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Among numerous point mutation differences between the SARS-CoV-2 and the bat RaTG13 coronavirus, only the 12-nucleotide furin cleavage site (FCS) exceeds 3 nucleotides. A BLAST search

revealed that a 19 nucleotide portion of the SARS.Cov2 genome encompassing the furing cleavage site is a 100% complementary match to a codon-optimized proprietary sequence that is the reverse

complement of the human mutS homolog (MSH3). The reverse complement sequence present in SARS-CoV-2 may occur randomly but other possibilities must be considered. Recombination in an

intermediate host is an unlikely explanation. Single stranded RNA viruses such as SARS-CoV-2 utilize negative strand RNA templates in infected cells, which might lead through copy choice

recombination with a negative sense SARS-CoV-2 RNA to the integration of the MSH3 negative strand, including the FCS, into the viral genome. In any case, the presence of the 19-nucleotide long

RNA sequence including the FCS with 100% identity to the reverse complement of the MSH3 mRNA is highly unusual and requires further investigations.

Introduction

Based on a recent publication describing insertion variants of SARS-CoV-2 (1) we would like to bring the attention to our recent findings related to the sequence of the furin cleavage site (FCS) in SARS-CoV-2 Spike (S)

protein. The SARS-CoV-2 causing the COVID-19 pandemic (2) has 82.3% amino acid identity to bat coronavirus SL-CoVZC45, 77.2% amino acid identity to SARS-CoV, and 96.2% genome sequence identity to bat

coronavirus RaTG13. While numerous point mutation differences exist between SARS-CoV-2 and RaTG13, only one insertion and dissimilarity exceeding 3 nucleotides (nt): a 12-nucleotide insertion coding for four

amino acids (aa 681-684, PRRA) in the SARS-CoV-2 S protein has been discovered. This polybasic FCS differentiates SARS-CoV-2 from other b-lineage betacoronaviruses or any other sarbecovirus (3). An FCS addition

enhanced the infectivity of SARS Co-V-2 in 2019 (4). The absence of this FCS results in attenuated SARS-CoV-2 variants useful for animal vaccination, accentuating its relevance to human infection (5). This FCS is vital

for human and ferret transmission (6), expands viral tropism to human cells (7), and is requisite for severe disease in two animal models of SARS-CoV-2 (8).

SARS-CoV-2 Spike Protein and MSH3

A peculiar feature of the nucleotide sequence encoding the PRRA furin cleavage site in the SARS-CoV-2 S protein is its two consecutive CGG codons. This arginine codon is rare in coronaviruses: relative synonymous

codon usage (RSCU) of CGG in pangolin CoV is 0, in bat CoV 0.08, in SARS-CoV 0.19, in MERS-CoV 0.25, and in SARS-CoV-2 0.299 (9).

A BLAST search for the 12-nucleotide insertion led us to a 100% reverse match in a proprietary sequence (SEQ ID11652, nt 2751-2733) found in the US patent 9,587,003 filed on Feb. 4, 2016 (10) (Figure 1). Examination

of SEQ ID11652 revealed that the match extends beyond the 12-nucleotide insertion to a 19-nucleotide sequence: 5′-CTACGTGCCCGCCGAGGAG-3′ (nt 2733-2751 of SEQ ID11652), such that the resulting mRNA would

have 3′- GAUGCACGGGCGGCUCCUC-5′, or equivalently 5′- CU CCU CGG CGG GCA CGU AG-3′ (nucleotides 23547-23565 in the SARS-CoV-2 genome, in which the four bold codons yield PRRA, amino acids

681–684 of its spike protein). This is very rare in the NCBI BLAST database.

