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Abstract 6 

It has been presumed that most frameshifted protein coding genes yield truncated, 7 

non-functional, and may cause genetic diseases. At present, the mechanism for the 8 

identification and repair of frameshift mutation is unknown at the molecular level. 9 

Here we report that in E. coli a frameshift mutation was repaired spontaneously in a 10 

precisely targeted manner. If the premature termination codons (PTCs) were changed 11 

all into sense codons, the frameshift gene was expressed without repairing, proved 12 

that in the nonsense mRNAs it is the PTCs that signaled the identification and repair 13 

of the frameshift mutation. Genome resequencing showed that the revertants’ genome 14 

is not more variable than the wild-type genome, while transcriptome analysis showed 15 

that genes, proteins and pathways for RNA editing, mismatch repair and homologous 16 

recombination were upregulated. We proposed a new model for autonomous gene 17 

repair, RNA-directed Gene Editing (RdGE): by mRNA surveillance the nonsense 18 

mRNAs were recognized through PTC signaling, edited and used to direct the repair 19 

of the faulty coding DNA sequence. The RdGE pathway is highly conserved among 20 

species, which may revise our view on central dogma, and change our perspective on 21 

molecular evolution, genetics and gene engineering. 22 
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1. Introduction 1 

It has been generally presumed that most frameshift mutations in protein-coding 2 

genes yield truncated, dysfunctional and potentially cytotoxic products [1], and cause 3 

death or genetic diseases [2-5]. A variety of molecular mechanisms have been found 4 

that involved in the repair of DNA damages [6], such as Nucleotide Excision Repair, 5 

Base Excision Repair, Mismatch Repair, Homologous Recombination and 6 

Non-Homologous End Joining. However, by far the mechanism for the repair of 7 

frameshift mutation is unknown at the molecular level. The back/reverse mutations 8 

phenomenon was discovered as early in the 1960s [7], but has been commonly 9 

explained: in the DNA replication process random mutation occurred naturally, a 10 

frameshift mutation happened restored by random mutagenesis. 11 

Here we report that in E. coli a frameshifted gene was repaired autonomously, 12 

targetedly and initiatively, resulting in diversified variations. Here we propose a new 13 

model for the autonomous repair of frameshift mutations, RNA-directed Gene Editing 14 

(RdGE): in mRNA surveillance the nonsense mRNAs were recognized through PTC 15 

signaling, edited and used as a template to direct the repair of the faulty coding DNA 16 

sequence.  17 

2. Materials and Methods 18 

2.1 Frameshift mutagenesis and back mutations 19 

A defective plasmid, pBR322-(bla-), containing a frameshifted β-lactamase gene 20 

(bla) was constructed by site-directed mutagenesis (Fig 1): in plasmid pBR322, base 21 

pair 136 (G/C) of the wild-type bla gene (bla+) was deleted by overlapping extension 22 

polymerase chain reaction (OE-PCR). The competent cells of E. coli strain DH5α was 23 

transformed with pBR322-(bla-), propagated in tetracycline-containing broth (TCB), 24 

plated on tetracycline-containing plates (TCPs) to count the total number of bacteria, 25 

and the transformed bacteria were plated on ampicillin-containing plates (ACPs) to 26 

screen for ampicillin resistant colonies (revertants) whose bla gene was repaired. The 27 

revertants (bla*) screened were cultured in ampicillin-containing broth (ACB) to test 28 
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their survival rate, growth rate and ampicillin resistance ability, their plasmid DNA 1 

were extracted, and their bla gene were sequenced by Sanger sequencing. 2 

2.2 Construction and expression of a PTC-free frameshifted bla 3 

A PTC-free frameshifted bla (bla#) was constructed by a technique called in vitro 4 

readthrough: (1) the coding sequence of bla# was derived from bla- by replacing all 5 

nonsense codons each with a sense codon, according to the readthrough rules (Table 6 

