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Highlights 13 

• STAMP identifies binding sites of full-length RBPs by C-to-U RNA editing. 14 

• STAMP coupled to long read sequencing reveals isoform specific RBP targets. 15 

• STAMP allows cell-type specific and multiplexed-RBP target identification in single cells. 16 

• STAMP with ribosome subunits allows detection of ribosome association at single-cell level. 17 

 18 

 19 

Abstract  20 

 21 

 22 

RNA binding proteins (RBPs) are critical regulators of gene expression and RNA processing that are 23 

required for gene function. Yet, the dynamics of RBP regulation in single cells is unknown. To address this gap 24 

in understanding, we developed STAMP (Surveying Targets by APOBEC Mediated Profiling), which efficiently 25 

detects RBP-RNA interactions. STAMP does not rely on UV-crosslinking or immunoprecipitation and, when 26 

coupled with single-cell capture, can identify RBP- and cell type-specific RNA-protein interactions for multiple 27 

RBPs and cell types in single-pooled experiments. Pairing STAMP with long-read sequencing also yields RBP 28 

target sites for full-length isoforms. Finally, conducting STAMP using small ribosomal subunits (Ribo-STAMP) 29 

allows analysis of transcriptome-wide ribosome association in single cells. STAMP enables the study of RBP-30 

RNA interactomes and translational landscapes with unprecedented cellular resolution.  31 

 32 

 33 

 34 

 35 

 36 

  37 



Introduction 38 

 39 

RNA-binding proteins (RBPs) interact with RNA molecules from synthesis to decay to affect their 40 

metabolism, localization, stability and translation [1, 2]. Methods for transcriptome-wide detection of RBP-RNA 41 

interactions provide insights into how RBPs control gene expression programs and how RNA processing is 42 

disrupted in disease states [3, 4]. Immunoprecipitation-based technologies coupled to high throughput 43 

sequencing such as RNA Immunoprecipitation (RIP) and Crosslinking Immunoprecipitation (CLIP) are commonly 44 

used to identify RBP targets and binding sites across the transcriptome [5]. The eukaryotic ribosome is itself 45 

composed of a collection of RBPs that can interact directly with mRNA coding sequences [3, 6]. Ribosome 46 

profiling methods such as ribo-seq, like CLIP-seq, have become a mainstay in the evaluation of transcriptome-47 

scale translational efficiency [7, 8]. Unfortunately, CLIP and ribosome profiling experimental protocols are labor-48 

intensive and usually require sizable amounts of input material [9, 10], and are not amenable for experiments 49 

that necessitate low input material or single cell resolution, and also are unable to resolve target transcript 50 

isoforms due to transcript fragmentation. In contrast, there has been rapid progress in single-cell measurements 51 

of chromatin accessibility [11], gene expression [12, 13], and even surface protein-levels [14, 15].  However, 52 

there is currently no available technology or documented demonstration that we can measure RBP and ribosome 53 

interaction sites on mRNA at single cell level resolution. 54 

As a step towards lowering input requirements for RBP-recognition, recent studies have circumvented 55 

the need for immunoprecipitation by utilizing fusions of RNA-editing or RNA-modifying modules to RBPs of 56 

interest to label RNA targets. This field of antibody-free RBP-RNA interactome detection has grown steadily in 57 

recent years. The first demonstration of this general strategy, termed “RNA-tagging”, utilized fusion to 58 

the Caenorhabditis elegans poly(U) polymerase PUP-2 to RBPs to covalently mark target 3’ ends with poly(U) 59 

chains, which allowed transcriptome-wide target identification in Saccharomyces cerevisiae [16]. This poly(U) 60 

tagging was recently extended to probe RNA localization by tethering fusions to the endoplasmic reticulum or to 61 

the mitochondria [17].  These poly(U) tagging approaches unfortunately cannot provide information about binding 62 

site locations within identified target RNAs and have not been evaluated for low cell input from multicellular 63 

systems. Internal RNA target labeling has been recently accomplished by the Target of RNA-binding proteins 64 

Identified by Editing (TRIBE) approach, which fuses RBPs of interest to the deaminase domain from the ADAR 65 

family of RNA-editing enzymes to mark target RNAs with A-to-I edits [18]. TRIBE allowed detection of RBP 66 

targets using as little as 150 Drosophila neurons, and the approach has since been updated using an ADAR 67 

hyperactivating mutation to increase editing efficiency (HyperTRIBE) [18-22]. Even with this hyperactivating 68 

mutation, these ADAR-mediated approaches are constrained by the sparsity of double-stranded regions 69 

proximal to RBP binding sites that are required for ADAR-mediated adenosine to inosine editing [23].  70 

 APOBEC1 is a cytosine deaminase that catalyzes RNA cytosine-to-uracil (C-to-U) conversion [24]. 71 

Recently APOBEC1 was fused to the m6A-binding YTH domain to identify m6A modification sites on RNAs 72 

genome-wide [25]. This approach, termed DART-seq (Deamination Adjacent to RNA modification Target), is 73 

distinguished from TRIBE as it departs from using ADAR dsRNA A-to-I editing domains. DART-seq showed 74 

precision for identifying m6A-YTH interactions on single stranded mRNAs and demonstrated binding site 75 



resolution with good specificity. However, it was unclear if APOBEC1 fusions would work with non-m6A or 76 

general classes of RBPs such as splicing factors, RNA stability factors, histone stem-loop binding proteins, or 77 

even ribosomes. We reasoned that fusion of APOBEC1 to such full-length RBPs (rather than a section of an 78 

RBP such as the YTH domain) could allow for robust, immunoprecipitation-free identification of RBP targets 79 

across functional RNA-interaction categories using extremely low or even single-cell input. Here, we demonstrate 80 

the utility of such an approach for detecting RBP-RNA targets at the single-cell and single molecule level. We 81 

developed an integrated experimental and computational framework termed STAMP (Surveying Targets By 82 

APOBEC-Mediated Profiling) which greatly extends the DART-seq approach to demonstrate, for the first time, 83 

the discovery of RBP-RNA sites at single-cell resolution, the deconvolution of targets for multiplexed RBPs, and 84 

the cell-type specific binding of an RBP in a heterogenous mixtures of cell-types. By applying STAMP with 85 

specific ribosome subunits, we also extend this approach for single-cell detection of ribosome association while 86 

simultaneously measuring gene expression. Our innovations demonstrate that translation efficiency and RBP-87 

interactomes can be measured at single-cell level, opening up new paradigms for probing biological questions. 88 

  89 

Results 90 

 91 

STAMP identifies RBP binding sites without immunoprecipitation 92 

 93 

Our strategy for immunoprecipitation-free detection of RBP targets involves fusing an RBP of interest to 94 

the cytidine deaminase enzyme APOBEC1, which is known to catalyze C-to-U editing on single-stranded RNA 95 

targets (Figure 1A).  We termed this general strategy STAMP (Surveying Targets by APOBEC Mediated 96 

Profiling). Upon expression of an RBP-APOBEC1 fusion protein (RBP-STAMP), RBPs direct the deaminase 97 

module to specific RNA targets leading to C-to-U base conversion proximal to RBP binding sites.  These 98 

mutations are resolved using high-throughput RNA sequencing approaches and quantified using the SAILOR 99 

analysis pipeline [26], which we modified to identify and assign a confidence score for C-to-U mismatches using 100 

a beta distribution that factors both site coverage and editing percentage (see Materials and Methods) following 101 

removal of annotated hg19 SNPs [27].  102 

 To determine the utility of the STAMP approach, we fused APOBEC1 to the C-terminus of the RBP 103 

RBFOX2 [28-30] and generated stable HEK293T cell lines using lentiviral integration. RBFOX2-STAMP is 104 

doxycycline inducible to allow modulation of the duration and magnitude of fusion expression, and we noted no 105 

detectable change in cell viability or proliferation rate at any induction level or time point.  Cells expressing low 106 

(50ng/ml doxycycline) and high (1µg/ml doxycycline) levels of RBFOX2-STAMP for 72 hours had enriched C-to-107 

U edit clusters on the 3’ untranslated region (3’UTR) of the known RBFOX2 target APP mRNA, and these edit 108 

clusters coincided with reproducible RBFOX2 binding sites as detected by enhanced CLIP (eCLIP) [31] (Figure 109 

1B). Uninduced RBFOX2-STAMP, or control-STAMP (APOBEC1 only) at low and high induction, had few or no 110 

detectible C-to-U edits in the same region, indicating target specificity. RBFOX2-STAMP induced edits within 111 

this APP 3’UTR target region were 10-fold to 25-fold more frequent than background control-STAMP edits at 0.9 112 



and 0.999 confidence levels, respectively, as called by SAILOR (Figure 1C, Table S1, Table S2). These results 113 

demonstrate that fusion of the APOBEC1 module to a well characterized RBP enriches for target-specific edits.  114 

 To evaluate the reproducibility of STAMP, we conducted replicate control- and RBFOX2-STAMP with low 115 

and high doxycycline inductions for 24, 48 and 72 hours.  All RBFOX2-STAMP induction levels and time points 116 

showed reproducible edit enrichment on the APP 3’UTR eCLIP peak region (Figure S1A), when compared to 117 

undetectable edits from corresponding control-STAMP (Figure S1B). We found that the number of edits 118 

(confidence ≥ 0.5) on a given target gene was highly correlated between replicates, and that transcriptome-wide 119 

correlations improved with higher RBFOX2-STAMP levels (Figure 1D, Figure S1C).  Irreproducible discovery 120 

rate (IDR) analysis [32] revealed hundreds to thousands of reproducible edit clusters for RBFOX2-STAMP, with 121 

the number of these reproducible clusters also increasing with levels of RBFOX2-STAMP (Figure S1D).  We 122 

also evaluated the effects of RBFOX2-STAMP editing on target transcript levels by conducting differential gene 123 

expression analysis on low and high-induction RBFOX2-STAMP at 24, 48 and 72 hours compared to uninduced 124 

controls and detected negligible changes in gene expression at these collection points (Figure S1E, Table S3).   125 

 We next measured the nucleotide distance of RBFOX2-STAMP edits from known RBFOX2 binding sites. 126 

For the 2,852 RBFOX2 eCLIP peaks that harbor the canonical RBFOX2 motif GCAUG, distances from the motif 127 

to RBFOX2-STAMP and control-STAMP (background) edits were determined within a 400 bp window (Figure 128 

1E).  We observed 1,751 edits for RBFOX2-STAMP within 200 bp of binding site motifs inside eCLIP peaks, 129 

compared to 97 edits from control-STAMP, indicating that RBFOX2 RNA-binding activity is directing and 130 

enriching RBFOX2-specific edits at conserved sites. This RBFOX2-STAMP edit enrichment decreased to 131 

background >200 bp away from the motif.  We next measured the number of high confidence (≥ 0.99) edits in 132 

100-bp windows centered around RBFOX2 eCLIP peaks within coding sequence (CDS) and 3’UTRs. We saw 133 

that ~30% of eCLIP peaks contained at least one high confidence edit, and importantly, the ratio of fractions 134 

comparing authentic peaks to randomly located sequences within the same annotated regions (n trials = 100) 135 

increased with the number of edits found in each window (blue line in Figure 1F).  To establish a metric for 136 

reporting STAMP signal across regions and whole genes that takes into account (i) read coverage over edit site, 137 

(ii) edit frequency and (iii) editing potential (C-encoded reference bases), we calculated an edit fraction score (e) 138 

as the ratio of the total SAILOR-filtered C-to-U reads over the total SAILOR-filtered mapped reads across every 139 

annotated C within a given sequence window. Binning windows evenly across the range of e scores revealed 140 

that this score is a strong indicator of edit enrichment (blue line) within eCLIP peaks compared to randomly 141 

located regions (Figure 1G). Finally, we performed de novo motif discovery within merged 51-nucleotide 142 

windows filtered only by confidence score, assessing enrichment above a shuffled background for each gene 143 

region.  Sequences in regions containing high confidence (≥ 0.99) RBFOX2-STAMP edits were significantly 144 

enriched for the UGCAUG RBFOX2 binding motif, and the enrichments were correlated with the doxycycline 145 

dose and subsequent expression levels of RBFOX2-STAMP (Figure 1H). Importantly, no level of control-STAMP 146 

expression at any window size or confidence level derived the (U)GCAUG motif (Figure 1H) and we noted that 147 

comparison of all detectible edits from high control- and RBFOX2-STAMP inductions resulted in only a 3.3% 148 

overlap in edit sites, demonstrating the sensitivity and specificity of STAMP for determining RBP binding sites.   149 

