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Abstract 31 

The emergence of SARS-CoV-2 variants poses enormous challenges to the prevention 32 

and control of COVID-19 with alterations in antigenicity, transmissibility and 33 

pathogenicity. The rapid evolution of RNA viruses could be caused by high mutation 34 

frequencies during replication, arising by replication errors, intergenomic 35 

recombination or even host deaminases. We sought to understand whether host 36 

deaminases are involved in SARS-CoV-2 mutation, and how they orchestrate host 37 

deaminases to trigger this process. Herein, we provided the experimental evidence that 38 

APOBEC and ADAR deaminases act as the driving forces for SARS-CoV-2 39 

mutagenesis. Mechanistically, SARS-CoV-2 nucleocapsid (N) protein, which is 40 

responsible for packaging viral genomic RNA, complexes with host deaminases to 41 

facilitate viral RNA mutation. Moreover, N protein employs deaminases-involved 42 

condensates to further promote viral RNA mutation. Mutant N protein with F17A 43 

substitution, defective in entry of deaminases-involved RNA granules, leads to the 44 

decreased mutation of viral RNA, confirming the function of N protein-deaminase 45 

condensates on RNA editing. Our study sheds light on the novel mechanism of SARS-46 

CoV-2 mutation during host-virus arms race.  47 
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Introduction 61 

The continuous emergence of SARS-CoV-2 variants of concerns (VOC) with 62 

alterations in transmissibility, antigenicity and pathogenicity in human has posed an 63 

ongoing threat to global health1-4. Currently, the World Health Organization (WHO) has 64 

defined five variants as VOC, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 65 

(B.1.617.2) and Omicron (B.1.1.529), as well as two further variants of interest (VOI), 66 

Lambda (C.37) and Mu (B.1.621) and a new recombinant variant, XE5, 6. The VOCs 67 

and VOIs have exhibited abilities to evade neutralization by monoclonal antibodies or 68 

vaccine induced immunity, which presents urgent challenges for curbing COVID-192, 69 

7-10.  70 

SARS-CoV-2, belonging to subfamily Coronavirinae in the family Coronaviridae of the 71 

order Nidovirales, is a positive-sense, single-strand (ss) RNA virus and possesses a 72 

moderate genetic variability due to their RNA-proofreading machinery which utilizes 73 

nsp14 exonuclease to correct errors11, 12. In general, viral RNA mutations are emerged 74 

from two main sources which contain spontaneous random errors in replication made 75 

by RNA dependent RNA polymerase (RdRP) that are not corrected by the existing 76 

proofreading mechanism, and host-driven viral genome mutation, such as deaminase-77 

mediated RNA editing and reactive oxygen species (ROS)13-15.  78 

The human deaminases, which consist of the adenosine deaminases acting on RNA 79 

(ADARs) and the apolipoprotein-B (ApoB) mRNA editing enzyme, catalytic 80 

polypeptide-like proteins (APOBECs)16, play a critical role in the innate antiviral 81 

defense. The ADARs are able to deaminate adenosine in dsRNAs and convert it into 82 

inosine (A-to-I). Three types of ADAR genes (ADAR1, ADAR2 and ADAR3) have 83 

been identified in human genome. ADAR1 and ADAR2 are expressed in almost all 84 

human tissues and catalytically active for adenosine deamination, while ADAR3 is 85 

absent outside of the brain and has no reported deamination activity17, 18. ADAR1/2 86 

possess antiviral effects by destabilizing dsRNA through introducing multiple A-to-I 87 

(G) substitutions, which were described for several RNA viruses, including influenza 88 

virus, lymphocytic choriomeningitis virus, rift valley fever virus, hepatitis C virus and 89 



Zika virus19, 20. The APOBECs are a family of cytosine deaminases, which catalyze 90 

cytosine deamination to uracil (C-to-U) in single-stranded DNA or RNA. The 91 

APOBECs family contains eleven APOBEC members: APOBEC1, APOBEC2, 92 

APOBEC3 (A, B, C, D, F, G and H), APOBEC4 and activation-induced cytidine 93 

deaminase (AID)21. Similar to the ADARs, APOBEC proteins restrict viral replication 94 

due to their feature of hyper-editing, such as HIV and HBV22. APOBEC1, APOBEC3A 95 

and APOBEC3G are also reported to recognize and deaminate ssRNA to cause C-to-U 96 

mutation23-26. The ROS, also as an antiviral strategy, could oxidize nucleic acids to 97 

induce virus inactivation and mutagenesis, which is proposed to be related to the G-to 98 

U and C-to-A transversions27, 28. In the host-virus interaction, the host cells utilize the 99 

innate antiviral response to induce virus mutagenesis and inactivation, and thereby 100 

combat virus infection. On the contrary, the viruses develop multiple mechanisms to 101 

employ host-driven forces to achieve viral mutagenesis and evolution, and thereby 102 

enhances virus adaption and fitness. 103 

The analysis of existing SARS-CoV-2 mutations and SARS-CoV-2 RNA-seq data from 104 

COVID-19 patients displayed predominant mutational patterns with specific signatures 105 

of A-to-I (G) and C-to-U (T) mutation, indicating that ADARs and APOBECs-mediated 106 

RNA editing likely plays a crucial role in SARS-CoV-2 mutagenesis13, 14. However, 107 

whether host deaminases are involved in SARS-CoV-2 mutation and how SARS-CoV-108 

2 hijacks host deaminases to achieve viral mutation and evolution are still unknown. In 109 

our study, we provided the experimental evidence that host deaminases, ADARs and 110 

APOBECs, indeed act as the driving forces for RNA mutation of SARS-CoV-2. The 111 

potential mechanism is that host deaminases specifically interacted with N protein (a 112 

viral RNA binding protein in viral life cycle), which may link deaminases to target viral 113 

RNA for editing. Furthermore, N protein partitions into deaminases-involved RNA 114 

granule via phase separation, which concentrates RNA and proteins to enhance 115 

deaminases interaction with N protein and viral RNA, and thereby promotes RNA 116 

editing efficiency. Furthermore, NF17A protein loses the capability to entry into stress 117 

granules (SGs), which impairs the interaction level with deaminase and decreases the 118 



SARS-CoV-2 RNA mutagenesis, further supporting the function of deaminases-119 

involved condensates on RNA editing. Our study may shed light on a novel therapeutic 120 

strategy against SARS-CoV-2 variants. 121 

Results 122 

N protein interacts with host deaminases and then guides host deaminases to edit 123 

viral RNA  124 

The predominant mutational patterns in SARS-CoV-2 genome with the signatures of 125 

A-to-I (G) and C-to-U (T) mutation implies that APOBEC and ADAR-mediated RNA 126 

editing may contribute to shape the viral RNA mutational outcome and promote SARS-127 

CoV-2 evolution13, 16. To confirm the role of the deaminases in viral mutation, we 128 

utilized an N protein-based trans-complementation SARS-CoV-2 cell culture model in 129 

Caco-2 cells29, and performed RNA-seq to analyze mutational patterns of SARS-CoV-130 

