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The gold standard for assessing expression of miRNAs, small molecules involved in numerous biological processes, is reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The reliability of RT-qPCR analysis results largely depends on accurate data normalization and the selection of an appropriate reference gene. This study evaluated the stability of five candidate reference genes—miR-525, miR-520c, SNORD48, miR-135b, and miR-143—in human placental samples. GeNorm, NormFinder, BestKeeper, and the delta Ct-method were used to evaluate gene expression stability. The effect of reference gene selection for normalization of target miRNAs (miR-1537, miR-190b, miR-16, miR-21, and miR-146a) expression in term placental samples from smokers and non-smokers was also investigated. All statistical tools identified miR-525, miR-520c, and SNORD48 as the three most stable reference genes, except for GeNorm, which recommends the combination of the first two genes. Normalization using SNORD48 and miR-525 produced comparable results for miR-21 expression in the placental samples, both in smokers and non-smokers, whereas normalization with miR-143 yielded markedly different outcomes compared to SNORD48 and miR-525. These findings highlight the considerable impact of reference gene selection on RT-qPCR results, emphasizing the importance of careful validation to avoid misinterpretation of gene expression data.
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INTRODUCTION
MicroRNAs (miRNAs) are small (18–20 nucleotides) non-coding endogenous RNA molecules that play crucial roles in numerous biological processes, including cell proliferation and differentiation [1]. The gold standard for detection of miRNA expression is reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The cycle threshold (Ct), a key parameter obtained from RT-qPCR, is the number of cycles that the samples experienced before detection. The most commonly used method for analysing RT-qPCR data is relative quantification, which involves comparing the PCR signal of a target gene to that of a reference (or normalizer) gene, recorded as ΔCt [2, 3]. This approach helps reduce discrepancies arising from sample quality or processing variations. Although guidelines for the standardization of RT-qPCR analysis recommend using validated reference genes for normalization [4], there is no universally accepted reference gene (“housekeeping” gene) for normalizing RT-qPCR data. According to Schwarzenbach et al. [5], a good reference gene/genes should exhibit stable expression with minimal standard deviation, as well as high extraction specificity, indicating that expression and extraction specificity are not significantly influenced by sample storage or processing conditions. Furthermore, relative normalization approach of RT-qPCR data using reference genes is better than the absolute normalization approach, which calculates miRNA expression using standard curves derived from synthetic miRNAs and melting curves [5]. To date, only one study has specifically evaluated Ct and ΔCt values obtained with and without a reference gene–18S rRNA (ribosomal RNA)–for miR-371a-3p, miR-372, and miR-373-3p in the serum of cancer patients [6]. Although their findings revealed a strong correlation between Ct and ΔCt values (R2 = 0.956), indicating that RT-qPCR can be used without endogenous control in their specific case, Wang et al. [7] emphasized the necessity of reference-gene-based normalization for accurate RT-qPCR data interpretation. Choosing an appropriate reference gene is essential to prevent data misinterpretation and to identify actual shifts in miRNA expression levels. The most common approach for selecting a reference gene is based on literature data, manufacturer recommendations, and low standard deviation values in miRNA microarrays. Small nuclear/nucleolar RNAs are the most frequently employed as normalizers due to their stability and good expression. However, their expression levels can be affected by various diseases and/or experimental conditions, making it important to ensure that the selected normalizer is suitable for the analysed samples [5, 8, 9]. As we mentioned earlier, normalization is a crucial step in RT-qPCR analysis because tissue-specific expression patterns and cellular composition can vary substantially. Consequently, reference genes verified in one tissue type might not be suitable for another. Human placenta is a unique and heterogeneous organ with dynamic changes in gene expression throughout gestation, making accurate normalization particularly challenging. The literature shows a lack of studies that assess potential reference miRNAs in placental tissue. Therefore, the goal of the current study was to identify reliable reference genes for measuring miRNA in the human placenta. Candidate reference genes were selected based on manufacturer recommendations, prior reports of miRNAs with high expression in placental tissue [10, 11] and/or their use as housekeeping genes in previous studies [12]. We examined the stability of five candidate reference genes in human placental samples using different statistical tools, namely GeNorm, NormFinder, BestKeeper, and the delta Ct-method. Additionally, we investigated the impact of different normalization genes on the quantification of the relative expression of five target miRNAs (miR-1537, miR-190b, miR-146a, miR-16, miR-21) in human term placental tissue samples, each previously linked to maternal smoking and/or exposure to toxic metals (Cd and Pb) [13, 14].
