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SUMMARY: 
This protocol quantitatively measures the stability and half-life of intergenic and intragenic enhancer RNAs in mouse embryonic stem cells using Actinomycin D treatment, RT-qPCR, and nonlinear regression analysis. Position-specific normalization strategies are incorporated to accurately model eRNA decay dynamics in a context-dependent manner.

ABSTRACT: 
Enhancer RNAs (eRNAs) are non-coding transcripts produced from transcriptionally active enhancer regions and are increasingly recognized as key regulators of gene expression. Despite their functional importance, the stability and degradation dynamics of eRNA remain poorly characterized, particularly in embryonic stem cells (ESCs), where transcriptional programs are highly dynamic and context-dependent. This protocol presents a quantitative method to assess the decay kinetics and half-life of intergenic and intragenic eRNAs in mouse ESCs. Transcription is inhibited using Actinomycin D, and total RNA is collected at multiple defined time points. cDNA is synthesized using both random hexamer and oligo(dT) primers to enable detection of both polyadenylated and non-polyadenylated transcripts. For intergenic eRNAs, normalization is performed using either a housekeeping gene or the Ct value at time 0 min. For intragenic eRNAs, a dual normalization approach is employed to minimize interference from overlapping pre-mRNA. The decay curves are analyzed using a one-phase exponential decay model, enabling accurate estimation of the half-life. The protocol reveals that eRNAs in mESCs exhibit rapid turnover, with a half-life of approximately 2–3 min. This methodology provides a robust and reproducible framework for studying eRNA stability, offering insight into enhancer activity and RNA dynamics in pluripotent stem cell contexts.

INTRODUCTION:  
Enhancers are cis-regulatory elements (CREs) that regulate tissue- and stimulus-specific gene expression by serving as binding platforms for transcription factors and co-regulators1–6. Although enhancers can be located distantly from their target genes at the linear genome level, chromatin looping mechanisms enable spatial proximity to promoters, facilitating transcriptional regulation. Active enhancers are bidirectionally transcribed by RNA polymerase II (Pol II), producing long non-coding RNAs known as enhancer RNAs (eRNAs), which typically have a median length of approximately 1 kb1,2,7–9. The expression of eRNAs is strongly correlated with the activation of nearby target genes10–12, and functional studies have consistently shown that depletion of eRNAs reduces the transcription of their target genes, suggesting that eRNAs act as functional regulators rather than transcriptional byproducts13–17. Despite their functional importance, experimental protocols for reliably detecting and quantifying eRNAs remain limited.

In stem cells, enhancer activity plays a crucial role in maintaining pluripotency and driving developmental transitions18,19. Enhancers can reside in intergenic regions (intergenic or extragenic enhancers) or be embedded within gene bodies as intragenic enhancers8. While intergenic enhancers have been extensively studied across various cell types, intragenic enhancers remain relatively underexplored due to technical challenges, such as transcriptional overlap with host gene pre-mRNAs and the presence of histone modifications associated with transcriptional elongation20,21. Nevertheless, recent studies have shown that both intergenic and intragenic enhancers contribute to gene regulatory networks involved in pluripotency22,23 and early differentiation24 in ESCs. Notably, nearly half of all annotated enhancers are intragenic20,25, and their activity varies across developmental stages, often increasing in differentiated tissues8,26–28. However, the prevalence and functional roles of intragenic enhancers in ESCs remain incompletely understood. In particular, while intergenic eRNAs are transcribed between genes, intragenic eRNAs are transcribed within gene bodies and may overlap with pre-mRNA transcripts. This positional difference necessitates distinct analytical approaches when interpreting and quantifying intergenic and intragenic eRNAs. 

