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Abstract

Cytidine (C) to Uridine (U) RNA editing is a post-transcription modification that is involved in 

diverse biological processes. APOBEC1 (A1) catalyzes the conversion of C-to-U in RNA, which 

is important in regulating cholesterol metabolism through its editing activity on ApoB mRNA. 

However, A1 requires a cofactor to form an “editosome” for RNA editing activity. A1CF and 

RBM47, both RNA-binding proteins, have been identified as cofactors that pair with A1 to form 

editosomes and edit ApoB mRNA and other cellular RNAs. SYNCRIP is another RNA-binding 

protein that has been reported as a potential regulator of A1, although it is not directly involved in 

A1 RNA editing activity. Here, we describe the identification and characterization of a novel 

cofactor, RBM46 (RNA-Binding-Motif-protein-46), that can facilitate A1 to perform C-to-U 

editing on ApoB mRNA. Additionally, using the low-error circular RNA sequencing technique, we 

identified novel cellular RNA targets for the A1/RBM46 editosome. Our findings provide further 
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insight into the complex regulatory network of RNA editing and the potential new function of A1 

with its cofactors.

Graphical abstract

Introduction

The APOBEC deaminase family plays a crucial role in a diverse array of biological 

functions by catalyzing the conversion of Cytidine (C) to Uridine (U) on RNA and/or DNA 

[1–3]. The first instance of C-to-U RNA editing was documented in the ApoB mRNA at 

position 6666, leading to the creation of an early stop codon and the production of two 

distinct ApoB protein isoforms: ApoB100 and ApoB48, which are implicated in lipid and 

cholesterol metabolism [4–7]. This RNA editing event is observed in the small intestine of 

humans and in both the small intestine and liver of mice [8]. APOBEC1 (A1) is responsible 

for this ApoB RNA editing. A1 requires a cofactor to form a so-called “editosome” complex 

to show obviously detectible RNA editing activity. The first cofactor identified is called A1 

complement factor (A1CF), which is shown to interact with A1 and regulate lipid uptake and 

metabolism [9–11]. A second cofactor, RNA-Binding-Motif-protein-47 (RBM47), has later 

been identified to enable A1 RNA editing [12–15]. The possibility of the existence of other 

RNA binding protein cofactors for A1 has been proposed [16]. Both A1CF and RBM47 

contain conserved RNA-recognition motifs (RRM) that directly interact with RNAs [17]. 

These proteins are conserved across multiple species and are involved in various biological 

functions [18–20]. While A1CF and RBM47 are homologous proteins and share many 

RNA substrates for A1 editing, they also showed different substrate specificity and editing 

efficiency when paired with A1 in both in vitro and in vivo studies [15, 21].

In addition to A1CF and RBM47, another homologous RNA binding protein called 

SYNCRIP (Synaptotagmin Binding Cytoplasmic RNA Interacting Protein) is reported to 

inhibit A1-mediated ApoB RNA editing possibly by binding to and sequestering A1CF, 

A1, or ApoB RNA [22]. This finding suggests that the A1-mediated RNA editing activities 
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may be regulated by more cellular cofactors in different ways than previously anticipated. 

In addition to ApoB RNA, A1 and cofactors are shown in recent years to edit some other 

cellular RNAs in different types of cells [23–26], indicating that A1-mediated RNA editing 

may have a much broader range of yet-to-be-characterized biological functions.

In this study, we have identified RBM46 (RNA-binding-motif-protein-46) as a novel 

cofactor of A1 for RNA editing and have characterized its essential functional domains 

for enabling A1 to perform RNA editing activity. Using the low-error circular RNA seq 

technique [27], we have also identified cellular RNA substrates for A1/RBM46 editosome, 

and have characterized the critical RNA sequence features as the preferred substrate for 

A1/RBM46 and other A1 editosomes. The identification of RBM46 as a cofactor for 

A1-mediated RNA editing expands our understanding of the A1-mediated RNA editing 

mechanism and provides new insights into the biological functions of A1 and its cofactors.

Result

RBM46 is a bone-fide A1 complimentary factor that mediates C-to-U editing

To identify new A1 complementary cofactors for its RNA editing activity, we performed 

protein-protein BLAST using A1CF and RBM47 sequences. The BLAST result of this 

analysis showed that, SYNCRIP and RBM46 share a relatively high homology. The 

homology of RBM46 isoform 1 for the first 406 residues shows more than 70% sequence 

identity with RBM47, and 68% sequence identity with A1CF (Suppl. Table 1). SYNCRIP 

has been previously reported as a negative regulator of A1 for RNA editing, but its exact 

role is not well understood. Here we investigated the function of both RBM46 isoform 1 

and SYNCRIP in assisting A1 RNA editing using our previously described cell-based RNA 

editing assay system [21, 28].

In this cell-based assay system, an editing vector and a reporter vector were co-transfected 

into HEK293T cell. The editing vector contains human A1 and a potential cofactor (RBM46 

or SYNCRIP) (Fig. 1A), in which A1, eGFP, RBM46 or SYNCRIP, and mCherry are 

all translated within a single open reading frame. The editing vector also contains the 

self-cutting 2A peptide between A1 and RBM46/SYNCRIP, which produces individual A1 

and RBM46/SYNCRIP in a 1:1 ratio [21, 29]. The reporter vector contains a 48-nt ApoB 

RNA fragment containing editing the A1/cofactor site located downstream of the eGFP 

coding sequence (Fig. 1A). An AAV intron was inserted into the middle of eGFP to identify 

mature mRNA transcripts with the intron spliced out and differentiate from the DNA coding 

for the unspliced RNA containing introns. The protein expression in the HEK293T cells 

after transfection is examined by Western blot (Sup. Fig. 1A). After cDNA synthesis from 

the purified RNA extracted from the cells transfected with both the editor and reporter 

constructs, a primer that anneals to the exon-exon junction on the mature mRNA is used to 

amplify the ApoB RNA by PCR, ruling out the direct C-to-U mutation on the DNA by A1 

(Fig. 1A). The amplified ApoB RNA was subjected to Sanger Sequencing to examine the 

C-to-U editing by A1 paired with RBM46 or SYNCRIP in the transfected cells. The Sanger 

Sequencing chromatogram clearly revealed that A1+RBM46 pair showed C-to-U editing 

activity, with ~65% editing rate on the target C site, but A1+SYNCRIP pair did not show 

C-to-U editing on the site (Fig. 1B–C). As controls, A1, RBM46, or SYNCRIP alone did not 
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show C-to-U editing on the target C site, and A1+A1CF or A1+RBM47 showed over 75% or 

90% editing rates, respectively (Fig. 1B–C).