2 genome. With the reference sequence of SARS-CoV-2 genome (NC_045512), we 131 

analyzed the proportion of 12 single nucleotides variant (SNV) types based on four 132 

nucleotides (A: A>C, A>G, A>T; C: C>A, C>G, C>T; G: G>A, G>C, G>T; T: T>A, 133 

T>C, T>G). Consistent with the reported mutational pattern13, 14, APOBEC-mediated 134 

C-to-U (C>T/G>A) and ADAR-mediated A-to-I (A>G/T>C) account for the 135 

predominant proportion in mutational ratio (Fig. 1a; Supplementary Fig. S1a), 136 

suggesting that the deaminase-induced RNA editing potentially occurred in SARS-137 

CoV-2 RNA genome. However, SARS-CoV-2 infection did not alter the mRNA 138 

expression of APOBECs and ADARs (Supplementary Fig. S1b), suggesting that viral 139 

mutation is not induced by the change of deaminase level. The G-to-U (G>T) and C-140 

to-A (C>A) transversions are the second main group for nucleotides C and G mutation 141 

(Fig. 1a; Supplementary Fig. S1a), which was likely contributed by reactive oxygen 142 

species (ROS) activity27. Since APOBECs or ADARs-catalyzed deamination of C-to-143 

U or A-to-U is regulated by specific sequence contexts, we performed the analysis of 144 

the nucleotide contexts in the SARS-CoV-2 genome. We observed that the AA and GA 145 

are the most and the least preferable motifs for A-to-I mutation on the SARS-CoV-2 146 

genome, respectively (Fig. 1b), which is similar to the context preference of hADARs30, 147 



31. On the other hand, C-to-U transitions on the SARS-CoV-2 genome preferentially 148 

occur at the downstream of adenosines or uridines, and the upstream of adenosines or 149 

uridines (Fig. 1b), which are in line with the reported motif preference for RNA editing 150 

by APOBECs24, 32. Notably, each nucleotides variant is evenly represented with respect 151 

to SNV frequency suggesting the strength of driving forces to induce SARS-CoV-2 152 

mutation presents less difference (Fig. 1c).  153 

To gain further insight into the role of host deaminase in SARS-CoV-2 mutation, we 154 

performed a series of virus passages on Caco-2 cells and collected the SARS-CoV-2 155 

RNA after one and six passages to perform RNA-sequencing. At the first passage, the 156 

extensive C-to-U and A-to-I substitutions were displayed by the SARS-CoV-2 genome 157 

suggested that host deaminases induced viral genome hypermutation, the purpose of 158 

which is to mutate the viral RNA, and then restrict the viral RNA replication in the early 159 

stages of SARS-CoV-2 infection (Fig. 1d). Strikingly, the count of SNVs number 160 

dramatically decreased at the sixth passage of SARS-CoV-2 (Fig. 1d). One possible 161 

reason is that most of the mutations lead to the deficiency of viral RNA replication, and 162 

only mutations, i.e. T2578C, C5219T, A19736G and C27970T, which do not impair 163 

viral fitness could be maintained in the following passages (Supplementary Fig. S1c), 164 

further supporting that host deaminase indeed function as host restriction factors to 165 

induce viral genome hypermutation and inactivation upon SARS-CoV-2 infection. 166 

Conversely, the viruses could employ cellular deaminase to edit SARS-CoV-2 viral 167 

genome and achieve viral evolution, and thereby enhance virus fitness. 168 

The function of host deaminases in driving SARS-CoV-2 viral genome mutations have 169 

been well characterized, but it is not yet known how SARS-CoV-2 virus hijacks host 170 

deaminases to deaminate viral RNA in the viral life cycle. SARS-CoV-2 nucleocapsid 171 

(N) protein, which is responsible for assembling viral RNA genome to form 172 

ribonucleoprotein (RNP) complex could interact host RNA-binding proteins and 173 

regulated SG formation to overcome host antiviral response33, 34. The deaminases 174 

(ADARs and APOBECs) also function as host RNA-binding proteins and favor RNA 175 

to occur deamination17, 23. In light of their function, we hypothesize that N protein act 176 



as a host-virus intermediary to direct host-encoded cytidine/adenine deaminases to edit 177 

the viral RNA. To test this hypothesis, we first investigated whether N protein interacted 178 

with host deaminases. We systematically co-expressed GFP-tagged N protein and flag-179 

tagged APOBEC family members (APOBEC1, activation-induced cytidine deaminase 180 

(AID), APOBEC2, APOBEC3 (A to F), and APOBEC4) or ADAR family members 181 

(ADAR1 and ADAR2) in HeLa cells, and then performed Co-IP experiment to detect 182 

the interaction of GFP-tagged N protein with each host deaminase. The results showed 183 

that N protein interacted with ADARs (ADAR1 and ADAR2) and some members of 184 

APOBECs, such as APOBEC1, AID, APOBEC3D, APOBEC3F, APOBEC3G and 185 

APOBEC3H, but not APOBEC2, APOBEC3A, APOBEC3C and APOBEC4 (Fig. 1e). 186 

Meanwhile, we transfected N gene in HeLa cells and then performed RNA 187 

immunoprecipitation (RIP) assay using anti-ADAR2 antibody to detect the interaction 188 

between ADAR2 and viral RNA. The result showed that ADAR2 bound the RNA of N 189 

protein, suggesting N protein directly bridges the host deaminases with viral RNA (Fig. 190 

1f). Next, we validated whether host deaminases could induce mutations on the RNA 191 

which encodes viral proteins. We transfected viral N gene into HeLa cells and 192 

performed RNA-seq to analyze mutational signature of N gene RNA. Similar to 193 

mutational pattern of SARS-CoV-2 genome, the mutation bias toward transitions, 194 

including A>G/T>C and C>T/G>A, further confirming the host deaminase function 195 

(Fig. 1g). Moreover, AAG and GCA are the most preferable motifs for A-to-I mutation 196 

and C-to-U mutation, respectively (Supplementary Fig. S2a), which are consistent with 197 

the sequence context of N gene in the SARS-CoV-2 genome (Supplementary Fig. S2b). 198 

The similar results were observed on the RNA of spike gene in HeLa cells when spike 199 

gene and N gene were co-transfected into HeLa cells (Supplementary Fig. S2c). The 200 

SARS-CoV-2 genome encodes some non-structural proteins (nsp) to assist the viral 201 

RNA processing and replication, including nsp7, nsp8, nsp9, nsp12 and nsp16. To check 202 

the possibility of other viral factors interaction with host deaminases, we chose the 203 

aforementioned nsp and four structural proteins (S, N, E, M) to perform Co-IP assay 204 

with host deaminases. The results showed that APOBEC3G (A3G) or ADAR2 failed to 205 

interact with those nsp and structural proteins. However, N protein showed a strong 206 



interaction with A3G or ADAR2 (Fig. 1h; Supplementary Fig. S2d). Thus, specific 207 

interaction between N protein with host deaminases is a potential mechanism for host-208 

directed RNA editing of the SARS-CoV-2 genome.  209 

The condensate formation of N-deaminase complex efficiently enhances the viral 210 

