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 9 

Abstract 10 

N6-methyladenosine is one of the most abundant epitranscriptomic signatures that can affect every11 

aspect of RNA biology, from structure and stability to intra- and intermolecular interactions. The accurate12 

quantitative assessment of RNA stoichiometry at single-nucleotide resolution is a prerequisite to evaluate13 

the biological significance of m6A in the context of specific RNA. We have developed a new method,14 

termed 4-Selenothymidine 5’-triphosphate reverse transcription and Ligation Assisted PCR analysis15 

(SLAP), for quantitative and unbiased assessment of the m6A fraction on target RNA. The inclusion of16 

thymidine triphosphate derivative during reverse transcription discourages base pair formation with m6A17 

resulting in the reaction’s cessation, while maintaining normal A-T base pairing. The site-specific ligation18 

of the resulting cDNAs with adapters, followed by amplification, generates two distinct products that19 

reflect the modified and unmodified fraction of the analyzed RNA. These PCR products are subsequently20 
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separated by gel electrophoresis and quantified using densitometric analysis. We applied the SLAP to 21 

verify the position and assess the frequency of m6A sites present on two exemplary long non-coding 22 

RNAs. We assessed the SLAP specificity, accuracy, and sensitivity, proving the applicability of this 23 

method for the m6A analysis on less abundant transcripts. Overall, this method constitutes an extension of 24 

the bird’s-eye view of RNA m6A landscape provided by epitranscriptome-wide analyses by delivering 25 

quantitative assessment of modification frequency and can therefore aid the understanding of the 26 

consequences of m6A on biological processes. 27 

 28 

Keywords: N6-methyladenosine, epitranscriptomic modification, RNA, stoichiometry, 4SedTTP 29 

 30 

Background 31 

N6-methyladenosine (m6A) is an epitranscriptomic modification that involves the methylation of the 32 

sixth position of the base moiety of adenine. It is one of the most abundant chemical signatures found on 33 

coding and non-coding (nc) RNAs expressed by all living taxa (Jiang et al. 2021; Coker et al. 2019; Liu et 34 

al. 2014; Bokar et al. 1997; Wang et al. 2016), and non-living forms, i.e., viruses (Wu et al. 2019; Tan and 35 

Gao 2018; McIntyre et al. 2018; Baquero-Perez et al. 2021). For the past few decades, the biological 36 

significance of m6A remained elusive. Recent developments in the next-generation sequencing methods 37 

brought the long-awaited breakthrough in the field and demonstrated the overwhelming significance of 38 

m6A for RNA biology. It has been shown that m6A functions at almost all stages of messenger (m) RNA 39 

lifetime, including splicing, translation, stability, export, and subcellular localization (Zhou et al. 2019b; 40 

Bartosovic et al. 2017; Zhou et al. 2019a; Meyer et al. 2015; Wang et al. 2015, 2014; Kane and Beemon 41 

1985). For example, the installation of m6A within the splice site of precursor mRNA coding for S-42 

adenosylmethionine synthetase inhibits its proper splicing and translation (Mendel et al. 2021). Also, m6A 43 

found within the coding region of mRNAs positively regulates translation by resolving RNA secondary 44 

structures (Mao et al. 2019). In ncRNAs, the breadth of m6A impact is attributed to local and global 45 

structural changes that can influence the accessibility of RNA motifs for effectors binding. For example, 46 

the modification of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) regulates the 47 

binding of heterogeneous nuclear ribonucleoprotein C (HNRNPC) to U-rich hairpin. Likewise, the 48 
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modification of A-repeat domain in X-inactive specific transcript (XIST) facilitates the specific folding of the 49 

transcript, which guides proteins involved in transcriptional silencing to their RNA binding motifs (Lu et al. 50 

2020). 51 

The m6A is a highly dynamic signature regulated by the action of methyltransferases and 52 

demethylases. Methyltransferases, referred to as “writers”, install the m6A modification.  Demethylases 53 

act as “erasers,” remove the chemical tag (Yang et al. 2018; Schwartz et al. 2014). The writers are 54 

thought to recognize the consensus sequence RRACH (where R is a purine, H is adenine, cytosine, or 55 

uracil). Not every RRACH motif, however, undergoes methylation (Bokar 2005). This fact suggests that 56 

RNA structural determinants can influence the deposition of this chemical tag (Mateusz Mendel et al. 57 

2018). Most m6A are installed by METTL3/14 complex (Śledź and Jinek 2016), the binding and catalytic 58 

activity of which seems to be independent of substrate’s structure, while the activity of another writer, 59 

METTL16, is structure mediated (Mateusz Mendel et al. 2018). The direct outcome of writer and eraser 60 

activity influences the position, frequency, and the overall abundance of m6A, thus determining the 61 

breadth of its impact on RNA biology. For example, suppose methylation at a given site serves as a gene 62 

regulatory mechanism. In this instance, the protein occupancy of controlled modification site is expected 63 

to vary over the lifetime of RNA to alter its function.  64 

Despite the rapidly growing recognition of m6A significance, the prevalence and functional 65 

consequences of m6A remain elusive as the currently available detection methods are primarily 66 

qualitative. The widely available antibody-based next-generation sequencing mapping methods, including 67 

m6A-seq (Dominissini et al. 2012), methylated RNA immunoprecipitation (m6A-MeRIP) (Meyer et al. 68 