To validate the results from the cell-based assay system, a primer extension assay [30] was 

also applied to examine the in vitro editing activity of purified proteins of A1 paired with 

RBM46 and in parallel with A1CF, RBM47, and SYNCRIP. Consistent with the Sanger 

Sequencing result, the presence of ApoB RNA alone or individual A1, A1CF, RBM47, 

RBM46, or SYNCRIP does not show detectible editing on ApoB RNA, whereas A1 paired 

with RBM46, A1CF, or RBM47 all showed RNA editing (Fig. 1D). This result suggests that 

RBM46 is a bone-fide cofactor (or complementary factor) to facilitate A1’s RNA editing 

activity on ApoB RNA, while SYNCRIP cannot facilitate A1 RNA editing.

Comparing the editing rate of RBM46 with other known A1-cofactors on different RNAs

Previous reports showed that RBM47 and A1CF can complement A1 to edit many other 

RNA substrates with different editing efficiency [21, 23, 31, 32]. We want to compare 

the editing rate of A1+RBM46 with A1 plus other known cofactors on a few previously 

reported RNA substrates using the cell-based assay system. Various reporter constructs were 

generated to contain an insertion of a 48-nt RNA segment of the eight known RNA targets 

from mice genes as described previously for the cell-based RNA-editing assay [21], and 

those RNA targets were previously shown to be edited by human A1 and A1CF/RBM47 

cofactors [21, 23, 32].

The results of these editing assays of A1 paired with its different cofactors (RBM46, A1CF, 

RBM47, and SYNCRIP) are summarized in Fig 2A–B. The data illustrates that when A1 

is paired with RBM46, there is a notable increase above the background levels in editing 

activity for ApoB, Ptpn3, and Fmn1. Conversely, no significant increase in editing activity 

above the background was observed when A1 was paired with SYNCRIP. However, A1 

paired with different cofactors showed different editing rates on different substrates. ApoB 

RNA, Ptpn3, Fmn1, and Usp25 RNA showed the highest editing with cofactor RBM47, and 

the lowest editing activity with RBM46. Serinc1 RNA showed a similar editing level with 

A1CF or RBM47, but no editing with RBM46. Dpyd RNA only showed a low level of 

editing with A1CF. Cd36 and Sh3bgrl RNA showed some level of editing with RBM47, and 

Sh3bgrl RNA also showed a lower level of editing with A1CF. Csp6 RNA displayed a low 

level of editing with A1CF, RBM47, and RBM46, but a little higher level of editing with 

RBM47. Those data suggest that the editing efficiency on these different substrates by A1 is 

regulated by different cofactors.

To examine whether the sequence outside the 48-nt segment of the target RNA will 

significantly impact the secondary structure of the target RNA and editing efficiency, we 

compared the editing rate of a 96-nt RNA fragment with thee 48-nt fragment in the 

containing ApoB_RNA and Ptpn3_RNA (Fig. 2C). The results in Fig. 2D showed that 

ApoB-96nt RNA substrate showed a significantly higher editing level than ApoB-48nt RNA 

with cofactor RBM46 and A1CF, and a similar editing level with RBM47. Ptpn3-96nt RNA 

showed a significantly higher editing level than Ptpn3-48nt RNA with all three cofactors. 

In addition, ApoB-96nt RNA also showed a significantly higher editing level by A1 alone 

and A1 paired with SYNCRIP, and the editing activity might be cofactor independent or 
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A1 is paired with other yet to be identified protein co-factors [33]. Those data confirm that 

previously known RNA candidates of A1 and A1CF/RBM47 can be also edited by A1 and 

its novel cofactor, RBM46, and that the length of the tested RNA segment between 48-nt and 

96-nt can affect the editing efficiency in a quantitative manner for some substrates.

RBM46 domains essential for complement A1 RNA editing activity

Several studies have already characterized the A1/A1CF and A1/RBM47 interaction and 

determined the minimal functional domains of A1CF and RBM47 required for facilitating 

A1 RNA editing [14, 21, 34, 35]. RBM46 is a 533 amino acid RNA binding protein that 

contains 3 RNA-recognition-motif (RRM 1–3) (Fig. 3A). The RRM is highly conserved in a 

large family of RNA binding proteins, including A1CF and RBM47 [17]. To characterize the 

domain of RBM46 required to complement A1 RNA editing, a series of C-terminal deletions 

of the full-length RBM46 in the editor construct were generated (Fig. 3B) for the cell-based 

editing assay. The results showed that no editing activity was observed when A1 was paired 

with the two shortest C-terminal deletions of RBM46 1–281 and 1–306 (Fig. 3C). A1 paired 

with RBM46 1–341 and 1–369 showed a partial editing activity (Fig. 3C). Almost full 

editing activity can be achieved when A1 paired with other longer RBM46 constructs with 

shorter C-terminal deletions (Fig. 3C). Those results indicate that RBM46 domain between 

amino acid 281 and 341 are essential, and this domain contains RRM3.

To investigate whether the physical interactions of A1 with RBM46 depend on RBM46 

domain between amino acid 281 and 341, FLAG-tagged A1 was co-transfected with 

HA-tagged RBM46 with deletion of amino acid 281 to 341 into HEK293T cells. 