RNA mutagenesis  211 

Our previously study have reported that N protein interacted with host RNA-binding 212 

proteins G3BP (the core proteins in SGs)33, which provoked us to explore whether N 213 

protein interacts with G3BP and host deaminases to form multi-proteins complex. To 214 

this end, we co-expressed GFP-tagged N protein and HA-tagged A3G or ADAR2 in 215 

HeLa cells and then the cell lysate was immunoprecipitated by the antibody against 216 

GFP, followed by the detection of endogenous G3BP1 and A3G or ADAR2 using the 217 

antibody against G3BP1 and HA. N protein is able to interact with host G3BP1 and 218 

A3G or ADAR2 (Fig. 2a), suggesting that G3BP1 and host deaminases act as host 219 

binding partners of viral N protein and may be jointly involved in stress granules (SGs). 220 

SGs are the membrane-less dynamic structures containing large cytoplasmic mRNA-221 

protein aggregates35, 36. Viral infection induces host SG formation which functions as a 222 

barrier to insulate the virus via inhibiting translation of viral mRNA37-40. SARS-CoV-2 223 

RNA is able to induce SG formation41, and the N protein co-localized in SGs33. We thus 224 

verified whether host deaminases co-localized with N protein in SGs. The cells were 225 

transfected with the plasmids encoding mCherry-tagged N protein and BFP-tagged 226 

deaminases AID, A3G, APOBEC3H or ADAR2, and then immunostained by antibodies 227 

against endogenous G3BP1 (SG marker). Under the stress condition, N protein 228 

specifically co-localized with G3BP1 and AID, APOBEC3G, APOBEC3H or ADAR2 229 

in SGs, instead of other SARS-CoV-2 related proteins (Fig. 2b; Supplementary Fig. 230 

S3a-S3c). ADAR2 and APOBEC3H mainly localized to the nucleus in the resting 231 

conditions, however, they partially translocated to the cytoplasm and localized with N 232 

protein in SGs under the stress condition (Fig. 2b; Supplementary Fig. S3b). SGs, one 233 

type of RNA granule which is formed by phase separation, is able to concentrate RNA 234 

and RNA-binging proteins into condensed compartments42, 43. To examine whether 235 



such compact organization can promote the interaction between deaminases and N 236 

protein or RNA. We transfected cDNA encoding N protein in HeLa cells and performed 237 

Co-IP and RIP assay. As our excepted, when N protein were recruited into SGs, the 238 

formation of RNA-protein condensates enhanced the interaction level between host 239 

deaminase and N protein or RNA (Fig. 2c and 2d). Phase-separated condensates is able 240 

to accelerate their related reaction by concentrating moleculars44. Thus, we next 241 

investigated whether the condensed RNA-deaminases interactions could boost the 242 

RNA-editing activity of host deaminases. For this purpose, we co-expressed N, spike 243 

or Orf 8 in HeLa cells and then treated cells with stress stimulator to induce SG 244 

formation. APOBEC-regulated C-to-U (C>T/G>A) and ADAR-mediated A-to-I 245 

(A>G/T>C) mutations still accounted for the predominant proration of mutational 246 

signature under stress condition (Supplementary Fig. S4), suggesting SG formation is 247 

unable to change deaminases function. Interestingly, the formation of N protein-248 

deaminases condensates remarkably increased the number of SNVs in the transcripts 249 

of N, spike and Orf 8 (Fig. 2e-2g). Moreover, the frequency of SNVs was greatly 250 

upregulated (Fig. 2h and 2i), suggesting the condensation enhanced the RNA-251 

deaminases interaction, and thereby promoted RNA mutagenesis. Surprisingly, the 252 

frequency of two VOC (variant of concern) mutants, A23403G (D614G in spike protein) 253 

and C27972T (Q27* in Orf 8) were significantly increased due to the condensate 254 

formation of N protein-deaminases (Fig. 2j and 2k), strongly suggesting that C-to-U (T) 255 

and A-to-I (G) mutations by APOBECs and ADARs may contribute to the increased 256 

fitness for SARS-CoV-2. These results demonstrated that N protein penetrated into 257 

deaminase-involved RNA granule to further promote SARS-CoV-2 RNA mutagenesis 258 

and evolution.  259 

G3BP1/2 function as the core proteins to assemble SGs and the cells lacking G3BPs 260 

fail to form SGs in response to arsenite treatment36. To further dissect the role of RNA-261 

deaminases condensates in host deaminase activity, we used CRISPR/Cas9 to generate 262 

HeLa cells harboring the double knockout of G3BP1 and G3BP2 (referred as G3BP1/2 263 

dKO, Supplementary Fig. S5a) and transfected N gene to assess the RNA mutagenesis 264 



of N gene. Consistent with the previous study36, HeLa cells with G3BP1/2 dKO failed 265 

to form SGs after arsenite treatment (Supplementary Fig. S5b and S5c), and thereby 266 

destroying the condensate formation of N protein-deaminases (Fig.3a). Notably, the 267 

disruption of N protein-deaminases condensates impaired the APOBECs and ADARs-268 

mediated RNA-editing efficiency (Fig. 3b and 3c). Thus, these results further revealed 269 

that N protein penetrated into deaminases-involved RNA granules to form N protein-270 

deaminases condensates, which enhanced deaminase activity to facilitate RNA 271 

mutagenesis and evolution of SARS-CoV-2.  272 

In addition, we similarly used CRISPR/Cas9 to generate HeLa cells with the double 273 

knockout of ADAR1 and ADAR2 (referred as ADAR1/2 dKO; Supplementary Fig. S5d) 274 

and transfected N gene to investigate the RNA mutagenesis of N gene. Importantly, 275 

ADAR1/2 dKO indeed decreased the SNVs number of A>G/T>C transitions (Fig. 3d), 276 

supporting our hypothesis that ADARs is involved in SARS-CoV-2 mutagenesis. To 277 

exclude the possibility that RNA mutation with A>G/T>C was induced by stress 278 

stimulation, we treated ADAR1/2 dKO HeLa cells with stress stimulator. ADAR1/2 279 

dKO is unable to abolish SG formation, and N protein still possess the ability to localize 280 

in SGs under the stress condition (Supplementary Fig. S5e). However, the condensates 281 

formation failed to recover the A>G/T>C mutation of SNVs on the RNA of N gene, 282 

even under the stress condition (Fig. 3e), suggesting that condensates act as a 283 

contributor instead of an inducer on ADAR-induced A>G/T>C mutation.  284 

RNA binding domain is required for ADAR2 to form RNA-protein condensates 285 

with N protein  286 

ADAR1/2 consist two or more double-stranded RNA binding domains (dsRBDs) and 287 

a C-terminal adenosine-deaminase domain17. ADAR1 is ubiquitously distributed across 288 

several tissues, and ADAR2 is abundantly expressed in the lung, urinary bladder and 289 

cerebellum45. To identify the contribution of individual domains of ADARs to 290 

interaction with N protein and condensate formation, we chose ADAR2 and generated 291 

various truncated mutant constructs, including dsRBD1 (RNA binding domain 1, aa78-292 

142), dsRBD2 (RNA binding domain 2, aa230-296), deaminase domain (aa317-710), 293 