FIGURE 1

(https://www.frontiersin.org/files/Articles/834808/fviro-02-834808-HTML/image_m/fviro-02-834808-g001.jpg)
Figure 1. The origin of the furin sequence in SARS-CoV-2. Comparison of the protein sequences at the S1/S2 junction in SARS-CoV, RaTG13, and SARS-CoV-2 demonstrating the presence of the furin cleavage site (FCS) PRRA only in SARS-
CoV-2. Based on a BLAST search of the 12-nucleotide stretch coding for the FCS PRRA, a 19-nucleotide long identical sequence was identified in the patented (US 958 7003) sequence Seq ID11652. SEQ ID11652 is transcribed to a MSH3 mRNA
that appears to be codon optimized for humans. This 19-nucleotide sequence including 12 nucleotides coding for the FCS PRRA, present in the human MSH3 gene might have been introduced into the SARS-CoV-2 genome by the illustrated copy
choice recombination mechanism in SARS-CoV-2 infected human cells overexpressing the MSH3 gene.

The correlation between this SARS-CoV-2 sequence and the reverse complement of a proprietary mRNA sequence is of uncertain origin. Conventional biostatistical analysis indicates that the probability of this sequence

randomly being present in a 30,000-nucleotide viral genome is 3.21 ×10  (Figure 2).

FIGURE 2

(https://www.frontiersin.org/files/Articles/834808/fviro-02-834808-HTML/image_m/fviro-02-834808-g002.jpg)
Figure 2. Calculations of the probability of natural occurrence of the 19nt sequence under study. The SARS-CoV-2 genome is ~30,000 nucleotides long (P1). The patented sequence is ~3,300 nucleotides long (P2). The patented library
encompasses 24'712 sequences of varying lengths with median length being in the range of 3,300 nucleotides. Conventional probability calculations are given of the probability of the presence of a 19-nucleotide sequence in the human genome and
in one of the patented library sequences.

The proprietary sequence SEQ ID11652, read in the forward direction, encodes a 100% amino acid match to the human mut S homolog 3 (MSH3) (9). MSH3 is a DNA mismatch repair protein (part of the MutS beta

complex) (11). SEQ ID11652 is transcribed to a MSH3 mRNA that appears to be codon optimized for humans (12). We did not find the 19-nucleotide sequence CTCCTCGGCGGGCACGTAG in any eukaryotic or viral

genomes except SARS-CoV-2 with 100% coverage and identity in the BLAST database (Supplementary Tables 1–3).

Discussion

MSH3 replacement with a codon-optimized mRNA sequence for human expression likely has applications in cancers with mismatch repair deficiencies. While a portion of a reverse complement sequence being present

in SARS-CoV-2 could be a random coincidence, other possibilities merit consideration.

Overexpression of MSH3 is known to interfere with mismatch repair (MSH2 sequestration from the MutS alpha complex comprising MSH2 and MSH6 results in MSH6 degradation and MutS alpha depletion) (13),

which holds virologic importance. Induction of DNA mismatch repair deficiency results in permissiveness of influenza A virus (IAV) infection of human respiratory cells and increased pathogenicity (14). Mismatch repair

deficiency may extend shedding of SARS-CoV-2 (15, 16).

The absence of CTCCTCGGCGGGCACGTAG from any eukaryotic or viral genome in the BLAST database makes recombination in an intermediate host an unlikely explanation for its presence in SARS-CoV-2. A human-

codon-optimized mRNA encoding a protein 100% homologous to human MSH3 could, during the course of viral research, inadvertently or intentionally induce mismatch repair deficiency in a human cell line, which

would increase susceptibility to SARS-like viral infection. Infection of SEQ ID11652-MSH3-transduced human cells by a SARS-like virus could enable copy choice recombination (15). Replication of SARS-CoV-2 and

other single stranded RNA viruses with an RNA genome of positive polarity is initiated by the synthesis of negative strand RNA in the cytoplasm of infected cells (17) (Figure 1). The negative strand RNA is a template for

synthesis of positive stranded RNA utilized for translation of non-structural proteins, the replication and transcription complex, or new virion capsids. Coronaviruses generate double stranded RNA at an early stage of

infection through genomic replication and mRNA transcription (18).