1), and adding a stop codon in the end; (2) the bla# gene was chemically synthesized 7 

by Sangon Biotech, Co. Ltd (Shanghai), inserted into the expression vector pET28a, 8 

and transformed into E. coli BL21 competent cells. The transformed bacteria were 9 

grown on a kanamycin-containing plate (KCP), propagated in a kanamycin-containing 10 

broth (KCB), and plated on ACPs to screen for ampicillin resistant colonies, and then 11 

their plasmid DNA were extracted and Sanger sequenced; (3) The frameshifted BLA 12 

was expressed by IPTG induction, the total protein of bla# bacteria was extracted and 13 

analyzed by SDS-PAGE. 14 

2.3 Genomes resequencing and variation analysis of the E. coli strains 15 

The genomic DNA samples were extracted from wild-type (bla+) and revertant 16 

(bla*) E. coli strains. Library preparation, genome sequencing and data analysis were 17 

conducted by a commercial service provided by Novogene Co. Ltd. The library was 18 

sequenced on an Illumina HiSeq 250PE platform and paired-end reads were obtained. 19 

Raw reads in fastq format were processed by removing adapter sequence and low 20 

quality reads. The clean reads with high quality were aligned to the reference genome 21 

of E. coli K12 MG1655 (NC_000913.3) to identify Single Nucleotide Polymorphisms 22 

(SNPs), Insertions/Deletions (InDels) and Structure Variations (SVs) of each sample. 23 

GATK2 software was used to perform SNP calling. Samtools v0.1.18 was used to sort 24 

the reads and reorder the bam alignments. Circos was used to display the coverage of 25 

the reads and the distribution of SNPs and InDels on the ring diagram. BreakDancer 26 

was used to detect structure variations. 27 

2.4 Transcriptome analysis of the E. coli strains 28 

Total RNA samples were extracted from E. coli strains, including wildtype (bla+), 29 

frameshift (bla-) and revertants (bla*). Library preparation, RNA sequencing and data 30 
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analysis were conducted by Novogene Co. Ltd. After library preparation and cluster 1 

generation, the library was sequenced on an Illumina HiSeq platform. The paired-end 2 

raw reads were processed by removing adapter sequence and low quality reads. The 3 

clean reads with high quality were aligned to the reference genome, E. coli K12 4 

MG1655 (NC_000913.3), and analyzed to identify differentially expressed genes and 5 

enriched GO terms and KEGG pathways.  6 

(1) Quantification of gene expression level 7 

Bowtie (v2-2.2.3) was used for index building and aligning the clean reads to the 8 

reference genome. HTSeq (v0.6.1) was used to count the numbers of reads mapped to 9 

each gene. And then FPKM (expected number of Fragments PerKilobase of transcript 10 

sequence per Millions base pairs sequenced) of each gene was calculated based on 11 

their lengths and reads counts. 12 

(2) Differential expression analysis 13 

Prior to differential expression gene analysis, for each strain the read counts were 14 

adjusted by the edgeR program through one scaling normalized factor. Differential 15 

expression analysis of two conditions was performed using the DEGSeq R package 16 

(1.20.0). The P values were adjusted using the Benjamini & Hochberg method. 17 

Corrected P-value of 0.005 and log2 (Fold change) of 1 were set as the threshold for 18 

significantly differential expression.  19 

(3) GO and KEGG enrichment analysis of differentially expressed genes 20 

Gene Ontology (GO) enrichment analysis of differential expression genes was 21 

implemented by the GOseq R package, in which gene length bias was corrected. GO 22 

terms with corrected P-value less than 0.05 were considered significantly enriched by 23 

differentially expressed genes (DEGs). KOBAS (KEGG Orthology Based Annotation 24 

System) 2.0 was used to test the statistical enrichment of DEGs in KEGG pathways 25 

(http://www.genome.jp/kegg/). 26 

3. Results and Analysis 27 

3.1 The growth of the frameshift mutant and the revertants 28 
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When a plasmid pBR322 containing a wild-type bla gene was transformed into E. 1 

coli (strain DH5α, JM109 or BL21), the resulting wild-type (bla+) bacteria grow well 2 

on an ACP (Fig 2A, left). When one G/C base-pair was deleted in the upstream of the 3 

bla gene, seventeen nonsense codons emerged in the frameshifted coding sequence, 4 

and the active sites of BLA, including the substrate binding site, locate all in the 5 

downstream of the deletion. This frameshift mutation is a loss-of-function (bla-), and 6 

the transformed bacteria were expected cannot grow on ampicillin-containing media 7 