ΔdsRBD1 (lack of dsRBD1), ΔdsRBD2 (lack of dsRBD2) and ΔDea (lack of 294 

deaminase domain) (Fig. 4a). We found dsRBD1 alone showed a high level of 295 

interaction with N protein (Fig. 4a). On the contrary, dsRBD2 or deaminase domain 296 

alone failed to form protein complex with N protein. Furthermore, deletion of dsRBD1 297 

completely abolished the ADAR2 interaction with N protein (Fig. 4a). The mutants of 298 

ΔdsRBD2 and ΔDea, which contain dsRBD1, possessed the ability of ADAR2 299 

interaction with N protein (Fig. 4a), implying that dsRBD1 is the domain of ADAR2, 300 

responsible for forming protein complex with N protein. Next, we assessed the domains 301 

of ADAR2 involved in the co-localization with N protein in SGs. Consistent with the 302 

result of interaction assay, dsRBD1 co-localized with N protein in SGs and ADAR2 303 

lacking dsRBD1 failed to form proteins condensates with N protein (Fig. 4b; 304 

Supplementary Fig. S6), illustrating that dsRBD1 is essential for ADAR2 to form the 305 

condensates with N protein. SG assembly is regulated by phase separation and N 306 

protein phase separated with G3BP1 into SGs33, 36. ADAR2-N protein complex 307 

involved in SGs inspired us to investigate whether ADAR2 exhibits features of liquid-308 

like condensates. Due to the specific function of ADAR2-dsRBD1 on interaction and 309 

SG localization, recombinant GFP-dsRBD1 fusion protein was purified from E. coli. 310 

We found, ADAR2-dsRBD1 alone was unable to induce phase separation (Fig. 4c and 311 

4d). To test whether RNA binding induces phase separation of ADAR2-dsRBD1 in vitro, 312 

similar to other RNA binding protein, we incubated GFP-dsRBD1 protein with RNA 313 

extracted from HeLa cells. Upon mixing, ADAR2-dsRBD1 rapidly formed 314 

micrometer-sized liquid droplets, accompanied by increased fluorescence intensity and 315 

larger droplet area (Fig. 4c and 4d). Fluorescence recovery after photobleaching (FRAP) 316 

analysis revealed that GFP-dsRBD1 diffused rapidly within droplets and exhibited 317 

liquid-like property (Fig. 4e). Furthermore, N protein partitioned into dsRBD1-RNA 318 

droplets and enhanced phase separation (Fig. 4f and 4g). Taken together, these results 319 

revealed that N protein-ADAR2 underwent an RNA-dependent phase separation to 320 

form RNA-protein condensates. 321 

The disruption of N protein-localized in SGs attenuates the viral RNA mutagenesis 322 



Our previous study revealed that N protein interaction with G3BPs is prerequisite for 323 

N protein-localized in SGs, and the first intrinsically disordered region (IDR1) is 324 

required for N protein to interact with G3BP1 and localize in SGs33. Furthermore, the 325 

F17A mutation in IDR1 of N protein almost abolished the N-G3BP1interaction46, which 326 

implies N protein with F17A mutation (termed as NF17A protein) may fail to form RNA-327 

protein condensates and localize in SGs. To further establish the effect of RNA- 328 

deaminase condensates on the viral RNA mutagenesis, we first assessed the ability of 329 

NF17A protein localization in SGs. We constructed GFP-tagged NF17A protein and 330 

performed Co-IP assays in HeLa cells (Fig. 5a). Consistent with the reported results of 331 

GST pull-down assay46, the F17A mutation significantly impaired the N protein-G3BP1 332 

interaction (Supplementary Fig. S7a), which then significantly weakened the ability of 333 

NF17A protein to phase separate with G3BP1 and resulted in mislocalization of NF17A 334 

protein in SGs (Fig. 5a-5c; Supplementary Fig. S7b andS7c). We next determined 335 

whether the F17A mutation affect the interaction between N protein and host 336 

deaminases. Intriguingly, the F17A mutation did not change N protein-ADAR2/A3G 337 

interaction (Fig. 5d), suggesting that ITFG motif is a specific region of N protein to 338 

interacted with G3BP1, instead of deaminases. However, the lack of N protein in RNA-339 

granules resulted in the failure of N protein to form RNA-protein condensates with 340 

ADAR2 (Fig. 5e), which further weakened the interaction between ADAR2 and the 341 

RNA of N gene. Next, we examined whether blocking N protein to entry into 342 

deaminase-involved RNA granules affects deaminases-mediated the RNA editing 343 

activity of N gene. To this end, we transfected N WT or NF17A gene into HeLa cells and 344 

then induced SG formation. Remarkably, N protein-ADAR2 complex unable to form 345 

condensates severely attenuated the interaction level between host deaminase and the 346 

RNA of N gene, and then impaired host deaminase -mediated RNA-editing ability (Fig. 347 

5f and 5g).  348 

Next, we further utilized an NF17A-based transcomplementation SARS-CoV-2 cell 349 

culture model to characterize the role of N-deaminase complex-involved RNA 350 

condensates in deamination activity on SARS-CoV-2 genome. In agreement with the 351 



mutational results of SARS-CoV-2 based on WT N protein, F17A mutation did not 352 

change the mutational signature that APOBEC-mediated C-to-U (C>T/G>A) and 353 

ADAR-mediated A-to-I (A>G/T>C) occupy the predominant proportion in mutational 354 

ratio (Supplementary Fig. S7d), since NF17A protein possessed the capability to interact 355 

with host deaminases. Importantly, F17A mutation in N protein remarkably decreased 356 

the ratio of T>C and C>T/G>A changes, and weakened the function of deaminase on 357 

viral mutagenesis, which abolished the enrichment ratio of SNVs (A19736G and 358 

C27970T) induced by deamination activity (Fig. 5h and 5i). Collectively, these results 359 

demonstrated that the condensate formation of RNA-N-deaminase complex is critical 360 

for the SARS-CoV-2 mutagenesis. 361 

Discussion 362 

In host-virus interaction, APOBEC and ADAR-mediated RNA editing often function 363 

as the host immune response against viral infection 13, 20, 47. Conversely, viruses exploit 364 

host deaminases to drive genetic diversity and achieve viral evolution48, 49. Here, we 365 

utilized an N protein based transcomplementation SARS-CoV-2 cell culture model to 366 

fully characterize the RNA mutational signature of SARS-CoV-2, providing the 367 

experimental evidences that host deaminases-mediated RNA editing is able to enhance 368 

viral mutation and drive virus evolution. Mechanistically, we demonstrated that N 369 

protein acts as a bridge to guide host deaminases to target viral RNA for editing. 370 