 150 



STAMP identifies known RNA targets in multiple RBP backgrounds 151 

 152 

Next we generated two additional HEK293T RBP-STAMP cell lines, one that inducibly expresses 153 

APOBEC1 fused to the histone stem-loop binding protein SLBP, and another that expresses a fusion to the 154 

stress granule protein TIA1 that binds target mRNA 3’UTRs [3, 33, 34].  SLBP has a very specific set of 155 

characterized RNA targets, binding histone mRNAs at 20 nucleotide stem loop regions near the very 3’ end of 156 

3’UTRs preceding non-polyadenylated cleavage sites [33].  Comparison of SLBP-STAMP to SLBP eCLIP data 157 

[35] showed that SLBP-STAMP edits were reproducibly enriched compared to control-STAMP in close proximity 158 

(within 50 nucleotides upstream or downstream) from replicate SLBP eCLIP peaks within the 3’UTR of histone 159 

genes, such as H1-2 (Figure 2A) and H4C12 (Figure 2B) adjacent to stem loop regions, as expected.  We 160 

calculated e scores for SLBP-STAMP on SLBP eCLIP peaks within histone CDS and 3’UTR regions and saw 161 

that the fraction of SLBP eCLIP peaks that contained high e scores increased relative to the fraction of randomly 162 

located regions (Figure 2C).  Comparison of either merged or replicate SLBP-STAMP e scores to RBFOX2-163 

STAMP e scores across all 12,149 genes edited by either RBP revealed RBP-specific edit enrichment (RBFOX2 164 

eCLIP targets in blue, SLBP histone gene targets in magenta), further demonstrating that STAMP editing 165 

reflected the binding specificity of the fused RBP (Figure 2D, Figure S2A).  166 

Much like RBFOX2- and SLBP-STAMP, comparison of control- and TIA1-STAMP to TIA1 eCLIP revealed 167 

that there was reproducible C-to-U edit enrichment arising from low and high level TIA1-STAMP on a significantly 168 

enriched eCLIP 3’UTR peak within the TMCO1 gene (Figure 2E). Transcriptome-wide, the TIA1-STAMP edit 169 

fraction was enriched around eCLIP peaks based upon e scores (Figure 2F), and high confidence edits (≥0.999) 170 

were able to extract the known eCLIP established U(A)-rich binding motif specific for TIA1 at high doxycycline 171 

induction (Figure 2G). As with RBFOX2-STAMP, we saw that the number of TIA1-STAMP edits on target genes 172 

increased with doxycycline concentration and were strongly correlated across replicates (Figure S2B), and IDR 173 

analysis revealed thousands of reproducible edit clusters that increased in number with increasing induction 174 

levels (Figure S2C). These results confirm the versatility of the STAMP approach in specifically and reproducibly 175 

detecting the targets and binding sites of multiple RBPs.  176 

 177 

Ribosome-subunit STAMP (Ribo-STAMP) edits are enriched in highly translated coding sequences and 178 

responsive to mTOR inhibition. 179 

 180 

 Since ribosomes have extensive association with mRNAs during translation, we reasoned that ribosomal 181 

subunits fused to APOBEC1 (Ribo-STAMP) have the potential to edit mRNAs in a manner that reflects ribosome 182 

association. We had previously observed that eCLIP of small ribosomal subunit RPS3 featured binding patterns 183 

that recapitulated the average profile captured by ribosome profiling [3]. Here, we generated independent 184 

HEK293T cell lines expressing APOBEC1 fusions to ribosomal subunits RPS2 and RPS3.  For RPS2-STAMP 185 

and RPS3-STAMP we observed that C-to-U edits were enriched relative to control-STAMP on exons of protein-186 

coding genes that are highly translated in HEK293T cells, such as ATP5BP [36], coincident with RPS3 eCLIP 187 



signal enrichment over size-matched input control (Figure 3A). In comparison, RPS2-STAMP and RPS3-188 

STAMP signal were minimally detected on non-coding genes such as the lncRNA MALAT1, which is localized 189 

to the cytoplasm in mitotic cell lines [37](Figure 3B). We performed replicate RPS2-STAMP and control-STAMP 190 

inductions at low and high doxycycline concentrations for 24, 48 and 72 hours and observed high, dose-191 

dependent edit count reproducibility, as well as low overlap (2.8% of all detectable edits) between control-STAMP 192 

and RPS2-STAMP edit sites at high induction (Figure S3A, Table S4). 193 

 To evaluate whether Ribo-STAMP can distinguish genes with varying levels of ribosome occupancy, we 194 

compared to published ribo-seq, RiboLace [10] and polysome profiling data [38] obtained from HEK293 cells. 195 

We grouped transcripts into ribosome occupancy quartiles as measured by these independent methods and 196 

quantified the distribution of e scores from RPS2- and RPS3-STAMP compared to control-STAMP for genes in 197 

each quartile.  Absent induction of RPS2-STAMP, e score distributions between RPS2- and control-STAMP were 198 

indistinguishable (Figure 3C, left). At low levels of induction, we found that e scores from RPS2-STAMP were 199 

significantly higher than control-STAMP, particularly in upper ribosome occupancy quartiles (Figure 3C, middle). 200 

These statistically significant differences (Q1, Q2; p < 1e-300, Q3 p = 1e-227, Wilcoxon rank-sum) were 201 

accentuated at high induction of RPS2- and control-STAMP conditions (Figure 3C, right, Q1-Q3; p < 1e-300, 202 

Wilcoxon rank-sum).  We observed the same effect when comparing RPS2-STAMP to RiboLace (Figure 3D) 203 

and polysome profiling (Figure 3E). Because RPS2-STAMP had more consistent signal across CDS regions 204 

and higher correlation with independent ribosome foot-printing approaches than RPS3-STAMP (Figure 3F), we 205 

proceeded with RPS2-STAMP as the representative Ribo-STAMP fusion for downstream analysis. Meta-coding 206 

gene analysis of RPS2-STAMP edits for the top quartile of ribosome occupied genes revealed enrichment of 207 

edits within the CDS when compared to control-STAMP background edits and RBFOX2-STAMP edits, which 208 

showed the expected 3’UTR profile consistent with eCLIP (Figure 3G). Enrichment of RPS2-STAMP edits within 209 

3’UTRs likely indicates ribosome association with these accessible regions following ribosome translation 210 

termination by release factors, as we also observed 3’UTR signal from RPS3 eCLIP (Figure 3A).   211 

To determine if Ribo-STAMP edits detect translational perturbations, we performed stable high-induction 212 

RPS2- and control-STAMP and simultaneously treated cells with the mammalian target of rapamycin (mTOR) 213 

pathway inhibitor Torin-1, a selective ATP-competitive inhibitor of mTOR kinase [39].  Pharmacological inhibition 214 

of the mTOR pathway globally suppresses translation of mRNAs after initially suppressing translation of genes 215 

encoding the translational machinery itself [40].  48-hour Torin-1 treatment resulted in reproducible suppression 216 

in RPS2-STAMP edit distributions compared to untreated cells, exemplified by a marked decrease specifically 217 

in coding sequence edits on the top quartile of ribosome occupied genes (ribo-seq, Figure 3H). RPS2-STAMP 218 

e scores were also significantly reduced upon 48-hour Torin-1 treatment in the highest quartile of ribosome 219 

occupied genes as defined by ribo-seq (Q1 p = 3.9 e-98, Wilcoxon rank-sum), RiboLace (Q1 p = 8.4 e-87, 220 

Wilcoxon rank-sum) and polysome profiling  (Q1 p = 1.2 e-54, Wilcoxon rank-sum), and all reported Torin-1 221 

sensitive TOP genes [40] were contained within these top quartiles (Figure 3H).  We observed no significant 222 

differences in e scores for control-STAMP cells upon 48-hour Torin-1 treatment for any matched comparisons 223 



(Figure S3B). Together these results demonstrate that specific and dynamic translational responses are 224 

detectible by Ribo-STAMP.   225 

 226 

Long-read STAMP reveals isoform specific binding profiles.  227 

 228 

Given that STAMP does not require isolation of RBP-protected RNA fragments, unlike commonly 229 

performed CLIP assays, we hypothesized that STAMP may enable RNA target detection on full-length mRNA 230 

isoforms using long-read sequencing technology.  We performed 72-hour stable high-induction RBFOX2- and 231 

control-STAMP and directly sequenced both RNA and cDNA long reads with the Oxford Nanopore sequencing 232 

platform [41, 42]. Both of these direct long-read sequencing approaches resulted in enrichment above control of 233 

C-to-U edits from RBFOX2-STAMP that overlapped with both eCLIP signal and short read (Illumina) RBFOX2-234 

STAMP signal on the target gene APP 3’UTR (Figure 4A). 235 

Long-read high confidence (≥ 0.99) RBFOX2-STAMP edits extracted the known RBFOX2 UGCAUG 236 

binding motif using either genomic mapping (hg19; p = 1e-42, hypergeometric distribution) or isoform mapping 237 

(cDNA; p = 1e-27, hypergeometric distribution).  Encouraged by the ability to detect RBFOX2 edits on cDNA 238 

alignments we wanted to evaluate if there were any isoform-specific binding events. To accomplish this, we 239 

counted RBFOX2-STAMP or control-STAMP edits above confidence level 0.99 on the primary and secondary 240 

isoforms of 1,631 RBFOX2 eCLIP target genes, and observed differential isoform editing signatures (Figure 241 

4B). To illustrate, displayed edits on the UNK (Figure 4C, D) and IDS (Figure S4A, B) genes and observed 242 

RBFOX2-STAMP (but not control-STAMP) isoform specific edits, implying isoform-specific binding by RBFOX2 243 

to these transcripts. These results demonstrate that STAMP enables isoform-aware long-read detection of RBP-244 

RNA interactions. 245 

 246 

Detection of RBFOX2-RNA targets at single-cell resolution 247 

 248 

 To evaluate whether STAMP can discover RBP-RNA interactions in single cells, we leveraged a 249 

commercially available single-cell capture platform. We modified our plasmid vectors to enable capture by the 250 

10x Genomics Single Cell 3’ v3 beads and performed 72-hour stable high-induction RBFOX2- and control-251 

STAMP in distinct HEK293T cell-lines followed by standard single-cell (sc)RNA-seq. Using the inserted capture-252 

sequence adjacent to the RBP open-reading frames to identify “capture cells” we identified 854 true RBFOX2-253 

STAMP cells to compare to 5,242 control-STAMP cells. 254 

Comparison of bulk and single-cell edit fractions for control- and RBFOX2-STAMP experiments across 255 

the top 200 expressed genes (ranked by transcripts per million from bulk RBFOX2-STAMP RNA-seq) revealed 256 

nearly identical edit enrichment profiles of RBFOX2 samples above controls and further uncovered a spectrum 257 

of editing frequencies across individual cells (Figure 5A).  Both the number of edited genes (Figure S5A) and 258 

the summed e score per cell (Figure S5B) were higher in RBFOX2-STAMP cells compared to control-STAMP 259 

cells, and single-cell RBFOX2-STAMP edits were detected on 71% of genes that also contained bulk RBFOX2-260 

STAMP edits, with only 7% of single-cell edited genes not detected in bulk (Figure S5C). For normalized edit 261 



counts across all expressed gene 3’UTRs (n = 15,832 genes, confidence level ≥ 0.9), bulk and single-cell 262 

RBFOX2-STAMP showed strong correlation (Figure 5B, R2 = 0.61, p < 1e-300, two-sided test with R beta 263 

distribution). We next ranked individual control- and RBFOX2-STAMP cells by summed e score and visualized 264 

edit fractions for the top 10 cells on the RBFOX2 eCLIP target gene UQCRH.  For all 10 selected RBFOX2-265 

STAMP cells, but not control-STAMP cells, we saw consistent edit signal in close proximity to the RBFOX2 266 

eCLIP peak that overlapped with edit clusters from both bulk RBFOX2-STAMP and the aggregate of all RBFOX2-267 

STAMP cells (Figure 5C), revealing that STAMP can define RBP binding sites at single-cell resolution.  De novo 268 

motif analysis from randomly down-sampled numbers of cells identified the canonical (U)GCAUG motif with 269 

significance, even to the resolution of one cell (Figure 5D) showcasing the strength of single-cell STAMP.  270 