Unlike mRNAs, eRNAs typically lack a 3′ poly(A) tail, resulting in low stability and rapid degradation1,2,7–9. This intrinsic instability makes it challenging to analyze eRNA expression, especially in time-course experiments. In neurons, eRNAs have been reported to exhibit a half-life as short as 7.5 min17. However, it remains unclear whether this instability is consistent across different cell types, particularly in ESCs, where both enhancer activity and eRNA transcription are highly cell type-specific7,17,29,30. ESCs rely on dynamic gene regulatory programs to maintain pluripotency or initiate differentiation, making them a unique system for examining eRNA turnover31,32. Given the rapid transcriptional shifts in ESCs, understanding eRNA decay in this context may reveal how enhancer activity is temporally regulated17. Furthermore, differences between intergenic and intragenic eRNAs, such as overlap with host gene transcripts, require distinct analytical approaches20. Despite the importance of these questions, few standardized methods exist for measuring eRNA half-life in ESCs or for comparing the decay dynamics of different eRNA types.

This study presents a quantitative protocol to assess the stability and half-life of eRNAs transcribed from intergenic and intragenic enhancers in mESCs. Transcriptional inhibition is achieved using actinomycin D (ActD) at defined time intervals, followed by real-time quantitative PCR (RT-qPCR) and nonlinear regression analysis to quantify eRNA decay. To address the positional differences between intergenic and intragenic enhancers, the method incorporates distinct normalization strategies, enabling a systematic and accurate comparison of eRNA degradation dynamics. This structured analytical framework provides valuable insights into eRNA turnover in pluripotent stem cells.

PROTOCOL: 
All experiments in this study were performed using mouse embryonic stem cells (mESC; E14Tg2A) that were not generated directly in our laboratory but were obtained from an established cell line, which is also commercially available from ATCC (CRL-1821). Therefore, the work described in this article does not require Institutional Animal Care and Use Committee (IACUC) review at Chungnam National University. The reagents and the equipment used are listed in the Table of Materials.

1. Cell culture of mESCs

1.1. Pre-coat 6-well cell culture plates with 0.1% gelatin (2 mL per well). Incubate the plates at 37 °C for 10 min.

1.2. Aspirate the gelatin and wash each well once with 1 mL of PBS. Sterilize the plates by UV irradiation for at least 15 min.

1.3. Seed mESCs onto the gelatin-coated plates using complete 2 mL of cell culture medium (Table 1). 

[Place Table 1 here]

NOTE: Add LIF freshly to the culture medium at the required concentration immediately before use, based on the total medium volume needed for the experiment.

1.4. Maintain the cells under standard culture conditions at 37 °C in a humidified incubator with 5% CO₂ (Figure.1A). 

[Place Figure 1 here]

2. Actinomycin D (ActD) treatment

2.1. Dissolve actD in DMSO to prepare a stock solution at a concentration of 1 mg/mL33.

[bookmark: _Hlk212451749]NOTE. While Actinomycin D is used here for short-term transcriptional inhibition, alternative inhibitors such as triptolide may also be employed to block transcription initiation in future studies. Because both Actinomycin D and DMSO are light-sensitive, prepare the stock solution in amber microtubes, protect it from light, and store it at -20 °C until use.

2.2. Two days after cell seeding (or on the day of harvest), add the actD stock solution to the culture medium to a final concentration of 5 µg/mL33. Collect samples at 0 min, 5 min, 10 min, 15 min, 20, and 30 min after treatment (Figure 1A).

NOTE: While most eRNAs exhibit rapid decay within the 0–30 min range, some eRNAs may display longer half-lifes. Depending on the characteristics of the target locus, additional sampling at extended time points (e.g., 1 h, 3 h, or 6 h) may be included to more accurately capture decay kinetics. In this study, Actinomycin D was used at a concentration of 5 µg/mL for short-term (≤30 min) transcriptional blockade; however, for longer incubations (>1 h), it is recommended to reduce the concentration to 1–2 µg/mL to minimize cellular stress responses. Because DMSO itself can affect transcriptional activity, a DMSO-only control should also be included.