2012), and m6A individual-nucleotide-resolution crosslinking and immunoprecipitation (miCLIP) (Linder et 69 

al. 2015), are burden with various shortcomings, e.g., the high signal-to-noise ratio, large number of false 70 

positives due to cross-reactivity of antibodies with related modifications (Linder et al. 2015; Dominissini et 71 

al. 2012). Furthermore, since these methods involve the multi-step protocols for library preparation, they 72 

often result in poor data reproducibility, hindering the between-sample analyses. Site-specific cleavage 73 

and radioactive-labeling followed by ligation-assisted extraction and thin-layer chromatography 74 

(SCARLET) uses complementary oligonucleotides targeted to known modification sites to investigate the 75 

occupancy of the modification but is an exceptionally laborious method that relies on radioactivity (Liu et 76 
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al. 2013a). The Liquid Chromatography with tandem mass spectrometry (LC-MS/MS) is currently the only 77 

technology that can directly and comprehensively estimate the frequency of epitranscriptomic 78 

modifications. However, the information about the sequence context and co-occurrence of other 79 

modifications is lost during RNA hydrolysis, and the method demands large quantities of highly purified 80 

RNA (Wein et al. 2020).  81 

In this manuscript, we provide a detailed outline of a novel antibody-independent termination-based 82 

method for the target-specific quantification of m6A frequency (Figure 1). Our method, termed Selenium-83 

modified deoxythymidine triphosphate reverse transcription and Ligation Assisted PCR (SLAP), relies on 84 

the use of 4-selenothymidine-5'-triphosphate (4SedTTP) during reverse transcription (RT). 4SedTTP 85 

carries a selenium atom at the 4-position of deoxythymidine triphosphate instead of oxygen. That 86 

replacement affords exclusive hybridization properties when incorporated into TTP nucleobase due to its 87 

unique steric and electronic efforts (Hong et al. 2018). During RT, the 4SedTTP supports A-T pairing and 88 

at the same time discourages m6A/T pairing, triggering RT termination at +1 position from the modification 89 

(Hong et al. 2018). Truncated and full-length products corresponding to modified and unmodified 90 

adenines, respectively, are subsequently ligated to an adapter carrying a primer binding site to allow for 91 

the simultaneous and uniform amplification of both types of cDNA products in a single PCR reaction. This 92 

approach yields quantitative and unbiased information for each m6A site, and because the SLAP method 93 

relies on the use of target- and site- specific RT primers, the modification frequency can be determined 94 

regardless of its location, i.e., inside, or outside of the consensus sequence.  95 

We applied SLAP to analyze the frequency of m6A at multiple sites found on two long non-coding (lnc) 96 

RNAs, i.e., polyadenylated nuclear (PAN) RNA encoded by Kaposi’s sarcoma-associated herpesvirus 97 

(KSHV) (Martin et al. 2021), and cellular lncRNA MALAT1 (Yang et al. 2013). We assessed the sensitivity 98 

of this method by titrating in vitro synthesized PAN transcript to the total cellular RNA and revealed that 99 

the method provides an accurate estimation of modification frequency at an attomolar concentration of 100 

the target. This highlights the potential of the SLAP method for analyzing m6A stoichiometry on low 101 

abundance RNAs. Paired with any of the available next-generation sequencing methods, our protocol not 102 

only provides further verification of m6A localization at the single-nucleotide resolution but, most 103 

importantly, the quantitative estimate of modification abundance. 104 
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Figure 1. Schematic overview of the SLAP method. a, Reverse Transcription. 4SedTTP is used during reverse 106 
transcription reaction (RT) to prompt RT-stop formation at +1 position from m6A. b, Splint bridge and adapter 107 
ligation. A splint oligonucleotide is annealed to the truncated cDNA product that results from reverse transcription of 108 
the modified RNA. The splint oligonucleotide has a 5’ complementarity to the adapter oligonucleotide that is ligated to 109 
RT-stop product to introduce the reverse primer binding site. For m6A close to the 5’ or 3’ end of the transcript, 110 
extended splint should be utilized to allow for size-differentiation between modified and unmodified products. C, 111 
Densitometric analysis of experimental results. Subsequent PCR reaction performed using a common set of 112 
forward and reverse primers, simultaneously amplifies both full-length and RT-stop products. The PCR products are 113 
visualized on native polyacrylamide gel (PAGE) and directed to densitometric analysis. The densitometric 114 
measurements are compared to the established calibration curve to assess the m6A stoichiometry. 115 
 116 

