to BestKeeper index,

?Average standard deviation.

https://doi.org/10.1371/journal.pone.0233109.t004

comparative ACq approach ranked HMBS, PABPNI and ACTB as the most stable. All tech-
niques ranked GAPDH and 18S as the least stable.

As the different algorithms produced slightly differing rankings, we determined a consen-
sus ranking using weighted rank aggregation. As there were 10 reference genes, we initially
used the brute force approach with Spearman footrule distance applied to generate all possible
rankings with minimum value of objective function. A second weighted consensus ranking
was obtained with the cross-entropy Monte Carlo algorithm (in RStudio) (S2 File). Both brute
force and cross-entropy Monte-Carlo approaches gave identical results (Table 5). PABPN1
and HMBS were most stable using these methods, while GAPDH and 18S were the least stable.

3-way linear mixed-effects model

Ideal normalisation factors for animal studies employ combinations of at least 2 reference
genes [39]. ICC values ranged from 0 to 1, with higher values indicating greater stability. ICC
estimates with a lower 95% CI limit less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9,
and greater than 0.90 are indicative of poor, moderate, good, and excellent reliability [40]. A

Table 5. Consensus ranking of reference genes.

Rank Reference gene
1 PABPN1
2 HMBS
3 ACTB
4 YWHAZ
5 YWHAG
6 TBP
7 HPRT
8 SDHA
9 GAPDH
10 18§

Rank in descending order from most to least stable reference gene.

https://doi.org/10.1371/journal.pone.0233109.t1005
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Table 6. Top 3 most stable reference genes combinations using 3-way LMM.

Rank Gene combination ICC LRT p-value Width of confidence interval ‘w’
1 ACTB x PABPNI* 0.858 0.154 0.21
2 ACTB x PABPN1 x YWHAG 0.778 0.073 0.22
3 ACTB x YWHAG 0.744 0.086 0.25

* Optimal reference gene combination with highest stability/reliability and no systemic variation by group. Reference gene combinations ranked in descending order of

stability according to the 3-way linear mixed model. ICC = intraclass correlation coefficient; LRT p-value = Likelihood ratio test to determine if gene expression

variation is due to systemic effects or their interaction with reference genes is significant. Group = treatment group. w: Confidence interval width ranks the ICC; a

shorter width indicates greater accuracy. Since reference genes should be stable across groups without systemic effects, p-value for group/systematic effects (LRT p-

value) for reference genes should be > 0.05.

https://doi.org/10.1371/journal.pone.0233109.t006

normalisation factor constructed from ACTB and PABPN1 was the most stable with an ICC of
0.86 (95% CI, 0.65-1), indicating moderate to good reliability. The best 3-reference gene nor-
malisation factor was ACTB, PABPN1 and YWHAG with an ICC of 0.77 (95% CI, 0.55-0.99),
but with a lower limit less than ACTBxPABPN]1 (Table 6). Given the experimental conditions,
a minimum sample size of 106 would have been required to improve the precision of the ICC
estimate and to narrow the width of the 95% CI to a width of 0.1 (S3 File, section 3). S4 File in
Table 1 in Excel™ S4 File represents a tabulation of minimal sample sizes necessary to arrive at
two to five ‘true reference genes’ with ICC ranging between 0.7 and 0.9 and two-sided confi-
dence interval width = 0.1 and 0.2. “True reference genes’ are the reference genes determined
to be the most stable for the specific experiment instead of the candidate reference genes. For
an example, in the present experiment, there are 10 candidate reference genes but only two
‘true reference genes’ as determined by the 3-way LMM method. The accompanying Excel™
calculator tool can also provide the researcher with the minimum sample sizes necessary for a
desired ICC and confidence interval width.

Relevance of selecting a particular normalisation factor. Four commonly queried GOIs
in the IRI and toxicological renal injury literature (KIM-1, PECAM1, HIF1o and TGEfS1) were
analysed to test the impact of choice of normalisation factors/reference genes. Depending on
reference gene/normalisation factor used, significant discrepancies in GOI fold differences
between experimental groups were found in both ischaemic and toxicological injury models.

KIM-1 is a transmembrane glycoprotein expressed in proximal tubules and upregulated fol-
lowing AKI. Its ectodomain appears in urine after cisplatin toxicity, IRI and after feeding
0.25% adenine [41, 42]. KIM-1 was selected to demonstrate the effect of selection of reference
genes on normalisation of GOI since its expression varies with different acute challenges.
PECAM1 is an endothelial cell junction molecule also expressed to different degrees on leuko-
cyte sub-types and platelets [43]. Paralleling peritubular capillary rarefaction, PECAMI is
reduced in kidney cortex and outer strip of outer medulla in rodent IRI models [44]. HIF1a is
a master regulator of cell responses to hypoxia, expressed in both proximal and distal tubular
cells and leads to expression of several genes involved in adaptation to decreased oxygen avail-
ability [45]. TGFpI is a modulator of fibrosis in many models of tissue injury and is upregu-
lated in proximal tubular epithelial cells after renal IRI [46].

GOI expression was assayed under the same conditions as the candidate reference genes
and the normalised relative quotients (NRQs) were obtained by normalising the GOIs against
reference genes/reference gene combinations (Figs 2-9). Tables 7, 9, 11 and 13 summarises the
statistical methods used to analyse the respectively KIM-1, PECAM1I, HIF1o and TGEfSI gene
expression and Tables 8, 10, 12 and 14 summarises the significance of experimental treatment
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Fig 2. Expression of KIM-1 normalised to a) 18S, b) GAPDH, or ¢) PABPN1xHMBS or d) ACTBxPABPNI following AKI induced by
Cisplatin or IRI Data are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05, ** p < 0.01, ***
p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9002

group comparisons of the respective GOIs, when normalised against 4 reference genes or ref-

erence gene combinations.

For cisplatin induced injury, normalisation of GOIs, KIM-1, PECAM1, HIF1lo and TGEf1
against the 4 reference genes or reference gene combinations produced varying results (Figs 2,
4, 6 and 8 respectively). All GOIs normalised against 18S or GAPDH produced discrepant
results compared with normalisation against the more stable normalisation factors of
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Fig 3. Expression of KIM-1 normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS, d) ACTBxPABPNI in the IRI treated groups. Data
are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05, ** p < 0.01, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9003

HMBSxPABPN1 and ACTBxPABPNI. However, as expected from stable normalisation fac-
tors, the pattern of fold differences between various experimental treatment groups were simi-
lar when KIM-1, PECAM1I and HIFIo were normalised against HMBSxPABPN1 (Figs 2c, 4c
and 6¢) or ACTBxPABPN] (Figs 2d, 4d and 6d). KIM-1 and PECAMI gene expression pat-
terns were more consistent with histological injury when normalised against the stable nor-
malisation factors HMBSxPABPNI or ACTBXxPABPNI compared to either 18S or GAPDH.
For IRI, the fold expression of KIM-1, PECAM1I, HIF1a and TGFSI observed among treat-
ment groups depended on the normalisation factor employed (Figs 3, 5, 7 and 9 respectively).
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Fig 4. Expression of PECAM1 normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS, d) ACTBxPABPNI in the cisplatin treated groups. Data are
means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05,** p < 0.01, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9004

As expected, KIM1 and TGFp1 showed a pattern of upregulation with increasing injury when
normalised against the stable ACTBxPABPNI (Figs 3d and 9d). PECAMI gene expression
tended to decrease with severity of renal injury and normalisation against GAPDH (Fig 5b)
along with more stable HMBSxPABPNI (Fig 5¢) and ACTBxPABPNI (Fig 5d) produced this
pattern. HIFI1a which is induced by reperfusion and oxygen availability is downregulated 24
hours after insult [47]. Tissues from all treatment groups in the present study were obtained
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Fig 5. Expression of PECAMI normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS, d) ACTBxPABPNI in the IRI treated groups.
Data are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05, ** p < 0.01, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9005

either on day 7 or 14 after cisplatin or IRI; this might explain the discrepant HIF ¢ results irre-
spective of reference gene or reference gene combination (Figs 6a-6d, 7a-7d).