Furthermore, N protein penetrates into deaminase-involved RNA granule via RNA-371 

dependent phase separation to form N protein-deaminase condensates, an 372 

organizational strategy that not only concentrates RNAs and proteins but also promotes 373 

deaminases-induced RNA editing efficiency to viral genome. More importantly, N 374 

proteinF17A fails to entry into deaminases-involved RNA granule, which greatly impairs 375 

host deaminases activity to viral RNA, further establishing the role of N protein-376 

deaminases condensates in viral RNA mutation (Fig. 6). Our findings thus highlight a 377 

mechanism involving phase separation-regulated N protein-deaminases condensation 378 

that enables deaminases to drive viral mutation and evolution.  379 

RNA virus mutations are often arisen from spontaneous random errors during viral 380 



replication and host-driven antiviral defense systems. Coronaviruses have proof-381 

reading machinery in viral replication achieved by nsp14 exonuclease, thus possessing 382 

a relatively high fidelity in viral transcription and replication processes34. However, the 383 

persistent accumulation of new mutations in SARS-CoV-2 genome implies host-driven 384 

forces involving in viral genome mutation. Here, we examined SARS-CoV-2 RNA 385 

sequence in cell culture and found the A-to-I (G) and C-to-U (T) mutation account for 386 

the predominant mutational patterns, which is consistent with database analysis of 387 

SARS-CoV-2 genomic variations and RNA sequence analysis from COVID-19 388 

patients13, 14, suggesting host antiviral response via APOBEC and ADAR-mediated 389 

RNA editing is the one of drivers for SARS-CoV-2 genome mutation. Moreover, the 390 

number of APOBEC or ADAR-induced SNVs on SARS-CoV-2 genome was 391 

significantly decreased after several passages, demonstrating that the deaminases 392 

function as host antiviral response to induce the extensive mutation of SARS-CoV-2 393 

RNA in the early viral infection, which may lead to viral RNA degradation and inhibit 394 

viral RNA replication. However, SARS-CoV-2 is likely to express functional protein to 395 

combat host restriction factors and weaken the deaminases activity, which lead to the 396 

reduced the number of SNVs in SARS-CoV-2 genome. The similar process has been 397 

previous reported for APOBEC3G, a powerful arm of the host defence against HIV and 398 

other retroviruses via bringing “typographical errors” during viral replication50-52. On 399 

the contrary, HIV-encoded virion infectivity factor (Vif) induces APOBEC3G 400 

degradation and protects the virus from APOBCE3G-induced inactivation52. However, 401 

the frequency of the SNVs in undegraded viral RNA was greatly promoted, suggesting 402 

SARS-CoV-2 in turn utilizes host deaminases-mediated RNA editing to fuels its 403 

evolution. Another interesting feature is that the transversions of G-to-U (G>T) and C-404 

to-A (C>A) are the second main group for nucleotides C and G mutation, which was 405 

possibly associated with the mutagenic activity of ROS16, 28. Furthermore, the 406 

transversions of A-to-U (A>T) and U-to-A (T>A) on SARS-CoV-2 genomes appear in 407 

the second main group for nucleotides A and T change, but the mechanistic basis for 408 

this process is currently unknown and still need to be further studied. Thus, the 409 

mutational outcome of SARS-CoV-2 genome are controlled by multi-driving forces 410 



from host and virus.  411 

For RNA-protein interaction, the SARS-CoV-2 N protein, which binds the viral RNA, 412 

was reported to be a most significantly enriched viral protein in SARS-CoV-2 RNA 413 

purifications53. ADARs were identified as the SARS-CoV-2 RNA binder in host cell 414 

proteins53. For protein-protein interaction, APOBEC3G associated with coronavirus N 415 

protein to package into SARS-CoV virus-like particles54. A SARS-CoV-2 protein 416 

interaction map revealed N protein interacted with several RNA binding proteins34. 417 

Although several clues were shown to be implied in deaminases targeting viral RNA, 418 

the precise mechanism remains elusive. In this study, we demonstrated that N protein, 419 

but not other viral SARS-CoV-2 RNA binders, interacted with host deaminases 420 

containing APOBEC1, AID, APOBEC3D, APOBEC3F, APOBEC3G, APOBEC3H, 421 

ADAR1 and ADAR2, suggesting that N protein acts as a specific protein binder for 422 

host deaminases and viral RNA, and then link them together. For APOBECs family, 423 

only APOBEC1, APOBEC3A and APOBEC3G are shown to possess RNA editing 424 

activities24, 26, 55, 56. The further study need to be perform to identify the member of host 425 

deaminases which indeed target SARS-CoV-2 RNA and edit viral RNA.  426 

Membraneless organelles, serve as an alternative approach to concentrate specific 427 

proteins and nucleic acids and increase the local concentration, thereby significantly 428 

strengthening binding affinity44, 57-59. Consistently, we observed that the condensate 429 

formation of N protein-deaminases complex enable ADAR2 to bind more RNA of N 430 

protein. The biological function of specific molecular-enriched condensates is to amply 431 

signals and accelerate the reaction rate58. Notably, we showed that N protein penetrates 432 

into deaminases-involved RNA granule to form N protein-deaminases condensates, 433 

which greatly promoted the RNA mutational rate of N protein. Conversely, NF17A failed 434 

to be recruited into deaminases-involved RNA granule, which dramatically reduced the 435 

RNA editing efficiency of deaminases. The potential mechanism is that RNA granule, 436 

as a condense organization, increases the local concentration of viral RNA and 437 

deaminases to enhance deamination activity. These results suggest that phase separation 438 

may serve as a regulatory mechanism to control the deamination activity, and provide 439 



a novel organizational strategy to promote viral RNA editing efficiency via 440 

concentrating RNAs and deaminases. However, phase separation-mediated 441 

condensation often acts as a double edged sword for regulating bimolecular activity. 442 

Phase separation forms a selective environment that limit catalytic function of the 443 

cytosolic exonuclease TREX160. RNA polymerization are inhibited in the polyamine-444 

containing condensation61. On the contrary, polyethylene glycol (PEG)/dextran 445 

aqueous two-phase system (ATPS)-mediated phase separation greatly increased RNA 446 

catalytic reaction62. Thus, understanding the physicochemical features of micro-447 

condensates containing the size, chemical makeup and the structure stability is 448 

necessary for predictions of deamination activity.  449 

In summary, we here provide the experimental evidences that host deaminases function 450 

as the driving force to induce mutation of SARS-CoV-2 genome. During this process, 451 

N protein acts as a bridge to guide deaminases to target viral RNA. Furthermore, virus 452 

exploits host RNA granule to promote deaminases-mediated RNA editing activity and 453 

fuel its evolution. These insights help to predict viral mutation trend, and also provide 454 

new insights into SARS-CoV-2 therapeutic development.  455 

Methods 456 

Plasmid construction. DNA fragments encoding the APOBEC family proteins, ADAR 457 

family proteins and SARS-CoV-2 proteins annotated in this manuscript were 458 

synthesized by Genscript and amplified by PCR using Phanta® Max Super-Fidelity 459 

DNA Polymerase (Vazyme, P505-d1). While the coding region of ADAR2 deletions 460 

were amplified by PCR from a plasmid containing full-length ADAR2 with appropriate 461 

sets of primers. Exnase (Vazyme, C214-02-AF) was used to insert these sequences into 462 

one of the following backbone: CMV-mCherry-Flag, CMV-mCherry-HA, CMV-BFP-463 

Flag, CMV-BFP-HA, CMV-GFP, CMV-Flag. All plasmid inserts were confirmed by 464 

BioSune Sanger sequencing. 465 

Cell culture, transfection, and harvest. HeLa cells were cultured in DMEM medium 466 

supplemented with 10% bovine growth serum and 1% penicillin/streptomycin at 37 °C 467 

in a 5% CO2 humidified incubator. For plasmid transfection, cells were seeded on 6-468 



well plates and transfected at approximately 70% confluence using Lipofectamin 3000 469 

reagent (Invitrogen, L3000008). 48 h after transfection, cells were collected from 470 