MATERIALS AND METHODS
Sample Collection
The term placental samples (n = 64) for this methodological study were collected between 2018 and 2019 at the Merkur University Hospital’s maternity ward in Zagreb, Croatia, as part of a larger research project (METALORIGINS, HRZZ-IP-2016-06-1998). The project protocols were reviewed and approved by the ethical committees of the participating institutions, ensuring compliance with the principles of the Helsinki Declaration. All study participants completed written informed consent form before sample collection. Immediately after delivery, placental samples were placed in sterile zip-lock polyethylene bags and transported to the analytical laboratory within 2 hours. Upon arrival, the remaining umbilical cord was removed and the placental membranes were trimmed. To ensure representative samples among participants, full-thickness samples were cut using a titanium or ceramic knife from the central part of the placental disc, avoiding the site of umbilical cord insertion. The 1–2 mm of decidua basalis and chorionic plate were carefully dissected with a knife to obtain trophoblastic tissue [15, 16] and stored at −80 °C until miRNA isolation.
Real-Time PCR Quantification (RT-qPCR)
miRNAs were isolated from placental samples (average weight 52 mg; range 41–67 mg) using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. Frozen placental samples were homogenized in three 15 s bursts at 7800 rpm in QIAzol Lysis Reagent using a Combo Precellys Evolution (Bertin Technologies, Montigny-le-Bretonneux, France) to ensure complete homogenization. A NanoPhotometer P360 (Implen, München, Germany) was used to measure the quality and concentration of isolated mRNA enriched with miRNAs, and RNA integrity was evaluated by measuring absorbance at 260/280 (acceptable range 1.9–2.1). Reverse transcription into cDNA was made immediately after isolation using a Qiagen miScript II RT Kit in a 20 µL reaction volume with 2 µL of isolated miRNAs following the manufacturer’s protocol. The reaction was incubated on a ThermoMixer C (Eppendorf, Hamburg, Germany) at 37 °C for 1 h, and 5 min at 95 °C, and cDNAs were stored at −20 °C until further analysis. The expression of miRNAs (miR-1537-3p, miR-190b, miR-16-5p, miR-21-5p, and miR-146a-5p, miR-525-5p, miR-520c-3p, SNORD48, miR-135b-5p, and miR-143-3p) was quantified by RT-qPCR using a custom miScript miRNA PCR array with 96 wells and a miScript SYBR Green PCR Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. miScript PCR Array contained miRNA-specific miRNA Primer Assay, while SYBR Green Kit contained the miScript Universal Primer (reverse primer). The Custom miScript miRNA PCR arrays were designed using the Qiagen GeneGlobe online platform, which enables the selection of particular primers of miRNAs of interest from the commercially available primer set. The cDNA obtained from placenta samples was diluted (1:10) before RT-qPCR analysis, following the manufacturer’s protocol used in the study to reach the recommended range of total amount per sample. The goal of this dilution was to reduce potential inhibitory effects from the sample matrix while maintaining enough template for adequate amplification. The RT-qPCR analysis was conducted on an AB7500 (Applied Biosystems, Waltham, Massachusetts, USA) under the following conditions: an initial activation step at 95 °C for 15 min, followed by three-step cycling (denaturation at 94 °C for 15 s, annealing at 55 °C for 30 s, and extension at 70 °C for 30 s) in a total of 40 cycles. Each RT-qPCR plate included a miRNA reverse transcription control (miRTC) and a positive PCR control (PPC) to verify the technical reproducibility of reverse transcription (RT) and PCR amplification, respectively, also permitting comparison across plates. In accordance with the manufacturer’s protocol, a ΔCt value (CtmiRTC–CtPPC) < 7 indicated no inhibition of the RT reaction is apparent, while values ≥ 7 is evidence of impurities that may have inhibited the RT reaction and required repetition of the entire workflow, including isolation. After RT-qPCR, amplification signals were computed with 7500 software v2.0.6 (Applied Biosystems), and the cycle threshold (Ct) values were determined accordingly.