 271 

Deconvolution of RBP- and cell type-specific RNA binding  272 

 273 

 The ability of STAMP to recover RBP-RNA targets in single cells suggests that targets of multiple RBPs 274 

could be simultaneously discovered from a single multiplexed experiment. In our RBFOX2-STAMP experiment, 275 

we separately performed 72-hour high-induction TIA1-STAMP, prior to mixing equal number of RBFOX2- and 276 

TIA1-STAMP cells, followed by scRNA-seq. Cells harboring capture sequences for TIA1- and RBFOX2-STAMP 277 

were far better distinguished by UMAP visualization using e scores, than by gene expression (Figure 6A, S6A), 278 

congruent with our expectations that the single-cell e score profiles of TIA1- and RBFOX2-STAMP targets were 279 

sufficiently distinct. UMAP visualization of e scores further revealed that control-STAMP cells (n = 8,117 cells) 280 

were distinct from RBFOX2- and TIA-STAMP “capture cells” (Figure 6B). Using Louvain clustering by e score 281 

profiles we thus defined an RBFOX2-cluster (n = 6,003 cells), a TIA1-cluster (n = 1,841 cells) and a 282 

“background”-cluster (n = 6,623 cells) for further analysis (Figure S6B). Overlap with control (Figure 6C) and 283 

re-clustering in the expression space (Figure S6C) for these defined clusters highlighted the utility of e score-284 

based clustering for defining RBP-specific cell groups. De novo motif analysis of edits from the aggregated cells 285 

in the RBFOX2-cluster, but not control, confirmed edit enrichment at RBP-specific binding sites (Figure S6D), 286 

and TIA1-and RBFOX2-clusters displayed distinct editing profiles when compared to control-STAMP (Figure 287 

6D, Table S5). We ranked cells based on summed e scores to select cells with the most robust editing and found 288 

that the top 5 cells for each RBP displayed edit enrichment on the shared RBFOX2- and TIA1-STAMP target 289 

NPM1. Individual cell edit enrichments were specific to TIA1-STAMP on the BTF3 target gene, and to RBFOX2-290 

STAMP on the CFL1 target gene (Figure 6E), demonstrating that the targets and binding sites of multiplexed 291 

RBP-STAMP fusions can be delineated from edit signatures within single-cell experiments.   292 

 We next set out to identify cell-type specific RBP targets using single-cell STAMP. We performed STAMP 293 

in HEK293T cells and pluripotent stem cell-derived neural progenitor cells (NPCs) [43] by transient transfection 294 

with plasmids constitutively expressing either RBFOX2- or control-STAMP fusions, and then mixed equal 295 

numbers of HEK293T and NPC cells for each STAMP construct before performing scRNA-seq. 296 

UMAP visualization revealed that cells clustered by gene expression into distinct HEK293T and NPC subgroups 297 

expressing cell-type specific markers (Figure 6F, Figure S6E, Table S6).  UMAP clustering on e score also 298 



resulted in separation of cell types (as determined by gene expression clustering) based on RBFOX2-STAMP 299 

edits (Figure 6G, Table S7), and we extracted the RBFOX2 binding motif using edit clusters from 2,178 NPC 300 

cells editing 468 target genes, and 3,258 HEK293 cells editing 939 target genes (Figure S6F). Analysis of the 301 

top RBFOX2-STAMP differentially edited genes between cell types revealed cell-type specific targets (Figure 302 

6H) that were often not differentially expressed (Figure 6I), indicating cell-type specific RNA protein interactions 303 

independent of target expression levels.  Individual cell edits for the top 5 control- or RBFOX2-STAMP cells from 304 

each cell-type ranked by summed e score illustrated targets that were edited specifically in HEK293 cells such 305 

as RPL14 or in NPC cells such as RPL13A (Figure 6J). Together, these results indicate that cell type-specific 306 

targets and binding sites can be extracted from RBFOX2-STAMP edit signatures by scRNA-seq within a mixture 307 

of heterogeneous cell types.  308 

 309 

Ribo-STAMP reveals translational landscapes at single-cell resolution. 310 

  311 

To examine whether Ribo-STAMP can quantify ribosome association at the single-cell level, we 312 

performed stable 72-hour high-induction control- and RPS2-STAMP and conducted scRNA-seq. UMAP 313 

visualization of single-cell, transcriptome-wide e scores revealed that control-STAMP cells overlapped with a 314 

subpopulation of RBFOX2-, TIA1- and RPS2-STAMP cells (Figure S7A), highlighting cells that have similar 315 

background-level edit patterns. Louvain clustering within UMAP projection space defined four distinct groups of 316 

single cells for downstream analysis: (i) RPS2-cluster cells (n = 3,868 cells), (ii) RBFOX2-cluster cells (n = 7,000 317 

cells), containing the majority (92%) of RBFOX2 cells identified by capture sequencing,  (iii) TIA1-cluster cells (n 318 

= 1312 cells) containing the majority (57%) of TIA1 capture cells, and (iv) a background-cluster population (n = 319 

20,655 cells), composed of control-STAMP cells and any cells that overlap spatially with control-STAMP cells 320 

(Figure 7A and S7B).  While UMAP visualization of gene expression could distinguish these individual STAMP 321 

experiments (Figure S7C), expression profiles were insufficient for determining background cells (Figures S7D), 322 

again highlighting the importance of e score clustering and control-STAMP overlap for defining specific RBP cell 323 

groups.  324 

For the RPS2-cluster cells, we observed a significant correlation (R2 = 0.48, p < 1e-300, two-sided test 325 

with R beta distribution) in edit counts on 15,044 genes between bulk RPS2-STAMP and single-cell aggregate 326 

(Figure 7B).  As we saw for bulk RPS2-STAMP e scores, single-cell RPS2-STAMP e scores were higher on 327 

genes with higher ribosome occupancy as detected by ribo-seq (Figure 7C), indicating that single-cell Ribo-328 

STAMP, like single-cell RBP-STAMP, recapitulates results from bulk experiments and can define single-cell 329 

ribosome association.  330 

Differential e score analysis showed distinct editing signatures for RPS2-, RBFOX2- and TIA1-cluster 331 

cells compared to the background-cluster (Figure 7D, Table S8). Metagene plotting of edits from these four 332 

subgroups for the top quartile of ribosome occupied genes (ribo-seq, n = 4,931 genes) demonstrated CDS 333 

enrichment for single-cell RPS2-STAMP edits compared to more 3’UTR-centric enrichment for single-cell 334 

RBFOX2- and TIA1-STAMP (Figure 7E), in agreement with our results from bulk (Figure 3G).  To illustrate, the 335 



top 10 cells ranked by summed e score exhibited the expected specific editing signatures on the RPL12, RPL30 336 

and RPL23A target transcripts (Figure 7F). These results highlight the capability of STAMP to simultaneously 337 

reveal RBP targets and ribosome association at single-cell resolution.  338 

 To determine if Ribo-STAMP can be used to detect different translational landscapes between cells, we 339 

focused on RPS2-STAMP versus control-STAMP cells (Figure S7E) and used Louvain clustering to define 340 

background- and RPS2-clusters (Figure S7F). We then subdivided the RPS2-cluster population by e score 341 

Louvain clustering into six distinct subpopulations (Figure 7G). Given that we detected RPS2-STAMP 342 

expression from all RPS2-cluster subsets within the same cell type (Figure 7H), we reasoned that this editing 343 

heterogeneity may arise from differential translation within different phases of the mitotic cell cycle.  To test this 344 

hypothesis, we assigned RPS2-cluster cells into the G1, S and G2M phases of the cell cycle based on gene 345 

expression [44] (Figure S7G, Table S9). Gene ontology analysis of genes edited specifically in G2M phase 346 

yielded enriched terms related to M phase (Figure S7H).  Specific RPS2-cluster subsets were associated with 347 

specific cell cycle edit signatures. In particular, RPS2-cluster subsets 1 (n = 961 cells) and 5 (n = 458 cells) 348 

shared editing signatures with G2M phase cells (Figure 7I, Table S10), and the differential editing of these cell 349 

cycle genes was not simply explained by differential expression (Figure S7I). To discern cell cycle translation 350 

signatures from transcription signatures, we compared RPS2-STAMP e scores to cell cycle specific translation 351 

efficiency (TE) measurements previously determined by ribo-seq in M phase-arrested cells [45]. We observed 352 

enriched edits on transcripts with high M phase TE (ribo-seq, Park et al. gene-set 2 [45]) in cells from RPS2-353 

cluster subsets 1 and 5, which were predicted to be in M phase by our expression analysis (Figure 7J). These 354 

results demonstrate the ability of Ribo-STAMP to detect ribosome associations that reflect specific translational 355 

signatures at single-cell resolution. 356 

 357 

Discussion 358 

We have developed STAMP and its companion computational workflow as a framework that allows 359 

antibody-free detection of RBP and ribosome interactomes (Ribo-STAMP) by standard RNA sequencing and 360 

quantification of binding-site-specific C-to-U edits directed by RBP- and ribosomal subunit-APOBEC1 fusions, 361 

respectively. The recently published DART-seq approach was used to mark m6A RNA modifications genome 362 

wide [25], however it was unclear if the method would work for general classes of full-length RBPs and even 363 

ribosomes. To distinguish our framework, which showcases unprecedented single-cell resolution binding sites 364 

of a broad range of RBPs and ribosome subunits, from DART-seq (a portion of the YTH-domain) and TRIBE 365 

(ADAR deaminase domains), we call our framework STAMP (Surveying Targets by Apobec-mediated Profiling). 366 

We were able to demonstrate the specificity of STAMP for diverse, full-length RBPs that bind both polyadenylated 367 

mRNAs (RBFOX2, TIA1) and non-polyadenylated mRNAs (SLBP). We also demonstrate that ribosomal subunits 368 

RPS2 and RPS3 when fused to APOBEC1 enable the measurement of ribosome association that correlates well 369 

with metrics such as translation efficiency computed from ribo-seq, RiboLace and polysome profiling experiments 370 

which often require separate mRNA-seq data as normalizing denominators. In a single experiment, Ribo-STAMP 371 

uses edited and non-edited reads to reflect ribosome-associated and input gene expression values 372 

simultaneously. We found that Ribo-STAMP signal was sensitive to mTOR pathway inhibition, showcasing 373 



responsiveness to specific translational perturbations. Furthermore, with single-cell Ribo-STAMP we observed 374 

that cell populations with gene expression signatures characteristic of the M phase of the mitotic cell cycle were 375 

enriched for edits on M phase translated genes. This was consistent with data by standard ribosome profiling in 376 

M phase arrested cells [45-47], highlighting the potential of single-cell Ribo-STAMP to simultaneously examine 377 

both transcriptional and translational levels of gene expression control.  We envision that these simultaneous 378 

readouts will be extremely useful in more complex and heterogeneous cellular or in vivo models to address 379 

questions concerning cell identity or disease states. To enable dissemination of our single-cell STAMP 380 

technologies, we also developed computational methods that demultiplex multiple RBPs by clustering cells using 381 

only edit signatures, which we can validate using 10x feature barcoding technology.     382 

STAMP has distinct advantages over TRIBE, as TRIBE generally yields only gene-level target information 383 

and not binding sites, with one to two edits on average detectable in any given target [18, 19, 21, 22]. The sparse 384 

editing signal by ADAR deaminase domains is due to the preference for ADAR to edit double-stranded RNAs 385 

that contain a bulged mismatch [23], an infrequent occurrence on single stranded mRNAs transcriptome-wide 386 

[18, 23, 48]. In contrast, APOBEC enzymes access cytosines in single-stranded RNA which constitute ~25%-387 

35% of nucleotides in any given mammalian transcript and produce clusters of edits (between 10 and 1000 edits 388 

at target sites). We observe this density of edits with full-length RBPs, but it is apparent even with only	the YTH 389 

domain of the m6a reader YTHDF2 [25]. In addition, structured RNA is reduced from coding regions by active 390 

translation [49], making ribosome interactions that are easily detectable by Ribo-STAMP not feasible with ADAR-391 

fusion approaches. Indeed, the RBP FMR1 fusions to ADAR, which is expected to be very frequent in the coding 392 

regions of genes resulted in only 4 confident edits across the ~15kb coding region of the showcased POE gene 393 

[18]. The higher likelihood of encountering APOBEC1 cytosine substrates within single-stranded mRNA enables 394 

STAMP-mediated discovery of RBP-RNA sites with such high sensitivity and specificity that de novo discovery 395 

of conserved binding-site motifs can be extracted from transcripts in even one single cell.  396 