2-way ANOVA analysis of KIM-1, PECAM]I, HIF-1a and TGEBI gene expression results
(NRQs) confirmed superiority of using the geometric mean of 2 reference genes rather than
one (p < 0.05) (S5 File, S5 Figs 1-4 in S5 file and S4 File in Table 1). For example, normalisa-
tion against PABPNI did not demonstrate a difference in gene expression between control and
IRI on sCKD (acute) or IRI on sCKD (chronic) groups, in contrast to normalisation against
the geometric mean of ACTBXxPABPNI.
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Fig 6. Expression or rank difference between groups of HIF1a normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS, d)
ACTBxPABPNI in the cisplatin treated groups. Data are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). *

p < 0.05,** p < 0.01,*** p < 0.001.
https://doi.org/10.1371/journal.pone.0233109.9006

Discussion

This is the first study to our knowledge that compares the most reliable reference genes for
normalisation for RT-qPCR for transcript GOI levels in rat kidneys under ischaemic and toxi-
cological conditions using multiple statistical approaches [48]. HMBS and PABPN1 were
among the top 3 most stable genes according to Normfinder, qBase+, BestKeeper and compar-
ative ACq methods. In contrast, the most commonly used reference genes in rat studies, 18S
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Fig 7. Expression or rank difference between groups of HIF1¢ after IRI and normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS, d)
ACTBxPABPNI. Data are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05, ** p < 0.01, ***
p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9007

and GAPDH, were the least stable of the 10 genes assessed by all algorithms. The robustness of
these results was highlighted by analysis using brute force and Monte Carlo cross entropy
weighted aggregation that produced identical rankings. After weighted aggregation, PABPN1,
HMBS and ACTB were ranked the most reliable reference genes. In contrast, in mouse models
of renal cystic disease, GAPDH, peptidylprolyl isomerase A and phosphoglycerate kinase have
been ranked highest, highlighting the need for model, species and strain specific housekeeping
genes [31].
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Fig 8. Rank difference between groups of TGE1 expression after cisplatin and normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS,
d) ACTBxPABPNI. Data are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05, ** p < 0.01, ***
p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9008

Reference gene selection was further refined and allowance made for experimental group
variation not accounted for by the current models by development of a 3-way LMM. This
model defined confidence intervals for stability values and group sizes and was superior in
selecting optimal reference genes. In addition, it accommodated multiple continuous and cate-
gorical variables with sample random effects, gene fixed effects, systematic effects, and gene by
systematic effect interaction. These are major advantages of using the 3-way LMM. Reference
gene combinations can help reduce the measurement errors in single reference gene and
improve reliability in the gene normalisation process, and the 3-way LMM provides statistical

PLOS ONE | https://doi.org/10.1371/journal.pone.0233109 May 21, 2020 15/27


https://doi.org/10.1371/journal.pone.0233109.g008
https://doi.org/10.1371/journal.pone.0233109

PLOS ONE

Reference genes in kidney disease

j

*%
200 — * 12+ T
—Y—

H
o
f
[«
:I

t

20

(TGFbeta1) Ranks
| |
| |
(TGFbeta1) Ranks
»

' :
e
| 4 | 4

4

48 Y

T
"N < O
< O » 3 Y «° ny » Ny N
& & Q% F & J s SO Y
(J \Q' o - (? 0 Q' 49 Y ‘(,
90% c}l'o ﬂ & 0"‘9
N )
& 0(’ \° o
@ \° \Q. \o
& N\
c d *
| * |
* [ 1
. I | I;I
v . 20
2 : | g
g o — 5 157
% =
E ° ‘g 10
L 2 —~— i K
g \ 4 A O 5 A
- | | | A t S
S o v AlA
v
0 | | O‘A'L T T T T
AN (] & >
(’\éo 0{9 o‘\\* o°& ‘o‘\\ {\"-‘o 0,19 o&‘\ o"& ‘o‘\\o
0 % e} o & < 2 & ° ks &
& © & ©
Q) @ 2 O
o° ) & &)
& & & <
A\ g} \Q~

Fig 9. Rank difference between groups of TGFp1 expression after IRI and normalised to a) 18S, b) GAPDH, c) PABPN1xHMBS, d)
ACTBxPABPNI. Data are means (one-way ANOVA) or medians (Kruskal Wallis) and 95% CI (n > 6). * p < 0.05, ** p < 0.01, ***
p < 0.001.

https://doi.org/10.1371/journal.pone.0233109.9009

inference, including p-value and confidence intervals for stability. Statistical inference allows
the selected reference gene combination to be generalizable to other experiments.

geNorm and its’ newer version gbase+, selects reference genes by using the standard devia-
tion of respective gene expressions as a stability measure. It calculates the variation in the log-
transformed gene expression ratio ‘M’, between a candidate reference gene with respect to all
other reference genes in pairwise comparisons across all samples [14, 27]. A higher ‘M’ value
represents greater variation in gene expression and less stability. gbase+ follows a step-down
approach to remove genes with the highest M-value step by step and recalculates M-values for
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Table 7. Statistical methods used to analyse KIM-1 gene expression.

Normalisation factor
GOI | Treatment 18S GAPDH HMBSxPABPNI ACTBxPABPN1
KIM- | Cisplatin | Kruskal-Wallis/ Dunn’s (Fig 2a) | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig
1 2b) 2¢) 2d)
IRI One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig
3a) 3b) 3¢) 3d)

Analysis of variance and post hoc multiple comparisons. Ordinary one-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests were used for data
with a Gaussian distribution. The Kruskal-Wallis and Dunn’s multiple comparisons were tests utilised to analyse data with a non-parametric distribution.

Corresponding figure is in brackets. GOI = gene of interest

https:/doi.org/10.1371/journal.pone.0233109.t007

Table 8. Statistical differences of KIM-1 normalised to different reference genes and reference gene combinations.

Normalisation factor
GOI Treatment Group Comparison 18S GAPDH HMBSxPABPN1 ACTBxPABPNI1
KIM-1 Cisplatin Control vs cis AKI only p <0.01 p <0.01 NS NS
Control vs cis AKI on sCKD p <0.01 NS p <0.001 p < 0.001
sCKD only vs cis AKI on SCKD NS NS p <0.01 p < 0.001
Cis AKI only vs cis AKI on sCKD NS NS p <0.05 p < 0.001
IRI Control vs IRI only NS p < 0.001 NS NS
Control vs IRI on sCKD (acute) NS p <0.01 NS NS
sCKD only vs IRI only NS p < 0.001 NS NS
IRI only vs IRI on sCKD (chronic) NS p <0.01 NS p <0.01
sCKD only vs IRI on sCKD (chronic) NS NS NS p <0.05

NS = No significant difference

https://doi.org/10.1371/journal.pone.0233109.t008

the remaining genes. There is no objective cut-off point to determine when to stop the process.
This approach means that the algorithm tends to select the most correlated genes rather than
the candidate reference genes with the least variable expression. qbase+ cannot take into
account covariates such as systemic effects or interactions between genes and systematic effects
in analysis.

To determine the optimal number of reference genes required to construct the most stable
normalisation factor, qbase+ calculates the average variation between log-transformed expres-
sion ratios of sequential normalisation factors (NF,/NF,, ;). The authors showed that a

Table 9. Statistical methods used to analyse PECAM1I gene expression.