Acquisition of the reverse complement FCS sequence from an overexpressed positive sense MSH3 mRNA could occur through copy choice recombination with a negative sense SARS-CoV-2 RNA intermediate (15),

involving jumping from one template to another (19) (Figure 1). The homology between SARS-CoV-2 and other known coronaviruses is discontinued and most SARS-CoV-2 sequences derive from a relatively recent

common ancestor with bat RaTG13. Moreover, similarity plots (SimPlots) have identified sudden changes in sequence identity between SARS-CoV-2 and RaTG13, signaling potential recombination events, which could

explain the capability of SARS-CoV-2 binding to ACE2 through its RBD, which is not the case for the RaTG13 RBD (15).

A criticism of this hypothesis is that the identified sequence is on the opposite strand of the open reading frame in SEQ ID11652. However, cells transfected with MSH3, which induce mismatch repair deficiency could

have targeted double-stranded cDNA encoding SEQ ID11652. Such cells co-transfected with a SARS-like virus expressing RdRp could attach to this 19-nucleotide sequence (15) and permit integration of a fragment from
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the negative strand into the viral genome, including the FCS, despite being on the opposite strand of the open reading frame. Mismatch repair mechanisms have enabled integration of short fragments from antisense

strands in experimental models (20, 21). Microhomology can direct recombination between the MSH3 and a SARS-like virus, which could take place at the 19-nucleotide sequence of interest.

The presence in SARS-CoV-2 of a 19-nucleotide RNA sequence encoding an FCS at amino acid 681 of its spike protein with 100% identity to the reverse complement of a proprietary MSH3 mRNA sequence is highly

unusual. Potential explanations for this correlation should be further investigated.
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 (https://loop.frontiersin.org/people/1690435/overview) Christophe Brun (https://loop.frontiersin.org/people/1690435/overview) Really interesting but in the introduction, the sentence "An FCS addition enhanced the infectivity
of SARS Co-V-2 in 2019 (4)" makes me think the study in reference 4 date from 2019 which does not seem to be the case in any way. The article date from 2020, it relates to previously

published articles of course but... It can create a false sense that SARS Co-V-2 was studied in 2019.

10:38 AM, 22 February 2022

 (https://loop.frontiersin.org/people/1693447/overview) John Smith (https://loop.frontiersin.org/people/1693447/overview) Probability theory states that P(A and B) = P(A) x P(B) only if events A and B are independent events.
<br/><br/>The calculations shown in Figure 2 of the article are:<br/><br/>P(19nt sequence in humans appears in the virus's 30,000nt genome)<br/>= (30,000 - 18) x 10^-7<br/>

<br/>These two probabilities are multiplied, but there is no evidence given in the article that a sequence appearing in humans is independent from it appearing in the virus. In fact, the opposite may be true. The virus is not a random sequence. The virus is
being studied because it matches the sequence in humans, making it more able to infect humans. These are not shown to be independent events, and thus it is incorrect to multiply their probabilities.<br/><br/>P(19nt sequence in humans appears in one of
the 24712 sequences of 3300nt patented by Moderna)<br/>= 24712 x P2 x (1-P2)^24711<br/><br/>The article does not provide any evidence that these are independent events either. On the contrary, a pharmaceutical company which aims to treat illnesses
in humans is probably more likely to patent sequences from the human genome. Thus, these are likely not independent events either, and their probabilities cannot be multiplied.<br/><br/>These issues may increase the final probability of 3.21 ×10^-11
shown in the article, making the article inaccurate. If possible, would you be able to offer an explanation?