Fluorescence Activating Cell Sorter (FACS) according to the fluorescence driven by 471 

the transfected plasmid. 472 

Generation of G3BP1/2 or ADAR1/2 knock-out cell lines. HeLa cells were seeded 473 

in a 24-well plate and transfected with 300 ng sgRNA and 700 ng spCas9 plasmid using 474 

Lipofectamine 3000 transfection kit (Invitrogen, L3000015). 48 h after transfection, 475 

cells were sorted in 96-well plates using fluorescence-activated cell sorting (FACS). 476 

The genomic DNA of edited cells was extracted using QuickExtract™ DNA Extraction 477 

Solution (Lucigen, QE09050), the sequences of interest was amplified by PCR and 478 

analyzed by BioSune Sanger sequencing. While individual clones were lysed in RIPA 479 

buffer (Beyotime, P0013B) contained with 1 mmol/L phenylmethanesulfonyl fluoride 480 

(PMSF) and 1% (v/v) protease inhibitor cocktail (Thermo Fisher scientific, 78443) on 481 

ice for 15 min. The lysate was centrifuged at 12,000 rpm for 15 min at 4 °C. The 482 

supernatant was harvested and used for SDS-PAGE analyzed with G3BP1 antibody 483 

(proteintech, 66486-1-Ig), G3BP2 antibody (proteintech, 16276-1-AP), ADAR1 484 

antibody (proteintech, 14330-1-AP) and ADARB1 antibody (proteintech, 22248-1-AP), 485 

respectively. The sgRNAs used are listed in Supplementary Table 1. 486 

Co-immunoprecipitation. Plasmids were transfected into HeLa cells using 487 

Lipofectamin 3000 reagent (Invitrogen, L3000008). 48 h after transfection, cells were 488 

harvested and lysed with RIPA buffer (Beyotime, P0013B) contained with 1 mmol/L 489 

PMSF and 1% (v/v) protease inhibitor cocktail (Thermo Fisher scientific, 78443). The 490 

cell lysates were incubated on ice for 15 min and centrifuged at 16,000 × g at 4 °C for 491 

20 min, the supernatant was incubated with pre-equilibrated anti-flag beads (Bimake, 492 

B26101) or anti-GFP beads (KT Health, KTSM1333) for 4 h at 4 °C. Then, the beads 493 

were washed three times with PBS supplemented with 0.05% (V/V) Tween-20 to 494 

remove nonspecific binding proteins. 1 × loading buffer containing SDS were added 495 

into each sample and heated at 98 °C for 10 min to elute bound proteins. The 496 

supernatant was harvested and used for SDS-PAGE analysis. 497 

RNA immunoprecipitation (RIP) assays. Plasmids encoding the DNA fragments of 498 



N wild type or NF17A mutant were transfected into HeLa cells, the experiments were 499 

performed using RIP assay kit (Geneseed Biotech, P0102) according to the 500 

manufacturer’s instructions with the following antibodies: rabbit anti-ADARB1 501 

(Proteintech, 22248-1-AP) and normal rabbit IgG (Abcam, ab190475). The 502 

immunoprecipitated RNA was purified and analyzed by RT-qPCR, sequences for 503 

primers are listed in Supplementary Table 2. 504 

Immunofluorescence. HeLa cells were seeded to reach 60% confluence and 505 

transfected with plasmids in 24-well glass bottom plates (Cellvis, Mountain View, 506 

USA). To induce SGs, the cells were treated with 200 μmol/L sodium arsenite for 45 507 

min. The cells were fixed in 4% paraformaldehyde for 15 min at room temperature and  508 

washed three times with PBS. After incubated with blocking buffer (5% (v/v) normal 509 

goat serum (Bioss Antibodies, C-0005), 0.3% (v/v) Triton X-100, 94.7% (v/v) PBS) for 510 

2 h at room temperature, cells were incubated with primary antibodies against G3BP1 511 

(Proteintech, 66486-1-Ig; 1:200 dilution), TIA1 (Proteintech, 12133-2-AP; 1:200 512 

dilution) or Flag (Cell Signaling Technology, 14793s; 1:1000 dilution) overnight at 4 °C. 513 

The cells were washed three times in PBS and incubated with Alexa Fluor 488/647 514 

conjugated secondary antibodies for 1 h. Cell nuclei were stained with 4,6-diamidino-515 

2-phenylindole (DAPI; Yeasen, 40728ES03). Images were acquired with a Nikon 516 

spinning disk microscope. 517 

Western blotting. The same amount of protein samples were separated by SDS-PAGE 518 

and transferred to methanol-activated polyvinylidene fluoride (PVDF) membranes 519 

(Millipore, IPVH00010). The membranes were blocked for 1 h at room temperature in 520 

Tris-buffered saline and 0.1% Tween-20 (TBST) containing 5% (wt/vol) nonfat milk. 521 

After that, the membranes were incubated with primary antibodies with the dilution 522 

ratio according to manufacturer’s instruction at 4 °C overnight. The membranes were 523 

washed three times in TBST and the protein bands were detected with horse radish 524 

peroxidase-conjugated secondary antibodies and Immobilon Western enhanced 525 

chemiluminescent solution (Millipore, WBKLS0100). The protein levels were 526 

normalized by probing the same blots with GAPDH antibody (Absin, abs132004; 527 

1:5000 dilution). 528 



SARS-CoV-2 GFP/ΔN trVLP infection. Caco-2 cells expressing WT N protein are 529 

infected with SARS-CoV-2 GFP/ΔN P1 trVLP29 at MOI of 0.1. 24 hours post infection, 530 

cells are washed with Dulbecco’s Phosphate-Buffered Saline (DPBS) and collected 531 

with TRIzol reagent (Invitrogen, 15596018). Uninfected Caco-2 cells expressing WT 532 

N protein are mock control.  533 

SARS-CoV-2 GFP/ΔN trVLP passage. SARS-CoV-2 GFP/ΔN P0 trVLPs29 are used 534 

to infect Caco-2 cells expressing WT N protein or F17A mutant N protein at a 535 

multiplicity of infection (MOI) of 0.1 for 24 hours, supernatants (P1) are collected to 536 

further infect Caco-2 cells expressing WT N protein or F17A mutant N protein. Cell 537 

cultures collected from each subsequent passage on the Caco-2-N WT or F17A mutant 538 

cells were defined as P1 to P6, respectively. Cells are washed with DPBS and collected 539 

with Trizols (Invitrogen, 15596018).  540 

SARS-CoV-2 mutation analysis. Total viral RNA in the supernatant were extracted 541 

using TRIzol reagent (Invitrogen, 15596018). Complementary DNA (cDNA) was 542 

synthesized from RNA using the HiScript III 1st Strand cDNA synthesis Kit (Vazyme, 543 