Normalisation factor
GOI | Treatment 18S GAPDH HMBSxPABPN1 ACTBxPABPNI
PECAMI1 | Cisplatin | Kruskal-Wallis/ Dunn’s (Fig | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig
4a) 4b) 4c) 4d)
IRI Kruskal-Wallis/ Dunn’s (Fig | One-way ANOVA/ Turkey’s (Fig | One-way ANOVA/ Turkey’s (Fig Kruskal-Wallis/ Dunn’s (Fig 5d)
5a) 5b) 5¢)

Analysis of variance/ post hoc multiple comparisons; Ordinary one-way analysis of variance (ANOVA) and Turkey’s multiple comparisons test for data which has a
Gaussian distribution. Kruskal-Wallis/ Dunn’s multiple comparisons utilised to analyse data with non-parametric distribution. Corresponding figure is in brackets.

GOI = gene of interest

https://doi.org/10.1371/journal.pone.0233109.t009
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Table 10. Statistical differences of PECAMI normalised to different reference genes and reference gene combinations.

Normalisation factor
GOI Treatment Group Comparison 18S GAPDH HMBSxPABPN1 ACTBxPABPNI
PECAM1 Cisplatin Control vs sCKD only NS NS p < 0.05 p < 0.05
Control vs cis AKI NS p <0.05 p<0.01 p <0.01
Control vs cis AKI on sCKD NS p <0.05 p <0.05 p <0.05
sCKD only vs cis AKI only p <0.01 NS NS NS
IRI Control vs IRI on sCKD (acute) NS NS p <0.05 p <0.01
Control vs IRI on sCKD (chronic) NS p < 0.05 NS NS
NS = No significant difference
https://doi.org/10.1371/journal.pone.0233109.t010
Table 11. Statistical methods used to analyse HIF1a gene expression.
Normalisation factor
GOI | Treatment 18S GAPDH HMBSxPABPN1 ACTBxPABPN1
HIFla | Cisplatin | Kruskal-Wallis/ Dunn’s (Fig 6a) | One-way ANOVA/ Turkey’s (Fig 6b) | One-way ANOVA/ Turkey’s (Fig 6¢) | Kruskal-Wallis/ Dunn’s (Fig 6d)

IRI

Kruskal-Wallis/ Dunn’s (Fig 7a)

Kruskal-Wallis/ Dunn’s (Fig 7b)

One-way ANOVA/ Turkey’s (Fig 7c)

Kruskal-Wallis/ Dunn’s (Fig 7d)

Analysis of variance/ post hoc multiple comparisons; Ordinary one-way analysis of variance (ANOVA) and Turkey’s multiple comparisons test for data which has a

Gaussian distribution. Kruskal-Wallis/ Dunn’s multiple comparisons utilised to analyse data with non-parametric distribution. Corresponding figure is in brackets.

GOI = gene of interest

https://doi.org/10.1371/journal.pone.0233109.t011

Table 12. Statistical differences of HIF1a normalised to different reference genes and reference gene combinations.

Normalisation factor
GOI Treatment Group comparison 18§ GAPDH HMBSxPABPNI ACTBxPABPNI1
HIFla Cisplatin Control vs sCKD only NS NS p < 0.05 p < 0.05
Control vs cis AKI NS p < 0.05 p < 0.05 p < 0.05
Control vs cis AKI on sCKD NS p <0.05 p <0.01 p <0.01
sCKD only vs cis AKI only p <0.01 NS NS NS
IRI Control vs IRI on sCKD (acute) NS NS NS p < 0.05
Control vs IRI on sCKD (chronic) NS p <0.05 NS p <0.05
sCKD only vs IRI only p < 0.05 NS NS NS
IRI only vs IRI on sCKD (acute) p < 0.05 NS p <0.05 NS
IRI only vs IRI on sCKD (chronic) NS p <0.05 p <0.01 NS
NS = No significant difference
https://doi.org/10.1371/journal.pone.0233109.t012
Table 13. Statistical methods used to analyse TGFf1 gene expression.
Normalisation factor
GOI Treatment 18S GAPDH HMBSxPABPNI1 ACTBxPABPN1
TGFp1 Cisplatin | Kruskal-Wallis/ Dunn’s (Fig 8a) | Kruskal-Wallis/ Dunn’s (Fig 8b) | One-way ANOVA/ Turkey’s (Fig 8c) | Kruskal-Wallis/ Dunn’s (Fig 8d)

IRI

Kruskal-Wallis/ Dunn’s (Fig 9a)

Kruskal-Wallis/ Dunn’s (Fig 9b)

One-way ANOVA/ Turkey’s (Fig 9c)

Kruskal-Wallis/ Dunn’s (Fig 9d)

Analysis of variance/ post hoc multiple comparisons; Ordinary one-way analysis of variance (ANOVA) and Turkey’s multiple comparisons test for data which has a

Gaussian distribution. Kruskal-Wallis/ Dunn’s multiple comparisons utilised to analyse data with non-parametric distribution. Corresponding figure is in brackets.

GOI = gene of interest

https://doi.org/10.1371/journal.pone.0233109.t013
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Table 14. Statistical differences of TGFf1 normalised to different reference genes and reference gene combinations.

Normalisation factor

GOI Treatment Group Comparison 18§ GAPDH HMBSxPABPNI ACTBxPABPN1
TGEp1 Cisplatin Control vs cis AKI only p < 0.001 NS NS p <0.01
sCKD only vs cis AKI only p <0.01 NS NS NS
sCKD only vs cis AKI on sCKD NS p <0.05 NS NS
IRI Control vs IRI only p < 0.001 p < 0.05 NS p <0.05
Control vs IRI on sCKD (acute) NS NS NS p < 0.05
Control vs IRI on sCKD (chronic) p < 0.05 NS NS p < 0.05
sCKD only vs IRI only p < 0.001 NS NS NS
sCKD only vs IRI on sCKD (chronic) NS NS p <0.05 NS
IRI only vs IRI on sCKD (chronic) NS NS p <0.05 NS

NS = No significant difference

https://doi.org/10.1371/journal.pone.0233109.t014

pairwise variation (NF,/NF, ;) < 0.15 is unlikely to be improved with the inclusion of addi-
tional reference genes [14]. The linear mixed model (LMM) searches for the optimum number
and gene combinations to construct the most stable normalisation factor. The linear mixed
model (LMM) algorithm stops if the lower bound of 95% confidence interval of ICC does not
increase for higher-order gene combinations. Using the lower bound of 95% confidence inter-
val for ICC takes the variation of the stability measure into account and avoids selection of
genes with ICC estimated so imprecisely that the researcher cannot be confident of a high
value.

Sample size calculation is based on the accuracy of the stability measure to aid optimal
experimental design. The minimum effective sample size calculations take into account the
number of reference genes studied, study design, stability level and desired confidence interval.
The aim of the present study was to determine the most stable normalisation factor, i.e., the
best combination of reference genes for a specific set of experimental conditions. GOIs will
vary with experimental conditions and the correct sample size for the GOI must be determined
independently. However, sample sizes in a gene expression study are dependent on both the
effect size of the intervention (numerator) and stability of the reference genes utilised (denom-
inator). The 3-way LMM, takes into account both continuous and categorical covariates and
allows the minimal sample sizes required to determine this denominator with the least the
error i.e. the most stable reference gene combination (normalisation factor) for a given experi-
ment. As all statistical inferences were incorporated in the unified mixed-effects model, statis-
tical inference for stability measures and systematic effects can be analyzed simultaneously.
Furthermore, combining multiple statistical inferences in one model prevents inflation of
Type I error. Calculation of the overall optimal sample size for a specific power (1-B) in a GOI
experiment depends on the fold difference, i.e., the effect size of the specific GOI under the
experimental conditions used (e.g., KIM-1) [49]. However, since GOI expression is shown as a
ratio of the raw GOI data to the normalisation factor. Reduced error or variation in references
genes reduces variation after GOI normalisation. Choosing a normalisation factor with an ICC
of close to 0.9 (ACTBxPABPNI) increases the reliability of the group differences in GOI
expression for a given experimental group size. Less reliable normalisation factors with lower
ICC will have higher co-variates. If variance between groups is increased, larger experimental
group sizes will be necessitated to maintain power and reliability of any experimental group
differences.
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This can be further demonstrated by the following; essentially, the researcher is looking at
the variance of the quotient of GOI/reference gene combination. The formula to calculate the
variance of a product is complex and shown below [50].