(ACM). However, repeatedly a few ampicillin-resistant colonies (revertants) were 8 

observed in the ACPs (Fig 2A, middle). The possibility of cross-contamination was 9 

excluded as no growth was observed in the blank controls (Fig 2A, right). In addition, 10 

the revertants (bla*) are obviously different from the bla+ strain: although they can 11 

grow both in TCB and ACB, their growth rates are very much slower when compared 12 

with the bla+ strain: with 200 rpm shaking, it took up to 36 to 48 hours of culturing at 13 

37°C to reach late log phase. 14 

Hitherto, it seems that there is nothing unusual, as this is a back/reverse mutation, 15 

a well-known phenomenon which was discovered as early in the 1960s [7], and has 16 

been commonly explained by random mutagenesis (Fig 3A): in the DNA replication 17 

process random mutation occurred naturally, a few lucky cells survive when their bla 18 

gene happened restored, while most of the bacteria die without a back mutation. 19 

3.2 A reverse mutation is not a random mutagenesis but a targeted gene repair 20 

The traditional random mutagenesis model for reverse mutation sounds faultless. 21 

However, in a thought experiment we noticed that the model is somewhat inconsistent: 22 

(1) in the model, a cell survived if its defective bla gene happened restored in random 23 

mutagenesis. While a reverse mutation must occur in a living cell (during the process 24 

of DNA replication or repair), but the bla- cell itself cannot live in ACM. Therefore, 25 

the reverse mutation must have occurred in a cell before it was cultured in ACM. (2) 26 

However, for a given coding gene, in E. coli the probability of a forward mutation is 27 

as low as 10-8. The probability of a back mutation that happened repaired a frameshift 28 

mutation should be lower in magnitudes than that of a forward mutation. (3) In 29 

addition, the bacterial genome consists millions base pairs and thousands of genes. If 30 
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a cell did not “know exactly” which gene was damaged, definitely it had little chance 1 

to repair it “blindly” by purely random mutagenesis. Therefore, the revertants should 2 

be very difficult to be detected if they really rely on random mutagenesis. However, it 3 

seems that reverse mutations occur much more frequently than expected, and thus the 4 

revertants were detected easily by routine screening.  5 

Therefore, it is rather suspectable that in the history of evolution life has relied 6 

solely on such a simple but uncertain random mutagenesis to address this life-or-death 7 

issue. It is more likely that a specific mechanism have been developed for the repair 8 

of frameshift mutations. In a word, a reverse mutation is not a random mutagenesis, 9 

but a targeted gene repair: a cell must first identify the frameshifted gene, and then 10 

repairs it targetedly and specifically. However, how a frameshift gene was identified 11 

and repaired? By far it is still unknown at the molecular level. 12 

3.3 Sanger sequencing of the bla gene of the revertants 13 

The growth rates of the revertants varied from slow, moderate to normal (or fast). 14 

In order to investigate how the frameshifted bla was repaired, the revertants’ colonies 15 

on ACP were picked and propagated in ACB. Their plasmid DNA was extracted and 16 

sequenced by the Sanger method. Unexpectedly, in the slow-growing revertants, it 17 

seems that their bla sequence is neither a wildtype nor a back mutation, but is still 18 

“frameshifted” (Fig 4A, top). For the moderate-growing revertants, the sequencing 19 

diagrams often contain two sets of superposed peaks (Fig 4A, middle), suggesting that 20 

they consist two types of bla, one was repaired and the other was still frameshifted. In 21 

the fast-growing revertants, the majority of their bla were repaired (Fig 4A, bottom). 22 

In fact, it is likely that the slow-growing revertants also contain repaired bla genes, 23 

but the proportion of the repaired sequence is too low to be detected by Sanger 24 

sequencing (Fig 4A, top). Because pBR322 is a multiple-copy plasmid, even when 25 

only a small proportion of its bla gene copies were repaired, it might be sufficient to 26 

support the survival of the bacteria in ACM. 27 

In addition, in the revertants the repaired bla sequences read from the sequencing 28 

diagram are not the same as the wild-type but contain a variety of insertions, deletions 29 

and substitutions (Fig 4B, top), and their encoded protein sequences are also different 30 
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greatly from that of the wild-type BLA (Fig 4B, bottom). Especially, the repaired bla 1 

coding sequences still contain stop codons. In other words, in the revertants their bla 2 