4:05 AM, 24 February 2022

User

Comment deleted on 10:47 AM, 24 February 2022

 (https://loop.frontiersin.org/people/1693818/overview) Martijn Weterings (https://loop.frontiersin.org/people/1693818/overview) John Smith points out how the probability theory is a simplification, but even if we would
consider the nucleotides completely random and independent then still the conventional biostatistical analysis contains several mayor errors. Some of them increase the probability

others decrease the probability.<br/><br/>#### PROBLEM 1 ####<br/><br/>The probabilities P1 and P2: the occurrence of an m-length nucleotide sequence in a random nucleotide sequence of length n. The computation computes the probability of the
sequence of length m in a particular sequence (0.25)^m and multiplies this with n-(m-1). <br/><br/>(n-m+1)*(0.25)^m<br/><br/>We can very clearly show that this is wrong by using a smaller problem. What is the probability that a nucleotide T (length
m=1) occurs in a random genome of length n=4. It is *not* 4*0.25^1 = 1. That is the expectation value for the number of occurances. But the probability for 1 or more occurances is more like:<br/><br/>1-(1-(0.25)^m)^(n-m+1)<br/><br/>And... that is
getting closer, but *also* wrong. This considers the probability as n-m+1 independent flips of a coin with probability (0.25)^m. But the flips are not independent.<br/><br/>To get a more precise results we can consider the problem: A fair die is rolled 1,000
times. What is the probability of rolling the same number 5 times in a row? https://stats.stackexchange.com/questions/492000/a-fair-die-is-rolled-1-000-times-what-is-the-probability-of-rolling-the-same-nu<br/><br/>The solution of this problem can be
computed in several ways. The fastest method is to compute it with a Markov Chain. Below is a program in R that does this computation:<br/><br/><br/>### create Markov Chain matrix<br/>M = matrix(rep(0,20*20),20)<br/>M[1,1:19] = 3/4<br/>for (i
in 1:19) {M[i+1,i] = 1/4}<br/>M[20,20] = 1<br/><br/>### compute probability<br/>start <- c(1,rep(0,19))<br/>matrix.power(M,3300) %*% start<br/><br/>The result is 9.0 * 10^-9 (8.955794e-09) which is a *smaller* probability than the 11.9 * 10^-9
from the article, but not a big difference.<br/><br/>#### PROBLEM 2 ####<br/><br/>The article computes the probability that "the probability of this sequence randomly being present in a 30,000-nucleotide viral genome". But this is a red herring. It is
not the relevant probability under consideration.<br/><br/>Namely, the article computes the probability for a *specific sequence* to occur in the viral genome and in the database of 24712 sequences. <br/><br/>This is like computing the probability of
rolling two six sided dices with the same number as p1*p2 = 1/6*1/6 = 1/36. But every fan of board games knows that the probabiliy of the same number on the two dice is 1/6 instead of 1/36. We can roll two ones, two twos, two threes, two fours, two fives or
two sixes. Each situation has 1/36 probability, and together the probabiltiy is 1/6. <br/><br/>#### PROBLEM 3 ####<br/><br/>There is a problem of multiple comparisons. <br/><br/>The article focuses on a sequence CCTCGGCGGGCA and finds a
match in a database for a piece of length 19 around it with 2 pairs in front and 5 pairs behind it CT-CCTCGGCGGGCA-CGTAG. The computation of te probability is for this specific match of the sequence CT-CCTCGGCGGGCA-CGTAG, but we could have also
had other matches of length 19 TAATTCT-CCTCGGCGGGCA, AATTCT-CCTCGGCGGGCA-C, ATTCT-CCTCGGCGGGCA-CG, TTCT-CCTCGGCGGGCA-CGT, TTCT-CCTCGGCGGGCA-CGT, TCT-CCTCGGCGGGCA-CGTA, CT-CCTCGGCGGGCA-CGTAT,
T-CCTCGGCGGGCA-CGTATG, CCTCGGCGGGCA-CGTATGT, as well as the sequences in reverse order.<br/><br/>This is a complicated multiple comparisons problem which needs to be computed more exactly (it is complicated due to the correlations
between the individiual cases) but it is certain that it will considerably *increase* the probability.<br/><br/>#### Conclusion ####<br/><br/>The problem 1 will decrease the probability, but not by much. The problems 2 and 3 will increase the
probability and by a lot. <br/><br/>Exact computations need to be done for problem 3 but it is probably gonna be some order times of the probability P2c (which in the altered computation is the slightly less 0.0002212666 instead of 0.00029).