Statistical Analysis
Statistical analysis was performed using R software package, version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria), and TIBCO Statistica™, version 14.0.0.15 (TIBCO Software, Inc., Palo Alto, CA, USA). An a priori power analysis was conducted in G*Power (version 3.1.9.4; Heinrich Heine University Düsseldorf, Düsseldorf, Germany) to determine the minimum sample size required to detect a statistically significant difference between analysed groups, assuming adequate study power. The estimate was based on literature data [13] and preliminary results for candidate miRNAs in the placenta of smokers and non-smokers, with a study power of 80%. Power analysis indicated that at least 22 samples per group were required to detect differences between-group (smokers vs. non-smokers) in placental miR1537 expression, whereas smaller group sizes were sufficient for the other miRNAs. For miR-1537, when amplification was not detected or when Ct values exceeded 35.4 (about 25% of samples), we used an imputation method, assigning a value of 36, which represents the critical number of cycles plus one (Ct +1) [17, 18]. This approach ensured that all biological replicates were retained, preventing the loss of statistical power, and minimizing bias that could arise from listwise exclusion of such samples. The Ct values for all other miRNAs were below 35.4 and required no imputation. The coefficient of variation (CV), as a measure of precision, was calculated as the standard deviation divided by the mean of a group of replicates. The BestKeeper Index (BKI) was calculated as the z-root of the product of all reference genes Ct values–Cti, where i represents each reference gene and z denotes the total number of reference genes included in the calculation [19]. Pearson’s correlation coefficients (r) were used to evaluate inter-gene relations among all reference genes, as well as between reference genes and BKI. For GeNorm and NormFinder methods, Ct values were converted to relative quantities using the comparative Ct method (2(−ΔCt)), whereas ΔCt was calculated using equation: ΔCt = Ct (i) – Ct (highest expressed). The log2-transformed expression ratio (aij/aik) of each pairwise reference gene combination (j, k) was calculated to obtain the normalization factor. The least stable reference gene was systematically excluded during the stepwise process until the most stable pair of reference genes was identified. Pairwise variation was calculated for each reference gene relative to all other reference genes. Gene stability in GeNorm was assessed using the M-value, defined as the average of pairwise variation [20], while in NormFinder, gene stability was calculated as the ratio of intra-group variation to overall expression variation of the candidate gene [21]. In delta Ct method, the optimal combination of reference genes was assessed based on the variability of their Ct values across samples. Gene stability was calculated as the average standard deviation obtained from pairwise comparisons with other reference genes [22]. The ΔCt values were computed using the equation: ΔCt = Ct-miRNA–Ct-normalizer, where miR-525, miR-520c, SNORD48, miR-135b, and miR-143 were used as normalizers for placental samples. Relative expression levels of miRNAs of interest were calculated using the 2(−ΔCt) method [23]. The Shapiro-Wilk test was used to assess the normality of variables; as the expression levels (2(−ΔCt)) of all analyzed miRNAs deviated from normal distribution, differences between smokers and non-smokers were analyzed using the Mann-Whitney U test. Additionally, the intraclass correlation coefficients (ICC) with a 95% confidence interval (CI) were calculated based on a mean-rating, two-way mixed-effects model, to assess absolute agreement among five different normalizers for each target miRNA. Based on ICC values, the level of agreement was interpreted as follows: poor (<0.5), moderate (0.5–0.75), good (0.75–0.9), or excellent (>0.9) [24].