Co-immunoprecipitation followed by Western blot analysis was used to examine the 

interactions. The co-immunoprecipitation was performed with or without RNase A treatment 

of the cell lysate to evaluate the RNA contribution to the physical interactions. The results 

showed that FLAG A1 interacted with RBM46 missing amino acid 281–341 with or without 

RNase A treatment (Fig. 3D), suggesting that the interactions of A1 with RBM46 are not 

dependent on RBM46 domain between amino acid 281–341.

To assess the significance of each individual RRM domain in A1 RNA editing, we created 

variants of the RBM46 editor construct, each lacking one or more of the RRM domains 

(RRM1, RRM2, RRM3, or both RRM1 and RRM2). We then conducted a cell-based editing 

assay on ApoB RNA. Our findings revealed that the absence of the RRM1 domain in 

RBM46 resulted in an editing level comparable to the full-length RBM46 (Fig. 3E). In 

contrast, when RRM2, RRM3 (amino acids 281–341 of RBM46), or both RRM1 and RRM2 

were removed, there was no discernible editing activity above the baseline (Fig. 3E). This 

suggests that while the RRM1 domain is not crucial, both RRM2 and RRM3 are essential 

for RBM46’s role in enhancing A1 editing of ApoB RNA. Additionally, the C-terminal 

domain following RRM3 in RBM46 appears to contribute to the A1 editing process on 

ApoB RNA.

Role of cofactor the three RRMs in facilitating A1 RNA editing activity

The RRMs are highly conserved among the family of RRM-containing RNA binding human 

gene, which contains 337 annotated human gene [36], including A1CF, RBM47, RBM46, 
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and SYNCRIP (Suppl. Table 1) [17], and they are critical for facilitating A1 RNA editing 

activity. However, of these four proteins, only SYNCRIP cannot facilitate A1’s RNA editing 

activity. To better understand the roles of different RRMs in their ability to complement A1 

activity, we constructed SYNCRIP chimeras with its three RRMs replaced with the RRMs 

from RBM46 and RBM47 (Fig. 4B–C) and test their ability to complement A1 activity in 

the cell-based assay system.

The results revealed that the SYNCRIP chimeras with all its three RRMs replaced with 

those of RBM47 (SYNCRIP_RBM47-R1R2R3) or RBM46 (SYNCRIP_RBM46-R1R2R3) 

displayed RNA editing activity comparable to that with RBM47 or with RBM46 (Fig. 4C–

D). These results suggest that it is the three RRM domains that are critical domains for 

facilitating the A1-mediated RNA editing activity for ApoB RNA. The result also indicates 

that the SYNCRIP chimeras with the replacement of only one or two RRMs from RBM47 

and RBM46 also showed some level of RNA editing on ApoB RNA. A1 paired with 

SYNCRIP_RBM47-R1R3 showed similar but lower RNA editing activity than when A1 

paired with SYNCRIP_RBM46-R2R3 (Fig. 4C–D), indicating that the closely related R2 

and R3 of RBM46 and RBM47 have a different effect in complementing A1 RNA editing.

To further confirm the critical role of RRMs for A1-mediated RNA editing, we also 

generated RBM47 chimeras with its RRMs switched with those of SYNCRIP and examine 

the RNA editing in the presence of A1. The result showed that the replacement of RBM47 

RRM2 by SYNCRIP-RRM2 does not alter the editing activity, suggesting that RBM47 

RRM2 may be dispensable. (Sup. Fig. 2). When all three RRMs were replaced with those 

of SYNCRIP, the RBM47 chimera (RBM47_SYN-R1R2R3) showed only about 10% of 

the WT RBM47 activity. We showed earlier in Fig. 3E that RBM46-RRM1 is dispensable 

in A1+RBM46 RNA editing. These results demonstrate that the RRM domains in RBM46 

and RBM47 are important in supporting A1 RNA editing activity, and that the three RRM 

domains of RBM46 and RBM47 and SYNCRIP may serve distinct functions.

Subcellular localization and interaction of A1 and RBM46

A previous study reported that RBM47 and A1CF co-localize and interacts with A1 

in cells [14]. We investigated the subcellular localization of RBM46 alone and in the 

presence of A1 overexpression. A1-eGFP or A1 cofactor-mCherry (RBM46, together with 

A1CF, RBM47, and SYNCRIP) constructs were transfected in HEK293T cells individually 

or together and their subcellular localization was examined using confocal fluorescence 

microscopy. The results revealed that, when individually expressed alone, A1CF and 

SYNCRIP were predominantly localized in the nucleus. A1 appeared to have roughly equal 

distribution between the nucleus and cytoplasm, and RBM47 showed more abundant in the 

cytoplasm than in the nucleus, whereas RBM46 was mostly in the cytoplasm (Fig. 5A). 

When A1-eGFP was co-transfected with a cofactor-mCherry constructs in HEK293T cell, 

colocalization of A1 with each of the cofactors were observed in the cytosol or nucleus. 

However, except that the co-expression of A1 and A1CF results in an increase in the 

nuclear relocalization of A1, no obvious shifting of the localization of A1 or its other 

cofactors was observed when compared with expression alone. The fluorescent image result 

did not show strong co-localization in nucleus between A1-eGFP and RBM46-mCherry. 
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However, the merging of the eGFP and mCherry color suggests some level of co-localization 

of A1-eGFP with each of the co-expressed cofactors: A1CF-mCherry, RBM47-mCherry, 

RBM46-mCherry, and SYNCRIP-mCherry (Fig. 5B). When each of the three cofactors was 

co-transfected with another cofactor (a total of six pairs of cofactors), again no obvious 

shift of localization was observed for each pair. However, co-localization of RBM46-eGFP 

with RBM47-mCherry in the nucleus and cytosol suggests some shift of cytosol localized 

RBM46 to the nucleus might have occurred (Sup. Fig. 3), even though further study would 

be needed to confirm this observation.

To investigate the physical interactions of A1 with RBM46 and other cofactors, 

FLAG-tagged A1 was co-transfected with HA-tagged cofactors into HEK293T cells. 