Antibody-based methodologies such as CLIP and RIP are staples used to identify RNA binding sites and 397 

targets of RBPs. Our STAMP approach offers several advantages. First, with eCLIP-seq as a comparison, we 398 

are constrained by the input requirements, frequently needing thousands to millions of cells for a successful 399 

eCLIP experiment. Here we demonstrate that STAMP can be used reliably at single-cell resolution to identify 400 

RNA targets, binding sites and even extract motifs from a few to a single cell. STAMP enables the combined 401 

identification of RBP binding sites and global measurement of gene expression, a long-standing goal for the 402 

gene expression, genomics and RNA communities. As a result, even without single cell analyses, STAMP is 403 

permissive of ultra-low input material which enables rare cell-types to be collected and analyzed for RBP-404 

interactomes. Second, CLIP requires fragmentation to separate bound and unbound RNA, but that precludes 405 

the discovery of isoform-dependent binding sites on mRNAs that may differ by an exon or translated regions. 406 

We show here that STAMP allows long-read assessment to distinguish RBP binding on different transcript 407 

isoforms. Further, direct RNA sequencing has recently been demonstrated to be RNA-modification sensitive [50], 408 

which opens the possibility of using STAMP to detect modification-sensitive RNA-protein interactions.    409 

 410 

Caveats and considerations 411 



Current versions of STAMP have several limitations. In our study, we utilized polyA+ mRNA-sequencing 412 

(other than total RNA-seq for SLBP-STAMP) to characterize binding interactions for RBFOX2, TIA1, RPS2 and 413 

RPS3. However, aside from their roles mediated by interacting with sites in mRNA, RBFOX2 and TIA1 are also 414 

splicing factors with binding sites within intronic regions which are missed by polyA selection of mRNAs. 415 

Adaptation of the approach to use nuclear isolation, non-polyA selection with the removal of ribosomal RNA 416 

contaminants (as we performed for SLBP), or targeted sequencing of intronic regions are strategies anticipated 417 

to recover these binding events. On the other hand, false positive binding sites are also possible when expression 418 

levels of STAMP transgenes are supra-physiological, leading to promiscuous RNA interactions. Expression of 419 

fusions from a native promoter could help address this concern. Certainly, RBP-STAMP signal that does not 420 

overlap with traditional CLIP peaks may indeed be bona fide binding events that CLIP methodologies are not 421 

sensitive enough to detect. Unlike RBFOX2, SLBP and TIA1 that have conserved and narrow binding sites, other 422 

RBPs may exhibit broad binding patterns across the sequence of the transcripts, such as the ribosomal subunits 423 

RPS2 and RPS3.  424 

Our current version of Ribo-STAMP yields detectable edits within 12-24 hours. However, we do observe 425 

gene expression changes on a subset of genes at high Ribo-STAMP induction after 72 hours, likely due to 426 

recoding of transcripts and the possible introduction of nonsense or frameshift mutations. Therefore, it is 427 

important to consider the duration of expression of Ribo-STAMP as it may lead to downstream unintended 428 

perturbations.  If longer time frames are needed, use of STAMP with the ribosome associated factors, such as 429 

translation initiation or release factors, may allow detection of translation responses without long-term coding 430 

sequence perturbations.  Alternatively, we can develop more rapid and responsive ribosome directed edits to 431 

achieve snapshots of translatome responses on shorter timescales. Extended Ribo-STAMP expression could 432 

also explain the somewhat unexpected 3’UTR edit enrichment that we observed, although 3’UTR enrichment of 433 

edits appears to be a generalized phenomenon for both TRIBE/HyperTRIBE and DART-seq approaches, likely 434 

due to editing modules accessing susceptible 3’UTR sequence elements distal to actual fusion binding sites [18, 435 

20, 21, 25]. EIF4E-BP-HyperTRIBE, which sought to use A-to-I editing to mark 5’ ends of translationally 436 

repressed transcripts, observed a similar 3’UTR enrichment to Ribo-STAMP, which was potentially explained by 437 

5’ and 3’ end association of translation components and mRNA features [20]. In the future, we anticipate that 438 

engineering of fusion orientation, altering STAMP expression levels and duration of overexpression window may 439 

be useful to obtain editing profiles that are maximally informative for different RBPs. 440 

Looking ahead, as STAMP allows isoform-aware and single-cell level interrogation of RNA-protein 441 

interactions, we anticipate that focused genomic integrations of editing modules in animal and organoid models 442 

will be powerful for in vivo tracing of RNA-protein interaction landscapes in many previously inaccessible 443 

contexts.  Previously, cell type-specific CLIP or Ribo-seq from in vivo models has remained a challenge in the 444 

field. The STAMP approach, utilizing cell-type specific promoters and gene expression profiles, would overcome 445 

these major challenges. Organoid or animal model systems expressing STAMP fusions for RBPs of interest hold 446 

the potential to unveil the isoform specific RNA binding and translation landscapes at the organismal level, which 447 

would also allow for tissue and cell type-specific profiling in developmental or disease relevant phenotypes.  448 
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Figures and Legends: 585 



 586 



Figure 1: RBFOX2-STAMP enriches C-to-U edits at RBFOX2 binding sites. A) Surveying Targets by 587 

APOBEC Mediated Profiling (STAMP) strategy fuses rat APOBEC1 module to an RBP of interest to deposit edits 588 

at or near RBP binding sites.  C-to-U mutations from either APOBEC1-only control (control-STAMP) or RBP 589 

fusion (RBP-STAMP) can be detected by standard RNA-sequencing and quantified using our SAILOR analysis 590 

pipeline.  B) Integrative genome viewer (IGV) browser tracks showing RBFOX2 eCLIP peaks on the target gene 591 

APP, compared with control- and RBFOX2-STAMP signal and SAILOR quantified edit fraction for increasing 592 

induction levels of fusions (doxycycline: 0ng = none, 50ng = low, or 1µg/ml = high, 72 hours) C) IGV tracks 593 

showing 72-hour high-induction control- and RBFOX2-STAMP signal on the APP target gene at increasing 594 

confidence levels. D) RBFOX2-STAMP replicate correlations for the number of edits (confidence level ≥ 0.5) per 595 

target (p values assessed with two-sided test with R beta distribution) E) Edit frequency distribution within a 400 596 

bp window flanking RBFOX2 binding-site motifs for RBFOX2-STAMP and control-STAMP (background) F) 597 

Fraction of RBFOX2 motif-containing eCLIP peaks in 3’UTR and CDS regions with increasing numbers of ≥ 0.99 598 

confidence edits compared to size-matched randomized regions outside of eCLIP peaks, z-scores reported 599 

above bars G) Fraction of RBFOX2 motif-containing eCLIP peaks or random regions, as in G, with increasing 600 

edit fraction score (e score) thresholds H) Motif enrichment using HOMER and shuffled background on combined 601 

control- or RBFOX2-STAMP ≥ 0.99 confidence level edit windows for increasing RBFOX2-STAMP induction 602 

levels.   603 



 604 



Figure 2: SLBP-STAMP and TIA1-STAMP expression enriches edits on respective targets. A) IGV tracks 605 

showing replicate SLBP-STAMP edit fractions at no- and high-induction (doxycycline: 0ng = none or 1µg/ml = 606 

high, 72 hours) on the target histone gene H1-2 compared to SLBP eCLIP, highlighting SLBP-bound histone 607 

stem loop B) IGV tracks as in A showing replicate SLBP-STAMP edit fractions on the target histone gene H4C12 608 

compared to SLBP eCLIP C) Fraction of SLBP eCLIP peaks or random regions with increasing e score 609 

thresholds, z-scores reported above bars D) Scatterplot comparing e score for merged replicate high-induction 610 

SLBP-STAMP with histone gene targets (magenta, n = 89) highlighted compared to high-induction RBFOX2-611 

STAMP e score and RBFOX2 eCLIP peak containing genes (blue, n = 342) highlighted E) browser tracks 612 

showing TIA1 eCLIP peaks on the target gene TMCO1, compared with replicate TIA1-STAMP edit fraction for 613 

increasing induction levels of TIA1-STAMP F) Fraction of TIA1 eCLIP peaks or random regions with increasing 614 

e score thresholds, z-scores reported above bars G) Motif enrichment using HOMER and shuffled background 615 

on combined TIA1-STAMP ≥ 0.999 confidence level edit windows for high TIA1-STAMP induction levels   616 



 617 

Figure 3:  Ribo-STAMP edits mark highly translated coding sequences.  A) IGV browser tracks displaying 618 

coding sequence edit frequency from control, RPS2-STAMP, and RPS3-STAMP at no-induction or 72-hour high-619 



induction on the ATP5BP gene locus.  RPS3 eCLIP and input reads are shown for comparison.  B) IGV browser 620 

tracks as in A on the noncoding RNA MALAT1, showing no enrichment for RPS3 eCLIP or RPS2-, RPS3-621 

STAMP.  C) Comparison of gene quartiles ranked by ribosome occupancy (ribo-seq) with e score from increasing 622 

levels of RPS2-STAMP and control-STAMP (Q1, Q2 p < 1e-300 for low and high RPS2-STAMP, Wilcoxon rank-623 

sum) D) Comparison of gene quartiles ranked by ribosome occupancy (RiboLace) with e score from high 624 

induction of RPS2-STAMP (Q1-Q3 p < 1e-300, Wilcoxon rank-sum) E) Comparison of gene quartiles ranked by 625 

ribosome occupancy (polysome profiling) with e score from high induction of RPS2-STAMP (Q1-Q4 p < 1e-300, 626 

Wilcoxon rank-sum)  F) Comparison of gene quartiles ranked by ribosome occupancy (ribo-seq) with e score 627 

from high induction of RPS3-STAMP (Q1,Q2 p < 1e-300, Wilcoxon rank-sum) G) Metagene plot showing edit (≥ 628 

0.5 confidence level) distribution for high-induction RPS2-STAMP compared to control-STAMP and RBFOX2-629 

STAMP across 5’UTR, CDS and 3’UTR gene regions for the top quartile (n=4,931) of ribosome occupied genes 630 

(ribo-seq) H) Metagene plot showing edit (≥ 0.5 confidence level) distribution for untreated 48-hour high-induction 631 

RPS2-STAMP compared to replicate Torin-1 treated 48-hour high-induction RPS2-STAMP across 5’UTR, CDS 632 

and 3’UTR gene regions for the top quartile of ribosome occupied genes (ribo-seq, n = 4931 genes) I) 633 

Comparison of e score from untreated 48-hour high-induction RPS2-STAMP compared to Torin-1 treated 48-634 

hour high-induction RPS2-STAMP showing significant signal reduction for top ribosome occupied quartile genes 635 

containing Torin-1 sensitive TOP genes as detected by ribo-seq (Q1 p = 3.9 e-98, Wilcoxon rank-sum), RiboLace 636 

(Q1 p = 8.4 e-87, Wilcoxon rank-sum) and polysome profiling  (Q1 p = 1.2 e-54, Wilcoxon rank-sum).  637 



 638 



Figure 4: Long-read STAMP reveals isoform specific binding profiles.  A) IGV tracks showing RBFOX2 639 

eCLIP peak on the target gene APP, compared with 72-hour high-induction control- and RBFOX2-STAMP 640 

SAILOR quantified edit fractions for both long-read (Oxford Nanopore) direct RNA, direct cDNA, and short read 641 

(NGS) outputs B) Heatmap of control- and RBFOX2-STAMP ≥ 0.99 confidence level edit counts (log2) on the 2 642 

primary isoforms for 1631 RBFOX2 eCLIP target genes ranked by signal form control-STAMP on isoform 1 C) 643 

IGV tracks showing RBFOX2 eCLIP peaks on the 2 primary isoforms of the target gene UNK, compared to 644 

control- and RBFOX2-STAMP edit fraction and variant colored read coverage for both long-read direct cDNA 645 

and short-read outputs D) IGV tracks as in C showing control- and RBFOX2-STAMP direct cDNA outputs in the 646 

UNK gene focusing only on cDNA alignments for the 2 primary isoforms.   647 



 648 



Figure 5: Detection of RBP-RNA targets at single-cell resolution 649 

A) Edit fraction comparison of bulk 72-hour high-induction control- and RBFOX2-STAMP with single-cell control- 650 

and RBFOX2-STAMP across the top 200 genes ranked by transcripts per million (TPM) from bulk RBFOX2-651 

STAMP RNA-seq.  B)  Scatterplot of  ≥ 0.9 confidence edits divided by all C’s across gene 3’UTRs (n = 15832) 652 

for bulk and single-cell RBFOX2-STAMP showing high correlation (p value assessed with two-sided test with R 653 

beta distribution) C) IGV tracks showing the RBFOX2 eCLIP peak on the target gene UQCRH, compared with 654 