coding genes were not restored fully and quickly, but repaired partially and gradually, 3 

resulted in diversified variants, called frameshift homologs. 4 

3.4 The genome of the revertant is not more variable than the wild-type 5 

A mutator strain, e.g., E. coli mutD5, has a high level of spontaneous mutagenesis 6 

over the whole genome, owing to its defective proofreading and mismatch correction 7 

ability during DNA replication [8]. To investigate whether the above bla variants is a 8 

result of random mutagenesis, the genome DNA of bla+ and bla- were surveyed by 9 

NGS resequencing. As shown in Fig 4C-4D, Table 2 and 3, the level of SNP/InDel of 10 

the revertant is not higher, but lower than that of the wild-type, suggesting that the 11 

revertants had adopted a more stringent proofreading and mismatch correction during 12 

the replication of their genomic DNA. It suggests that the genome of the revertants is 13 

not more variable, but more stable than the wild-type, and therefore in the revertants 14 

the high level of variation observed in the bla gene is not a random mutagenesis at the 15 

whole-genome level, but a targeted gene repair specific for the frameshifted bla gene. 16 

In addition, the genome sequencing report issued by the service provider showed 17 

that there are many structure variations (SVs) in both of the two bacterial genomes 18 

tested (Fig 4D). However, most of them length in 100~200 bp, equals approximately 19 

to the length of the reads, therefore, they were considered as falsely mapped reads 20 

rather than true structure variations. It has been well known that the limitations of 21 

short reads and amplification biases of the second generation platforms cause serious 22 

difficulties in sequence assembly, mapping and the analysis of genome structure [9]. 23 

However, the SNP/InDel data is reliable because of the extremely high sequencing 24 

depth and coverage of the Illumina HiSeq 2500 platforms.  25 

3.5 PTCs signaled the spontaneous repair of the frameshift mutation 26 

We speculate that it is the PTCs that signaled the repair of the frameshift mutation 27 

in the nonsense mRNA. In order to prove this, a PTC-free frameshifted bla (bla#) was 28 

constructed by replacing the PTCs each with an appropriate sense codon according to 29 

the readthrough rules (Table 1). The bla# gene was synthesized chemically, cloned in 30 
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the expression vector pET-28a, and expressed in E. coli BL21. As shown in Fig 5, by 1 

SDS-PAGE a 34-kDa protein band representing the frameshifted BLA was detected. 2 

The transformed bacteria were plated on ACPs, while no revertant was observed. The 3 

bla gene of the transformants was Sanger sequenced, but no variation was found. In a 4 

word, the PTC-free frameshifted bla gene was not repaired but expressed normally. 5 

The only difference between bla- and bla# is: bla- contains PTCs while bla# does not. 6 

Therefore, in bla- the targeted gene repair must be signaled by the PTCs.  7 

3.6 Identifying genes/proteins involved in the repair of frameshift mutations 8 

We expected that the repair of the frameshift mutation requires the upregulation 9 

of relevant genes, proteins and pathways. By analyzing the transcriptome of wild-type 10 

(W), frameshift (FS) and revertant (RE) strains, as shown in Fig 6, hundreds of genes 11 

were identified as upregulated in the frameshift and revertant when compared with the 12 

wild-type (Supplementary dataset 1-2). And dozens of pathways were identified as 13 

upregulated in a KEGG pathway enrichment analysis (Supplementary dataset 3-4). As 14 

shown in Table 4-5, genes and pathways related to transportation, localization, RNA 15 

surveillance, RNA degradation, DNA replication, RNA editing/DNA mismatch repair 16 

and homologous recombination were significantly upregulated in the frameshift and 17 

revertant strains when compared with those in the wild-type. We are further validating 18 

the regulation and function of these genes in the repair of frameshift mutation. 19 

3.7 A new model for DNA Repair: RNA-directed Gene Editing 20 

At present, the mechanism for the identification and repair of frameshift mutation 21 

is unknown at the molecular level. However, the transcripts (nonsense mRNAs) must 22 

be involved, because obviously the PTCs cannot function in the DNA double helix, but 23 

only in the transcripts. Based on the above experiments, and an in-depth survey of the 24 

literatures, we proposed a new model for the repair of frameshift mutations (Fig 3B), 25 