Co-immunoprecipitation followed by Western blot analysis was used to examine the 

interactions. Because A1CF, RBM47, RBM46, and SYNCRIP are all RNA-binding proteins, 

the co-immunoprecipitation was performed with or without RNase A treatment of the cell 

lysate to evaluate the RNA contribution to the physical interactions. The results showed that 

FLAG A1 interacted with all four cofactors with or without RNase A treatment, suggesting 

that the interactions of A1 with these cofactors are not dependent on RNA (Fig 5C). Taken 

together, these results show that RBM46 co-localizes and interacts with A1 and can serve as 

a cofactor of the A1 RNA editosome complex.

Identification of novel RNA targets by A1+RBM46 using circular RNAseq

We further investigated potential cellular RNA targets for A1 and RBM46 editosome. The 

editor plasmid containing A1 and RBM46 was transfected in HEK293T cells. Total RNAs 

were extracted from the HEK293T cells 48 hours post-transfection and then subjected to 

a low error circular RNA sequence strategy as described in [27]. Comprehensive RNA 

sequence comparison between cells over-expressing A1 with RBM46 and cells without to 

examine A1+RBM46-dependent C-to-U RNA editing. We select an arbitrary cutoff of 30% 

C-to-U editing for further analysis.

Thirty RNA targets have been identified with sites of over 30% C-to -U editing rate by 

A1 and RBM46 (Table 1). These targets represent novel RNA substrates that have not 

been previously reported for A1 editing. To validate the circular RNA sequencing results, 

we used conventional Sanger Sequencing to analyze six RNA targets selected from the 

thirty identified RNAs (Table 1), including GMNN, PNRC2, FBXO28, PPM1D, STT3B, 

and RLF. The editing site in RLF is in the coding region, and the editing activity will 

result in threonine (ACA) to isoleucine (AUA) mutation. The editing sites in the other 

five RNA targets are in the 3’UTR region, and the consequence of such editing on the 

RNA expression, stability, and translation efficiency will require future investigation. Total 

endogenous RNAs were extracted from HEK293T cells after the over-expression of A1 

only and A1 paired with RBM46 and other cofactors A1CF and RBM47, and the cDNAs 

of these six RNAs were synthesized from the total RNA extraction for Sanger sequencing. 

The results showed that all six RNA targets were edited not only by A1+RBM46, but also 

by A1+A1CF and A1+RBM47 (Fig. 6A–B), validating the circular RNA sequence results. 

When comparing the editing level by A1 with different cofactors on different RNA targets, 

GMNN, PNRC2, FBXO2, and PPM1D showed much higher editing by A1+RBM46. In 
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contrast, STT3B and RLF showed a similar level of editing by each of the three A1+ 

cofactor pairs.

An AAA RNA sequence motif preferred by A1+RBM46

Previous study reported that the ApoB RNA editing by A1 and A1CF required mooring 

sequence that consists of the high content of U, G, and A located downstream of targeted 

C [37]. However, this mooring sequence requirement is shown to be more relaxed for A1 

with its cofactors [21, 38], and the exact features defining the preferred substrates of A1 and 

cofactors need further investigation. We also investigate the sequence motif near the target C 

sites for the RNA targets from Table 1 (n=30). Analysis of the sequence contexts around the 

identified target AC sites (with ± 10 nucleotides from target C) reveals AU-rich sequence on 

both sides of the targets, which is in line with the previous report that A1 preferred editing 

sites within AU-rich 3’-UTR region (Fig. 7A) [23]. Furthermore, the analysis also revealed 

that the AAA motif (or TTT on the – strand) is predominantly present at the −3, −4, and 

−5 positions among most of the 30 new RNA targets (Table 1 and Sup. Fig. 4). To verify 

the significance of the AAA motif at the −3 to −5 positions for A1+RBM46-mediated RNA 

editing, we selected 4 known RNA targets without AAA motif at the −3 to −5 positions, 

including ApoB, Serinc1, Fmn1, and Usp25, from Figure 2 [5, 21, 23], for mutational 

testing. The AAA motif at −3 to −5 positions was added to these RNA target sites by 

site-direct mutagenesis (ApoB RNA as an example in Fig. 7B) and the editing efficiency 

on these RNAs by A1 plus RBM46 and other cofactors was examined using the cell-based 

assay system.

The results showed that A1+RBM46 showed increased editing on all 4 substrates after 

adding AAA motif to the −3 to −5 positions, and a statistically significant increase of editing 

on 3 out of the 4 substrates, which include ApoB, Serinc1, and Usp25 (Fig. 7). A1+RBM47 

also showed a significant increase of editing on Serinc1 and Usp25, even though the increase 

is less profound than A1+RBM46. However, A1+A1CF did not show a significant increase 

in editing on any of the targets after adding the AAA motif. Surprisingly, A1 alone also 

showed significant increase of editing on ApoB_AAA target, probably because of low 

endogenous expression of RBM46 or other cofactors in HEK293T cells (Sup. Fig. 5).

We next tested the role for AAA motif using GMNN RNA, a novel RNA target containing 

the AAA motif identified for A1+RBM46 (Table 1). The original AAA motif in GMNN 

was mutated to AUA, UUA, and UUU for editing test by A1+RBM46 and A1 plus other 

cofactors. The results showed that A1+RBM46 edited the original RNA sequence with AAA 

motif at −3 to −5 positions at much higher rate than A1+A1CF and A1+RBM47 (Sup. 

Fig. 6). However, the editing rate of A1+RBM46 on the mutated RNA substrate showed 

a dramatic decrease of editing (about 5–10 fold decrease) on the mutated GMNN RNAs. 