3. RNA extraction and cDNA synthesis

3.1. Remove the cell culture medium by suction, and add 1 mL of TRIzol reagent to each well. Incubate the plates on a shaker for 10 min at room temperature (RT)34,35, then transfer the lysate to a new 1.5 mL tube.

NOTE: After TRIzol treatment, samples may be stored at -80 °C for up to one week prior to RNA extraction. Because TRIzol reagent contains phenol and guanidinium isothiocyanate, which are highly toxic and corrosive, handle it with great care. All TRIzol waste should be collected in a designated organic solvent waste container for proper disposal.

3.2. Add 500 μL of chloroform to each sample. Vigorously shake the tubes and incubate at RT for 3 min. 

3.3. Centrifuge the samples at 13,500 × g for 10 min at 4 °C. 

3.4. Carefully transfer the aqueous phase to a new 1.5mL tube containing an equal volume of isopropanol. Incubate the mixture at RT for 10 min to enhance RNA precipitation. 

NOTE: Carefully transfer only the clear upper aqueous phase to avoid contamination with the interphase. For increased RNA yield, incubate samples at –20 °C for 1 h to overnight (O/N) after adding isopropanol. For low-input samples, add glycogen (final 10–20 µg/mL) or GlycoBlue just before adding isopropanol to improve RNA pellet visibility and recovery efficiency. Isopropanol is highly flammable and potentially harmful to human health; inhalation of vapors or contact with skin or eyes may cause irritation, headache, dizziness, or central nervous system depression. Handle with caution, and collect all remaining solutions in an approved organic solvent waste container for proper disposal.

3.5. Centrifuge the samples again at 13,500 × g for 10 min at 4 °C and discard the supernatant. 

3.6. Wash the resulting RNA pellet with 1 mL of 75% ethanol. Centrifuge at 6,800 × g for 5 min at 4 °C. 

NOTE: Gently invert the tube after ethanol addition to lift the pellet.

3.7. Remove the supernatant carefully and air-dry the pellet for 10 min at 42 °C. Resuspend the dried pellet in RNase-free water and incubate at 55 °C for 10 min.

NOTE: When RNA purity is high, the white pellet may become translucent during the air-drying process. Avoid over-drying the pellet for more than 10 min, as excessive drying can reduce resuspension efficiency.

3.8. Measure RNA concentration and purity using a NanoDrop spectrophotometer. 

3.9. Synthesize cDNA from 2 μg of RNA using the M-MLV cDNA Synthesis Kit, following the manufacturer’s instructions (Table 2). 

[bookmark: _Hlk199767544][Place Table 2 here]

3.10. Incubate the cDNA reaction at 37 °C for 2 h, then heat-inactivate the enzyme at 85 °C for 5 min.

NOTE: Store synthesized cDNA at -20 °C. The typical cDNA concentration is approximately 100 ng/μL. To detect intragenic eRNAs, synthesize cDNA from the same RNA sample using both random hexamer primers and oligo(dT) primers.

4. Real-time quantitative polymerase chain reaction (RT-qPCR)

4.1. Prepare a 10 μL reaction mixture containing 15 ng of cDNA, 5 μL of Power SYBR Green PCR master mix, 5 pmol of each primer, and distilled water (DW). 

NOTE: eRNA loci often contain or are adjacent to repetitive sequences, requiring careful primer design. Use repeat-masked sequences to restrict candidate regions and verify primer-pair specificity across the genome using BLAST. When possible, include nearby control regions to exclude non-specific amplification36.

4.2. Perform amplification using a real-time PCR system with the following thermal cycling condition: an initial activation and denaturation step at 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, and annealing, extension, and fluorescence measurement at 60 °C for 1 min34,37 (Table 3). 

[Place Table 3 here]

4.3. For intragenic eRNA quantification, analyze both Tbp (or other housekeeping/control gene) and the intragenic enhancer region using cDNA synthesized with oligo(dT) primers. For intergenic eRNAs, use only cDNA synthesized with random hexamer primers (Table 4 and Figure 1B).

NOTE: Run each sample in technical duplicates (two wells) to allow averaging during data analysis.