RNA-directed Gene Editing (RdGE), which consist four main steps: 26 

(1). Nonsense mRNA recognition/processing: When a frameshift mutation occurred 27 

in the upstream of a coding gene, in the downstream of the frameshift it results in 28 

a substantial change of the encoded amino acid sequence and often the emerging 29 

of a number of nonsense codons, called hidden stop codons (HSCs) [1]. When a 30 
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frameshifted coding gene was expressed, the transcripts will be recognized as 1 

nonsense mRNAs by the mRNA surveillance system [10-16]. In the nonsense 2 

mRNAs, the stop codons are called premature termination codons (PTCs). When 3 

the nonsense mRNAs are translated, the ribosome complex will be blocked when 4 

it encounters a PTC [17]. The nonsense mRNA was then recognized by the 5 

mRNA surveillance system, using the presence of a second signal downstream of 6 

a termination codon to distinguish a PTC from a true stop codon [18]. Once 7 

identified, the nonsense mRNAs are subject to one of the following pathways: 8 

nonsense-mediated mRNA decay (NMD), translational repression, alternative 9 

splicing, or transcriptional silencing [19-21]. However, it has been observed that 10 

sometimes a frameshifted coding gene can be still active and functional through 11 

some special mechanisms, e.g., translational readthrough or translational 12 

frameshifting [22-25].  13 

(2). RNA editing: base on the above data, we hypothesized that nonsense mRNAs can 14 

be repaired through RNA editing [26-30]. By PTC signaling, a cell is capable of 15 

identifying a nonsense mRNA, but it has no way to locate the missing/inserting 16 

base that caused the frameshift exactly, and therefore it has to insert, delete and 17 

substitute nucleotides within or nearby a PTC, producing a variety of homologous 18 

mRNA variants.  19 

(3). Translation: The edited mRNAs were then translated. The remaining PTCs, if 20 

exist, were readthrough by translating them into appropriate amino acids [31-35]. 21 

A cell survived if and only if the RNA editing produced a functional protein. The 22 

chance of producing a functional protein by editing the nonsense mRNA is still 23 

fairly small, but is greater than that of random mutagenesis in genomic DNA. 24 

(4). RNA-directed Gene Editing: if a cell survived, a functionalized transcript were 25 

transported back into the nucleus/plasmid DNA to localize their own coding gene, 26 

and to direct the repair of their faulty coding sequence, through mismatch repair 27 

and/or homologous recombination.  28 
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Comparing with the random mutagenesis, this RdGE model for frameshift repair 1 

better explains the slow growth rates of the frameshift mutant and the revertants, and 2 

the high frequency variations observed only in the bla genes, but not in the genome:  3 

(1). The frameshift strain grows slowly not only in ACB, but also in TCB, because 4 

the targeted gene repair is initiative and has already happened even before the 5 

adding of ampicillin, i.e., ampicillin is not the cause of reverse mutation, but a 6 

selection pressure to screen and display the revertants, which were the result of 7 

reverse mutation that had already happened before the adding of ampicillin. 8 

(2). RdGE is signaled by the PTCs in the nonsense mRNAs, and the aim of RdGE 9 

is to clear away PTCs. In the frameshift and the initial slow-growing revertants, 10 

there were quite many PTCs in their bla, the chance of producing a functional 11 

mRNA by RNA editing is very small, and most cells died before their bla was 12 

repaired, so their survival rate is very low and their growth rate is very slow.  13 

(3). In the fast-growing revertants, with more and more PTCs were replaced, less 14 

and less PTCs were left in the bla gene, gene repair become easier and easier, 15 

so their survival and growth rate become higher and higher.  16 

(4). Finally, when all PTCs were eliminated, the gene repair process was complete. 17 

The bla coding sequence is restored, not necessarily same to the wild-type, but 18 

may contain a variety of variants.  19 

Interestingly, as shown in Fig 2, the wild-type colonies are equal sized, but the 20 

sizes of the revertant colonies varied, showing that their growth rates differed greatly, 21 

suggesting that the activities of their BLA enzyme are also diversified. Previously, we 22 

have found that frameshift homologs are widespread within and across species [36]. 23 