Here, X = GOL Y = 1/reference gene combination, u, = mean of x and Uy = is mean of Y.

If X and Y are not independent, the product of the variance is calculated as below:

Var(X.Y) = Cov(X?, Y*) + ((Var(X) + 2).(Var(Y) + 1)) — (Cov(X,Y) — )",

However, if covariance were zero and GOI and HKG are independent i.e. not varying with
each other in some way then:

Var(X.Y) = (Var(X).Var(Y)) + (Var(X).i) 4 (Var(Y).1)

This value for Var(X.Y) is clearly going to be a greater value if there is any significant
covariance. The lesser the ICC the greater the covariates hence a greater variance and standard
deviation GOI/reference gene. The standard deviation of GOI/reference gene is used to calcu-
late power and a reduced standard deviation results in potentially smaller group sizes required
to detect difference between experimental groups.

Thus, it is clear that any covariance between the variables increases the variance of GOI/ref-
erence gene and hence a larger sample size will be required for the same level of significance in
a power calculation for determination of significant differences in expression of GOIs between
groups. However, calculation of a change in sample size based on the variance of the product
of GOI and 1/reference gene is technically challenging unless the covariance values are known
in advance for the experimental conditions under study.

Two further considerations are the relative abundance of reference gene expression and
functional class. The most stable reference genes (HMBS, PABPNI and ACTB) had similar lev-
els of expression but the Cq values were almost an average 5 cycles lower than less stable genes
such as GAPDH and TBP. While lower abundance may theoretically increase error due to
lower fluorescence intensity, this did not occur. GAPDH and 18S were of higher abundance
and ranked the lowest by all 4 algorithms. Identifying genes from different functional classes
(HMBS, PABPNI and ACTB) reduces the risk of selecting co-regulated genes.

Normalisation by the geometric mean of at least 2 reference genes has been strongly advo-
cated due to potential for confounding [4, 51, 52]. The data confirm that the geometric mean
of 2 genes was superior to a single reference gene. Most modern PCR machines can run 2 fluo-
rescence detection channels simultaneously using a probe-primer system. While additional
probes are more expensive, a single reaction with reduced risk of technical and experimental
variation may ultimately be more time and cost efficient.

There are limitations to this study. The pattern of injury is not homogenous throughout the
cortex and medulla under light microscopy; kidney samples that included both unaffected cor-
tex and medulla do not take account of heterogeneity of injury or cell type [53, 54]. Neverthe-
less, most gene expression studies in rat kidneys are performed on pooled tissue and use
methodology consistent with ours. Consequently, the most stable reference genes in this study
are likely to have external validity for toxic and ischaemic injury in rodent kidney. Note that
protein expression does not necessarily correlate with gene expression for many reasons
including variable effective translation and protein turnover [55-57].

Determination of gene expression stability requires evaluation within the context of treat-
ment and tissue [10, 52]. Major practical considerations in performing assessments of the best
reference genes include cost, animal usage and tissue of interest. Combining the data set for
analysis in our studies likely resulted in higher expression variability of the reference genes.
This was reflected in the high sample size required to minimise the 95% confidence interval of
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Table 15. Experimental groups and interventions.

Group

Control
Subclinical chronic kidney disease
Toxic acute kidney injury

Toxic acute kidney injury on adenine
induced chronic kidney disease

Ischaemic acute kidney injury on subclinical
chronic kidney disease, acute group

Ischaemic acute kidney injury on subclinical
chronic kidney disease, chronic group

Ischaemic acute kidney injury only

Group Abbreviation No. Intervention Day of
no. rats cull
1 Control 8 | Normal diet 63
2 sCKD 8 | 0.25% adenine diet for 4 weeks and 4 weeks of normal chow 56
3 Cis-AKI 8 | Normal chow for 8 weeks, 4mg/kg cisplatin induced AKI on day 56 63
4 Cis-AKI on sCKD 6 | 0.25% adenine diet for 4 weeks, 4 weeks of normal chow, cisplatin 63

4mg/kg on day 56
5 IRI on sCKD, 8 | 0.25% adenine diet for 4 weeks, 4 weeks of normal chow, 30min of 57
(acute) bilateral renal ischaemia on day 56 then reperfusion < 24 hours
6 IRI on sCKD, 8 0.25% adenine diet for 4 weeks, 4 weeks of normal chow, 30min of 70
(chronic) bilateral renal ischaemia on day 56 then recovery for 2 weeks
7 IRI only 8 | Normal chow for 8 weeks, 45 min of unilateral ischaemia on day 56, 56

then nephrectomy of contralateral non-ischaemic kidney

AKI = acute kidney injury; Cis-AKI = Cisplatin induced acute kidney injury; IRI = ischaemia reperfusion injury; sCKD = subclinical chronic kidney disease

https://doi.org/10.1371/journal.pone.0233109.t1015

even the most stable normalisation factor and highlights problems with variation due to the
effect of covariates even with the most stable reference genes when treatment groups are
pooled for evaluation.

Species and intervention type may also be important considerations. No studies have
assessed the biological variability of reference genes in kidneys of different rat strains. In liver,
18S was the most stable reference gene for both Wistar and Zucker rats [38]. The SD rat strain
was used in the present kidney studies. It is likely that both intervention and tissue type con-
tribute to variability of gene expression. Cost and logistical difficulties likely limit academic
laboratories from using multiple sets of reference genes to normalise RT-qPCR study data
with identical animal species and developmental stages.

Conclusion

The results emphasise the need to determine stable reference genes and a geometric mean of 2
stable reference genes is superior to 1 for normalising a GOI. ACTB and PABPN1, validated as
stable under multiple experimental conditions, provided optimal stability as reference genes.
The 3-way LMM provided an effective method for identifying stable pairs of reference genes
in any context. These techniques should reduce variance and increase reproducibility and reli-
ability of pre-clinical studies.

Materials and methods
Animals

Animal work was conducted in strict accordance with the Australian code for the care of ani-
mals for scientific purposes (National Health and Medical Research Council, 2013) and
approved by the Animal Ethics Committee at the University of New South Wales (ACEC
Approval 14\133A). All surgery was performed under isofluorane anaesthesia, and all efforts
were made to minimise suffering. Rats were randomly allocated to the experimental treatment
groups and subjected to nephrotoxic challenges (adenine or cisplatin) and/or ischaemia-reper-
fusion induced kidney injury as shown in Table 15 and S6 File (S6 Figs 1-3 in S6 File). Adverse
events or deaths prior to endpoint were not observed. Animals were humanely euthanised
under anaesthesia. The animal models, creatinine assays and histopathology are described in
S6 and S7 Files [58].
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Table 16. Reference genes and GOI primers.
Gene name (symbol)

Ribosomal 18S (18S)

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)

Beta-actin (ACTB)
Hydroxymethylbilane synthase (HMBS)

Polyadenylate-binding nuclear protein 1
(PABPN1I)

Hypoxanthine-guanine
phosphoribosyltransferase (HPRT)

TATA binding protein (TBP)
Succinyl dehydrogenase (SDHA)
14-3-3 protein gamma (YWHAG)