RESULTS
Reference Gene Stability
The overall Ct values obtained by RT-qPCR of five reference genes, along with descriptive statistics obtained using the BestKeeper method are shown in Table 1. All reference genes exhibited Ct values above 21. The largest expression level was observed for miR-143 (mean Ct = 21.40), whereas SNORD48 was the least expressed (mean Ct = 25.77). Regarding expression stability, miR-525 and miR-520c demonstrated the lowest standard deviation (SD) values of 0.871 and 0.949, respectively. On the other hand, miR-135b and miR-143 exceeded the commonly accepted threshold for reliable normalizers (SD < 1) [25]. The SNORD48 (SD(Ct) = 1.048) only slightly surpassed this heuristic threshold and was not excluded from further analyses before estimating its overall stability with other statistical algorithms (GeNorm, NormFinder, and ΔCt method). The BestKeeper index (BKI) was initially calculated as the geometric mean of Ct values of all five candidate reference genes (BKI5), and then recalculated after excluding miR-135b and miR-143 (BKI3) due to their SD values greater than 1. Table 2 shows the results of correlation analysis between individual reference genes, as well as between genes and the calculated BKI values. A strong correlation was observed between miR-520c and miR-143 (r = 0.824, p < 0.001), and between miR-525 and other reference genes (r = 0.787–0.906, p < 0.01), except for miR-135b (r = 0.696, p < 0.001). A moderate to strong correlation (r = 0.627–0.720, p < 0.001) was also found among the other reference genes (miR-520c, miR-135b, and miR-143). Additionally, all reference genes showed high correlations with BKI 5, with miR-525 showing the highest correlation coefficient (r = 0.946, p < 0.01) and miR-135b the lowest one (r = 0.831, p < 0.001). A similar pattern was observed for BKI 3, with the lowest correlation coefficient for miR-135b (r = 0.718, p < 0.001), and the highest for miR-525 (r = 0.962, p < 0.01). Based on the variability of the method, reflected by SD values, and the obtained correlation coefficients, the BestKeeper method identified miR-525 as the most stable reference gene (SD = 0.871; r (BKI 5) = 0.946), followed by miR-520c (SD = 0.949; r (BKI 5) = 0.918) and SNORD48 (SD = 1.048; r (BKI 5) = 0.847).
TABLE 1 | Descriptive statistics of cycle threshold (Ct) values and the BestKeeper Index (BKI) for five candidate reference genes used to assess gene stability in placental samples using the BestKeeper method.	Reference gene	miR-525	miR-135b	miR-520c	miR-143	SNORD48	BKI 5 (n = 5)	BKI 3 (n = 3)
	n	64	64	64	64	64	64	64
	Geo. Mean (Ct)	21.65	24.45	24.32	21.37	25.75	23.44	23.84
	Ar. Mean (Ct)	21.67	24.47	24.34	21.40	25.77	23.47	23.86
	Min (Ct)	19.93	21.98	22.71	18.73	23.59	21.31	22.02
	Max (Ct)	23.55	27.26	26.62	24.89	28.00	26.01	25.99
	SD (±Ct)	0.871	1.127	0.949	1.296	1.048	1.048	0.953
	CV (%)	4.02	4.61	3.90	6.07	4.07	4.47	3.99


SD, Standard deviation; CV, Coefficient of variation; BKI, BestKeeper Index.
TABLE 2 | Pearson’s linear correlation coefficients (r) between cycle threshold (Ct) values of reference genes and BKI obtained by the BestKeeper method.	Reference gene	miR-525	miR-135b	miR-520c	miR-143	SNORD48
	miR-135b	0.696				
	miR-520c	0.906	0.687			
	miR-143	0.860	0.700	0.824		
	SNORD48	0.787	0.627	0.720	0.705	
	BKI 5	0.946	0.831	0.918	0.929	0.847
	BKI 3	0.962	0.718	0.937	0.854	0.898


BKI 5 – include 5 reference genes; BKI 3 – include 3 reference genes.
Results of reference gene expression stability obtained by the GeNorm and NormFinder methods are shown in Table 3. In the GeNorm analysis, gene stability is assessed based on M-value, where the most stable gene expression is indicated by a lower M-value, and the least stable gene is indicated by a higher M-value. According to this method, a combination of miR-525 and miR-520c demonstrated the highest stability (M-value = 0.401), followed by SNORD48 (M-value = 0.601), while miR-135b was the least stable reference gene, exhibiting the highest M-value (M-value = 0.778) (Table 3). Similarly, the NormFinder algorithm, which ranks genes based on their stability value (S-value), identified miR-525 and miR-520c as the most stable reference genes, with S-values of 0.250 and 0.374, respectively, while miR-135b showed the highest S-value (0.732), indicating its lowest stability among tested genes. The stability rankings obtained by GeNorm and NormFinder were consistent, both identifying miR-525 and miR-520c as the most stable reference genes and miR-135b as the least stable.