In the above, we demonstrated that the PTCs signaled the repair of the nonsense 24 

mRNAs and their coding gene. Therefore, when a frameshift mutation happens in a 25 

coding gene it is repaired by RdGE, and resulted in a variety of frameshift homologs. 26 

Therefore, the widely-exist frameshift homologs are indeed the residual clues for this 27 

RdGE model preserved in nature. If so, RdGE is a novel mechanism not only for the 28 

targeted gene repair, but also for the molecular evolution of protein coding genes. 29 
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4. Discussion 1 

4.1 A mechanism for the repair of frameshift mutations 2 

The molecular mechanisms involved in the repair of DNA damage has been well 3 

studied [6], however, no mechanism is designed specific for the repair of frameshift 4 

mutations. In cell division and multiplication, DNA replication happens daily in cells. 5 

Because of the imperfect nature of the DNA replication, InDels can be caused by a 6 

spontaneous mutation (replication errors or slipped strand mispairing) or an induced 7 

mutation (radiation, pollutants or toxins), which may lead to frameshift mutations. 8 

Therefore, in a cell, maintaining the reading frame of every protein coding gene is a 9 

fundamentally important task. As a target-specific and well-controlled mechanism, 10 

this RdGE model not only well explains our observations, but also is consistent with 11 

numerous relevant previous studies. 12 

Since the original transcripts were nonsense mRNA, they must be functionalized 13 

through RNA editing prior to direct the repair of their own coding gene. It is pretty 14 

surprising that cells do not edit the coding DNA itself directly, but the transcripts are 15 

first edited and then used to direct the DNA repair. However, RdGE is indeed more 16 

reasonable and feasible than directly editing the coding DNA sequence: the gene must 17 

be first transcribed and then repaired, because in a cell a frameshift mutation cannot 18 

be identified in the DNA level. It would be more efficient to repair the transcript first, 19 

make it be functional, and then the repaired mRNA is used to direct the gene repair. 20 

Otherwise, if cells edit the coding DNA directly, the edited gene must be transcribed 21 

again for a second round to make it be functional. Conceivably, the RdGE strategy has 22 

much fewer difficulties and more opportunities to succeed than editing DNA directly. 23 

4.2 Evidences connecting DNA Repair and RNA-editing 24 

All types of RNAs are subject to processing or degradation, and various cellular 25 

mechanisms are involved [37]. During the last decades, some studies have established 26 

a link between DNA repair and RNA surveillance. Several proteins that respond to 27 

DNA damage, e.g. base excision repair enzymes, SMUG1, APE1 and PARP1, have 28 

been shown to participate in RNA surveillance, turnover or processing [38].  29 
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In the above, we demonstrated that deaminase and mismatch repair proteins were 1 

both upregulated in the frameshift and the revertant. Deamination of DNA bases 2 

generates deoxyinosine from deoxyadenosine. Several studies provided some 3 

evidences that deamination is related to DNA repair and RNA editing. For example, 4 

endonuclease V, which is highly conserved from E. coli to human [39], is involved in 5 

alternative excision repair that removes deoxyinosine from DNA. It is reported that 6 

human endonuclease V, localizes to the cytoplasm, is also a ribonuclease specific for 7 

inosine-containing RNA, hydrolyses the second phosphodiester bond located 3’ to the 8 

inosine in unpaired inosine-containing ssRNA regions in dsRNA, and controls the fate 9 

of inosine-containing RNA in humans [39]. For another example, editing of the 10 

pre-mRNA for the DNA repair enzyme NEIL1 causes a lysine to arginine change in 11 

the lesion recognition loop of the protein, and the recoding site is a preferred editing 12 

site for the RNA editing adenosine deaminase ADAR1, suggested a link between the 13 

regulatory mechanism for DNA repair and RNA editing [40]. 14 

4.3 Evidences for RNA-directed DNA Repair 15 

As is well known, RNAs are transcribed in the nucleus and transported from the 16 

nucleus to the cytoplasm [41]. Recently, increasingly more evidences suggested that 17 

RNAs can be transported back to the DNA to repair double strand breaks (DSB), a 18 

process referred to as RNA-directed DNA Repair (RdDR). Not only a synthetic RNA 19 

carried by a DNA oligonucleotide, but also RNA-only oligonucleotides can precisely 20 

repair a DSB in homologous DNA, serving as direct templates for DNA synthesis at 21 

the chromosomal level [42-45]. The capacity of short RNA patches to directly modify 22 