RESULTS 117 

Target m6A modified RNAs. 118 

PAN RNA is a lncRNA expressed by Kaposi's sarcoma-associated herpesvirus (KSHV) at low levels 119 

during latency (103 copies/cell according to our estimates, data not published), but it can reach up to 105 120 

copies/cell 24 hours post lytic induction in BCBL-1 cells. PAN RNA was proposed to associate with 121 

chromatin modulating complexes, histones, and has been implicated in the altering of viral and cellular 122 

gene expression (Rossetto and Pari 2014). Other studies suggest that PAN RNA facilitates late viral 123 

mRNA export from the nucleus to the cytoplasm (Withers et al. 2018). We recently applied 4-124 

selenothymidine-5′-triphosphate reverse transcription (4SedTTP RT) with next generation sequencing 125 

method to analyze the PAN RNA m6A landscape during KSHV replication (Martin et al. 2021). Our 126 

findings showed that PAN RNA can carry up to five m6A residues during the late lytic stages of KSHV 127 

replication. The functionality of these residues is yet to be determined. 128 

MALAT1 is a nuclear lncRNA which exhibits copy number changes (on average 2,500 copies/cell 129 

(Tripathi et al. 2010), translocations, or mutations in several cancer types (Arun et al. 2020). MALAT1 was 130 

shown to be m6A modified by the application of m6A-specific methylated RNA immunoprecipitation with 131 

next-generation sequencing (m6A/MeRIP-Seq) (KD et al. 2012). Since the m6A/MeRIP-seq method 132 

combines m6A antibody immune-precipitation and deep sequencing to locate m6A in ~200 nt RNA 133 

segments, it cannot identify which adenosine residue under the deep sequencing peaks is modified, nor 134 

can it determine the modification fraction for any modification site. To address this challenge, Liu et al. 135 

applied the SCARLET method to directly measure the location and m6A fraction on MALAT1 in three 136 

different cell lines (Liu et al. 2013a). They found that m6A is present at four out of seven previously 137 

identified sites, and that, the modification fraction varied by up to threefold between cell lines. The m6A 138 

sites on MALAT1 were shown to regulate protein binding through invoking the RNA structural changes. In 139 
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particular, m6A modification at nt 2577 was shown to destabilize the modified hairpin and release a poly-U 140 

tract for an increased binding of m6A reader protein, Heterogenous Nuclear Ribonucleoprotein C 141 

(HNRNPC) (Yang et al. 2013; He et al. 2020).  142 

 143 

Establishing the SLAP calibration curves for target RNAs. 144 

To estimate the m6A stoichiometry on target RNA, it is necessary to establish the proper calibration 145 

curve. We combined 100 nt in vitro synthesized m6A modified (nucleotide (nt) position 82 on PAN RNA 146 

and nt position 65 on MALAT1) and unmodified RNA standards at the following ratios (0:1, 40:1, 20:1, 9:1, 147 

4:1, 1:1, 1:4, and 1:0), that reflected the modification percentage (0, 2.5, 5, 10, 20, 50, 80, and 100%, 148 

respectively) for the total of 30 femtomole, and spiked them with the 1 µg total RNA extracts. This 149 

approach is meant to mimic the experimental conditions one would work with during the SLAP analysis 150 

performed on RNA expressed in living cells. The combined RNA standards were directed to reverse 151 

transcription reactions (RT) using the avian myoblastoma virus (AMV) reverse transcriptase. Other types 152 

of reverse transcriptase, including SuperScript II and III, perform equally well in the 4SedTTP RT 153 

reactions, and as such they can replace AMV (Hong et al. 2018; Martin et al. 2021). Each ratio of 154 

combined RNA standards was directed to two RT reactions, i.e., positive reaction performed in the 155 

presence of SedTTP (+SedTTP RT) and negative control reaction, in which SedTTP was replaced with 156 

TTP (-SedTTP RT). The RT-stop cDNA products resulting from reverse transcription of modified RNAs 157 

were site-specifically ligated with splint-adapter oligonucleotide duplex to yield products that can be 158 

simultaneously amplified with full-length products that correspond to unmodified RNA. Following 159 

amplification, the products were resolved on native polyacrylamide gel and quantified. 160 

From the calibration curve established for PAN RNA, we estimated that the SLAP allows for 161 

quantification of m6A frequency at as low as 2.5% level (4.5 x 108 copies modified). The positive reactions 162 

that included unmodified transcript (+0%, Figure 2a) yielded a weak m6A-specific product, which was 163 

considered as the background, and as such a 2-fold threshold above that background was applied to 164 

assess the modification stoichiometry. Also, a minor background product was notable for negative 165 

reactions, suggesting the occurrence of non-specific-to-m6A truncations in some RT reactions. 166 

Interestingly, the sample including 100% modified transcript resulted in an estimation of m6A frequency at 167 
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92% level, which suggests a minor underestimation of the actual modification fraction. Overall, for these168 

combined standards we achieved linear regression of R2 = 0.988 (Figure 2b). Using the same approach,169 

we also established a calibration curve for MALAT1 (Figure 2d), which allowed for the quantification of170 

m6A frequency at equally low levels (2.5%) compared to PAN RNA, and we obtained the linear regression171 

of R2= 0.985 (Figure 2e). The establishment of an optimized standard curve with an R2 value >0.980 is172 

critical for the precise estimation of m6A modification frequency.  173 

To test the sensitivity of the SLAP method, we performed a serial dilution of combined at 1:1 ratio m6A174 

modified and unmodified RNA standards, that were subsequently spiked with 1 µg of total RNA and175 

directed to the analysis. We tested the total concentrations of 0.25, 0.5, 1, 2.5, and 5 femtomole RNA to176 

determine the minimum concentration that allows for the determination of m6A frequency. We were able to177 

quantify the stoichiometry of m6A on the target RNA that was present at as low as 500 attomolar (aM)178 

concentration (5.5 x 108 copies, Figure 2c). Thus, the SLAP can likely be applied to analyze the frequency179 

of m6A on low abundance target RNAs. 180 

 181 

Figure 2. The calibration curves for SLAP analysis of PAN and MALAT1 lncRNAs. a, To estimate the m6A182 

stoichiometry on target RNA, it is necessary to establish the proper calibration curve. We combined 100 nt in vitro183 

synthesized m6A modified (nucleotide (nt) position 82 on PAN RNA and nt position 65 on MALAT1) and unmodified184 