TABLE 3 | Results of gene stability of the tested reference genes in placental samples obtained by the GeNorm and NormFinder methods.	Reference gene	GeNorm	NormFinder
	M-value	S-value
	miR-525/miR-520c	0.401	—
	miR-525	—	0.250
	miR-520c	—	0.374
	SNORD48	0.601	0.624
	miR-143	0.696	0.645
	miR-135b	0.778	0.732


The stability of reference gene expression was evaluated by the delta Ct method (ΔCt), in which the mean SD serves as a measure of gene stability. Figure 1 provides an overview of all pairwise gene combinations in placental samples, while Figure 2 shows the average SD for each reference gene across 64 placental samples, where the lower SD value indicates more stable gene expression. All tested genes exhibited an average SD < 1, indicating acceptable gene stability [25]. Notably, miR-525 and miR-520c demonstrated the highest stability in comparison to other reference genes, with SDs of 0.642 and 0.684, respectively. At the same time, miR-135b displayed the lowest level of stability (average SD = 0.886), while SNORD48 and miR-143 showed intermediate stability, with average SDs of 0.818 and 0.832, respectively. Based on the ΔCt method, miR-525 and miR-520c were identified as the most stable reference genes, followed by SNORD48, whereas miR-135b was the least stable.
[image: Box plots of ΔCt values for pairwise comparisons between reference genes. Each section of the graph illustrates how one reference gene compares to all other reference genes. The box boundaries represent the 25th and 75th percentiles; the line inside the box indicates the median; and the whiskers show the minimum and maximum values.]FIGURE 1 | Selection of reference genes in placental samples by the delta Ct method (ΔCt) approach. The variability in ΔCt values for each candidate reference gene is presented as the median (horizontal line), interquartile range (25th -75th percentile; box boundaries), and minimum and maximum values (whiskers).[image: Bar chart showing the standard deviation of gene expression stability for five genes. Labels on the x-axis are miR-525, miR-520c, SNORD48, miR-143, and miR-135b. Corresponding standard deviations are 0.642, 0.684, 0.818, 0.832, and 0.886, respectively. Gene stability ranges from more stable to least stable from left to right.]FIGURE 2 | Gene stability of tested reference genes obtained by the delta Ct method (ΔCt). Data are presented as average standard deviation (SD).The overall ranking of gene stability, based on four used statistical approaches, is summarized in Table 4. SNORD48 was identified as a reliable reference gene for normalization across all applied methods, although miR-525, miR-520c, and any combination of these two showed better stability. Across all analyses, miR-135b and miR-143 were consistently ranked as the least stable reference genes, demonstrating the poorest performance.
TABLE 4 | Overall stability and ranking of reference genes as assessed using different statistical approaches.	Method	Ranking order (better-good-average)
		1	2	3	4	5
	Delta Ct	525	520c	SNORD48	143	135b
	BestKeeper	525	520c	SNORD48	135b	143
	NormFinder	525	520c	SNORD48	143	135b
	GeNorm	525/520c	SNORD48	143	135b


Effect of Normalizer Selection on Relative Expression Levels
After assessing the expression stability of reference genes, we investigated the impact of different normalization genes on the quantification of relative expression of five miRNAs of interest (miR-1537, miR-190b, miR-16, miR-21, and miR-146a) in human term placental samples. To begin, we evaluated the intraclass correlation coefficient (ICC) as a measure of absolute agreement between five different reference genes/normalizers (Figure 3). The ICC analysis revealed excellent agreement for miR-1537 (ICC >0.9), and moderate agreement for miR-21, miR-190b and miR-146a. Good, although borderline moderate agreement was found for miR-16 (ICC = 0.724; confidence interval (CI) = 0.600–0.818), indicating that even minor changes in its normalization could affect the interpretation of relative expression results. Furthermore, we performed a sensitivity analysis excluding all imputed observations for miR-1537. The ICC obtained after exclusion was (0.923; CI: 0.883–0.953), which is essentially identical to the ICC obtained with the imputed dataset (0.922; CI: 0.887–0.948). We then analysed the relative expression of candidate miRNAs in placental samples normalized by various reference genes and examined the differences between smokers and non-smokers. To evaluate the miRNA expression differences between smokers and non-smokers, obtained RT-qPCR data were normalized using SNORD48, miR-525, miR-520c, miR-135b, and miR-143. The relative expressions of miRNAs in placental samples, normalized by different normalizers, are shown in Figure 4, and a similar concordance is observed for miR-1537 after removing the imputed data (data not shown). The observed range differences of expression values between different normalizers reflect their endogenous abundance. Our results indicated that normalization by SNORD48 and miR-525 gave similar results, indicating lower expression levels of miR-21 in smokers compared to non-smokers. However, no significant differences were observed when miR-520c was used as a normalizer, although the p-value was close to the significance threshold (smokers: 0.303 (0.104–0.835) vs. non-smokers: 0.372 (0.172–0.756); p = 0.097). Significant differences in miR-16, miR-146a, and miR-190b expression were observed between smokers and non-smokers, with smokers displaying higher levels of these miRNAs when qPCR data were normalized using miR-143.