5. eRNA stability data Analysis22 

5.1. Analyze all data using the ΔCt method, and normalize relative eRNA levels to Tbp_mRNA (Supplementary File 1 and Figure 2A). 

NOTE:  If the Ct value difference between two technical replicates exceeds 0.5, exclude the data from further analysis. Calculate relative gene expression levels using the ΔCt method by subtracting the Ct value of the control gene (e.g., Tbp_mRNA) from that of the target gene (ΔCt = Control_Ct – Target_Ct). Relative expression can then be computed as 2^-ΔCt (Supplementary File 2B).

5.2. For intragenic eRNA quantification, normalize expression values by dividing the values from cDNA synthesized using random hexamers by those from cDNA synthesized using oligo(dT) primers.

NOTE: Perform all qPCR reactions using three independent biological replicates (n = 3).

5.3 Normalize each time point’s expression level (obtained via ΔCt method) to the 0 min value and plot the decay curve. 

NOTE: Although this protocol employs short Actinomycin D treatment, prolonged exposure to transcription inhibitors (e.g., ActD) may also reduce housekeeping gene expression. For higher-precision quantification, we recommend adding an exogenous spike-in RNA (e.g., ERCC) at the cell lysis step to correct for variations in RNA extraction efficiency, reverse-transcription efficiency, and pipetting accuracy, thereby enabling more consistent normalization across samples38,39.

5.4. Plot normalized eRNA levels over time and fit them using a nonlinear regression model (one-phase exponential decay) in GraphPad Prism (Supplementary File 3). 

5.5 Estimate eRNA half-life from individual biological replicates. 

5.5.1 Open GraphPad Prism and select Create > XY (Options: X = Numbers; Y = Enter and plot a single Y value for each point).

5.5.2. Enter the time points (0, 5, 10, 15, 20, and 30 min) as X-axis values.

5.5.3. List the sample names on the Y-axis (Group) and input the corresponding single data value for each time point.

5.5.4. Select Analyze > Regression and Curves > Nonlinear Regression (Curve Fit).

5.5.5. In the Exponential tab, select the One phase decay model.

5.5.6. In the Table to Result sheet, calculate the average and standard deviation of the half-life values for each sample using Excel or similar software. Plot the resulting values.

5.6 Fit decay curves with 95% confidence intervals

5.6.1. Open GraphPad Prism and select Create > XY (Options: X = Numbers; Y = Enter 3 replicate values in side-by-side subcolumns).

5.6.2. Enter the time points (0, 5, 10, 15, 20, and 30 min) as X-axis values.

5.6.3. List the sample names on the Y-axis (Group) and input the three replicate values for each eRNA sample into the corresponding data sheet.

5.6.4. Select Analyze > Regression and Curves > Nonlinear Regression (Curve Fit).

5.6.5. In the Exponential tab, select the One phase decay model for analysis.

5.6.6. In the Table to Result sheet, extract the 95% confidence interval (CI) values obtained from the analysis of the triplicate samples.

NOTE: Use the following decay equation: , where Y is the relative eRNA level at time t, ​ is the initial eRNA level, and k is the decay constant. Do not fix the Plateau to zero during eRNA curve fitting, as previous studies show that eRNA may persist and not completely degrade over time17,40. However, fix the Plateau to zero when analyzing mRNA decay, following prior mRNA protocols41,42. Allow GraphPad Prism to automatically calculate the eRNA half-life (t₁/₂) using the formula: . Enter time in min; report the resulting half-life values in min.

REPRESENTATIVE RESULTS:  
To assess RNA stability following transcriptional arrest, mESCs were treated with actD, and total RNA was collected at defined time points (0 min, 5 min, 10 min, 15 min, 20 min, and 30 min). After cDNA synthesis, RT-qPCR was performed to quantify the intragenic eRNA of Nsun2 and Sox2, the intergenic eRNA of Pou5f1, and their corresponding mRNAs. These data were used to generate time-dependent degradation curves (Figure 2). In successful experiments, eRNAs in mESCs typically showed a rapid decrease in expression within 5 min of actD treatment, whereas mRNAs tended to be more stable, exhibiting a smaller degree of decline and maintaining relatively stable levels for more than 30 min. 