RBFOX2-STAMP edit fractions for the top 10 control- and RBFOX2-STAMP cells ranked by summed e scores 655 

D) -log10 of p-values (n = 10 trials) for motifs extracted by HOMER (v4.9.1) using RBFOX2-STAMP ≥ 0.99 656 

confidence level edits from randomly sampled cells showing RBFOX2 motif detection to 1 cell resolution.   657 



 658 



Figure 6:  Deconvolution of multiple RBPs and cell-type specific targets   A) Uniform Manifold 659 

Approximation and Projection (UMAP) analysis of gene expression from merged 72-hour high-induction 660 

RBFOX2:TIA1-STAMP cells with capture sequence RBFOX2-STAMP (blue, n = 854) and TIA1-STAMP cells 661 

(red, n = 527) highlighted B) UMAP analysis using e score rather than gene expression after merging 72-hour 662 

high-induction control-STAMP cells (orange) C) UMAP plot as in B color-coded by e score Louvain clustering 663 

into RBFOX2-cluster (blue), TIA1-cluster (red) and background-cluster (gray) populations with control-STAMP 664 

cells (orange) overlaid D) Heatmap of normalized e score signatures for RBFOX2- and TIA1-cluster cells 665 

compared to control-STAMP and background-cluster cells on the top 25 differentially edited gene targets.  E) 666 

IGV browser tracks showing SAILOR quantified edit fractions for the top 5 control-, RBFOX2-, and TIA1-STAMP 667 

cells (ranked by summed e scores) on the NPM1, BTF3 and CFL1 gene targets F) UMAP analysis of merged 668 

72-hour high-induction RBFOX2-STAMP mixed NPC and HEK293T cells clustered by expression G) UMAP 669 

analysis as in F using e score H) e score distribution summarized by violin plot for HEK293T and NPC defined 670 

cell populations for the top differentially edited genes I) Violin plots as in H summarizing expression rather than 671 

e score J) IGV browser tracks showing edit fractions and read coverage for the top 5 control- and RBFOX2-672 

STAMP cells (ranked by summed e scores) on the RPL14 and RPL13A gene targets 673 



 674 



Figure 7. Ribosome-STAMP reveals ribosome occupancy from individual cells. A) UMAP plot color-coded 675 

by e score Louvain clustering into background-cluster (orange), RBFOX2-cluster (blue), TIA1-cluster (red), and 676 

RPS2-cluster (green) from merged 72-hour high-induction STAMP experiments B) Scatterplot of  ≥ 0.9 677 

confidence edits divided by all C’s across gene 3’UTRs for bulk RPS2-STAMP and single-cell RPS2-STAMP 678 

(RPS2-cluster, n = 15044 genes) showing high correlation (p value assessed with two-sided test with R beta 679 

distribution) C) Comparison of gene quartiles ranked by ribosome occupancy (ribo-seq) with e score from single-680 

cell RPS2-STAMP and single-cell control-STAMP (Q1, Q2 p < 1e-300, Q3 p = 4.7e-306, Wilcoxon rank-sum)  D) 681 

Heatmap of normalized e score signatures for RPS2-cluster, RBFOX2-cluster and TIA1-cluster cells compared 682 

to background-cluster cells on the top 15 differentially edited gene targets E) Metagene plot showing distribution 683 

for aggregate cell edits (≥ 0.5 confidence level) from control-STAMP, RPS2-cluster, TIA1-cluster, and RBFOX2-684 

cluster cells across 5’UTR, CDS and 3’UTR gene regions for the top quartile of ribosome occupied genes (ribo-685 

seq, n = 4,931 genes) F) IGV browser tracks showing edit fractions for the top 10 control-, RPS2-, RBFOX2-, 686 

and TIA1-STAMP cells (ranked by summed e scores) on the RPL12, RPL30 and RPL23A gene targets G) UMAP 687 

plot of e score Louvain clustering into 6 RPS2-cluster subsets  H) UMAP plot as in G showing showing RPS2-688 

STAMP expression I) Heatmap of e score signatures for RPS2-cluster subsets on the top differentially edited 689 

gene targets in the G2M cell cycle phase J) UMAP analysis of RPS2-cluster subsets showing edit signature for 690 

transcripts with enriched M phase ribo-seq signal (Park et al. gene-set 2) edited by RPS2-cluster subset 1 and 691 

5 692 



 693 



Figure S1: Reproducibility of RBFOX2-STAMP, related to Figure 1. A) IGV browser tracks showing RBFOX2-694 

STAMP edit fraction for increasing induction levels and induction times of RBFOX2-STAMP in replicate on the 695 

APP target gene 3’UTR. B) IGV browser tracks as in A showing control-STAMP edit fraction for increasing 696 

induction levels and induction times of control-STAMP in replicate on the APP target gene 3’UTR. C) Scatterplots 697 

of ≥ 0.5 confidence level edits per target gene from replicate RBFOX2-STAMP experiments conducted for 24 698 

and 48 hours showing high, dose-dependent correlation (p values assessed with two-sided test with R beta 699 

distribution) D) Irreproducible Discovery Rate (IDR) analysis comparing ≥ 0.5 confidence edit clusters for 700 

increasing levels of RBFOX2-STAMP at 24, 48 and 72 hours. E) Differential expression (DEseq2) analysis of 701 

RBFOX2-STAMP for increasing levels of RBFOX2-STAMP at 24, 48 and 72 hours 702 



 703 



Figure S2: Reproducibility of SLBP-STAMP, TIA1-STAMP, related to Figure 2 A) Scatterplot comparing e 704 

score for 3 individual replicate 72-hour high-induction SLBP-STAMP experiments with histone gene targets 705 

(magenta) highlighted compared to RBFOX2-STAMP e score with RBFOX2 eCLIP peak containing genes (blue) 706 

highlighted across replicates B) Scatterplots of ≥ 0.5 confidence level edits per target gene from TIA1-STAMP 707 

replicate experiments showing high, dose-dependent correlation (p values assessed with two-sided test with R 708 

beta distribution) C) Irreproducible Discovery Rate (IDR) analysis comparing 0.5 ≥ confidence level edit clusters 709 

for increasing levels of TIA1-STAMP at 72 hours. 710 



 711 



Figure S3: Ribo-STAMP reproducibility and response to mTOR pathway perturbations, related to Figure 712 

3. A) Scatterplots of ≥ 0.5 confidence level edits per target gene from RPS2-STAMP replicate experiments 713 

showing high, dose-dependent correlation at 24, 48 and 72 hours (p values assessed with two-sided test with R 714 

beta distribution) B) Comparison of e score from untreated 48-hour high-induction control-STAMP compared to 715 

Torin-1 treated 48-hour high-induction control-STAMP showing no significant signal reduction for any ribosome 716 

occupied quartile genes.  717 

 718 
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Figure S4: Long read sequencing of RBP-STAMP and ribosome-STAMP allows isoform aware detection 720 

of binding sites and ribosome occupancy, related to Figure 4: A) IGV tracks showing RBFOX2 eCLIP peaks 721 

on the 2 primary isoforms of the target gene IDS, compared to 72-hour high-induction control- and RBFOX2-722 

STAMP edit fraction and variant colored read coverage for both long-read direct cDNA and short read (NGS) 723 

outputs B) IGV tracks as in A showing control- and RBFOX2-STAMP direct cDNA outputs in the IDS gene 724 

focusing only on cDNA alignments for the 2 primary isoforms.   725 



 726 



Figure S5: Comparison of bulk STAMP to single-cell STAMP, related to Figure 5: A) Violin plots 727 

summarizing the number of edited genes per cell in 72-hour high-induction control- and RBFOX2-STAMP single-728 

cell experiments B) Violin plots summarizing summed e score per cell for 72-hour high-induction control- and  729 

RBFOX2-STAMP single-cell experiments C) Venn diagram showing overlap of target genes containing ≥ 0.5 730 

confidence level edits from 72-hour high-induction control- and RBFOX2-STAMP single-cell experiments  731 



 732 



Figure S6 Single-cell RBP-RNA interaction detection by STAMP for multiple RBPs and in multiple cell 733 

types, related to figure 6: A) UMAP plot using e score from RBFOX2-STAMP and TIA1-STAMP mixture with 734 

capture sequence RBFOX2-STAMP (blue, n = 854) and TIA1-STAMP cells (red, n = 527) highlighted B) UMAP 735 

plot as in A color-coded by Louvain clustering into RBFOX2-cluster (blue), and TIA1-cluster (red), or background-736 

cluster (gray) populations C) UMAP plot of gene expression for e score Louvain clusters defined in B D) Motif 737 

enrichment using HOMER from ≥ 0.99 confidence edits from combined RBFOX2-cluster and control-STAMP 738 

cells E) UMAP plot showing expression of neural precursor cell markers NES, PAX6, SOX2 and DCX F) Motif 739 

enrichment using HOMER from ≥ 0.99 confidence edits from combined control- and RBFOX2-STAMP HEK293T 740 

and NPC cells 741 



 742 



Figure S7. Ribosome-STAMP reveals ribosome occupancy from individual cells in different cell cycle 743 

phases. Related to Figure 7: A) UMAP analysis of e score from merged 72-hour high-induction RPS2-STAMP 744 

(green), control-STAMP (orange) and RBFOX2:TIA1-STAMP (purple) single-cell experiments B) UMAP plot as 745 

in A with only capture sequence RBFOX2-STAMP (blue, n = 854) and TIA1-STAMP cells (red, n = 527) 746 

highlighted C) UMAP analysis of expression from merged 72-hour high-induction RPS2-STAMP (green), control-747 

STAMP (orange) and RBFOX2:TIA1-STAMP (purple) single-cell experiments D) UMAP plot of gene expression 748 

for e score Louvain RBFOX2-cluster, TIA1-cluster, RPS2-cluster and background-cluster cell populations E) 749 

UMAP analysis of e score for 72-hour high-induction RPS2-STAMP (green), control-STAMP (orange) F) UMAP 750 

analysis of e score Louvain clustering into background-cluster and RPS2-cluster subpopulations G) UMAP 751 

analysis of expression from RPS2-cluster cells, categorizing cells based on cell cycle status (G1, G2M, S) H) 752 

Gene ontology analysis of the top differentially edited genes from the G2M cell expression RPS2-subgroup I) 753 

Violin plots summarizing gene expression of the top differentially edited genes in the G2M phase of the cell cycle 754 

for the 6 RPS2-cluster Louvain subsets 755 

  756 

Table S1.  All control-STAMP edit site coordinates and levels; related to Figures 1-4 and Figures S1-S4 757 

 758 

Table S2.  All RBP-STAMP (RBFOX2, SLBP, TIA1) edit site coordinates and levels; related to Figures 1, 759 

2, and Figures S1, S2 760 

 761 

Table S3.  Differential gene expression from RBFOX2-STAMP as evaluated by DEseq2 762 

 763 

Tabls S4. All Ribo-STAMP (RPS2, RPS3, GSTP1) edit site coordinates and levels; related to Figure 3 and 764 

Figure S3 765 

 766 

Tabls S5. Differential gene editing between background-cluster and RBFOX2- and TIA1-clusters, related 767 

to Figure 6D 768 

 769 

Table S6. Differential gene expression between HEK293T cells and NPCs, related to Figure 6F and S6E 770 

 771 

Table S7. Differential gene editing between HEK293T cells and NPCs for RBFOX2-STAMP, related to 772 

Figure 6G-J 773 

 774 

Table S8. Differential gene editing between background-cluster and RPS2-,RBFOX2- and TIA1-clusters, 775 

related to Figure 7D 776 

 777 

Table S9. Differential gene editing between RPS2-cluster subsets, related to Figure 7G 778 

 779 

Table S10. Differential gene editing between cell cycle phase subsets, related to Figure 7I and Figure S7I 780 



 781 

Table S11. Oligonucleotides used in this study 782 

 783 

Contact for Reagent and Resource Sharing 784 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the 785 

Lead Contact, Gene W. Yeo (geneyeo@ucsd.edu). Important plasmids described in this study will be deposited 786 

in the Addgene plasmid repository and available under a standard MTA. 787 

 788 

EXPERIMENTAL MODELS AND SUBJECT DETAILS  789 

 790 

Plasmid construction  791 

For the generation of stable cell lines, all RBP-STAMP mammalian expression constructs were in one of two 792 

lentiviral Gateway (Invitrogen) destination vector backbones: 1) pLIX403_APOBEC_HA_P2A_mRuby or 2) 793 

pLIX403_Capture1_APOBEC_HA_P2A_mRuby.  pLIX403_APOBEC_HA_P2A_mRuby was cloned by 794 

amplification (Cloneamp, Takara Bio) of APOBEC1_HA_P2A cassette after removal of the YTH cassette from 795 