The AAA motif mutation also reduced editing by A1+RBM47 and A1+A1CF, but with 

much less profound effect. Together, these results suggest that AAA motif at −3 to −5 

positions plays a significant role in enhancing the editing efficiency by A1+RBM46 on most 

of its RNA targets, but has a less but detectible effect in increasing editing efficiency by 

A1+RBM47 and A1+A1CF.
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Discussion

In this study, we have shown that RBM46 is a novel A1 cofactor that can assist A1 to 

edit ApoB and a few other known RNA targets of A1 and SYNCRIP played no role in 

facilitating A1 editing activity. We also characterized the functional domain requirements 

of RBM46, and the result indicates that the RRM1 domain for RBM46 is dispensable 

for facilitating A1’s RNA editing activity and the C-terminus residue can also enhance 

the editing activity. The investigation of SYNCRIP-gain-of function through SYNCRIP-

chimeras containing the RRMs from RBM46/RBM47 indicates that while RRM domains of 

each protein share high sequence conservation [17], the difference of amino acids of these 

RRM domains can have significant differences on their ability to modulate A1-mediated 

RNA editing. Additional research is necessary to explore the distinctions between SYNCRIP 

and other cofactors, including differences in RNA-binding and interactions with A1.

The previous study already showed that A1 co-localizes and interacts with A1CF and 

RBM47 when editing on ApoB RNA [14]. In this study, we showed that A1 also 

interacts and co-localizes with RBM46 in the HEK293T cells, and the interaction is RNA-

independent (Fig. 5). Even though SYNCRIP did not exhibit A1-mediated RNA editing 

activity on ApoB RNA (Fig. 1), it showed physical interaction with A1 (Fig. 5). Even though 

A1 plus one of the cofactors is capable of editing RNA, whether a cellular A1 editosome 

contains more than one cofactor at the same time will need further investigation.

Using a highly accurate circular RNA sequencing technique [27], we have identified thirty 

new RNA substrates for A1+RBM46. Some of these new targets can also be edited by A1 

paired with A1CF or RBM47, implying that A1 has broader cellular RNA substrates and 

biological functions that have yet to be characterized. Most of these newly identified RNA 

targets share a AAA motif at −3 to −5 positions (or TTT in the –strand), which has not 

been previously described. We showed that the AAA motif can increase the editing rate by 

A1+RBM46, and less so A1+RBM47 or A1CF.

In summary, our study has identified RBM46 as a novel cofactor of A1, which facilitates 

A1 RNA editing. We characterized the essential domains required for complementing A1’s 

editing activity and determined that the RRMs are critical and RRM1 is dispensable for 

RBM46 to complement A1. Additionally, we have identified novel cellular RNA targets 

for A1+RBM46 and characterized the AAA sequence motif preferred by A1+RBM46. By 

comparing the editing activity of RBM46 with the two other known cofactors on different 

substrates, we showed that different cofactors have different editing rates on different 

substrates and have different preferences for a AAA sequence motif upstream of the AC 

target site, even though the side-by-side comparison of RNA editing target by A1 and 

different cofactor still need to be further studied through NGS in the future. Furthermore, we 

found that each of the three RRMs from RBM46 and RBM47 can function to some degree 

to facilitate A1 editing activity. However, when combining three RRMS, we observed a 

synergistic effect. To gain a more detailed mechanistic understanding of how these cofactors 

regulate A1 RNA editing activity, structural information on how these RRM-containing 

cofactors interact with A1 and RNA will be required.
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Method

The cell-based RNA editing system and Sanger Sequencing

The cell-based RNA editing system is adapted from a previously reported study in our lab 

[21]. Editor vectors containing A1 and cofactors (A1CF, RBM47, RBM46, SYNCRIP) are 

constructed as one open reading frame (ORF) with a self-cleavage peptide T2A inserted 

between A1 and cofactors, resulting in individual A1 and cofactors proteins in a 1:1 ratio 

[21, 29]. Reporter vectors contain 48nt substrates DNA including the target C site (Fig. 1A). 

HEK293T cells are cultured in DMEM medium containing 10% FBS, streptomycin (100μg/

mL), and penicillin (100U/mL) and incubated at 37 °C, 5% CO2. The cell suspension 

solution (250μL) was seeded one day before transfection at an approximate concentration 

of 250,000 cells/mL on an 8-well glass chamber (CellVis). The A1 and cofactor editor 

vector (500ng) and substrate reporter vector (50ng) in a mixture form (25 μL) are transfected 

in the HEK293T cells using Lipofectamine 3000 Transfection Reagent (Thermo Fisher) 

and incubated for 48h, according to the manufacturer’s recommended instructions. After 

harvesting the cell, RNA extraction with Trizol (Thermo Fisher) is performed. The extracted 

RNA is reverse-transcribed using ProtoScript II reverse transcriptase (NEB) to produce 

the single-stranded cDNA with specific primer annealing to the downstream sequence of 

substrate reporter segments. The reaction is performed in a volume of 20μL including 1μg 

of total RNA, 100 μM of reverse primer, ProtoScript II reverse transcriptase buffer, 10 mM 

dNTP, 0.1M DTT, 8U RNase inhibitor, and 0.2 μL of ProtoScript II reverse transcriptase 

(NEB) for 1 hour at 42 °C. Then the cDNA is amplified using Phusion High-Fidelity DNA 

Polymerase (NEB) for 30 cycles [98 °C 2.5 min - (98 °C 20s, 71.7 °C 20s, 72°C 30s) × 30 – 

72°C 5 min] by using a forward primer that anneals to the junction region (JUNC, Fig. 1A), 

where the AAV intron is sliced out. The PCR product is then cleaned up using a spin column 

PCR cleanup kit (Thermo Fisher) to remove the free primers. The PCR clean-up product is 

sent to Genewiz for Sanger Sequencing using junction forward primer.

His8 Tagged Protein Purification

Generally, 2 liters of LB-ampicillin media are inoculated and grown at 37 °C until the log 

phase, and then 150 μM final concentration of IPTG is added and cultured overnight at 

16 °C for induction. Cells are lysed using a shear force fluid homogenizer (Microfluidics, 

Inc) in a lysis buffer containing 20 mM Tris-HCl, 250 mM NaCl (pH 7.5), and 0.5 mM 

TCEP. After centrifuging at 13000 rpm for 0.5 hours, the cell lysates are incubated with 

2 mL Ni resin for 10min and then passed the Ni resin. Then the Ni resin is washed with 

three full column volumes of washing buffer (10–50mM imidazole) and the protein is eluted 

with elution buffer (100–300mM imidazole). The protein is concentrated using centrifugal 

spin concentrators (Millipore). Concentrated His8-RBM46 and His8-SYNCRIP proteins are 

further purified by size exclusion chromatography (SEC) in a lysis buffer.