[Place Figure 2 here]

The half-life of eRNAs was approximately 2–3 min, whereas mRNA half-life exceeded 60 min, as determined by one-phase exponential decay curve fitting using GraphPad Prism (Figure 3). The 95% confidence intervals (CIs) for each estimate, calculated based on the standard error of the fitted curve, ranged from 1.55 to 3.72 min for eRNAs and from 37.34 to 156.0 min for mRNAs in mESCs. These intervals confirm the reproducibility and robustness of the measurements and align with previous reports showing that non-polyadenylated eRNAs are inherently less stable than polyadenylated mRNAs17,43. This further supports the reliability of the decay curve fitting and half-life estimation. 

[Place Figure 3 here] 

To validate normalization methods for intergenic eRNAs, which are not influenced by overlapping pre-mRNA transcripts due to their location between genes, two approaches were compared using the Pou5f1 intergenic eRNA: normalization to Tbp_mRNA and normalization to the Ct value at 0 min. Both methods yielded similar half-life estimates, confirming that either approach is suitable for analyzing intergenic eRNA decay (Figure 4A). In contrast, for intragenic eRNAs, a primer-specific normalization strategy was employed to minimize potential interference from overlapping pre-mRNA transcripts during transcription. RT-qPCR was performed using cDNA synthesized with random hexamer and oligo(dT) primers, and expression levels were normalized by calculating the ratio between the two. To further validate the accuracy of this intragenic eRNA-specific approach, expression levels were compared with reads per kilobase per million mapped reads (RPKM) derived from nascent RNA sequencing data, thereby confirming the reliability of the normalization strategy (Figure 4B,C). 

[Place Figure 4 here]

Previous studies reported eRNA half-life of approximately 7.5 min in neurons17. In contrast, the current results in mESCs showed a shorter half-life of 2–3 min. These findings confirm the inherent instability of eRNAs relative to mRNAs and suggest that eRNA turnover may vary in a cell type-specific manner. Therefore, precise temporal control during sample collection is especially critical when applying this protocol to mESCs, where eRNA degradation occurs rapidly. 

FIGURE AND TABLE LEGENDS: 

Figure 1: Experimental design for eRNA stability analysis. (A) Schematic of the transcriptional arrest experiment. Cells were plated on 0.1% gelatin-coated 6-well plates and treated with actD (final concentration: 5 µg/mL) at the indicated time points (0 min, 5 min, 10 min, 15 min, 20 min, and 30 min) after harvest. (B) RT-qPCR assay layout. Total RNA was reverse-transcribed using either random hexamer or oligo(dT) primers. cDNA samples from each time point were analyzed using RT-qPCR for the indicated targets: Tbp_mRNA, intergenic eRNA, and intragenic eRNA.

Figure 2: Comparison of eRNA and mRNA stability in mESCs. (A,B) RT-qPCR analysis of eRNA and mRNA stability for Nsun2 (A), Pou5f1 (B) and Sox2 (C) following transcriptional arrest with actD in mESCs. Transcript levels were measured at the indicated time points to compare the degradation kinetics of eRNAs and their corresponding mRNAs. All RT-qRCR data are presented as mean ± SEM from three independent biological replicates (n = 3).

Figure 3: Estimation of eRNA and mRNA half-life. (A,B) Half-life of Nsun2, Pou5f1 and Sox2 eRNAs (A) and mRNAs (B) were determined after actD treatment. Transcript decay curves were fitted using a one-phase exponential decay model in GraphPad Prism. The 95% CIs for half-life values were calculated automatically based on the standard error of the fit. Data are presented as mean ± SEM from three biological replicates (n = 3).