Tyrosine 3-monooxygenase/ tryptophan
5-monooxygenase activation protein zeta
(YWHAZ)

Kidney injury molecule (KIM-1)

Platelet And Endothelial Cell Adhesion
Molecule 1 (PECAM1)

Hypoxia Inducible Factor 1 Subunit Alpha
(HIFIc)

Transforming Growth Factor Beta 1 (TGFBI)

N/A = not applicable

https://doi.org/10.1371/journal.pone.0233109.1016

Accession Forward primer (5’-3’) Reverse primer (5’-3) Tm | Amplicon | Ref
number (°C) length
X01117 GATGCTCTTAGCTGAGTG GTTCCGAAAACCAACAAA 60 [37]
NM_017008 CTACCCACGGCAAGTTCAAC CCAGTAGACTCCACGACATA | 59.4 138 [12]
Vo1217 AAGTCCCTCACCCTCCCAAAAG | AAGCAATGCTGTCACCTTCCC | 61.3 75 [12]
NM_013168 | TCTAGATGGCTCAGATAGCATGCA | TGGACCATCTTCTTGCTGAACA | 59.4 76 [12]
NM_001135008 AGAGCGACATCATGGTAT CATCAAGGTCATCTTCTGTT | 59.4 127 [12]
NM_012583 TCATATCAGTAACAGCATCTAAG GAACGGTTGACAACGATT 59.4 79 [9]
NM_001004198 TGCTGGTGATTGTTGGTT GGAAGGCGGAATGTATCTG 61.3 199 [2]
NM_130428 AAGCACACCCTCTCATAT CAGTCAGCCTCATTCAAG 59.4 92 [2]
NM_019376 CAGTTCTCTATTTTGTTTTC TCACTTGATTAGACCTTAA 56.9 196 [9]
NM_013011.2 GATGAAGCCATTGCTGAACTTG | GTCTCCTTGGGTATCCGATGTC | 56.9 117 [12]
AF035963 GAAGATGTAGTCTCTGTCA CATACTGGTTGGTTCCTA 59.4 N/A
NM_031591 GCTAACTTCACCATCCAGAA CCTCTCCTCGGCAATCTT 61.4 75 [44]
CCTGCACTGAATCAAGAGGTGC | CCATCAGAAGGACTTGCTGGCT | 59.4 175 [45]
AY550025 AACCAAGGAGACGGAATA GTGGAGTACATTATCTTTGCT | 61.4 75 [46]

Reference gene selection

Reference genes were selected from a literature search of rat studies (Table 16). Primers were
designed using Beacon Designer (Palo Alto, California, USA). All primer pairs were intron-
spanning, non-homologous to other rat genes and avoided structural folding areas.

RT-qPCR

Specific RNA extraction and RT-qPCR methods are detailed in S8 File. Reference genes and
KIM-1 were amplified in triplicate in all samples per experimental run. Triplicates were re-
assayed if there were missing values or if Cq differences were > 1 cycle within the triplicate.
The maximum Cq value for reference genes was 34 cycles. Intra-experiment variation between
technical replicates was < 1.2% and inter-experiment variation was < 1.5%. Samples were dis-
tributed over two 96-well plates in each experimental run and hence a factor correction for
inter-plate variation was performed for each run [59]. Additional details of inter-plate varia-
tion correction are in S8 File. Plate specific amplification efficiencies were generally similar (+
0.05) for a given reference gene.

Statistical analyses

For expression stability analysis, plate corrected triplicate averages (i.e., raw Cq values) or rela-
tive quantities (RQs) were used (S9 File). Expression stability was analysed using NormFinder,
qBase+, BestKeeper and comparative ACq statistical algorithms to determine the most stable
reference gene or gene pairs for normalisation. The 4 algorithms produced slightly varying
results. Hence a universal rank was constructed by using brute force and Monte Carlo cross
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entropy methods (S2 File) utilising RankAggreg package in RStudio [60]. The workflow
describing input data and expression stability analysis for these statistical algorithms is detailed
in S8 File.

Linear mixed-effects model. To refine the reference gene selection process further, a
3-way LMM was developed that used the ICC of gene expression levels as the stability measure
to rank reference genes with low residual variation within the intervention group and minimal
between group variation. The 3-way LMM accommodated nested experimental designs, esti-
mated variance components for determination of confidence intervals of stability values and
provided minimum effective sample sizes for selection of reference genes for future studies
[27].

The 3-way LMM was constructed with samples nested in experimental treatment groups.
Systemic effects included gene expression variation due to experimental intervention and
effects due to interactions with the reference genes. The reference gene combination with an
ICC (p) with a 95% CI that has the highest lower limit is selected as the most stable normalisa-
tion factor. This provides an algorithm to determine the total sample size necessary to select
reference genes with least uncertainty [28]. The minimum effective sample size necessary can
be calculated to accurately estimate ICC of a given set of reference genes with desired precision
(i.e. width of the [100(I-a)]% CI) [28, 61]. A detailed workflow of the 3-way LMM and the for-
mulas for effective sample size calculation are described in S3 File. 3-way LMM calculations
were performed using SAS software (version 9.4, 2017, SAS Institute Inc, Cary, North Caro-
lina, USA).

Normalised relative quotients. NRQs for GOIs was calculated as described by Helle-
mans, et al [26] and this is detailed in S10 File, formulas 11-13. Normality of the NRQ data set
for each GOI and reference gene/ reference gene combination was confirmed by D’Agostino-
Pearson test. The mean amplification efficiency and RQs for all GOIs are listed in S11 File (S11
File, Table 1 in S11 File).

Further statistical analysis. Gene expression results are presented as NRQ and expressed
as means * standard deviations. Comparisons were made using 1-way or 2-way ordinary
ANOVA and Tukey’s or Bonferroni’s multiple comparison tests (post hoc) when the distribu-
tion of the variables was normal. The Kruskal Wallis test statistic was calculated and Dunnett’s
multiple comparison test was performed (post hoc) for non-normally distributed data. The
D’Agostino-Pearson test was used to assess normality.

Supporting information

S1 File. gBase+, calculation of average pairwise variation.
(DOCX)

S$2 File. RStudio code for Rankaggreg and BruteAggreg.
(DOCX)

S3 File. 3-way linear mixed model, SAS macro and sample size calculation for evaluation
of ‘true reference genes’.
(DOCX)

$4 File. Minimal sample sizes needed in experiments to detect ‘true reference genes’.
(XLS)

S5 File. Differences in GOI gene expression when normalised to various normalisation fac-
tors.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0233109 May 21, 2020 23/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s005
https://doi.org/10.1371/journal.pone.0233109

PLOS ONE

Reference genes in kidney disease

S6 File. Experimental rat groups, ischaemic and toxic injury protocol.
(DOCX)

S7 File. Methods for creatinine assay and histopathology.
(DOCX)

S8 File. RT-qPCR, correction of inter-plate variation, analytical methods and removal of
outliers when constructing Bestkeeper index.
(DOCX)

S9 File. Relative gene expression quantities (RQ) of samples per each candidate reference

gene.
(DOCX)

$10 File. Derivation of NRQ and corresponding standard errors.
(DOCX)

S11 File. RT-qPCR amplification efficiency and delta Cq results of GOIs.
(DOCX)

Author Contributions

Conceptualization: Jonathan Erlich, Zoltan H. Endre.

Data curation: Sanjeeva Herath, Hongying Dai, Jonathan Erlich, Kylie Taylor, Lena Succar.
Formal analysis: Sanjeeva Herath, Hongying Dai, Jonathan Erlich.

Investigation: Sanjeeva Herath, Hongying Dai, Jonathan Erlich, Amy YM Au, Kylie Taylor,
Lena Succar, Zoltan H. Endre.

Methodology: Sanjeeva Herath, Hongying Dai, Jonathan Erlich, Amy YM Au, Kylie Taylor,
Lena Succar, Zoltan H. Endre.