[image: The plot shows the intraclass correlation coefficient for ΔCt values of each miRNA (miR-21, miR-190b, miR-16, miR-1537, and miR-146a), displayed as a horizontal line with a central point and its confidence interval.]FIGURE 3 | Intraclass correlation coefficient (ICC) with 95% confidence intervals (CI) between RT-qPCR miRNA expression levels of interest, as influenced by different normalizer selection.[image: Box plots showing the relative expression levels of five miRNAs –miR-16, miR-190b, miR-21, miR-1537, and miR-146a –in smokers and non-smokers. Relative expression was obtained by normalization to different reference genes: SNORD48, miR-525, miR-135b, miR-520c, and miR-143. Statistically significant differences in relative expression between smokers and non-smokers are indicated by asterisks.]FIGURE 4 | Comparison of miRNA relative expressions (2(−ΔCt)) of miR-16, miR-21, miR-146a, miR-190b, and miR-1537 in placenta samples of non-smokers (n = 29) and smokers (n = 35) from Croatia (total n = 64), normalized by various reference genes. Data are presented as median (horizontal line), 25th -75th percentiles (box boundaries), and minimum and maximum (whiskers). Differences between smokers and non-smokers were tested using the Mann-Whitney U-test (p < 0.05), with significant differences indicated by an asterisk.DISCUSSION
The RT-qPCR analysis is considered the gold standard for the determination of miRNA expression. The normalization process is an essential step in ensuring the accuracy and reliable quantification of RT-qPCR data [5]. Validation of reference genes used as normalizers is particularly important in miRNA RT-qPCR studies, as miRNAs regulate several target genes, meaning that even little fluctuations in their expression levels may have significant biological and clinical implications. The purpose of normalization is to eliminate variations caused by inconsistencies in sampling, the quantity and quality of the extracted sample, or reverse transcription efficiency. This means that completely abandoning the normalization step [26] or normalizing based solely on the amount of input miRNA [27] and serum volume [28] is not advisable. For example, normalizing gene expression to nanograms of input miRNA ensures that equal quantities of miRNA are compared, but fails to account for potential differences in reverse transcription efficiency. That is why reference genes are commonly employed for normalization. Their use helps to mitigate the variation in reverse transcription efficiency, since both the target miRNA and reference miRNA are reverse-transcribed together [29]. Unlike to the normalization of circulating miRNAs derived from serum/plasma samples, where a synthetic miRNA (i.e. Caenorhabditis elegans cel-miR-39) is commonly added as spike-in control during the isolation step and subsequently processed alongside endogenous miRNAs, the normalization of miRNAs in tissue samples requires a fundamentally different approach. This is primarily because miRNA expression levels in tissues are substantially higher compared to those in body fluids, making spike-in controls less effective for correcting technical variation. Instead, normalization in tissue-based studies typically relies on the selection of stable endogenous reference genes to ensure accurate quantification of target miRNAs. Ideally, the chosen reference miRNA should be constantly and consistently expressed across all samples, allowing it to serve as a reliable normalizer that prevents data misinterpretation and enables the detection of actual changes in miRNA expression levels. In this study, we evaluated the stability of five candidate reference genes in human placental tissue samples collected from healthy volunteers after vaginal delivery. The GeNorm and NormFinder algorithms are among the most widely used tools for assessing reference gene stability; however, despite their widespread use, these methods can sometimes lead to suboptimal choices. To ensure a comprehensive evaluation, we also included BestKeeper, and ΔCt method alongside GeNorm and NormFinder. By integrating the results from these four complementary statistical approaches, we systematically evaluated the performance of five candidate reference genes. This multi-method strategy accounted for different aspects of gene stability, including overall and/or intra-group variability, as well as the correlation of expression patterns. To rank the top three reference genes for normalization in placental tissue samples, the most suitable reference genes for accurate normalization were selected by integrating data from all applied algorithms. Additionally, we compared the miRNA expression levels in the placenta from smokers and non-smokers using different normalizers, demonstrating how the selection of normalizer can impact the relative expression of miRNAs and the accurate measure of biological variation.