RNA standards at the following ratios (0:1, 40:1, 20:1, 9:1, 4:1, 1:1, 1:4, and 1:0), that reflected the modification185 

percentage (0, 2.5, 5, 10, 20, 50, 80, and 100%, respectively) for the total of 30 femtomole, and spiked them with the186 
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1 µg total RNA extracts. Native polyacrylamide gel (PAGE) shows two products corresponding to the m6A modified 187 
(54 nts) and unmodified (100 nts) PAN RNA standards that were combined at indicated ratios and directed to SLAP 188 
analysis. Positive reactions included SedTTP in RT reactions, while negative reactions included dTTP instead. The 189 
intensity of these products was quantified to generate the calibration curve shown in panel b, which showed linear 190 
regression of R2 = 0.988. c, Native PAGE showing two products corresponding to the modified (54 nts) and 191 
unmodified (100 nts) standard RNAs that were combined at equal ratio at the indicated total concentrations (0.25 – 5 192 
femtomole) and directed to the SLAP analysis to assess the method’s sensitivity. d, Native PAGE gel showing two 193 
products derived from the m6A modified (77 nts) and unmodified (100 nts) MALAT1 RNA standards that were 194 
combined at specific ratios and directed to the SLAP analysis. e, The intensity of the products from panel d was 195 
quantified to generate the calibration curve, which showed linear regression of R2 = 0.89. 196 
 197 

Stoichiometric analysis of m6A on PAN RNA 198 

After establishing the proper calibration curve, we proceeded to the quantification of m6A frequency 199 

on PAN RNA at three selected nt positions, i.e., 18, 203 and 1041, which, according to our previous next 200 

generation epitranscriptomic analysis, are modified during uninduced (0 hours post-induction, h pi) and 201 

late lytic (48 h pi) stages of KSHV replication (Martin et al. 2021). We included the analysis of two 202 

unmodified adenines on PAN RNA, at nt positions 366 and 410, as negative controls (Figure 3a). Here, 203 

the analysis did not yield m6A-specific products, verifying the SLAP specificity. 204 

Due to the proximity of m6A at nt position 18 to the 5’ terminus, analysis of that site required the use 205 

of extended splint-adapter oligonucleotide duplex containing the forward primer binding site (extension 206 

follows the CCATTG insert and proceed the 3’ end sequence that is reverse complement to the forward 207 

primer, see Materials and Methods section for details), that would allow size-specific differentiation of 208 

modified and unmodified products. As a result, the m6A-specific product corresponding to that site is 42 209 

nts longer (the total length of 202 nts) than the product corresponding to unmodified residue (160 nt) 210 

(Figure 3b). For nt positions 203 and 1041, the size of the products corresponding to modified and 211 

unmodified RNA fractions was 103 and 75, respectively (Figure 3b).  212 

The m6A at position 18 was estimated at 31.4±3.5% during uninduced stage of KSHV replication, 213 

followed by an increase to 56.6±2.7% during late lytic phase of infection (Figure 3c). The modification 214 

level at nt 203 was estimated at 3.4±4.8% during uninduced stage, followed by an increase to 52.2±5.2% 215 

during the late lytic stage (Figure 3c). Nucleotide 1041 was modified at 10.8±5.2% during uninduced 216 

stage and showed the highest modification frequency during the late lytic stage, reaching a frequency of 217 

57.4±5.3% (Figure 3c).  218 
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 219 

Figure 3. The SLAP analysis of m6A stoichoimetry on PAN RNA. a, Native PAGE showing one product 220 

corresponding to the unmodified adenines at nt position 366 and 410 that served as negative controls. The position 221 

of expected products specific for modified and unmodified sites are indicated on all electropherograms. L stands for 222 

50 bp DNA ladder. b, Native PAGE for representative three biological replicates of the SLAP analysis performed on 223 

PAN RNA for adenines at nt positions 18, 203, and 1041. c, The column graphs represent the average m6A 224 

modification frequency at nt positions 18, 203, and 1041. Standard deviations for frequency measurements are 225 

indicated. 226 

 227 

Stoichiometric analysis of m6A on MALAT1 228 

We used the SLAP analysis to estimate the modification frequency of two previously identified m6A at 229 

nt 2515 and 2698 on MALAT1 expressed during uninduced (0 h pi) and late lytic (48 h pi) phases of 230 

KSHV replication. We included the analysis of unmodified adenine at nt position 2674 as a control (Figure 231 