APOBEC1-YTH (gift from Kate Meyer) originally cloned from pCMV-BE1 plasmid (a gift from D. Liu; Addgene 796 

plasmid no. 73019).  APOBEC_HA_P2A was inserted into the pLIX403 inducible lentiviral expression vector 797 

adapted from pLIX_403 (deposited by David Root, Addgene plasmid # 41395) to contain TRE-gateway-mRuby 798 

and PGK-puro-2A-rtTA upstream of mRuby by Gibson assembly reaction of PCR products (Cloneamp, Takara 799 

Bio). pLIX403_Capture1_APOBEC_HA_P2A_mRuby was constructed by insertion of a synthetic gene block 800 

(Integrated DNA technologies, IDT) containing 10x Feature Barcode Capture Sequence 1 with Gibson assembly 801 

reaction into MluI digested backbone pLIX403_APOBEC_HA_P2A_mRuby in frame and immediately upstream 802 

of the APOBEC1 ORF. RBP open reading frames (ORFs) were obtained from human Orfeome 8.1 (2016 803 

release) donor plasmids (pDONR223) when available, or amplified (Cloneamp, Takara Bio) from cDNA obtained 804 

by SuperSript III (Invitrogen) RT-PCR of HEK293XT cell purified RNA (Direct-zol, Zymogen) and inserted into 805 

pDONR223 by Gateway BP Clonase II reactions (Invitrogen). Donor ORFs were inserted in frame upstream of 806 

APOBEC1 or Capture Sequence 1 APOBEC1 by gateway LR Clonase II reactions (Invitrogen).  For transient 807 

transfections of HEK293T cells and NPC cells, constructs were modified from pCMV BE1-YTH-HA plasmid (a 808 

gift from Kate Meyer modified from D. Liu; Addgene plasmid no. 73019; http://n2t.net/addgene:73019) by 809 

removal (control-STAMP) or replacement (RBFOX2-STAMP) of YTH cassette with RBFOX2 open reading frame 810 

by PCR and Gibson assembly reactions.   811 

 812 

Human cell culture conditions and maintenance 813 

All stable STAMP cell lines were generated using human lenti-X HEK293T cells (HEK293XT, Takara Bio) which 814 

are derived from transformed female human embryonic kidney tissue. Cells were maintained in DMEM (4.5 g/L 815 

D-glucose) supplemented with 10% FBS (Gibco) at 37o C with 5% CO2. Cells were periodically passaged once 816 

at 70-90% confluency by dissociating with TrypLE Express Enzyme (Gibco) at a ratio of 1:10. The stable 817 

HEK293XT cell lines RBFOX2-STAMP, TIA1-STAMP, SLBP-STAMP, RPS2-STAMP, RPS3-STAMP, and 818 



control-STAMP were generated as described in Generation of STAMP stable cell lines section.  by transducing 819 

~1 million cells with 8µg/ml polybrene and 1ml viral supernatant in DMEM+10%FBS at 37C for 24 hours, followed 820 

by subsequent puromycin resistance selection (2µg/ml).  Small molecule neural progenitor cells (smNPCs) were 821 

grown in medium consisting of DMEM/F12+Glutamax, 1:200 N2 supplement, 1:100 B27 supplement, 822 

penicillin/streptomycin (Life technologies), 100mM ascorbic acid (Sigma, A4544), 3mM CHIR99021 (CHIR, 823 

Tocris 4423) and 0.5mM Purmorphamine (PMA) (Tocris 4551) and passaged using Accutase. Generation of 824 

smNPCs from iPSCs is described in [1].   825 

 826 

Generation STAMP stable cell lines 827 

Lentivirus was packaged using HEK293XT cells seeded approximately 24 hours prior to transfection at 30-40% 828 

in antibiotic-free DMEM and incubation at 37oC, 5% CO2 to 70-90% confluency.  One hour prior to transfection 829 

DMEM was replaced with OptiMEM media transfection was performed with Lipofectamine 2000 and Plus reagent 830 

according to manufacturer’s recommendations at a 4:2:3 proportion of lentiviral vector: pMD.2g: psPAX2 831 

packaging plasmids.  6 hours following transfection, media was replaced with fresh DMEM + 10% FBS. 48 hours 832 

after media replacement, virus containing media was filtered through a 0.45 um low protein binding membrane. 833 

Filtered viral supernatant was then used directly for line generation by transducing ~1 million cells (1 well of 6 834 

well dish) with 8µg/ml polybrene and 1ml viral supernatant in DMEM+10%FBS at 37C for 24 hours. After 24 835 

hours of viral transduction, cells were split into 2g/L puromycin and selected for 72 hours before passaging for 836 

storage and downstream validation and experimentation.   837 

 838 

STAMP editing  839 

For stable cell STAMP fusion protein expression cells were induced with 50ng/ml (low) or 1µ/ml (high) 840 

doxycycline in DMEM for 24-72 hours, followed by Trizol extraction and Direct-zol miniprep (Zymo Research) 841 

column purification in accordance with manufacturer protocol.  Uninduced cells of the same genetic background 842 

were used as negative controls.  For transient transfections, ~1 million cells were transfected with 2µg expression 843 

construct using Fugene HD (Promega) according to manufacterer’s protocol.  Upon Agilent TapeStation 844 

quantification, 500ng RNA was used as input material to make total RNA-seq libraries with either TruSeq 845 

Stranded mRNA Library Prep (Illumina) or KAPA RNA HyperPrep Kit with RiboErase (Roche) following the 846 

provided protocols.  For mTOR perturbation experiments, cells were treated with 100nM Torin-1 (Cell Signaling) 847 

alongside 1µg/ml doxycycline induction and harvested for RNA after 48 hours 37C incubation.   848 

 849 

eCLIP 850 

TIA1 eCLIP experiments were performed as previously described in a detailed standard operating procedure [2], 851 

which is provided as associated documentation with each eCLIP experiment on the ENCODE portal 852 

(https://www.encodeproject.org/documents/fa2a3246-6039-46ba-b960-853 

17fe06e7876a/@@download/attachment/CLIP_SOP_v1.0.pdf). In brief, 20 million crosslinked cells were lysed 854 

and sonicated, followed by treatment with RNase I (Thermo Fisher) to fragment RNA. Antibodies were pre-855 

coupled to species-specific (anti-rabbit IgG or anti-mouse IgG) Dynabeads (Thermo Fisher), added to lysate, 856 



and incubated overnight at 4 °C. Prior to IP washes, 2% of sample was removed to serve as the paired input 857 

sample. For IP samples, high- and low-salt washes were performed, after which RNA was dephosphorylated 858 

with FastAP (Thermo Fisher) and T4 PNK (NEB) at low pH, and a 3′ RNA adaptor was ligated with T4 RNA 859 

ligase (NEB). Ten per cent of IP and input samples were run on an analytical PAGE Bis-Tris protein gel, 860 

transferred to PVDF membrane, blocked in 5% dry milk in TBST, incubated with the same primary antibody used 861 

for IP (typically at 1:4,000 dilution), washed, incubated with secondary HRP-conjugated species-specific TrueBlot 862 

antibody (Rockland), and visualized with standard enhanced chemiluminescence imaging to validate successful 863 

IP. Ninety per cent of IP and input samples were run on an analytical PAGE Bis-Tris protein gel and transferred 864 

to nitrocellulose membranes, after which the region from the protein size to 75 kDa above protein size was 865 

excised from the membrane, treated with proteinase K (NEB) to release RNA, and concentrated by column 866 

purification (Zymo). Input samples were then dephosphorylated with FastAP (Thermo Fisher) and T4 PNK (NEB) 867 

at low pH, and a 3′ RNA adaptor was ligated with T4 RNA ligase (NEB) to synchronize with IP samples. Reverse 868 

transcription was then performed with AffinityScript (Agilent), followed by ExoSAP-IT (Affymetrix) treatment to 869 

remove unincorporated primer. RNA was then degraded by alkaline hydrolysis, and a 3′ DNA adaptor was ligated 870 

with T4 RNA ligase (NEB). qPCR was then used to determine the required amplification, followed by PCR with 871 

Q5 (NEB) and gel electrophoresis to size-select the final library. Libraries were sequenced on the HiSeq 2000, 872 

2500, or 4000 platform (Illumina). Each ENCODE eCLIP experiment consisted of IP from two independent 873 

biosamples, along with one paired size-matched input (sampled from one of the two IP lysates before IP washes). 874 

Reproducible eCLIP peaks were called using the latest release of the core pipeline 875 

(https://github.com/yeolab/eclip), followed by a peak merging sub-workflow to identify reproducible peaks 876 

(https://github.com/YeoLab/merge_peaks).  877 

 878 

Generic RNAseq pipeline: 879 

Bulk RNAseq was sequenced single-end 100nt and trimmed using cutadapt (v1.14.0). Trimmed reads were 880 

filtered for repeat elements using sequences obtained from RepBase (v18.05) with STAR (2.4.0i). Reads that 881 

did not map to repeats were then mapped to the hg19 assembly with STAR, sorted with samtools (v1.5) and 882 

quantified against Gencode (v19) annotations using Subread featureCounts (v1.6.3). Genes with zero counts 883 

summed across all samples were removed prior to performing differential expression analysis using DESeq2 884 

(v1.26.0) [3].  885 

 886 

SAILOR: 887 

Resulting BAM files were each used as inputs to SAILOR (v1.1.0) to determine C>U edit sites across the hg19 888 

assembly. Briefly described, SAILOR filters potential artifacts and known SNPs (dbSNP v147) and returns a set 889 

of candidate edit sites evidenced by the number of C>U conversions found among aligned reads. Sites were 890 

transformed into broader "peak" regions by opening a 51-nucleotide window centered on each site. 891 

 892 

Edit distribution and e score method details:  893 



Figure 1E: To determine the correlation between edit sites and putative binding, RBFOX2-APOBEC sites were 894 

compared to eCLIP binding sites and to the known RBFOX2 motif GCAUG. For RBFOX2 eCLIP peaks containing 895 

this motif, distances from the motif to RBFOX2 and APOBEC (background) edit sites were calculated using 896 

Bedtools closest (v2.27.1) and plotted as a distribution within a 400bp window. Figure 1F, G: To reduce 897 

background noise of initial called edit sites, we removed any edit that was also found in our control-STAMP 898 

dataset and compared surviving sites on or nearby CDS or 3'UTR 293T eCLIP peaks that contained known 899 

motifs (GCAUG for RBFOX2, n=255). For each of these peaks, we opened a window containing the peak location 900 

flanked by 25 nucleotides upstream and downstream and merged overlaps. To assess edit enrichment across 901 

these windows, we first compared the number of confident edits surrounding each peak against a random 902 

background (n trials = 100) of the same length generated using Gencode-defined CDS + 3'UTR regions that 1) 903 

belonged to genes that were expressed in the RNASeq dataset, 2) were not within 25 nucleotides of the known 904 

motif, 3) were not within 25 nucleotides of a real eCLIP peak (Figure 1F) . We also describe an "e score" fraction 905 

formula: ɛ score =! "∑ "!"
#
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 where 𝑖 represents the number of C positions 𝑝 in a given coordinate window, 906 

with 𝑌'( and 𝑌' representing the depth of C>U coverage	𝑚 and total coverage 𝑛 at each position, respectively,  907 

which considers read coverage, edit frequency (ie. how often a C>U conversion is found) and edit potential (ie. 908 

how C-rich a given region is). To find the e score for a given window, we calculated the ratio between the number 909 

of (post-SAILOR-filtered) C>U read conversions to the total (post-SAILOR-filtered) coverage across every C 910 

found within the window. We then used the minimum and maximum e score to set an evenly spaced range of 911 

thresholds by which we used as a filter. Then, we compared e score around eCLIP peaks to e scores around 912 

randomized backgrounds (100 trials). We then calculated the ratio of the fraction of real peaks that passed each 913 

threshold to the corresponding fraction of random peaks (Figure 1G). Figure 1H: To discover whether or not 914 

sites are globally enriched for known binding motifs, we re-calculated the confidence score using the same e 915 

score (number of C>U read conversions over the total coverage across all C's within a window) across all 51nt 916 

windows surrounding each candidate edit site and filtered these windows using various scores (0.99 and 0.999). 917 