Project administration: Jonathan Erlich.

Software: Sanjeeva Herath, Hongying Dai.

Supervision: Jonathan Erlich, Amy YM Au, Kylie Taylor, Zoltan H. Endre.
Validation: Sanjeeva Herath, Hongying Dai.

Writing - original draft: Sanjeeva Herath, Hongying Dai, Jonathan Erlich, Amy YM Au, Zol-
tan H. Endre.

Writing - review & editing: Sanjeeva Herath, Hongying Dai, Jonathan Erlich, Amy YM Au,
Zoltan H. Endre.

References

1. Gholami Khadijeh L SY, Naguib, Lam Sau Kuen, and Hoe See Ziau. Selection of suitable endogenous
reference genes for gPCR in kidney and hypothalamus of rats under testosterone influence. PloS one.
2017; 12(6). https://doi.org/10.1371/journal.pone.0176368 PMID: 28591185

2. SvingenT, Letting H, Hadrup N, Hass U, Vinggaard AM. Selection of reference genes for quantitative
RT-PCR (RT-qPCR) analysis of rat tissues under physiological and toxicological conditions. Peerd.
2015; 3:e855. https://doi.org/10.7717/peer|.855 PMID: 25825680

3. NolanT, Hands RE, Bustin SA. Quantification of mRNA using real-time RT-PCR. Nature protocols.
2006; 1(3):1559-82. https://doi.org/10.1038/nprot.2006.236 PMID: 17406449

PLOS ONE | https://doi.org/10.1371/journal.pone.0233109 May 21, 2020 24/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233109.s011
https://doi.org/10.1371/journal.pone.0176368
http://www.ncbi.nlm.nih.gov/pubmed/28591185
https://doi.org/10.7717/peerj.855
http://www.ncbi.nlm.nih.gov/pubmed/25825680
https://doi.org/10.1038/nprot.2006.236
http://www.ncbi.nlm.nih.gov/pubmed/17406449
https://doi.org/10.1371/journal.pone.0233109

PLOS ONE

Reference genes in kidney disease

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Huggett J, Dheda K, Bustin S, Zumla A. Real-time RT-PCR normalisation; strategies and consider-
ations. Genes and immunity. 2005; 6(4):279-84. https://doi.org/10.1038/sj.gene.6364190 PMID:
15815687

Sun J-H, Nan L-H, Gao C-R, Wang Y-Y. Validation of reference genes for estimating wound age in con-
tused rat skeletal muscle by quantitative real-time PCR. International Journal of Legal Medicine. 2012;
126(1):113-20. https://doi.org/10.1007/s00414-011-0604-3 PMID: 21845441

Lardizabal MN, Nocito AL, Daniele SM, Ornella LA, Palatnik JF, Veggi LM. Reference genes for real-
time PCR quantification of microRNAs and messenger RNAs in rat models of hepatotoxicity. PloS one.
2012; 7(5):36323. https://doi.org/10.1371/journal.pone.0036323 PMID: 22563491

Suzuki T, Higgins PJ, Crawford DR. Control selection for RNA quantitation. Biotechniques. 2000; 29
(2):332—7. https://doi.org/10.2144/00292rv02 PMID: 10948434

Coulson DT, Brockbank S, Quinn JG, Murphy S, Ravid R, Irvine GB, et al. Identification of valid refer-
ence genes for the normalization of RT qPCR gene expression data in human brain tissue. 2008; 9
(1):46.

Manuela Cabiati SR, Chiara Caselli, Maria Angela Guzzardi, Andrea D’Amico, Tommaso Prescimone
DGaSDR. Tissue-specific selection of stable reference genes for real-time PCR normalization in an
obese rat model. Journal of Molecular Endocrinology. 2012; 48:251—60. https://doi.org/10.1530/JME-
12-0024 PMID: 22493144

Gholami K, Loh SY, Salleh N, Lam SK, Hoe SZ. Selection of suitable endogenous reference genes for
gPCR in kidney and hypothalamus of rats under testosterone influence. PloS one. 2017; 12(6):
e0176368. https://doi.org/10.1371/journal.pone.0176368 PMID: 28591185

Andersen CL, Jensen JL, Orntoft TF. 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. 2004; 64(15):5245-50. https://doi.org/10.1158/0008-
5472.CAN-04-0496 PMID: 15289330

Nicoletta Vesentini CB, Alessandro Martino, Claudia Kusmic, Andrea Ripoli, AnnaMaria Rossi, and
Antonio L’Abbate. Selection of reference genes in different myocardial regions of an in vivo ischemia/
reperfusion rat model for normalization of antioxidant gene expression. BMC Res Notes. 2012; 5:124.
https://doi.org/10.1186/1756-0500-5-124 PMID: 22377061

Brattelid T, Winer LH, Levy FO, Liestel K, Sejersted OM, Andersson KB. Reference gene alternatives
to Gapdh in rodent and human heart failure gene expression studies. BMC molecular biology. 2010; 11
(1):22.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol. 2002; 3(7):Research0034. https://doi.org/10.1186/gb-2002-3-7-research0034 PMID:
12184808

Pennal, Vella S, Gigoni A, Russo C, Cancedda R, Pagano A. Selection of candidate housekeeping
genes for normalization in human postmortem brain samples. International journal of molecular sci-
ences. 2011; 12(9):5461-70. https://doi.org/10.3390/ijms 12095461 PMID: 22016602

Rapacz BKaM. Reference genes in real-time PCR. Journal of Applied Genetics 2013; 54(4):391-406.
https://doi.org/10.1007/s13353-013-0173-x PMID: 24078518

Winer J, Jung CK, Shackel I, Williams PM. Development and validation of real-time quantitative reverse
transcriptase-polymerase chain reaction for monitoring gene expression in cardiac myocytes in vitro.
Analytical biochemistry. 1999; 270(1):41-9. https://doi.org/10.1006/abio.1999.4085 PMID: 10328763

Dheda K, Huggett JF, Bustin SA, Johnson MA, Rook G, Zumla A. Validation of housekeeping genes for
normalizing RNA expression in real-time PCR. Biotechniques. 2004; 37(1):112—4, 6, 8-9. https://doi.
org/10.2144/04371RR03 PMID: 15283208

Dheda K, Huggett JF, Chang JS, Kim LU, Bustin SA, Johnson MA, et al. The implications of using an
inappropriate reference gene for real-time reverse transcription PCR data normalization. Analytical bio-
chemistry. 2005; 344(1):141-3. https://doi.org/10.1016/j.ab.2005.05.022 PMID: 16054107

Nicot N, Hausman JF, Hoffmann L, Evers D. Housekeeping gene selection for real-time RT-PCR nor-
malization in potato during biotic and abiotic stress. Journal of experimental botany. 2005; 56
(421):2907—14. https://doi.org/10.1093/jxb/eri285 PMID: 16188960

Piller N, Decosterd |, Suter MR. Reverse transcription quantitative real-time polymerase chain reaction
reference genes in the spared nerve injury model of neuropathic pain: validation and literature search.
2013; 6(1):266.