4a). Previous application of the SCARLET analysis indicated that MALAT1 is modified at nt 2515 at 41% 232 

frequency in HEK293T cells (Liu et al. 2013b). In our studies, we found that the modification frequency of 233 

this position is dynamic and varies depending upon KSHV replication stage. During the uninduced stage, 234 

nt 2515 was modified at 9.28±8.28% frequency, however, the progression of viral lytic replication led to 235 

the increased m6A frequency to 20.39 ±6.78% in BCBL-1 cells (Figure 4c). The SCARLET analysis of 236 

another site on MALAT1 at nt 2698 indicated the modification frequency at 3.77±0.23%. In the SLAP 237 

analysis, this position was found to be modified at 3.77±0.23% during the uninduced stage of KSHV 238 

replication, while during lytic replication the frequency increased to 7.76±0.54% in BCBL-1 cells (Figure 239 

4c). The observed varying levels of m6A on both analyzed lncRNAs highlight the dynamic nature of these240 
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modifications and the need for precise frequency estimation that can inform about the functionality of a 241 

given modified site. 242 

 243 

244 

Figure 4 The stoichiometric analysis of m6A on MALAT1. a, Native PAGE showing one product (nts 104)245 

corresponding to the unmodified adenine at nt position 2674 that served as a negative control. The position of246 

expected products specific for modified and unmodified sites are indicated on all electropherograms. L stands for 50247 

bp DNA ladder. b, Native PAGE for representative three biological replicates of the SLAP analysis performed on248 

MALAT1 for adenines at nt positions 2515 and 2698. c, The column graphs represent the average m6A modification249 

frequency on MALAT1 RNA at nt positions 2515, and 2698. Standard deviations for frequency measurements are250 

indicated. 251 

 252 

DISCUSSION 253 

Establishing a biochemical framework that allows the identification and measurable characterization254 

of RNA epitranscriptomic modifications to complement the existing transcriptome-wide datasets, is critical255 

for understanding RNA functionality and modes by which it is tuned in response to various environmental256 

stimuli. The stoichiometry of modification at a given site can reflect the biological significance of that257 

residue, as these versatile chemical tags have been shown to influence almost every aspect of RNA258 

biology, e.g., structure, stability, metabolism, and interactions with effectors. It is currently unclear whether259 

epitranscriptomic modifications of some target RNAs, e.g., less abundant cellular RNAs or viral260 

transcripts, result from off-target activities of modifying cellular enzymes, or if they represent a new layer261 
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of post-transcriptional control. However, considering their extensive influence over RNA biology, they 262 

should be regarded as an additional layer of molecular code that governs specific biological effects at the 263 

cellular and organismal levels.  264 

Here, we present the application of a newly developed antibody-independent method, termed the 265 

SLAP, to measure the m6A stoichiometry on two exemplary lncRNAs, PAN RNA and MALAT1, both of 266 

which have been previously reported as m6A modified (Martin et al. 2021; Liu et al. 2013a). We show that 267 

the application of SLAP is not limited to a specific type of RNA in question, as we were able to obtain 268 

quantitative measurement of m6A levels for transcripts of viral and cellular origin. The SLAP relies on the 269 

use of site-specific oligonucleotides to “read” the modification stoichiometry regardless of its position, i.e., 270 

inside, or outside of the consensus RRACH motif. As such, we were able to determine the frequency of 271 

modification for adenines located within motifs “AAC” (nt 203 and 1041) and “CAC” (nt 18) on PAN RNA, 272 

and within motifs “GAC” (nt 2515) and “AAC” (nt 2698) on MALAT1. This is particularly critical for the 273 

analysis of m6A residues that were found outside the canonical consensus sequence in human (Linder et 274 

al. 2015), viral (Baquero-Perez et al. 2019), bacterial (Deng et al. 2015), and plant (Y et al. 2014; Wei et 275 

al. 2018) transcriptomes. 276 

The SLAP method does not require large amounts of input material. Our analysis indicated that as 277 

little as 2.98 x 108 copies of PAN RNA and 4 x 107 copies of MALAT1 can be used to yield the accurate 278 

estimates of modification frequency on transcripts expressed in living cells. Considering the PAN RNA 279 

and MALAT1 transcripts’ average copy number per cell, this translates to approximately 600 cells. Also, 280 

using in vitro synthesized RNA standards, that we can fully control in terms of abundance and 281 

modification fraction, we were able to quantify the modification on target transcript that was present at 282 