R312-01). Libraries were generated using the TruePrepTM DNA Library Prep Kit V2 544 

for Illumina (Vazyme, TD503-01) and sequenced by Illumina Hiseq X Ten platform. 545 

The RNA-seq data were aligned to the SARS-CoV-2 reference genome (NC_045512) 546 

using STAR software (Version 2.5.1).  547 

Plasmids encoding the DNA fragment of SARS-CoV-2 genes were transfected into 548 

HeLa cells. 48 h after transfection, cells were treated with 120 μmol/L sodium arsenite 549 

to generate stress granules for 10 h. Then, cells were harvested and the RNA was 550 

extracted by TRIzol reagent (Invitrogen, 15596018). 1 μg RNA was reversely 551 

transcribed into cDNA using Reverse Transcriptase (Vazyme, R223-01-AB). The target 552 

sites were amplified with Phanta Max Super-Fidelity DNA Polymerase (Vazyme, P505-553 

d1) and subjected to high-throughput sequencing with the Illumina Hiseq X Ten 554 

platform. Sequences for primers are listed in Supplementary Table 3. The preprocessed 555 

data were then aligned to the plasmids sequence using bwa software (Version 0.7.17). 556 

All variants from RNA-seq and deep-seq were identified and calculated using bam-557 

readcount with parameters −q 20 −b 30. The SNVs filter is based on a minimum 558 



threshold of 20 reads. 559 

Protein purification. DNA fragments encoding the proteins of interest were cloned 560 

into pET-28a vector. Proteins were expressed in E. coli BL21 (DE3) (Trans, CD601). 561 

E. coli were induced with 1.0 mmol/L IPTG at 16 °C for 14 h. Cells were ultrasonic 562 

broken down centrifuged, the supernatant was collected and added 0.4 μg/mL DNase 563 

and RNAase to remove the possible bound DNA and RNA to the protein. The interest 564 

protein was purified by Ni resin (TaKaRa, 635660) and AEKTA purifier. The purified 565 

protein was stored in 20 mM Tris (pH 8.4), 500 mM NaCl, 10% (v/v) glycerol at -80 °C 566 

before further analysis. 567 

Fluorescence recovery after pohotobleaching (FRAP) analysis. FRAP analysis was 568 

performed using the Nikon Spinning Disk microscope equipped with two laser systems. 569 

1-2 images were acquired before the center of the indicated protein droplets was 570 

bleached with laser at 488 nm. Images were collected every 10 s for 2 min after 571 

photobleaching. 572 

Statistical analysis. All statistical analyses were done using OriginPro (2019b, 573 

OriginLab, Northampton, USA) or Microsoft Excel (Professional 2019, Microsoft 574 

Corporation, Redmond, USA). The outcomes of all statistical tests including number 575 

of samples and P values were revealed in the corresponding figure legends. Results 576 

were presented as mean ± SEM. The significance of P values is represented as follows: 577 

ns > 0.05, *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, no significant. 578 
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Figure legends 749 

Fig. 1 SARS-CoV-2 N protein interacts with host deaminases and links deaminases 750 

to edit viral RNA. a, Average proportion of nucleotide changes in the SARS-CoV-2 751 

transcriptomes. n = 3 (allelic fraction ≥ 0.1%). The X-axis is the original nucleotide of 752 

SARS-CoV-2 genome, and indicative colour blocks represent nucleotides to which 753 

original nucleotide were mutated. b, Sequence contexts for A-to-I (G) and C-to-U (T) 754 

edited sites in viral transcriptome. c, Allelic fraction of SNVs identified in the SARS-755 

CoV-2 transcriptomes using SARS-CoV-2 N protein-based genetic complementation 756 

system. n = 3 (allelic fraction ≥ 0.02%). d, The number of SNVs identified in the SARS-757 

CoV-2 transcriptomes using SARS-CoV-2 N protein-based genetic complementation 758 

system after one and six passages (P1 and P6) (allelic fraction ≥ 0.1%, n = 3). Data are 759 

shown as mean ± SEM. e, N protein interacted with host deaminases. HeLa cells were 760 

co-transfected with plasmids encoding GFP-tagged N protein and Flag control or Flag-761 

tagged host deaminases, including APOBEC1 (A1), activation-induced cytidine 762 

deaminase (AID), APOBEC2 (A2), APOBEC3 (3A-3D and 3F-3H), APOBEC4 (A4), 763 

ADAR1 (AD1) and ADAR2 (AD2). Cell lysates were immunoprecipitated with an anti-764 

Flag antibody and the bound proteins were then analysed by western blotting. f, The 765 

enrichment of N protein mRNA was measured by RIP assay in HeLa cells (n = 3). HeLa 766 

cells were transfected with N gene with GFP tag and lysates were collected 48 h after 767 

transfection. Lysates were prepared and split for incubation with mouse anti-ADAR2 768 

antibody. Co-precipitated RNA was analyzed by qRT-PCR (n = 3). Data are shown as 769 

mean ± SEM. g, Average proportion of nucleotide changes in the N gene in HeLa cells. 770 

Cells were transfected with the N gene and then were lysed in TRIzol reagent. The 771 

mRNA was reversely transcribed and cDNA were amplified. The amplicons were 772 

analysed by deep sequencing. Values and error bars were represented as the mean ± 773 

SEM of three independent biological replicates (allelic fraction ≥ 0.02%). The X-axis 774 

is the original nucleotide of N gene, and indicative colour blocks represent nucleotides 775 

to which original nucleotide were mutated. h, ADAR2 specifically interacted with 776 

SARS-CoV-2 N protein. HeLa cells were co-transfected with plasmids encoding HA-777 

tagged ADAR2 and GFP control or GFP-tagged SARS-CoV-2 genes, including nsp7 778 



(n7), nsp8 (n8), nsp9 (n9), nsp12 (n12), nsp16 (n16), spike (S), E, M and N. Cell lysates 779 

were immunoprecipitated with an anti-GFP antibody and the bound proteins were then 780 

analysed by western blotting. Statistical analysis was performed with two-tailed 781 

unpaired t-test. ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, no 782 

significant. 783 

Fig. 2 The condensation of N protein-deaminases complex efficiently enhances 784 

viral RNA mutagenesis. a, N protein interacted with host G3BP1 and deaminase 785 

APOBEC3G or ADAR2. HeLa cells were co-transfected with plasmids encoding GFP-786 

tagged N protein or GFP control and HA-tagged APOBEC3G (A3G) or ADAR2. Cell 787 

lysates were immunoprecipitated with an anti-GFP antibody and the bound proteins 788 

were then analysed by western blotting with antibodies against HA or G3BP1. b, 789 

APOBEC3G or ADAR2 co-localized with N protein in stress granules in HeLa cells. 790 

The HeLa cells transfected with the N gene and APOBEC3G or ADAR2 were treated 791 

with sodium arsenite (AS) for 45 min to induces SG formation, followed by 792 

immunostaining for the N protein (red), A3G or ADAR2 (blue) and endogenous G3BP1. 793 