RNA deamination: in vitro poisoned primer extension

In vitro poisoned primer extension assay is adapted from the previous study [4]. Purified 

recombinant MBP-A1 and cofactors are combined at a 1:1 ratio and allowed to react on the 

in vitro transcribed ApoB RNA. The reaction buffer contains 20 mM HEPES, pH 7.5, 50 

mM NaCl, 5 mM DTT, 1 U/μL of RNAase A, and 1 μM RNA. Then 10 μL reactions are 
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allowed to incubate at 37 °C overnight, and a 5′-FAM-labeled primer with the 1.2 μM final 

concentration that binds downstream of the editing site with the sequence 5′-AAT CAT GTA 

AAT CAT AAC TAT CTT TAA TAT ACT GA-3′ are added. Also, a reverse transcription 

buffer is then added that results in a final concentration of 2.5 U/μl Protoscript II (NEB), 1× 

manufacturer-recommended reverse transcription buffer, 5 mM DTT, 250 μM dTTP, dCTP 

and dATP, and 250 mM ddGTP (Tri-link Bio), and 0.1 U/μl of RNase A. After reverse 

transcription at 42 °C for 1 h, the products are run on a 20% acrylamide urea denaturing gel 

and visualized by using Typhoon RGB Biomolecular Imager (GE Healthcare).

Fluorescence confocal microscopy

48 hours after transfection of the editor containing A1 and cofactors, the DMEM media is 

aspirated, and the cells are washed once with 250μL of PBS. Then the cells are incubated 

with a 5μg/mL solution of Hoechst 33342 nuclear stain diluted in PBS for 15min. This stain 

solution is then aspirated, and cells are rinsed by PBS twice and then stored in an imaging 

buffer containing 140mM NaCl, 2.5mM KCl, 1.8mM CaCl2, 1.0mM MgCl2, 20mM Hepes 

(pH 7.4), and 5mM glucose. A Zeiss LSM-780 inverted confocal microscope is used for 

A1 and cofactors localization visualizations through a 40X water-immersion objective. The 

excitation wavelengths used for Hoechst 33342, eGFP, and mCherry are 405mm, 488mm, 

and 555mm respectively. Images are captured using multichannel 16-bit grayscale intensity 

images 1012 X 1012 pixels across, and two-pass line averaging for smoothing and a pixel 

dwell time of 0.8μs. For each well, approximately three images are captured. The captured 

images are opened and analyzed by ImageJ software [39].

Co-immunoprecipitation and Western blot

Each group’s cells are seeded on two 6-well plates (CELLTREAT) one day before 

transfection. The FLAG-tagged A1, HA-tagged cofactor, and FLAG-A1-T2A-HA-Cofactors 

editor vector (2400ng) are transfected in the HEK293T cells using Lipofectamine 3000 

Transfection Reagent (Thermo Fisher) and incubated for 48h. After harvesting the cell, 

100μL 1X RIPA lysis buffer (Sigma) is used to lyse the cell for each well to get 90μL 

cell lysate in each sample. For the cell lysate from one 6-well plate, RNaseA (20μg/mL) 

is added. 15μL of cell lysate (+/− RNaseA) for each sample is saved for input protein 

expression check using Western blot. Anti-FLAG® M2 Magnetic Beads (Sigma) are washed 

with RIPA buffer three times before adding to the cell lysates. The cell lysates containing 

the Anti-FLAG® M2 Magnetic Beads are incubated at 4°C overnight. The beads are then 

washed with RIPA buffer 3 times and eluted with 30μL 2X SDS at 90°C for 30min. 

The lysates are then subjected to Western blot with anti-FLAG M2 mAb (F3165, Sigma, 

1:3000), anti-HA mAb (HA.C5, Abcam, 1:3000), and anti- α-tubulin mAb from mouse 

(GT114, GeneTex, 1:5000) as primary antibodies. Then Cy3-labelled goat-anti-mouse mAb 

(PA43009, GE Healthcare, 1:3000) is used as a secondary antibody. Cy3 signals are detected 

and visualized by using Typhoon RGB Biomolecular Imager (GE Healthcare).

Circular RNAseq Method

Cell culture and RNA extraction: HEK293T cells are cultured in DMEM medium 

containing 10% FBS, streptomycin (100μg/mL), and penicillin (100U/mL) and incubated 
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at 37 °C, 5% CO2. The cell suspension solution was seeded one day before transfection at 

an approximate concentration of 250,000 cells/mL on a 10cm plate (CellVis). The A1 and 

RBM46 editor vector (24μg) are transfect8ed in the HEK293T cells using Lipofectamine 

3000 Transfection Reagent (Thermo Fisher) and incubated for 48h, according to the 

manufacturer’s recommended instructions. After harvesting the cell, RNA extraction using 

RiboPure™ RNA Purification Kit is performed to enrich mRNA.

Library Construction and Sequencing: Library preparation 1100 ng of enriched 

mRNA was fragmented with the NEBNext RNase III RNA Fragmentation Module 

(E6146S) for 25 minutes at 37°C. RNA fragments were then purified with an Oligo 

Clean & Concentrator kit (D4061) by Zymo Research according to the manufacturer’s 

recommendations, except that the columns were washed twice instead of once. The 

fragmented RNA was then circularized with RNA ligase 1 in 20 μl reactions (NEB, 

M0204S) for 2 hours at 25°C after which the circularized RNA was purified with the Oligo 

Clean & Concentrator kit (D4061) by Zymo Research. The circular RNA templates were 

then reverse transcribed in a rolling-circle reaction by first incubating the RNA with for 10 

minutes at 25°C to allow the random hexamers used for priming to bind to the templates. 