DNA was reported in E. coli [44, 46], and precisely repaired a DSB in yeast [42, 47] 23 

and human embryonic kidney (HEK-293) cells [44].  24 

RdGE is an extension of RdDR, as the transcripts were edited prior to directing 25 

DNA repair. As described above, in the literature there are many evidences support 26 

the link between RNA editing and gene repair, which also support this RdGE model 27 

indirectly, while further systematic investigations are needed to clarify the molecular 28 

process in details and validate this mechanism in various species. 29 

4.4 RNA-directed genome editing and targeted gene repair 30 
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Gene therapy can potentially be used for the repair of disease-causing frameshift 1 

and point mutations. CRISPR/Cas9 has been widely used for RNA-guided genome 2 

editing [48-50], and for the introduction or correction of specific mutations [51, 52]. 3 

However, RNA-guided genome editing requires the transfection of an exogenous gene 4 

in the host cell. On the other side, deoxyoligonucleotides-directed targeted gene repair 5 

(ODN-TGR) is capable of targeting a single-base pair mutation in a highly specific 6 

manner [53, 54]. Being non-transgenic, ODN-TGR could be more favorable in gene 7 

therapy, genome engineering and molecular breeding. Unfortunately, however, they 8 

have often suffered from low efficiency, because they rely on the induction of the 9 

endogenous DNA repair system, while they are suppressed by the DNA mismatch 10 

repair mechanisms [55].  11 

Moreover, synthetic DNA oligonucleotides and DNA/RNA complexes have been 12 

widely used for targeting the gene repair [53-55]. And synthetic RNA or endogenous 13 

transcripts have also been reported to direct the repair of the double-strand breaks of 14 

DNA [42, 43, 47, 56-58], but it has never been reported that endogenous RNA can be 15 

edited and direct the repair of a gene. Since the basic components of RdGE are highly 16 

conserved from bacteria to human, this endogenous pathway is potentially useful for 17 

gene editing or gene repair using only RNA molecules, and without introducing any 18 

exogenous gene or protein. 19 
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Figure legends 1 

Fig 1. The introduction of a frameshift mutation in the upstream of the bla gene in the plasmid 2 

pBR322. Sanger sequencing result of: (A) the wild type (bla+); (B) the frameshift mutant (bla-). 3 

(C) Alignment of the nucleotide sequence of the wild type and that of the frameshift mutant. 4 

Fig 2. Growth of E.coli on ACPs and TCPs: bla+: Wild-type; bla-: Frameshift; bla*: revertants; 5 

blank: Blank control  6 

Fig 3. Different models for the repair of frameshifted protein-coding genes: 7 

 (A) The traditional “random mutagenesis” model: Left: in a frameshifted coding gene, a number 8 

of HSCs (red bars) emerged in the CDS, and in mRNA the PTCs (red bars) caused translational 9 

termination, resulting in truncated products; Right: when the coding DNA sequence is happened 10 

repaired by a back mutation, the reading frame is restored, the stop codons are hid (green bars), 11 

and the translation proceed; 12 

 (B) This “initiative repair” model: Left: in a frameshifted gene, a number of HSCs (yellow bars) 13 

emerged in the CDS. Signaled by the PTCs (yellow bars), the nonsense mRNA was identified by 14 

mRNA surveillance, and processed by translational termination and mRNA decaying. Middle: The 15 

nonsense mRNA can also be repaired or revised by RNA editing. Right: the coding sequence is 16 

repaired by RdGE, most stop codons are hid (green bars), the reading frame restored partially, and 17 

the translation proceed by translational stop codon readthrough. 18 

Fig 4. Sequencing and sequence analysis: (A) The Sanger sequencing diagram of the revertants, 19 

shows two set of overlapped peaks, one is frameshifted, the other is repaired; (B) The repaired bla 20 

coding DNA sequence (top) and the translated proteins sequence (bottom) read from the Sanger 21 

sequencing diagram of the revertants. bla: wild-type; bla-: frameshift; A-E: different revertants; 22 

red box: the base deleted in the mutagenesis; blue boxes: bases inserted or deleted in the revertants; 23 

(C) The distribution of SNPs/InDels on the genome of wild-type and revertants (linear view); (D) 24 