10:47 AM, 24 February 2022

 (https://loop.frontiersin.org/people/19516/overview) Vincent Joseph (https://loop.frontiersin.org/people/19516/overview) Relevant comments here: ----- https://sciencebasedmedicine.org/the-return-of-the-revenge-of-covid-19-
mrna-vaccines-permanently-alter-your-dna-and-lab-leak ----- Frontiers is sadly becoming something it should not be.

7:59 PM, 03 March 2022

 (https://loop.frontiersin.org/people/1706555/overview) Seth Crosby (https://loop.frontiersin.org/people/1706555/overview) That stretch of 19 bases (CTACGTGCCCGCCGAGGAG) is not unique to SarsCoV2 and Moderna; it
occurs in a number of microorganisms. Using BLAST, a simple online tool, I compared it to all known genomes (excluded SARSCoV2 to see what other organisms contain it). Dozens of

perfect hits. Try it yourself! https://blast.ncbi.nlm.nih.gov/Blast.cgi

2:16 PM, 04 March 2022

 (https://loop.frontiersin.org/people/103175/overview) Fernando Cardona (https://loop.frontiersin.org/people/103175/overview) “The absence of CTCCTCGGCGGGCACGTAG from any eukaryotic or viral genome in the BLAST
database makes recombination in an intermediate host an unlikely explanation for its presence in SARS-CoV-2”. The last assertion, taken from the discussion in that paper, is the result

of a poorly use of the BLAST tool. Indeed, more careful searches with this 19-nucleotide long sequence in BLAST and using stringent parameters (100% identity and 100% coverage) and restricted to different phyla/genus/species (virus excluding SARS-
CoV-2, birds, bacteria, bats or reference RNA sequences) provide numerous hits. This demonstrates the existence of this exact sequence in numerous other eukaryotes, prokaryotes or viruses. The results of our basic BLAST search certainly questions the idea
that this could only happen when a coronavirus infected a human being, as the paper seem to suggest.

10:03 AM, 07 March 2022
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 (https://loop.frontiersin.org/people/103175/overview) Fernando Cardona (https://loop.frontiersin.org/people/103175/overview) CTCCTCGGCGGGCACGTAG<br/>-Virus, excluding SARS-CoV-2, RefSeq representative
genomes<br/>100%identity and 100% coverage: phages, herpesvirus, poxvirus, halovirus, adenovirus, … (2372 sequences)<br/>e-value<1: Pandoravirus (2), Orf virus, Murid

herpesvirus 1, Murid betaherpesvirus 1<br/>-Virus, RefSeq representative genomes, excluding all phages (8 types)<br/>-RefSeq representative genomes, birds. 100%identity and 100% coverage<br/>Chaetura, Aquila, Ansa, Oxyura, Aythya, Cygnus,
Serinus, Gallus<br/>- RefSeq representative genomes, Bacteria. 100%identity and 100% coverag: 68 sequences<br/>-Reference RNA sequences. 100%identity and 100% coverage: Saprolegnia parasítica (Protista), Saprolegnia diclina (Protista), Chaetura
pelágica (bird).<br/>-Bats. 100%identity and 100% coverage: Pipistrellus, Molossus, Phyllostomus, Rousettus, Pteropus (14 sequences).

2:53 PM, 07 March 2022

 (https://loop.frontiersin.org/people/1715535/overview) Jon Burg (https://loop.frontiersin.org/people/1715535/overview) Is anyone else floored that the reviewers of this manuscript allowed authors to make these claims and did
not require them to follow-up with any actual lab work?

6:22 PM, 10 March 2022
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