Then, the reaction was shifted to 42°C for 20 minutes to allow for primer extension and 

cDNA synthesis. Second strand synthesis and the remaining steps for library preparation 

were then performed with the NEBNext Ultra RNA Library Prep Kit for Illumina (E7530L) 

and the NEBNext Multiplex Oligos for Illumina (E7335S, E7500S) according to the 

manufacturer’s protocols. Briefly, cDNA templates were purified with the Oligo Clean & 

Concentrator kit (D4061) by Zymo Research and incubated with the second strand synthesis 

kit from NEB (E6111S). Double-stranded DNA was then entered into the end-repair module 

of RNA Library Prep Kit for Illumina from NEB, and size selected for 500–700 bp inserts 

using AMPure XP beads. These molecules were then amplified with Q5 PCR enzyme using 

11 cycles of PCR, using a two-step protocol with 65°C primer annealing and extension and 

95°C melting steps. Sequencing data was converted to industry standard Fastq files using 

BCL2FASTQv1.8.4.

Error Identification: Tandem repeats are identified within each read (minimum repeat 

size: 30nt, minimum identity between repeats: 90%), and a consensus sequence of the repeat 

unit is built. Next, the position that corresponds to the 5’ end of the RNA template is 

identified by searching for the longest continuous mapping region. The consensus sequence 

is then reorganized to start from the 5’ end of the original RNA fragment, mapped against 

the genome with tophat (version 2.1.0 with bowtie 2.1.0) and all non-perfect hits go through 

a refining algorithm to search for the location of the 5’ end before being mapped again. 

Finally, every mapped nucleotide is inspected and must pass 5 checks to be retained: 1) it 

must be part of at least 3 repeats generated from the original RNA template; 2) all repeats 

must make the same base call; 3) the sum of all qualities scores of this base must be >100; 4) 

it must be >2 nucleotides away from both ends of the consensus sequence.
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Graphing and statistical analysis tools

The sequence logos are created by WebLogo3 online tool with probability units [40]. The 

editing result graphs are made by Graphpad Prism 9. The two-tailed t-test is also done with 

the build-in t-test of Graphpad Prism 9.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RBM46 (RNA-binding-motif-protein-46) is a novel A1 cofactor identified for 

RNA editing.

• RRM2 and RRM3 domains are essential for RBM46 function in 

complementing A1 RNA editing activity.

• Some cellular RNA targets in HEK293 cells for A1+RBM46 editing are 

identified using the low-error circular RNAseq technique.

• RNA containing an AAA motif from −3’ to −5’ positions of the target-C 

shows increased editing efficiency by A1+RBM46.
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Figure 1: A1+RBM46 showed editing activity on ApoB RNA.
(A). Cartoon depiction of the reporter and editor constructs used in this study. The editor 

construct expresses FLAG-A1, a cofactor (HA-A1CF, HA-RBM46, HA-RBM47 or HA-

SYNCRIP), and mCherry as individual, cleaved proteins from a single open reading frame 

via self-cleaving 2A peptides. For the reporter construct, an AAV intron is inserted with 

the eGFP fusion protein to ensure only mature RNA is sequenced, and a target RNA 

substrate transcript sequence is inserted. Shown here is the minimal 33-base ApoB target 

RNA transcript sequence known to be edited by A1 in the presence of a cofactor. (B). Sanger 

sequencing trace file shows that A1+RBM46, A1+A1CF, and A1+RBM47 can all edit ApoB 
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RNA from AC to AT, but A1+SYNCRIP, A1, RBM47, and SYNCRIP alone cannot. After 

transfection of the editor and reporter into HEK293T cells, ApoB RNA was purified and 

amplified by the specific primer for Sanger sequencing. Each A,T, C, G read number is 

calculated. (C). Comparison of A1 and different cofactors editing activity on ApoB RNA.
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Figure 2. Comparison of editing activities on a set of identified RNA substrates by the human A1 
and its different cofactors (RBM46, A1CF, RBM47, and SYNCRIP).
(A). Quantification of editing on different RNA targets by counting the number of A, C, 

G, U reads at target C position of Sanger Sequencing results. (B). Heat map shows the 

calculated percentage of U at targeted C sites. A1 and SYNCRIP did not show editing 

activity on any tested substrates. (C). Sequence of ApoB and Ptpn3 with 48nt and extended 

96nt for the comparison of side-by-side editing assay. (D). Heat map shows the calculated 

percentage of U at targeted C sites of Sanger Sequencing results.
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Figure 3. Identification of RBM46 domains required for A1+RBM46 RNA editing activity.
(A). Cartoon showing RBM46 protein domain structure. RRM: RNA recognition motif. 

(B). RBM46 C-terminal truncation constructs. The three RRM domains are indicated by 

dashed-line box. (C). The editing assay result of A1 plus the various RBM46 deletion 

constructs indicates that RBM46’s activity started to decrease when the C-terminus is 

shortened beyond residue 400, and no activity was present when part of the RRM domain is 

deleted (1–306), indicating the importance of the three RRM for its complementary activity 

for A1 deamination. (D). Co-immunoprecipitation data of A1 and RBM46 with deletion 
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of amino acid 281–341 using the anti-FLAG beads followed by western blot. Anti-HA, 

anti-FLAG, and anti-Tubulin primary antibodies are used in western blot, showing that 

A1 has interaction with RBM46(d281–341). The red star indicates the lane for uncleaved 

FLAG-A1-F2A-mCherry. (E). The editing assay result of A1 plus the various RBM46 

RRM-deletion constructs indicates that RBM46 RRM1 is the only dispensable RRM for its 

complementary activity for A1 deamination.
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Figure 4. The activity of SYNCRIP-chimeras containing RRMs from RBM46/47 on 
complementing A1 RNA editing.
(A). Cartoon showing domain structures of SYNCRIP, RBM46, and RBM47, all of which 

contain three homologous RRM domains (RNA recognition motif, R1, R2, R3). SYNCRIP 

cannot complement A1 RNA editing activity. (B). The SYNCRIP-RBM47 chimera design. 