Meller M, Vadachkoria S, Luthy DA, Williams MA. Evaluation of housekeeping genes in placental com-
parative expression studies. Placenta. 2005; 26(8—9):601-7. https://doi.org/10.1016/j.placenta.2004.
09.009 PMID: 16085039

PLOS ONE | https://doi.org/10.1371/journal.pone.0233109 May 21, 2020 25/27


https://doi.org/10.1038/sj.gene.6364190
http://www.ncbi.nlm.nih.gov/pubmed/15815687
https://doi.org/10.1007/s00414-011-0604-3
http://www.ncbi.nlm.nih.gov/pubmed/21845441
https://doi.org/10.1371/journal.pone.0036323
http://www.ncbi.nlm.nih.gov/pubmed/22563491
https://doi.org/10.2144/00292rv02
http://www.ncbi.nlm.nih.gov/pubmed/10948434
https://doi.org/10.1530/JME-12-0024
https://doi.org/10.1530/JME-12-0024
http://www.ncbi.nlm.nih.gov/pubmed/22493144
https://doi.org/10.1371/journal.pone.0176368
http://www.ncbi.nlm.nih.gov/pubmed/28591185
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1158/0008-5472.CAN-04-0496
http://www.ncbi.nlm.nih.gov/pubmed/15289330
https://doi.org/10.1186/1756-0500-5-124
http://www.ncbi.nlm.nih.gov/pubmed/22377061
https://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
https://doi.org/10.3390/ijms12095461
http://www.ncbi.nlm.nih.gov/pubmed/22016602
https://doi.org/10.1007/s13353-013-0173-x
http://www.ncbi.nlm.nih.gov/pubmed/24078518
https://doi.org/10.1006/abio.1999.4085
http://www.ncbi.nlm.nih.gov/pubmed/10328763
https://doi.org/10.2144/04371RR03
https://doi.org/10.2144/04371RR03
http://www.ncbi.nlm.nih.gov/pubmed/15283208
https://doi.org/10.1016/j.ab.2005.05.022
http://www.ncbi.nlm.nih.gov/pubmed/16054107
https://doi.org/10.1093/jxb/eri285
http://www.ncbi.nlm.nih.gov/pubmed/16188960
https://doi.org/10.1016/j.placenta.2004.09.009
https://doi.org/10.1016/j.placenta.2004.09.009
http://www.ncbi.nlm.nih.gov/pubmed/16085039
https://doi.org/10.1371/journal.pone.0233109

PLOS ONE

Reference genes in kidney disease

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Zhang X, Ding L, Sandford AJ. Selection of reference genes for gene expression studies in human neu-
trophils by real-time PCR. BMC molecular biology. 2005; 6:4. https://doi.org/10.1186/1471-2199-6-4
PMID: 15720708

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE guidelines: mini-
mum information for publication of quantitative real-time PCR experiments. Clin Chem. 2009;55.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable housekeeping genes, differ-
entially regulated target genes and sample integrity: BestKeeper—Excel-based tool using pair-wise cor-
relations. Biotechnol Lett. 2004; 26(6):509—15. https://doi.org/10.1023/b:bile.0000019559.84305.47
PMID: 15127793

Jan Hellemans GM, De Paepe Anne, Frank Speleman and Jo Vandesompele. qBase relative quantifi-
cation framework and software for management and automated analysis of real-time quantitative PCR
data. Genome Biol. 2007.

Silver N, Best S, Jiang J, Thein SL. Selection of housekeeping genes for gene expression studies in
human reticulocytes using real-time PCR. BMC molecular biology. 2006; 7:33. https://doi.org/10.1186/
1471-2199-7-33 PMID: 17026756

Hongying Dai RC, Carrie A. Vyhlidal, Bridgette L. Jonesc and Madhusudan Bhandaryd. Mixed modeling
and sample size calculations for identifying housekeeping genes. Statistitics in Medicine 2013 Pub-
lished online (Wiley online library)

Grossman RC. Experimental models of renal disease and the cardiovascular system. Open Cardiovasc
Med J. 2010; 4: 257-264. https://doi.org/10.2174/1874192401004010257 PMID: 21258578

Spanou KMaL. Acute Kidney Injury: Definition, Pathophysiology and Clinical Phenotypes. Clin Biochem
Rev. 2016; 37:85-98. PMID: 28303073

Cui X, Zhou., Qiu J., Johnson M. R., & Mrug M. Validation of endogenous internal real-time PCR con-
trols in renal tissues. American Journal of Nephrology. 2009; 30:413-7. https://doi.org/10.1159/
000235993 PMID: 19729889

Schmid H, Cohen CD, Henger A, Irrgang S, Schléndorff D, Kretzler M. Validation of endogenous con-
trols for gene expression analysis in microdissected human renal biopsies. Kidney international. 2003;
64(1):356—60. https://doi.org/10.1046/].1523-1755.2003.00074.x PMID: 12787429

Caradec J, Sirab N, Keumeugni C, Moutereau S, Chiminggi M, Matar C, et al. Desperate house genes:
the dramatic example of hypoxia. Br J Cancer. 2010; 102.

Glare EM, Divjak M, Bailey MJ, Walters EH. Beta-Actin and GAPDH housekeeping gene expression in
asthmatic airways is variable and not suitable for normalizing mRNA levels. Thorax. 2002; 57.

Martinez-Beamonte R, Navarro MA, Larraga A, Strunk M, Barranquero C, Acin S, et al. Selection of ref-
erence genes for gene expression studies in rats. Journal of Biotechnology. 2011; 151(4):325-34.
https://doi.org/10.1016/j.jbiotec.2010.12.017 PMID: 21219943

Dydensborg AB, Herring E, Auclair J, Tremblay E, Beaulieu JF. Normalizing genes for quantitative RT-
PCR in differentiating human intestinal epithelial cells and adenocarcinomas of the colon. Am J Physiol
Gastrointest Liver Physiol. 2006; 290(5):G1067—-74. https://doi.org/10.1152/ajpgi.00234.2005 PMID:
16399877

Hamalainen HK, Tubman JC, Vikman S, Kyrola T, Ylikoski E, Warrington JA, et al. Iden‘tification and
validation of endogenous reference genes for expression profiling of T helper cell differentiation by
quantitative real-time RT-PCR. Analytical biochemistry. 2001; 299(1):63—70. https://doi.org/10.1006/
abio.2001.5369 PMID: 11726185

Kim I, Yang D, Tang X, Carroll JL. Reference gene validation for qPCR in rat carotid body during postna-
tal development. BMC Res Notes. 2011; 4:440. https://doi.org/10.1186/1756-0500-4-440 PMID:
22023793

Martinez-Beamonte R, Navarro MA, Larraga A, Strunk M, Barranquero C, Acin S, et al. Selection of ref-
erence genes for gene expression studies in rats. Journal of Biotechnology. 2011; 151(4):325-34.
https://doi.org/10.1016/j.jbiotec.2010.12.017 PMID: 21219943

Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation coefficients for reliability
research. Journal of chiropractic medicine. 2016; 15(2):155-63 https://doi.org/10.1016/j.jcm.2016.02.
012 PMID: 27330520

Sabbisetti VS, Waikar SS, Antoine DJ, Smiles A, Wang C, Ravisankar A, et al. Blood Kidney Injury Mol-
ecule-1 Is a Biomarker of Acute and Chronic Kidney Injury and Predicts Progression to ESRD in Type |
Diabetes. Journal of the American Society of Nephrology. 2014; 25(10):2177-86. https://doi.org/10.
1681/ASN.2013070758 PMID: 24904085

Amin RP, Vickers AE, Sistare F, Thompson KL, Roman RJ, Lawton M, et al. Identification of putative
gene based markers of renal toxicity. Environmental health perspectives. 2004; 112(4):465-79. https://
doi.org/10.1289/ehp.6683 PMID: 15033597