500 attomolar concentration (5.5 x 108 copies), and the modification percentage as low as 2.5% (4.5 x 108 283 

copies of modified transcripts). For the assessment of other less abundant transcripts, one can scale up 284 

the amount of input material to obtain results of comparable accuracy. 285 

The SLAP includes relatively small number of methodological steps that are rooted in traditional 286 

molecular biology techniques, involving total RNA extraction, phosphorylation, reverse transcription, RNA 287 

hydrolysis, ligation, PCR, and densitometric assessment of quantitative data. Further, the deconvolution 288 

of data resulting from the SLAP does not require an extensive bioinformatic background, unlike most 289 
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deep-sequencing techniques. On average it takes 2 - 3 days from the isolation of the total RNA to the 290 

stoichiometric results. In comparison, other methods, e.g., m6A mapping by next generation sequencing 291 

methods (Linder et al. 2015; Grozhik et al. 2017; Dominissini et al. 2013; Molinie et al. 2016) are burden 292 

with many laborious steps that are required for cDNA library preparation followed by the bioinformatic 293 

analysis of obtained sequencing reads. Also, the SCARLET method, although can precisely determine 294 

m6A modification sites at single-nucleotide resolution, is time consuming, laborious, and it requires the 295 

use of radioactivity. Hence, the SLAP method offers an attractive alternative that has low cost and 296 

requires low time contribution or expertise.  297 

The epitranscriptomic field is quickly opening a new chapter in RNA biology field, advancing through 298 

the discovery of novel modifications to their biological functions in many molecular processes but also 299 

human pathogenesis. It has been estimated that the defects in RNA modifications account for over 100 300 

human disorders that include childhood-onset multiorgan failures, cancers, metabolic, and neurologic 301 

diseases (Suzuki 2020; Jonkhout et al. 2017). These conditions are now referred to as “RNA 302 

modopathies”, and the extent to which their severity is defined by the disruption of epitranscriptomic 303 

processes is under careful examination. The next horizon for this quickly progressing field is to establish a 304 

molecular level view of how these chemical tags define their influence over single transcript, whole 305 

transcriptome, cellular processes, and phenotypic consequences. We now realize that RNA sequences 306 

and structures with their modifications comprise the complete information content of the RNA. They are 307 

needed to usher in an era of molecular and clinical studies that are based on a solid foundation of 308 

sequences and structures. 309 

 310 

MATERIALS & METHODS 311 

Oligonucleotide Design 312 

The analysis of each modified adenine requires the design of four oligonucleotides: 1) an 313 

oligonucleotide primer with a minimum length of 20 nts and matching the region located at least 50 nts 314 

downstream of the target m6A. This reverse primer (Figure 5a) binds the modified RNA template and 315 

serves as a starting point for synthesis of a new copy DNA (cDNA) during reverse transcription (RT) 316 

reaction. Since RT reaction takes place in the presence of 4SedTTP, it can yield two types of products: a 317 
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truncated “RT-stop” product marking the position of m6A, and a full-length product corresponding to the 318 

unmodified RNA fraction (Figure 5b). 2) the forward primer (Figure 5a) with a minimum length of 20 nts, 319 

that holds complementarity to the region located at least 25 nts upstream of the target m6A, which allows 320 

the simultaneous amplification of both types of products. 3) the 5’ phosphorylated adapter oligonucleotide 321 

containing CCATTG insert at the 5’ end (Figure 5c), while its 3’ end contains sequence that is reverse 322 

complement to the forward primer binding site. 4) the splint oligonucleotide (Figure 5c), which 5’ end is 323 

reverse complement to the adapter sequence necessary for duplex formation (including the adapter’s 324 

CCATTG insert, and forward primer binding site), followed by the sequence that is reverse compliment to 325 

the 10 nts downstream of the target m6A site (not including the modified residue), and the 3’ end, that 326 

includes the 3’ C3 spacer phosphoramidite (SpC3). The SpC3 modification introduces a long hydrophilic 327 

spacer arm for the ligation of the phosphorylated adapter. As a result of ligation reaction, both RT-stop 328 

and full-length products will include common reverse and forward primer binding sites that support their 329 

simultaneous PCR amplification. Altogether, the total length of ligated adapter, splint and RT-stop product 330 

should not approximate the size of full-length product to allow the size-specific discrimination; thus, we 331 

recommend at least 25 nt difference between both. For target adenines that are located near the 5’ end of 332 

modified RNA (within 50 nts, as for m6A at position 18 in PAN RNA), the design of extended splint 333 

oligonucleotides is required to adequately differentiate between RT-stop and full-sized products. This can 334 

be accomplished by the addition of non-template specific sequence to the adapter oligonucleotide that will 335 

follow the CCATTG insert and proceed the 3’ end sequence that is reverse complement to the forward 336 

primer. 337 
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338 

Figure 5. The guidelines for the design of SLAP primers. a, The representative sequence of modified target RNA339 

with indicated m6A (in red). 25 and 50 nts sections on the target RNA refer to the number of nucleotides required for340 

spacing between forward primer binding site (in blue) and reverse primer binding site (in green). Orange sequence341 

corresponds to 10 nts downstream of the m6A site, which acts as a sticky end for splint bridge annealing. b, The m6A342 

modified RNA is directed to 4SedTTP reverse transcription during which the presence of 4SedTTP induces RT-stop343 

at +1 position from m6A. c, The RT-stop product is ligated to splint-adapter oligonucleotide duplex, with adapter344 

including forward primer binding site and a splint including the 3SpC3 modification at its 3’ end. For m6A that are near345 

5’ end, an extended adapter oligonucleotide should be used to allow size-specific differentiation between RT-stop and346 

full-size products corresponding to modified and unmodified RNA, respectively. 347 

 348 

Cell lines and culture conditions 349 

The KSHV positive body cavity-based lymphoma cell line (BCBL-1, a generous gift from Dr. Denise350 