The distribution of SNPs/InDels on the genome of wild-type and revertants (circular view); (E) 25 

The falsely reported “structure variations (SVs)” in the genome of wild-type and revertants; 26 

Fig 5. SDS-PAGE of the frameshifted BLA by expression of pET28a-bla # in E. coli BL21. 27 

Fig 6. The transcriptome analysis of different E. coli strains: W_1: wildtype; FS_2: frameshift; 28 

R_3: initial revertant; RE_4: subculture of a revertant; (A) The number of differential expression 29 

genes (DGEs) and the heat map; (B) the most enriched GO terms by comparing FS_2 with W_1; 30 

(C) the most enriched GO terms by comparing R_3 with FS_2; (D) DNA mismatch repair 31 

pathway (DpoIII gene was upregulated); (E) DNA homologous recombination pathway (4 genes 32 

were upregulated). (F) RNA degradation pathway (6 genes were upregulated); 33 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/069971doi: bioRxiv preprint 

https://doi.org/10.1101/069971
http://creativecommons.org/licenses/by-nc-nd/4.0/


Premature termination codons signal reading frame restoration 

 15 / 20 

 

 1 

Table 1. The natural suppressor tRNA for nonsense mutations (the in vivo readthrough rules). 2 

Site 
tRNA 

(AA) 

Wild type 
 

Correction 

Code Anti-code Code Anti-code 

supD Ser (S) → UCG CGA←  → UAG CUA← 

supE Gln (Q) → CAG CUG←  → UAG CUA← 

supF Tyr (Y) → UAC GUA←  → UAG CUA← 

supG Lys (K) → AAA UUU←  → UAA UUA← 

supU Trp (W) → UGG CCA←  → UGA UCA← 

 3 

Table 2. The summary of InDel in the bla+/- genome 4 

 5 

 6 

Table 3. The summary of SNP in the bla+/ - genome 7 

Sample ts tv ts/tv Het Hom HetRate(%) Total Density(SNP/Kb) 

bla+ 43 27 1.59 4 66 0 70 0.02 

bla- 42 27 1.56 2 67 0 69 0.01 

 8 

  9 

Sample Insertion Deletion Het Hom HetRate(%) Total 

bla+ 2 4 0 6 0 6 

bla- 2 3 0 5 0 5 
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 1 

Table 4. Possible RdGE-relevant genes and pathways that were upregulated in the frameshift 2 

Pathway Term Database ID 
Input 

number 

Background 

number 
P-Value 

Corrected 

P-Value 

ABC transporters KEGG eco02010 32 171 0.0001 0.0090 

RNA degradation KEGG eco03018 1 15 0.7419 0.9762 

DNA replication KEGG eco03030 1 17 0.7822 0.9762 

Mismatch repair KEGG eco03430 1 22 0.8575 0.9796 

Homologous recombination KEGG eco03440 1 27 0.9069 0.9796 

 3 

 4 

Table 6. Possible RdGE-relevant genes and pathways that were upregulated in the revertant 5 

Pathway Term Database ID 
Input 

number 

Background 

number 
P-Value 

Corrected 

P-Value 

ABC transporters KEGG eco02010 32 171 3.53E-05 0.0018 

Homologous recombination KEGG eco03440 2 27 0.6539 0.9519 

RNA degradation KEGG eco03018 3 15 0.1017 0.5470 

DNA replication KEGG eco03030 1 17 0.7564 0.9519 

Mismatch repair KEGG eco03430 1 22 0.8357 0.9519 

  6 
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Fig 2. Growth of different E.coli strains on ACPs and TCPs 
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Fig 4A.  Sanger sequencing diagram of the revertants 
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Fig 4B. The bla sequences of the wild-type and revertants 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/069971doi: bioRxiv preprint 

https://doi.org/10.1101/069971
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig 4C. The SNP/InDel in the genome of the wild-type and revertants 
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Fig 4D. The SNP/InDel in the genome of the wild-type and revertants 
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Fig 4E. The structure variation (SV) in the genome of wild-type and revertants 
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Fig 5. bla# 
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Fig 6. Transcriptome  
A differential expression genes (DGE) 
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D DNA mismatch repair 
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E DNA homologous recombination 
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F RNA Degradation 
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