We performed de-novo motif finding using HOMER (v4.9.1) using these filtered windows and a shuffled 918 

background for each UTR, CDS, intron, and total genic region (findMotifs.pl foreground.fa fasta outloc -nofacts -919 

p 4 -rna -S 20 -len 6 -noconvert -nogo -fasta background.fa).  920 

Figure 2C: Similar analysis was performed as in Figure 1G, using reproducible ENCODE eCLIP peaks derived 921 

from K562 cells (ENCSR483NOP). Figure 2D: e scores calculated across all exons of genes for both RBFOX2-922 

STAMP and merged SLBP-STAMP triplicates were plotted along the X and Y axes, respectively. Blue highlights 923 

genes that were found to be eCLIP (CDS + 3'UTR, n=342) targets in RBFOX2, while purple highlights histone 924 

genes containing the UUUU motif.  Similar analysis was performed on each SLBP-STAMP triplicate A, B and C 925 

(Figure S2A). Figure 2F: Similar analysis was performed as in Figure 1G, comparing TIA1-STAMP-high to 926 

UUUUU-containing reproducible eCLIP peaks for TIA1 in 293T cells, n=271. Figure 2G: Similar to Figure 1H, 927 

using TIA1-STAMP-high.  928 

Figure 3C-F: RPS2-STAMP at 0, 50, and 1000ng doxycycline treatments compared to corresponding control-929 

STAMP datasets were compared across genesets taken from GSE112353 and [4]. From GSE112353, genes 930 



were ranked in descending order according to their replicate-averaged TPM-normalized occupancy counts. To 931 

consolidate annotations, transcripts that were found with the highest occupancy were kept. Additionally, only 932 

genes included in both our analysis (minimally expressed protein coding genes TPM>0 in either RPS2- or 933 

control-STAMP, n=16,128) and the GSE112353 dataset (n=19,724) were used. The remaining genes (n=15,485) 934 

were quartiled according to occupancy score, such that "quartile 1" represents genes with the highest ribosome 935 

occupancy. e score across exons within these quartiles were compared using a Wilcoxon rank-sum test to 936 

determine significance. Similar comparisons were done using normalized occupancy ratios from [4] (using X3 937 

values, which closely approximate native ribosome occupancy levels in 293T cells). Figure 3G: Metagene 938 

profiles comparing edits (conf ≥ 0.5) in RPS2-, RBFOX2-, and control-STAMP were generated using metaPlotR 939 

(https://github.com/olarerin/metaPlotR) with the highest occupancy via ribo-seq transcripts from GSE112353. 940 

Similar to the methods as described in Figure 3C-F, the top quartile transcripts were used, although no 941 

expression filtering or transcript-to-gene mapping was needed as transcript-level annotations were required (Q1 942 

n=4,677).  Figure 3H: Metagene plots were generated in similar fashion to Figure 3G, comparing all replicates 943 

of Torin-1 treated RPS2-STAMP, RPS2-STAMP untreated. Since sequencing depth varied among these 944 

batches, these datasets were first downsampled to 10 million reads using Samtools view prior to this comparison. 945 

Figure 3I: Similar to Figure 3C-F, using Torin-1 treated RPS2-STAMP vs RPS2-STAMP untreated. Figure S3B: 946 

Similar to Figure 3I, using Torin-1 treated control-STAMP, untreated control-STAMP.  947 

Figure 5A-B: To compare single-cell RBFOX2-STAMP with its bulk counterpart, we compared the fraction of 948 

edited sites (844 ORF-containing barcodes aggregated and treated as a single “bulk” sample) to the number of 949 

C’s found across the 3’UTRs of all expressed genes in the bulk dataset. To do this, we first transformed the list 950 

of filtered edits (conf ≥ 0.9) into BAM format with Bedtools bedToBam, then used featureCounts to count the 951 

number of edits across 3’UTR regions taken from [cellranger reference data]. We then divided the number of 952 

3’UTR edits by the number of C’s using Bedtools getfasta across the same 3’UTR coordinates. R2 Pearson 953 

correlation across these fractions was computed to determine similarity between the two datasets. Figure 5D: 954 

Edits were called from groups of randomly selected RBFOX2-capture sequence barcodes (n=1..49, 100, 200, 955 

300, 400, 500, 600, 700, 800, 844 cells) and processed as described in Figure 1F-H, resulting in a set of fasta 956 

sequences corresponding to each 51nt edit window as well as a corresponding random background. This was 957 

repeated 10 times. HOMER was then run on each of the 580 real/random sequences to find enriched de-novo 958 

motifs. The most significant motif that most resembled the canonical RBFOX2 motif (UGCAUG) was then used 959 

as a pivot, and significance was re-calcuated for this motif for each foreground/background group and trial 960 

(findMotifs.pl foreground.fa fasta output/ -nofacts -p 4 -rna -S 20 -len 6 -noconvert -nogo -known -fasta 961 

background.fa -mknown UGCAUG.motif). Irreproducible Discovery Rate (IDR) was employed to determine 962 

reproducible edit windows between experimental replicates (Li Q et al., Annals of Applied Statistics. 2011). After 963 

pre-filtering SAILOR outputs for a minimum confidence score (≥ 0.5), we created 51nt windows around candidate 964 

C>U sites and calculated reproducibility scores for each window using IDR (v2.0.2). Scaled score (-965 

125*log2(IDR_score)) were converted to linear values and plotted, with unscaled scores ≤ 0.05 considered as 966 

reproducible sites.    967 



 968 

RNA Isolation and PolyA selection for Nanopore Sequencing 969 

At 80% confluency in 10cm plates, cells were washed with PBS and harvested in 1mL of TRIzol reagent (Thermo 970 

Fisher) or Direct-zol kit with DNase treatment (Zymo Research). Total RNA was extracted following the 971 

manufacturer’s protocol. 20ug of total RNA was poly-A selected using a poly-A magnetic resin kit (NEB E7490L). 972 

RNA was then analyzed by high-sensitivity RNA Tapestation (Agilent #5067-5579) to confirm poly-A selection 973 

and RNA quality. 974 

 975 

Direct RNA Nanopore Sequencing 976 

500ng of poly-A selected RNA was used as input for the Nanopore direct RNA sequencing kit (SQK-002). RNA 977 

was prepared following the manufacturer’s protocol. Sequencing was carried out on an Oxford Nanopore Minion-978 

101B using R9.4.1 flow cells for ~48 hours. Data was base called in real time using a Dell Precision 7820 Tower 979 

with the Oxford Nanopore Guppy base caller. The RBFOX2-APOBEC sample was sequenced twice and reads 980 

pooled. Total reads (in millions) passing default filters were: RBFOX2=1.7, APOBEC_control= 0.8. 981 

 982 

Direct cDNA Nanopore Sequencing 983 

100ng of poly-A selected RNA was used as input for the Nanopore direct cDNA sequencing kit (SQK- DCS109). 984 

cDNA was prepared following the manufacturer’s protocol. Sequencing was carried out on using Oxford 985 

Nanopore PromethION flow cells (FLO- PRO002) for ~48 hours. Data was base called in real time on the 986 

PromethION Guppy base callers with the high accuracy setting. Total reads (in millions) were: RBFOX2=24.9, 987 

APOBEC_control= 8.4. 988 

 989 

Nanopore Read Base and Edit Calling 990 

All Nanopore reads were aligned to both hg19 and ENSEMBL’s cDNA reference genomes using Minimap2 [5] 991 

with default RNA parameters. Theses alignments are referred to genomic and cDNA respectively. Edits were 992 

called using Bcftools mpileup with settings “-Q 5 -d 8000 -q 1” followed by filtering each position for reference C 993 

positions on the appropriate strand. cDNA alignments were assumed to be positive stranded and genome 994 

alignments were intersected with gene annotations to determine strand. Sites with ambiguous strand information 995 

and/or fewer than 10 reads were removed. Edit fractions were determined for sites with C to U mutations by the 996 

fraction (# of mismatches)/(#of mismatches + # of matches). Confidence scores and SNP removal were done 997 

via custom implementation of the SAILOR scripts. A final list of RBFOX2 sites was made by subtracting all sites 998 

found in the APOBEC control with a confidence score of 0.99 or greater. Isoform specific binding were detected 999 

by summing the number of RBFOX2 unique sites and all sites identified in the APOBEC control. The top two 1000 

expressing isoforms, as determined by average coverage across C positions with at least 10 reads, were 1001 

selected for further analysis and isoforms comparing the largest difference in edits were compared by hand. 1002 

 1003 

Single cell RNA-seq 1004 



For the single cell RNA sequencing of transduced cells. Following 72 hours of doxycycline treatment (1 µg/mL), 1005 

cells were trypsinized (TrypLE, Invitrogen), counted and resuspended at a density of 1,000 cell/µL in 0.04% BSA 1006 

in PBS.  Single cells were processed through the Chromium Single Cell Gene Expression Solution using the 1007 

Chromium Single Cell 3’ Gel Bead, Chip, 3’ Library and 3’ Feature Barcode Library Kits v3 (10X Genomics) as 1008 

per the manufacturer’s protocol.  Sixteen thousand total cells were added to each channel for a target recovery 1009 

of 10,000 cells.  The cells were then partitioned into Gel Beads in Emulsion in the Chromium instrument, where 1010 

cell lysis and barcoded reverse transcription of RNA occurred, followed by amplification with the addition of 1011 

“Feature cDNA Primers 1” (for the mixed RBFOX2:TIA1-STAMP), fragmentation, end-repair, A-tailing and 5’ 1012 

adaptor and sample index attachment as indicated in the manufacturer’s protocol for 3’ expression capture.  3’ 1013 

feature barcode libraries were prepared as described by the manufacturer’s protocol, following cDNA 1014 

amplification, the Ampure cleanup supernatant was saved, amplified with Feature and Template Switch Oligo 1015 

primers and finally indexed. Agilent High Sensitivity D5000 ScreenTape Assay (Aglient Technologies) was 1016 

performed for QC of the libraries.  3’ polyA and feature libraries were sequenced on an Illumina NovaSeq 6000.  1017 

For 3’ polyA de-multiplexing, alignment to the hg19 and custom hg19 + lentiviral-genes transcriptomes and 1018 

unique molecular identifier (UMI)-collapsing were performed using the Cellranger toolkit (version 2.0.1) provided 1019 

by 10X Genomics.  Cells with at least 50,000 mapped reads per cell were processed.  Analysis of output digital 1020 

gene expression matrices was performed using the Scanpy v1.4.4 package [6].  Matrices for all samples were 1021 

concatenated when necessary and all genes that were not detected in at least 0.1% of single cells were 1022 

discarded. Cells with fewer than 1,000 or more than 7,000 expressed genes as well as cells with more than 1023 

50,000 unique transcripts or 20% mitochondrial expressed genes were removed from the analysis.  The only 1024 

exception for these filters was for the NPC:HEK293T samples for which only cells with over 25% mitochrondrial 1025 

genes were filtered out and cell doublets were removed with Scrublet. Transcripts per cell were normalized to 1026 

10,000, added a unit and logarithmized (“ln(TPM+1)”) and scaled to unit variance (z-scored).  Top 2,000 variable 1027 

genes were identified with the filter_genes_dispersion function, flavor=’cell_ranger’.  PCA was carried out, and 1028 

the top 40 principal components were retained.  With these principal components, neighborhood graphs were 1029 

computed with 10 neighbors and standard parameters with the pp.neighbors function. Single cell scores for cell 1030 

cycle genes were computed with the tl.score_genes_cell_cycle function. Single cell edits were called by first 1031 

computing the MD tag from Cellranger outputs (possorted_genome_bam.bam) using Samtools calmd and 1032 

splitting every read according to their cell barcode. SAILOR, e score and motif analysis were run for each cell in 1033 

similar fashion to bulk RNAseq. Reads belonging to each cluster of barcodes were combined using a custom 1034 

script and treated similarly.  Analysis of output digital gene edit matrices was performed using the Scanpy v1.4.4 1035 

package [6].  Matrices for all samples were concatenated and all genes that were not edited in at least 2 single 1036 

cells were discarded, leaving 1,061, 1,053, 1,748, 1,542, 1,949 and 1,862 edited genes for further analyses for 1037 

NPC:HEK293T-control-, NPC:HEK293T-RBFOX2-, HEK293T-control-, HEK293T-RBFOX2:TIA1-, HEK293T-1038 

RPS2-STAMP and RPS2-cluster, respectively. Cells with fewer than 10 edited genes were removed from the 1039 

analysis. e scores for each cell were normalized to 10,000, added a unit and logarithmized (“ln(TPM+1)”) and 1040 

scaled to unit variance (z-scored).  PCA was carried out, and the top 40 principal components were retained.  1041 