Whitby, NCI Frederick) was seeded at 2 x 105 cells/ml and grown in RPMI-1640 medium (ThermoFisher351 

11875085) supplemented with 10% fetal bovine serum (FBS), 1% Penicillin/Streptomycin and 1% L-352 
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Glutamine at 37 °C in 5% CO2. The induction of KSHV lytic infection was performed by treating 2 x 107 353 

BCBL-1 cells with sodium butyrate (NaB, EMD Millipore 654833) to a final concentration of 0.3 mM. Cells 354 

were collected before (0 h post induction, h pi) and after induction (48 h pi). 355 

 356 

RNA extraction 357 

Total RNA was isolated from 2x107 BCBL-1 cells using TRIzolTM (ThermoFisher 15596026), followed 358 

by DNase I treatment (ThermoFisher AM1907), and RNA purification using RNA Clean & Concentrator-5. 359 

RNA was eluted in of RNase/DNase-free water and stored at -80°C. 360 

 361 

5’ Phosphorylation of total RNA  362 

The 5’ end phosphorylation was performed by treating 10 μg of total RNA extract with 0.5 μl of RNase 363 

inhibitor (20U final, NEB M0307L), 1 μl of 10x T4 PNK reaction buffer, 1 μl 0.1 mM ATP, and 1 μl of T4 364 

Polynucleotide kinase (10U final) in 10 μl total volume for 30 min at 37 °C. RNA was ethanol precipitation 365 

by adding 160 μl of 50 mM KOAc, pH 7, 200 mM KCl, 3 μl of 5 μg/μl Glycogen, and 550 μl 100% ethanol 366 

and stored at -20°C. The samples were centrifuged at 12,000 x g for 30 minutes, the pellet was washed 367 

with 500 μl of 75% ethanol and dissolved in 13.5 μl of RNase/DNase-free water. 368 

 369 

4SedTTP reverse transcription  370 

The reverse transcription reaction included 13.5 μl of the phosphorylation reaction that was initially 371 

combined with 1 μl 10x annealing buffer (250 mM Tris-HCl, pH 7.4, 480 mM KCl), and 1 μl 0.5 pmol RT 372 

oligonucleotide primer (Table 1) in the total volume of 15.5 μl. The reaction was incubated for 2 min at 373 

95°C. For 4SedTTP reactions, 2 µl of 10X 4SedTTP reaction buffer (500 mM Tris-HCl pH 8.0, 500 mM 374 

KCl, 50 mM MgCl2, 100 mM DTT), 1 µl of 800 µM dATP, dCTP, dGTP, 4SedTTP (final concentration of 80 375 

µM for each), 0.5 µl RNase Inhibitor (80U final, NEB M0307L) and 1 µl AMV RT (12U final, ThermoFisher 376 

18080044) were added to each reaction for a final volume of 20 µl. The reactions were incubated for 1 h 377 

at 42°C and 5 min at 85°C to inactivate the reverse transcriptase. To remove RNA template, 1 µl RNase H 378 

(5U final, NEB M0297L) was added directly to each reaction and incubation for 20 min at 37°C. RNase H 379 

was inactivated by incubating for 5 min at 85°C. For dTTP reactions, the above protocol was performed 380 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.16.460679doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.16.460679
http://creativecommons.org/licenses/by-nc-nd/4.0/


except for the replacement of 4SedTTP with 800 µM dTTP (80 µM final concentration) during RT 381 

reactions 382 

 383 

Annealing and ligation 384 

The adapters and splint oligonucleotides were combined at 1:1 ratio, at a concentration of 1.5 μM 385 

each. 1.5 pmol (1 μl) of the adapter/splint oligonucleotides mixture was added to 20 μl RT reaction 386 

followed by incubation for 3 min at 75°C to facilitate the annealing of splint oligonucleotide to RT-stop 387 

products and the adapter to the splint oligonucleotide. Next, to ligate the adapter to the RT-stop product, 388 

0.4 μl of 10 U/μl T4 DNA ligase (4U final, NEB M0202L), 1X T4 DNA ligase reaction buffer, and 2 μl 100% 389 

DMSO were added to the total volume of 25 μl and incubated overnight at 16 °C. The DNA ligase was 390 

inactivated by incubating the reaction for 10 min at 65°C. 391 

 392 

PCR Amplification of RT-stop and full-length products 393 

To amplify both RT-stop and full-length products, 2 μl of the ligation reaction was combined with 10 μl 394 

HiFi Buffer (-Mg2+), 2 μl 10 mM dNTPs, 4 μl 50 mM MgCl2, 2 μl 10 μM forward primer, 2 μl 10 μM 395 

RT/reverse primer, 71.6 μl water, 0.4 μl Platinum Taq High Fidelity DNA Polymerase (2U final, 396 

ThermoFisher 11304011) in 25 μl total. The reaction was initially denatured for 30s at 94°C, followed by 397 