Figure 4: Normalization methods and validation of intragenic eRNA quantification. (A) Half-life of Pou5f1_eRNA calculated using two normalization methods: Tbp_mRNA expression and Ct value at 0 min. Both approaches yielded comparable results. (B) Comparison of RPKM values between the Nsun2 enhancer and a negative control region (N.C._1) located within a non-enhancer intragenic region of the Nsun2 gene. (C) RT-qPCR validation showing higher expression of the intragenic Nsun2_eRNA compared to N.C._1. Expression levels were normalized by calculating the ratio of cDNA synthesized using random primers to that synthesized using oligo(dT) primers. Data is presented as mean ± SEM from three biological replicates (n = 3); statistical significance was determined using an unpaired Student’s t-test.

Table 1: Composition of mESC culture medium. Components and their final concentrations used to prepare the mESC culture medium. Typical volumes are listed per 500 mL of total medium. 

Table 2: Composition of the cDNA synthesis reaction (M-MLV reverse transcriptase). Detailed volumes and reagents used for reverse transcription of 2 μg of total RNA using the M-MLV cDNA Synthesis Kit. The volume of the RNA sample was adjusted based on its concentration, and nuclease-free DW was added to bring the final reaction volume to 20 μL.

Table 3: Thermal cycling conditions for RT-qPCR. Summarized temperature, time, and cycle conditions for reverse transcription, 40-cycle qPCR (10 μL reaction), and standard melt curve analysis.

Table 4: Primer sequences for RT-qPCR analysis. Forward and reverse primer sequences used for specific amplification of each target gene in RT-qPCR experiments. These primers were optimized to ensure accurate quantification of mRNA and eRNA expression.

Supplementary File 1: Ct distribution of each primer set, input-dependent quantitative accuracy, and melting-curve validation. (A,B) Ct distributions for mRNA (A) and eRNA (B) were obtained using 15, 7.5, and 3.75 ng of cDNA for the indicated targets (Nsun2, Pou5f1, and Sox2), allowing assessment of quantitative accuracy across different input amounts. (C) Representative melting curves confirmed that all primer sets used in this study produced single, specific amplification products. These data were used to select primer–input combinations suitable for subsequent stability (time-course) analysis and half-life determination.

Supplementary File 2: Data analysis workflow for eRNA/mRNA decay experiments and ΔCt-based normalization. (A) Flow chart summarizing the analysis pipeline used in this study, including RT-qPCR Ct table generation, ΔCt calculation, normalization of intragenic eRNA signals by the ratio of cDNA synthesized with random primers to that synthesized with oligo(dT) primers, and subsequent normalization to the 0-min value. (B) Worked example showing how Ct values from Tbp_mRNA (housekeeping control) and a gene of interest (e.g., Pou5f1_mRNA or Pou5f1_eRNA) are converted to ΔCt, then to relative expression (2ΔCt), and finally fixed to the 0-min time point for decay-curve fitting. This file documents the exact order of calculations that was applied to all samples prior to model fitting and half-life estimation.

Supplementary File 3: Detailed GraphPad Prism setup for nonlinear regression and half-life estimation. This file provides step-by-step instructions for entering time-course RT-qPCR data (0 min, 5 min, 10 min, 15 min, 20 min, and 30 min) from individual biological replicates, assigning sample groups, and performing nonlinear regression to fit a one-phase exponential decay model for eRNAs and mRNAs. It also specifies the use of three biological replicates, the procedure for extracting the mean and standard deviation, and the method for obtaining 95% confidence intervals (CI) for the half-life. For mRNA analysis, the plateau value was constrained to zero in accordance with previous reports, and the resulting CI values were used for figure preparation.

Supplementary File 4: Example of half-life calculation from raw RT-qPCR data. This file provides an example of 0-min (0 min)-normalized relative expression values for a housekeeping gene and the target (mRNA or eRNA) obtained at each actD treatment time point (0 min, 5 min, 10 min, 15 min, 20 min, and 30 min).