All statistical methods used in this study consistently identified SNORD48 as one of the good, stable normalizers, reinforcing its widespread use in miRNA normalization. Across multiple algorithms, miR-525 and miR-520c demonstrated even greater stability, suggesting their suitability for normalization in placental tissue, either alone or in combination. However, caution is needed when using them as reference genes, as they have been associated with certain pregnancy-related disorders [30, 31]. Additionally, their role in tumorigenesis—whether as tumor suppressors or promoters—is still under investigation [32–34]. In our dataset, miR-525 and miR-520c showed consistent expression across all placental samples; although this supports their use as normalizers in the present experimental setting, it does not fully exclude their potential involvement in pathophysiology. Accordingly, their potential biological functions restrict their suitability as general-purpose reference genes. Additionally, it is important to understand that there is no single “best” gene for normalization—the stability of reference genes needs to be verified in each specific biological and experimental context. For this reason, SNORD48 is a better choice for normalization, even though miR-520c and miR-525 showed somewhat higher stability ratings. SNORD48, a small nucleolar RNA with no known involvement in placental or pathophysiological processes, can be considered biologically inert, offering a more reliable choice for general normalization than miRNAs with potential regulatory functions. This cautious choice minimizes the risk of confounding effects from reference genes that might respond to pathogenic or physiological stressors. Conversely, miR-135b and miR-143 were consistently ranked as the least stable reference genes, exhibiting highest M-values and variability across all methods, indicating their unsuitability for normalization in human placental samples.
Additionally, we calculated ICC to examine the agreement between different normalizers in quantifying the expression of miRNAs of interest within our population-based cohort of smokers and non-smokers. According to ICC results, excellent or moderate agreement was observed for all candidate miRNAs, with the exception of miR-16, for which agreement ranged from good to borderline moderate. This indicates that slight modifications in the normalization process for miR-16 may lead to variances in the computed relative expression levels, especially in studies with small sample size. Our further analysis revealed that the inferred biological findings can be significantly affected by the choice of normalizer. Normalization by SNORD48 and miR-525 gave concordant results, revealing a significant difference in placental miR-21 relative expression between smokers and non-smokers. In contrast, normalization with miR-520c did not reach statistical significance (p = 0.097), despite miR-520c being ranked among the top three reference genes in our stability analysis. This divergence highlights that high stability rankings do not necessarily translate into biological usefulness. Likely contributors to this discrepancy include small sample size, biological variability between samples, and deviations in baseline expression levels. Accordingly, to detect physiologically meaningful changes, reference gene selection should balance practical, biological relevance with technical factors. Beyond methodological considerations, the findings also have biological significance, as miRNA downregulation in placental tissue may impact cell proliferation and migration [35]. Specifically, miR-21 is a well-described regulator of processes related to proliferation, migration, and response to oxidative/inflammatory stress [35, 36], which are all relevant to smoking-related placental alterations [14]. In this light, the reduced expression of miR-21 in the placenta of smokers compared to non-smokers (when normalized by SNORD48 and miR-525) is biologically plausible and aligns with the findings of Maccani et al., [14] who reported downregulation of miR-21, miR-16, and miR-146a in placentas of smokers. Although our study did not detect statistically significant differences for miR-16 and miR-146a, the results indicate a trend toward lower expression of these miRNAs in smokers. On the other hand, normalization using miR-143 as a reference gene produced results that differed considerably from those obtained with more stable miRNA controls (SNORD48 and miR-525). Specifically, several miRNAs of interest–including miR-16, miR-190b, and miR-146a–exhibited statistically significant upregulation in placental tissue of smokers when normalized with miR-143. These results should be interpreted with caution, as the observed higher expression of miR-16 and miR-146a in smokers compared to non-smokers contradicts both the trends reported in previous studies Maccani et al., [14] and Li et al., [13] and our own results obtained using empirically validated stable genes, which consistently showed lower expression of these miRNAs in smokers. Given that miR-143 demonstrated the poorest stability across experimental conditions in our reference gene analysis, we attribute these discrepancies to normalization bias rather than true biological variation. Collectively, these results show how even small variations in reference gene stability can significantly affect data interpretation. Therefore, instead of relying on a single universally accepted normalizer, reference gene selection should be based on empirical evaluation performed in the same tissue type and experimental context as the samples under investigation. In clinical research, where gene expression findings can directly impact diagnostic and therapeutic decisions, use of an inappropriate reference gene could lead to misleading conclusions and potentially incorrect diagnosis [37].