35 cycles of denaturation for 10s at 94°C, annealing for 20s at 67°C, and extension for 20s at 72°C. The 398 

final extension was set for 5 min at 72°C. 399 

 400 

Native polyacrylamide gel electrophoresis and densitometric analysis 401 

The PCR products were separated on 10% native polyacrylamide gel (PAGE) that was set by 402 

combining 9.67 ml RNase/DNase-free water, 1.5 ml 10x Tris-Borate-EDTA buffer (10x TBE, pH 8.3), 3.75 403 

ml 40% Acrylamide/Bisacrylamide (19:1), 75 μl 10% ammonium persulfate, and 7.5 μl N,N,N’,N’-404 

tetramethylethylenediamine (TEMED). After combining samples with a gel loading buffer, which consisted 405 

of 30% (v/v) glycerol, and 0.25% (w/v) bromophenol blue, the samples were loaded on the gel. The PAGE 406 

was run for 2 h at 120V in 1X TBE buffer. The gel was stained by incubating with 1x ethidium bromide 407 

solution in 1x TBE overnight at 4 °C (Zhang et al. 2019). Gels were visualized using the Benchtop 3UV 408 
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Transilluminator and GelDoc-IT Imager. Densitometric analysis was performed using ImageJ v1.52a 409 

(Abràmoff et al. 2006) on inverted TIFF files. Rectangular boxes were drawn around each band, and the 410 

measure function was used to determine their pixel density. Background was determined by densitometry 411 

measurements of three randomly chosen areas located near the area where the RT-stop products would 412 

be expected in (-)4SedTTP reactions. This measurement was subtracted from the experimental pixel 413 

density measurements. The stoichiometric measurements of m6A were visualized as bar graphs using 414 

Excel spreadsheet. Measured values corresponding to RT-stop and full-length PCR products were used 415 

to calculate percent yield using the following formula: 416 

������� �	�
� �
�_����, ��������

���

_
�����, �������� � �_����, ���������
� 100 

 417 

TABLES 418 

Table 1. The SLAP oligonucleotides  419 

Samples Primers Sequence 5’-3’ 

Primers used for the 
SLAP analysis of PAN 
RNA at nt 18, 203, and 

1041 

Reverse/RT 18 GACTGGGCAGTCCCAGT 

Splint 18 CCAGTCCATGGCCTTGGCTGC/3SpC3 

Adapter 18 /5Sp9/CATGGAAGCGGCAAGAAGGCAAGCAG 

Reverse/RT 203 TGGGCAAATCGCAGCTTTTGT  

Splint 203 GCCCACATGGCACCGCGCGG/3SpC3 

Adapter 203 /5Sp9/CATGGAATGTGGGAAAAGTAGGACGG 

Forward 203 TCCGTCCTACTTTTCCCACATT 

Reverse/RT 1041 TATGGATTAAACATTGACCTT 

Adapter 1041 /5Sp9/CATGGTTAGTTTAATTTGAGCTCTAG 

Splint 1041 CCATACATGGCTTACAAC/3SpC3 

Primers for PAN RNA 
Standard at nt 135 

Reverse/RT Control 
135 CCAAAAGCGACGCAATCAACC 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.16.460679doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.16.460679
http://creativecommons.org/licenses/by-nc-nd/4.0/


Splint Control 135 TTTGGCATGGTTGGTGCC/3SpC3 

Adapter Control 135 /5Sp9/CATGGGAAAACAGAAG 

Forward Control 135 CTTCTGTTTTC 

Primers for PAN RNA 
Negative Controls; nt 

366, nt 410 

Forward Control 1 CCTTGCCATGGCAACTATACAG 

Splint Control 1 ATACAGCAATGGCGTGTCTGAA/3SpC3 

Adaptor Control 1 p-CCATTGCTGTATAGTTGCCATGGCAAGG 

Reverse/RT Control 1  GGTAGTGCACCACTGTTCTGATAC 

Forward Control 2 GCAACTATACAGTCACCCC 

Splint Control 2 TCACCCCCAATGGCTGGTGTATC/3SpC3 

Adaptor Control 2 p-CCATTGGGGGTGACTGTATAGTTGC 

Reverse/RT Control 2 CCGAAACAACGAATGAGCAG 

Primers used for the 
SLAP analysis of 

MALAT1 at nt 2515 
and 2698 

Reverse/RT 2515 CAAAGTCCAATGCAAAAACATT 

Splint 2515 GGAAGAGCAATGGCTTTCGTAAC/3SpC3 

Adaptor 2515 p-CCATTGCTCTTCCAAAAGCCTTCTGC 

Forward 2515 GCAGAAGGCTTTTGGAGAG 

Reverse/RT 2698 CTATCTTCACCACGAACTGCTGC 

Splint 2698 AATTTGACCAATGGCCAGTGTTTG/3SpC3 

Adaptor 2698 p-CCATTGGTCAATTAATGCTAGTCCTC 

Forward 2698 GAGGACTAGCATTAATTGAC 
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Primers for MALAT1 
m6A Negative 

Controls; nt 2674 

Reverse/RT Control 3 GCTCGCTTGCTCCTCAGTCC 

Splint Control 3 GTTAAGCAATGGCAGCAGCAGAC/3SpC3 

Adaptor Control 3 p-CCATTGCTTAACTCAAAGTCCAATGC 

Forward Control 3 GCATTGGACTTTGAGTTAAG 

 420 
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