With these principal components, neighborhood graphs were computed with 10 neighbors and standard 1042 



parameters with the pp.neighbors function. Louvain clusters were computed with the tl.louvain function and 1043 

standard parameters.  Following visual inspection, subsets of Louvain clusters were merged guided by their 1044 

overlap (or lack thereof) with control-STAMP cells in order to define RBP-specific clusters. Single cell and mean 1045 

e scores per sample heatmaps were generated with the pl.heatmap and pl.matrixplot functions, respectively. 1046 

Single cell scores for cell cycle genes and for comparisons with Park et al. [7] were computed with the 1047 

tl.score_genes_cell_cycle and tl.score_genes function respectively. Differentially edited genes were determined 1048 

for each set of Louvain (or modified) clusters with the tl.rank_gene_groups function (method=’wilcoxon’). Gene 1049 

ontology enrichment analysis and PPI hub analysis was performed through the Enrichr Gene Ontology 1050 

enrichment tool (http://amp.pharm.mssm.edu/Enrichr/) [8]. 1051 
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Figures

Figure 1

RBFOX2-STAMP enriches C-to-U edits at RBFOX2 binding sites.A) Surveying Targets by APOBEC
Mediated Pro�ling (STAMP) strategy fuses rat APOBEC1 module to an RBP of interest to deposit edits at
or near RBP binding sites. C-to-U mutations from either APOBEC1-only control (control-STAMP) or RBP
fusion (RBP-STAMP) can be detected by standard RNA-sequencing and quanti�ed using our SAILOR
analysis pipeline. B) Integrative genome viewer (IGV) browser tracks showing RBFOX2 eCLIP peaks on
the target gene APP, compared with control- and RBFOX2-STAMP signal and SAILOR quanti�ed edit



fraction for increasing induction levels of fusions (doxycycline: 0ng = none, 50ng = low, or 1μg/ml = high,
72 hours) C) IGV tracks showing 72-hour high-induction control- and RBFOX2-STAMP signal on the APP
target gene at increasing con�dence levels. D) RBFOX2-STAMP replicate correlations for the number of
edits (con�dence level ≥ 0.5) per target (p values assessed with two-sided test with R beta distribution) E)
Edit frequency distribution within a 400 bp window �anking RBFOX2 binding-site motifs for RBFOX2-
STAMP and control-STAMP (background) F) Fraction of RBFOX2 motif-containing eCLIP peaks in 3’UTR
and CDS regions with increasing numbers of ≥ 0.99 con�dence edits compared to size-matched
randomized regions outside of eCLIP peaks, z-scores reported above bars G) Fraction of RBFOX2 motif-
containing eCLIP peaks or random regions, as in G, with increasing edit fraction score (e score)
thresholds H) Motif enrichment using HOMER and shu�ed background on combined control- or RBFOX2-
STAMP ≥ 0.99 con�dence level edit windows for increasing RBFOX2-STAMP induction levels.

Figure 2

SLBP-STAMP and TIA1-STAMP expression enriches edits on respective targets. A) IGV tracks showing
replicate SLBP-STAMP edit fractions at no- and high-induction (doxycycline: 0ng = none or 1μg/ml = high,
72 hours) on the target histone gene H1-2 compared to SLBP eCLIP, highlighting SLBP-bound histone
stem loop B) IGV tracks as in A showing replicate SLBP-STAMP edit fractions on the target histone gene
H4C12 compared to SLBP eCLIP C) Fraction of SLBP eCLIP peaks or random regions with increasing e



score thresholds, z-scores reported above bars D) Scatterplot comparing e score for merged replicate
high-induction SLBP-STAMP with histone gene targets (magenta, n = 89) highlighted compared to high-
induction RBFOX2- STAMP e score and RBFOX2 eCLIP peak containing genes (blue, n = 342) highlighted
E) browser tracks showing TIA1 eCLIP peaks on the target gene TMCO1, compared with replicate TIA1-
STAMP edit fraction for increasing induction levels of TIA1-STAMP F) Fraction of TIA1 eCLIP peaks or
random regions with increasing e score thresholds, z-scores reported above bars G) Motif enrichment
using HOMER and shu�ed background on combined TIA1-STAMP ≥ 0.999 con�dence level edit windows
for high TIA1-STAMP induction levels

Figure 3

Ribo-STAMP edits mark highly translated coding sequences. A) IGV browser tracks displaying coding
sequence edit frequency from control, RPS2-STAMP, and RPS3-STAMP at no-induction or 72-hour



highinduction on the ATP5BP gene locus. RPS3 eCLIP and input reads are shown for comparison. B) IGV
browser tracks as in A on the noncoding RNA MALAT1, showing no enrichment for RPS3 eCLIP or RPS2-,
RPS3- STAMP. C) Comparison of gene quartiles ranked by ribosome occupancy (ribo-seq) with e score
from increasing levels of RPS2-STAMP and control-STAMP (Q1, Q2 p < 1e-300 for low and high RPS2-
STAMP, Wilcoxon rank-sum) D) Comparison of gene quartiles ranked by ribosome occupancy (RiboLace)
with e score from high induction of RPS2-STAMP (Q1-Q3 p < 1e-300, Wilcoxon rank-sum) E) Comparison
of gene quartiles ranked by ribosome occupancy (polysome pro�ling) with e score from high induction of
RPS2-STAMP (Q1-Q4 p < 1e-300, Wilcoxon rank-sum) F) Comparison of gene quartiles ranked by
ribosome occupancy (ribo-seq) with e score from high induction of RPS3-STAMP (Q1,Q2 p < 1e-300,
Wilcoxon rank-sum) G) Metagene plot showing edit (≥ 0.5 con�dence level) distribution for high-induction
RPS2-STAMP compared to control-STAMP and RBFOX2- STAMP across 5’UTR, CDS and 3’UTR gene
regions for the top quartile (n=4,931) of ribosome occupied genes (ribo-seq) H) Metagene plot showing
edit (≥ 0.5 con�dence level) distribution for untreated 48-hour high-induction RPS2-STAMP compared to
replicate Torin-1 treated 48-hour high-induction RPS2-STAMP across 5’UTR, CDS and 3’UTR gene regions
for the top quartile of ribosome occupied genes (ribo-seq, n = 4931 genes) I) Comparison of e score from
untreated 48-hour high-induction RPS2-STAMP compared to Torin-1 treated 48- hour high-induction
RPS2-STAMP showing signi�cant signal reduction for top ribosome occupied quartile genes containing
Torin-1 sensitive TOP genes as detected by ribo-seq (Q1 p = 3.9 e-98, Wilcoxon rank-sum), RiboLace (Q1 p
= 8.4 e-87, Wilcoxon rank-sum) and polysome pro�ling (Q1 p = 1.2 e-54, Wilcoxon rank-sum).



Figure 4

Long-read STAMP reveals isoform speci�c binding pro�les. A) IGV tracks showing RBFOX2 eCLIP peak
on the target gene APP, compared with 72-hour high-induction control- and RBFOX2-STAMP SAILOR
quanti�ed edit fractions for both long-read (Oxford Nanopore) direct RNA, direct cDNA, and short read
(NGS) outputs B) Heatmap of control- and RBFOX2-STAMP ≥ 0.99 con�dence level edit counts (log2) on
the 2 primary isoforms for 1631 RBFOX2 eCLIP target genes ranked by signal form control-STAMP on
isoform 1 C) IGV tracks showing RBFOX2 eCLIP peaks on the 2 primary isoforms of the target gene UNK,
compared to control- and RBFOX2-STAMP edit fraction and variant colored read coverage for both long-
read direct cDNA and short-read outputs D) IGV tracks as in C showing control- and RBFOX2-STAMP
direct cDNA outputs in the UNK gene focusing only on cDNA alignments for the 2 primary isoforms.



Figure 5

Detection of RBP-RNA targets at single-cell resolution A) Edit fraction comparison of bulk 72-hour high-
induction control- and RBFOX2-STAMP with single-cell control and RBFOX2-STAMP across the top 200
genes ranked by transcripts per million (TPM) from bulk RBFOX2- STAMP RNA-seq. B) Scatterplot of ≥
0.9 con�dence edits divided by all C’s across gene 3’UTRs (n = 15832) for bulk and single-cell RBFOX2-
STAMP showing high correlation (p value assessed with two-sided test with R beta distribution) C) IGV
tracks showing the RBFOX2 eCLIP peak on the target gene UQCRH, compared with RBFOX2-STAMP edit
fractions for the top 10 control- and RBFOX2-STAMP cells ranked by summed e scores D) -log10 of p-
values (n = 10 trials) for motifs extracted by HOMER (v4.9.1) using RBFOX2-STAMP ≥ 0.99 con�dence
level edits from randomly sampled cells showing RBFOX2 motif detection to 1 cell resolution.



Figure 6

Deconvolution of multiple RBPs and cell-type speci�c targets A) Uniform Manifold Approximation and
Projection (UMAP) analysis of gene expression from merged 72-hour high-induction RBFOX2:TIA1-
STAMP cells with capture sequence RBFOX2-STAMP (blue, n = 854) and TIA1-STAMP cells (red, n = 527)
highlighted B) UMAP analysis using e score rather than gene expression after merging 72-hour high-
induction control-STAMP cells (orange) C) UMAP plot as in B color-coded by e score Louvain clustering



into RBFOX2-cluster (blue), TIA1-cluster (red) and background-cluster (gray) populations with control-
STAMP cells (orange) overlaid D) Heatmap of normalized e score signatures for RBFOX2- and TIA1-
cluster cells compared to control-STAMP and background-cluster cells on the top 25 differentially edited
gene targets. E) IGV browser tracks showing SAILOR quanti�ed edit fractions for the top 5 control-,
RBFOX2-, and TIA1-STAMP cells (ranked by summed e scores) on the NPM1, BTF3 and CFL1 gene
targets F) UMAP analysis of merged 72-hour high-induction RBFOX2-STAMP mixed NPC and HEK293T
cells clustered by expression G) UMAP analysis as in F using e score H) e score distribution summarized
by violin plot for HEK293T and NPC de�ned cell populations for the top differentially edited genes I)
Violin plots as in H summarizing expression rather than e score J) IGV browser tracks showing edit
fractions and read coverage for the top 5 control- and RBFOX2- STAMP cells (ranked by summed e
scores) on the RPL14 and RPL13A gene targets



Figure 7

Ribosome-STAMP reveals ribosome occupancy from individual cells. A) UMAP plot color-coded by e
score Louvain clustering into background-cluster (orange), RBFOX2-cluster (blue), TIA1-cluster (red), and
RPS2-cluster (green) from merged 72-hour high-induction STAMP experiments B) Scatterplot of ≥ 0.9
con�dence edits divided by all C’s across gene 3’UTRs for bulk RPS2-STAMP and single-cell RPS2-STAMP
(RPS2-cluster, n = 15044 genes) showing high correlation (p value assessed with two-sided test with R
beta distribution) C) Comparison of gene quartiles ranked by ribosome occupancy (ribo-seq) with e score
from single cell RPS2-STAMP and single-cell control-STAMP (Q1, Q2 p < 1e-300, Q3 p = 4.7e-306,
Wilcoxon rank-sum) D) Heatmap of normalized e score signatures for RPS2-cluster, RBFOX2-cluster and



TIA1-cluster cells compared3 to background-cluster cells on the top 15 differentially edited gene targets
E) Metagene plot showing distribution for aggregate cell edits (≥ 0.5 con�dence level) from control-
STAMP, RPS2-cluster, TIA1-cluster, and RBFOX2- cluster cells across 5’UTR, CDS and 3’UTR gene regions
for the top quartile of ribosome occupied genes (ribo seq, n = 4,931 genes) F) IGV browser tracks showing
edit fractions for the top 10 control-, RPS2-, RBFOX2-, and TIA1-STAMP cells (ranked by summed e
scores) on the RPL12, RPL30 and RPL23A gene targets G) UMAP plot of e score Louvain clustering into 6
RPS2-cluster subsets H) UMAP plot as in G showing showing RPS2- STAMP expression I) Heatmap of e
score signatures for RPS2-cluster subsets on the top differentially edited gene targets in the G2M cell
cycle phase J) UMAP analysis of RPS2-cluster subsets showing edit signature for transcripts with
enriched M phase ribo-seq signal (Park et al. gene-set 2) edited by RPS2-cluster subset 1 and 5
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