Limitations
This study has several weaknesses. First, the selection of candidate reference genes was based on manufacturer recommendations and/or literature evidence–specifically, among miRNAs known to be well expressed in placental tissue or previously used as housekeeping genes–explicitly excluding from consideration the miRNAs that were the primary subjects of this study. This pragmatic strategy may have inadvertently excluded other suitable and potentially more stable small RNAs (e.g. U6 and RNU6B) or uncharacterized candidates that might have been identified with a broader screening panel of reliable reference genes. In principle, although genome-wide approaches like RNA sequencing or microarray analysis could have been used to discover additional novel candidate reference genes, the implementation of such methods was beyond the purview and budget of the current study. Second, our research was restricted to placental tissue only and relied on a single sample of placental trophoblastic tissue per participant. Given the well-known heterogeneity of placental tissue, which may influence its transcriptomic profile [38], this sampling strategy is an important source of measurement uncertainty. To partially mitigate this, all samples were taken from the same predefined location of the placental disc. Nevertheless, future studies should, if feasible, include multiple samples from different regions of the same placenta to minimize overall variability and provide a more representative expression profile. Third, in instances when Ct values were undetermined or exceeded 35.4 (for miR-1537), we applied a single imputation of the data by assigning Ct value of 36 (Ct + 1). While this approach may have introduced some degree of bias in the final estimations, outright deletion of these observations would have further reduced the effective sample size and statistical power, potentially limiting our ability to detect meaningful differences. We therefore prioritized retention of all biological replicates, noting that results for miR-1537 should be interpreted with appropriate caution. Fourth, since all analyses were conducted on a single set of placental samples, the observed stability of reference miRNAs (miR-525, miR-520c, and SNORD48) should be further validated in independent cohorts to assess robustness and generalizability. Notwithstanding this limitation, our findings provide useful foundation for selection of stable reference genes in placental miRNA research and a solid basis for future research in other populations and different experimental conditions.
In conclusion, our findings highlight the critical importance of selecting and empirically validating reference genes within the specific experimental and clinical setting in which they will be used. Although miR-520c and miR-525 showed overall good stability in our placental samples, their use as normalizers should be interpreted cautiously, as their potential involvement in placental or pregnancy-related pathophysiology cannot be entirely excluded. Conversely, SNORD48 was stable in our dataset and, to our knowledge, has no known role in pathophysiology, making it a more reliable choice for normalization since it reduces the risk of confounding by the biological activity of the reference gene itself. Overall, these results highlight that context-appropriate reference gene selection is essential for improving the accuracy and reliability of RT-qPCR-based analyses in placental and other tissues, rather than looking for a single “correct” or universal normalizer. Additionally, it is essential to remember that the stability of reference genes is heavily context dependent and can be influenced by many factors, including which samples are included or excluded, differences between cohorts, variations in the spatial origin of placental biopsies, and potential inclusion of pathological placentas. These methodological and biological sources of variability should be carefully considered when comparing data across studies or when interpreting normalization-dependent outcomes.
SUMMARY TABLE
What Is Known About This Subject
	Normalization is a crucial step in RT-qPCR analysis.
	Reference genes validated in one tissue type might not be suitable for another.
	Evidence on suitable reference miRNAs in placental tissue is currently limited.

What This Paper Adds
	miR-520c and miR-525 show stable expression in placental samples, but caution is needed due to their possible biological involvement.
	SNORD48 is stable and has no known pathophysiological role, making it a reliable normalizer.
	Using less stable reference genes, such as miR-143, may produce results that differ more significantly from those obtained with stable miRNA controls.

Concluding Statement
This work represents an advance in biomedical science by demonstrating that selecting the appropriate reference gene is crucial for enhancing the accuracy and reliability of RT-qPCR-based analyses in placental and other tissues.
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