PLOS ONE | https://doi.org/10.1371/journal.pone.0233109 May 21, 2020 26/27


https://doi.org/10.1186/1471-2199-6-4
http://www.ncbi.nlm.nih.gov/pubmed/15720708
https://doi.org/10.1023/b:bile.0000019559.84305.47
http://www.ncbi.nlm.nih.gov/pubmed/15127793
https://doi.org/10.1186/1471-2199-7-33
https://doi.org/10.1186/1471-2199-7-33
http://www.ncbi.nlm.nih.gov/pubmed/17026756
https://doi.org/10.2174/1874192401004010257
http://www.ncbi.nlm.nih.gov/pubmed/21258578
http://www.ncbi.nlm.nih.gov/pubmed/28303073
https://doi.org/10.1159/000235993
https://doi.org/10.1159/000235993
http://www.ncbi.nlm.nih.gov/pubmed/19729889
https://doi.org/10.1046/j.1523-1755.2003.00074.x
http://www.ncbi.nlm.nih.gov/pubmed/12787429
https://doi.org/10.1016/j.jbiotec.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21219943
https://doi.org/10.1152/ajpgi.00234.2005
http://www.ncbi.nlm.nih.gov/pubmed/16399877
https://doi.org/10.1006/abio.2001.5369
https://doi.org/10.1006/abio.2001.5369
http://www.ncbi.nlm.nih.gov/pubmed/11726185
https://doi.org/10.1186/1756-0500-4-440
http://www.ncbi.nlm.nih.gov/pubmed/22023793
https://doi.org/10.1016/j.jbiotec.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21219943
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1681/ASN.2013070758
https://doi.org/10.1681/ASN.2013070758
http://www.ncbi.nlm.nih.gov/pubmed/24904085
https://doi.org/10.1289/ehp.6683
https://doi.org/10.1289/ehp.6683
http://www.ncbi.nlm.nih.gov/pubmed/15033597
https://doi.org/10.1371/journal.pone.0233109

PLOS ONE

Reference genes in kidney disease

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Abigail Woodfin M-BV, and Sussan Nourshargh. PECAM-1: A Multi-Functional Molecule in Inflamma-
tion and Vascular Biology. Arteriosclerosis, Thrombosis, and Vascular Biology. 2007; 27:2514-23.
https://doi.org/10.1161/ATVBAHA.107.151456 PMID: 17872453

Liu J, Kumar S, Dolzhenko E, Alvarado GF, Guo J, Lu C, et al. Molecular characterization of the transi-
tion from acute to chronic kidney injury following ischemia/reperfusion. JCI Insight. 2017; 2(18).

GL S. Hypoxia-inducible factor 1: oxygen homeostasis and disease pathohysiology. Trends Mol Med.
2001; 7:345-50. https://doi.org/10.1016/s1471-4914(01)02090-1 PMID: 11516994

Juan S. Danobeitia MZ, Xiaobo Ma, Laura J. Zitur, Tiffany Zens, Peter J. Chlebeck, Edwin S. Van
Amersfoort,Luis A. Fernandez. Complement inhibition attenuates acute kidney injury after ischemia-
reperfusion and limits progression to renal fibrosis in mice. PloS one. 2017.

Conde Elisa A L, Blanco-Sanchez Ignacio, Saenz-Morales David, Aguado-Fraile Elia, Ponte Belén,
Ramos Edurne, Sdiz Ana, Jiménez Carlos, Ordofiez Angel, Lopez-Cabrera Manuel, del Peso Luis, de
Landazuri Manuel O., [. . .], Laura Garcia-Bermejo Maria. Hypoxia Inducible Factor 1Alpha (HIF1
Alpha) Is Induced during Reperfusion after Renal Ischemia and Is Critical for Proximal Tubule Cell Sur-
vival. PloS one. 2012.

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic acids
research. 2001; 29(9):e45—e. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886

Goodman LA. On the Exact Variance of Products. Journal of the American Statistical Association.
1960; 55(292):708—-13.

Charan J, Kantharia ND. How to calculate sample size in animal studies? J Pharmacol Pharmacother.
2013; 4(4):303-6. https://doi.org/10.4103/0976-500X.119726 PMID: 24250214

Nestorov J, Mati¢ G, Elakovi¢ |, Tani¢ N. Gene Expression Studies: How to Obtain Accurate and Reli-
able Data by Quantitative Real-Time RT PCR / Izucanje ekspresije gene:kako dobiti tacne | pouzdane
podatke kvantitativnim RT PCR-OM u realnom vremenu. 2013; 32(4):325

Chapman JR, Waldenstrom J. With Reference to Reference Genes: A Systematic Review of Endoge-
nous Controls in Gene Expression Studies. PloS one. 2015; 10(11):e0141853. https://doi.org/10.1371/
journal.pone.0141853 PMID: 26555275

Lieberthal W, Nigam SK. Acute renal failure. |. Relative importance of proximal vs. distal tubular injury.
The American journal of physiology. 1998; 275(5):F623—31. https://doi.org/10.1152/ajprenal.1998.275.
5.F623 PMID: 9815122

Endre ZH, Ratcliffe PJ, Tange JD, Ferguson DJ, Radda GK, Ledingham JG. Erythrocytes alter the pat-
tern of renal hypoxic injury: predominance of proximal tubular injury with moderate hypoxia. Clinical sci-
ence (London, England: 1979). 1989; 76(1):19-29.

Chen G, Gharib TG, Huang C-C, Taylor JMG, Misek DE, Kardia SLR, et al. Discordant Protein and
mRNA Expression in Lung Adenocarcinomas. Molecular & Cellular Proteomics. 2002; 1(4):304—13.

Ideker T, Thorsson V, Ranish JA, Christmas R, Buhler J, Eng JK, et al. Integrated Genomic and Proteo-
mic Analyses of a Systematically Perturbed Metabolic Network. Science. 2001; 292(5518):929. https://
doi.org/10.1126/science.292.5518.929 PMID: 11340206

Kern W, Kohimann A, Wuchter C, Schnittger S, Schoch C, Mergenthaler S, et al. Correlation of protein
expression and gene expression in acute leukemia. Cytometry Part B: Clinical Cytometry. 2003; 55B
(1):29-36.

Succar L, Pianta TJ, Davidson T, Pickering JW, Endre ZH. Subclinical chronic kidney disease modifies
the diagnosis of experimental acute kidney injury. Kidney international. 2017; 92(3):680-92. https://doi.
org/10.1016/j.kint.2017.02.030 PMID: 28476556

Ruijter JIMV A, Hellemans J, Untergasser A, Van Der Hoff M. Removal inter run variation in a multi plate
gPCR experiment Biomolecular detection and quantification 2015; 5:10-4.

The R project homepage. http://www.r-project.org.

Bonett DG. Sample size requirements for estimating intraclass correlations with desired precision. Sta-
tistics in medicine. 2002; 21(9):1331-5. https://doi.org/10.1002/sim.1108 PMID: 12111881

PLOS ONE | https://doi.org/10.1371/journal.pone.0233109 May 21, 2020 27/27


https://doi.org/10.1161/ATVBAHA.107.151456
http://www.ncbi.nlm.nih.gov/pubmed/17872453
https://doi.org/10.1016/s1471-4914(01)02090-1
http://www.ncbi.nlm.nih.gov/pubmed/11516994
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.4103/0976-500X.119726
http://www.ncbi.nlm.nih.gov/pubmed/24250214
https://doi.org/10.1371/journal.pone.0141853
https://doi.org/10.1371/journal.pone.0141853
http://www.ncbi.nlm.nih.gov/pubmed/26555275
https://doi.org/10.1152/ajprenal.1998.275.5.F623
https://doi.org/10.1152/ajprenal.1998.275.5.F623
http://www.ncbi.nlm.nih.gov/pubmed/9815122
https://doi.org/10.1126/science.292.5518.929
https://doi.org/10.1126/science.292.5518.929
http://www.ncbi.nlm.nih.gov/pubmed/11340206
https://doi.org/10.1016/j.kint.2017.02.030
https://doi.org/10.1016/j.kint.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28476556
http://www.r-project.org
https://doi.org/10.1002/sim.1108
http://www.ncbi.nlm.nih.gov/pubmed/12111881
https://doi.org/10.1371/journal.pone.0233109