DISCUSSION: 
This protocol outlines a reliable and reproducible method for measuring eRNA stability in mESCs. Critical experimental steps, including cell culture, actinomycin D treatment, RNA extraction, and RT-qPCR quantification, are clearly illustrated in the figures and supplementary files to guide users through the workflow. In addition, detailed analytical procedures such as nonlinear regression modeling and interpretation of confidence intervals are provided in Supplementary File 4 to support accurate half-life estimation. Among these steps, precise timing and consistent handling of actD treatment are essential because they directly affect the detection of unstable transcripts like eRNAs. Delays or inconsistencies in sample collection can significantly distort decay kinetics and reduce the reproducibility of results. For this reason, close adherence to the specified timing strategy is critical for generating meaningful and interpretable data.

Although this protocol is optimized for the analysis of short-life eRNAs with half-life under 30 min, it can also be adapted for more stable enhancer transcripts by extending the sampling timeline or incorporating spike-in RNAs in addition to housekeeping genes to improve normalization accuracy38,39. Furthermore, while this protocol focuses on half-life measurement using actinomycin D, it may also be applied with other transcriptional inhibitors to enable comparative analyses of eRNA decay mechanisms.

To improve quantification accuracy and minimize technical variability, a two-step normalization strategy was employed. eRNA levels were first normalized to a housekeeping gene (Tbp_mRNA), followed by normalization to the Ct value at time 0 min. For intergenic eRNAs, which are unaffected by pre-mRNA contamination, normalization solely to the 0-min Ct value was also validated. In the case of the Pou5f1 intergenic eRNA as an example, we observed no statistically significant difference in half-life estimates between the two normalization strategies (Figure 4A). This highlights the flexibility in data processing for intergenic eRNAs, where normalization to a housekeeping gene may not be essential due to the absence of overlapping pre-mRNA signals.

In contrast, intragenic eRNAs pose greater analytical challenges due to potential interference from overlapping pre-mRNAs generated during transcription. To address this issue, cDNA was synthesized separately using random hexamer and oligo(dT) primers, and expression levels were normalized by calculating the ratio between the two. This strategy effectively minimized the impact of pre-mRNA contamination. The validity of the RT-qPCR results was further supported through cross-validation with RPKM values derived from GRO-seq data. Notably, this approach consistently distinguished enhancer regions from non-enhancer control regions within the Nsun2 gene (Figure 4B,C), and provided a streamlined and reliable solution for quantifying intragenic eRNAs without the need for subtractive correction of oligo(dT)-derived signals.

This protocol offers a refined analytical framework for investigating eRNA dynamics by applying normalization strategies tailored to the genomic origin of eRNAs, whether intergenic or intragenic. As expected, eRNAs exhibited much shorter half-life than mRNAs, which is consistent with their non-polyadenylated nature. Notably, while previous studies in neuronal cells reported eRNA half-life of approximately 7.5 min17, the eRNAs measured in mESCs in this study showed significantly shorter half-life of about 2–3 min (Figure 2 and Figure 3). This difference suggests that eRNA degradation rates and transcript stability may vary depending on cellular state or developmental stage, providing important insights into how eRNA turnover is regulated in different biological contexts. These findings also underscore the critical importance of precise timing and standardized sample handling in experimental design, particularly when quantifying short-life RNA species.

Taken together, this protocol enables accurate measurement of eRNA stability and distinguishes between the analytical requirements of intergenic and intragenic eRNAs. By incorporating position-specific normalization and validating half-life measurements with independent transcriptomic data, the method ensures both precision and reproducibility. It establishes a valuable foundation for broader applications, including studies of stem cell differentiation, stress responses, and cell type-specific enhancer regulation. As eRNAs gain recognition as key regulatory molecules involved in transcriptional control and chromatin architecture, protocols like this will facilitate deeper understanding of their function in diverse biological contexts and may ultimately inform the development of novel RNA-based therapeutic strategies.
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