The three SYNCRIP RRM domains were replaced individually or in different combinations 

with the three RBM47 RRMs on the SYNCRIP clone. Now the editor construct contains 

FLAG-A1 (not shown in the figure) and HA-SYNCRIP-RBM47 chimeras. (C). The 

SYNCRIP-RBM46 chimera design. The three SYNCRIP RRM domains were replaced 

individually or in different combinations with the three RBM46 RRMs on the SYNCRIP 

clone. (D). The editing result on ApoB RNA in the presence of A1+SYNCRIP-RBM47 
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chimera. Each of the three RBM47 RRMs in SYNCRIP-RBM47 chimera showed some 

levels of RNA editing activity with A1 individually, and combinations of R1, R2, and 

R3 showed synergistic effect on editing activity. (E). Each of the three RBM46 RRMs 

in SYNCRIP-RBM46 chimera showed some levels of RNA editing activity with A1 

individually, and combinations of R1, R2, and R3 showed synergistic effect on editing 

activity.
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Figure 5. Fluorescence localization data of A1-eGFP (green), cofactors-mCherry (red), and 
co-immunoprecipitation data of A1 with its cofactors.
(A). Overexpression of A1-eGFP and cofactors-mCherry alone in HEK293T cells show 

subcellular localization. The nucleus is stained by Hoechst 33342 (Blue). (B). All cofactors 

co-expressed with A1, showing the colocalization pattern in HEK293T cells. (C). Co-

immunoprecipitation result of A1 and cofactors (RBM46, RBM47, A1CF, and SYNCRIP) 

using the anti-FLAG beads followed by western blot. Anti-HA-cofactor, anti-FLAG-A1, and 

anti-Tubulin primary antibodies are used in western blot, showing that A1 has interactions 

with all cofactors (RBM46, RBM47, A1CF, and SYNCRIP).

Wang et al. Page 24

J Mol Biol. Author manuscript; available in PMC 2024 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Validation of selected A1/RBM46 RNA target from Circular RNA seq by Sanger 
Sequencing with A1/cofactors over-expression in HEK293T cell.
(A). Quantification of editing on different selected RNA targets by counting the number of 

A, C, G, U reads at target C position of Sanger Sequencing results. A1/cofactors editors are 

transfected into HEK293T cell. The cDNA is synthesized by designed reverse primer. PCR 

is applied to amplify the cDNA for Sanger Sequencing. (B). Heat map shows the calculated 

percentage of U at targeted C sites. All cofactors paired with A1 show editing activities 

on the selected RNA target. A1/RBM46 shows higher editing level on GMNN, FBX028, 

PPM1D target.
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Figure 7. The effects of AAA motif at −3, −4, −5 position of RNA substrates on the editing 
activity for A1 paired with RBM46 and other cofactors.
(A). Local sequences around the significantly edited target C sites (± 10 nucleotides from 

target C at position 0) of RNA targets from table 1 (n=30). (B). Original ApoB RNA 

sequence contained in the reporter vector and the ApoB RNA sequence with the change of 

AAA motif at −3, −4, −5 position. (C). Comparison of the C-to-U editing rates on defined 

original A1 RNA targets (red bar) and the modified RNA targets with AAA at −3, −4, −5 

position (blue bar) by different A1 editosomes. The statistical significance was calculated 
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by unpaired two-tailed t-test with P-values represented as: P > 0.05 = not significant; not 

indicated, *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Table 1:

APOBEC1 and RBM46 RNA targets identified from Circular RNA Seq (>=30% editing efficiency)

RNA Chr Position Reference base C-RNA seq

1 GMNN 6 24785950 (+) AAATACTATG 66.67%

2 PNRC2 1 23962463 (+) AAATACACCA 60.00%

3 CEBPZ 2 37220451 (−) GGATCGTATTT 58.33%

4 TULP3 12 2939639 (+) AAACACACAC 57.14%

5 AZIN1 8 102828449 (−) TAATAGTTTTT 54.55%

6 FBXO28 1 224161584 (+) AAATACTAAA 50.00%

7 PPP6C 9 125149755 (−) CTCTTGTATTT 50.00%

8 SMNDC1 10 110294177 (−) ACATTGTATTT 48.15%

9 PPM1D 17 60664151 (+) AAATACTATG 45.45%

10 TRIP12 2 229791150 (−) TTTTTGCATTT 45.45%

11 FBXO5 6 152975184 (−) GCTTTGTATTT 44.00%

12 PITPNA 17 1519920 (−) TACTCGTATTT 41.18%

13 HMGB1 13 30460909 (−) AAATTGTATTT 40.00%

14 KAT2A 17 42114921 (−) GGACAGCTCCG 38.89%

15 STT3B 3 31636468 (+) AAATACAAGT 35.71%

16 LMAN1 18 59330743 (−) CAAGTGTGTTT 33.33%

17 ID2 2 8684398 (+) AAATACAAGT 33.33%

18 TRAPPC8 18 31916313 (−) ACATAGTATTT 31.82%

19 SIKE1 1 114773539 (−) TTTTAGTATTT 31.58%

20 PITPNB 22 27852859 (−) GTCTAGTATTT 31.25%

21 H2AC18 1 149842299 (−) CGGACGTCAGC 30.92%

22 ODR4 1 186390847 (+) AAATACAAAG 30.77%

23 TMEM123 11 102397921 (−) TAGGTGTGTTT 30.77%

24 PPP4R3B 2 55548714 (−) AAATTGTATTT 30.77%

25 BCLAF1 6 136259379 (−) TTATGGTATTT 30.77%

26 NCOA4 10 46005206 (−) ACAGTGTGTTT 30.30%

27 RLF 1 40238258 (+) AAACACACCT 30.00%

28 SLC38A1 12 46188638 (−) TTATTGTATAT 30.00%

(+) Sense strand.

(−) Antisense strand.
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