Scale bar: 20 μm. c, The condensate formation of N protein-deaminases complex 794 

enhanced N protein interaction with A3G or ADAR2 protein. HeLa cells transfected 795 

with N gene and Flag control or Flag-tagged deaminases, including AID, A3G, A3H 796 

and ADAR2, were treated with or without AS. Cell lysates were immunoprecipitated 797 

with an anti-flag antibody and the bound proteins were then analysed by Western 798 

blotting. d, The enrichment of N protein mRNA was measured by RIP assay in HeLa 799 

cells treated with or without AS treatment. HeLa cells were transfected with N gene 800 

with GFP tag for 48 h and then treated with or without AS treatment for 45 min. Lysates 801 

were prepared and split for incubation with mouse anti-ADAR2 antibody. Co-802 

precipitated RNA was analyzed by qRT-PCR (n = 3). Data are shown as mean ± SEM. 803 

e, The formation of RNP condensation promoted the account of SNVs identified in the 804 

N gene in HeLa cells. Cells were transfected with the N gene with or without sodium 805 

arsenite (AS) for 10 h and then lysed in TRIzol reagent. The mRNA was reversely 806 

transcribed and cDNA were amplified. The amplicons were analysed by deep 807 

sequencing. Values and error bars were represented as the mean ± SEM of three 808 



independent biological replicates (allelic fraction ≥ 0.02%). f, The formation of RNP 809 

condensation promoted the account of SNVs identified in the spike gene in HeLa cells. 810 

Values and error bars were represented as the mean ± SEM of three independent 811 

biological replicates (allelic fraction ≥ 0.02%). g, The formation of RNP condensation 812 

promoted the account of SNVs identified in the Orf 8 in HeLa cells. Values and error 813 

bars were represented as the mean ± SEM of three independent biological replicates 814 

(allelic fraction ≥ 0.02%). h, Allelic fraction of SNVs for each nucleotide change in the 815 

N gene in HeLa cells treated with or without AS treatment (n = 3). Data are shown as 816 

mean ± SEM. i, Allelic fraction of SNVs for each nucleotide change in the spike gene 817 

in HeLa cells treated with or without AS treatment (n =3). Data are shown as mean ± 818 

SEM. j, Allelic fraction of SNVs for A23403G (spike protein: D614G) in HeLa cells 819 

(n =3). Data are shown as mean ± SEM. Data were normalized to 100% by the allelic 820 

fraction of HeLa cells without AS treatment. k, Allelic fraction of SNVs for C27972T 821 

(ORF8:Q27*) in HeLa cells (n =3). Data are shown as mean ± SEM. Data were 822 

normalized to 100% by the allelic fraction of HeLa cells without AS treatment. 823 

Statistical analysis was performed with two-tailed unpaired t-test. ns > 0.05, *P < 0.05, 824 

**P < 0.01, ***P < 0.001, ****P < 0.0001. ns, no significant. 825 

Fig. 3 The disruption of N protein/deaminases-involved condensates attenuates 826 

viral RNA mutagenesis. a, G3BP1/2 dKO abolished the formation of N 827 

protein/deaminases-involved condensates. b, The disruption of N protein/deaminases-828 

involved condensates attenuated ADAR-mediated RNA editing. Values and error bars 829 

were represented as the mean ± SEM of three independent biological replicates (allelic 830 

fraction ≥ 0.03%). c, The disruption of N protein/deaminases-involved condensates 831 

attenuated APOBEC-mediated RNA editing. Values and error bars were represented as 832 

the mean ± SEM of three independent biological replicates (allelic fraction ≥0.03%). d, 833 

ADAR1/2 dKO reduced ADAR-mediated RNA editing. Values and error bars were 834 

represented as the mean ± SEM of three independent biological replicates (allelic 835 

fraction ≥ 0.03%). e, The RNP condensation failed to increase ADAR-mediated RNA 836 

mutagenesis due to ADAR1/2 dKO. Values and error bars were represented as the mean 837 

± SEM of three independent biological replicates (allelic fraction ≥ 0.03%). Statistical 838 



analysis was performed with two-tailed unpaired t-test. ns > 0.05, *P < 0.05, **P < 839 

0.01, ***P < 0.001, ****P < 0.0001. ns, no significant. 840 

Fig. 4 RNA binding domain is required for ADAR2 to form phase separation-841 

mediated RNP condensates with N protein. a, Characterization of ADAR2 mutants 842 

required for interaction with N protein. Top, schematic domain structure of ADAR2. 843 

HeLa cells were co-transfected with plasmids encoding N protein and Flag control or 844 

Flag-tagged host ADAR2 truncations. Cell lysates were immunoprecipitated with an 845 

anti-Flag antibody and the bound proteins were then analysed by Western blotting. b, 846 

Characterization of ADAR2 mutants required for SG-localization. The HeLa cells co-847 

transfected with N gene and BFP–tagged ADAR2 mutants were treated with sodium 848 

arsenite for 45 min to induce SGs, followed by immunostaining for N protein (red) and 849 

G3BP1 (green). c, Time-lapse imaging of RNA-induced RBD1 phase separation. 850 

Liquid droplets formed after mixing of ADAR2-RBD1 protein with 75 ng/μL RNA. d, 851 

Fluorescence intensity of ADAR2-RBD1 liquid droplets forming in the presence of 75 852 

ng/μL RNA. Data are shown as mean ± SEM. e, FRAP recovery images and recovery 853 

curve of ADAR2-RBD1 liquid droplets forming in the presence of RNA. The dotted 854 

square displays the region of photobleaching. Data are shown as mean ± SEM (n = 30). 855 

Scale bar, 10 μm. f, N protein phase separated with ADAR2-RBD1 in an RNA-856 

dependent manner. The concentration of each protein in buffer is 2 μM. Scale bar, 10 857 

μm. g, Column scatter charts display the droplets area in reactions relative to Figure. 3f. 858 

Data are shown as mean ± SEM (n = 10). Statistical analysis was performed with two-859 

tailed unpaired t-test. ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 860 

ns, no significant. 861 

Fig. 5 NF17A protein fails to penetrate into deaminases-involved RNP condensates, 862 

which impaires deaminases-mediated viral RNA editing activity. a, Schematic 863 

domain structure of NF17A protein. b, F17A mutation in N protein impaired the N 864 

protein phase separation with G3BP1. Scale bar, 10 μm. c, Column scatter charts 865 

display the droplets area in reactions related to panel b. d, NF17A protein still possessed 866 

the interaction ability with ADAR2. HeLa cells were co-transfected with plasmids 867 

encoding GFP-tagged N wild type or NF17A mutant and HA-tagged ADAR2. Cell 868 



lysates were immunoprecipitated with an anti-GFP antibody and the bound proteins 869 

were then analysed by Western blotting. e, NF17A protein failed to penetrate into 870 

deaminases-involved RNP condensates. The HeLa cells co-transfected with N wild type 871 

or NF17A mutant were treated with sodium arsenite for 45 min to induce SGs, followed 872 

by immunostaining for N protein (green) and the endogenous ADAR2 (red). f, The 873 

enrichment of N protein mRNA was measured by RIP assay in HeLa cells treated with 874 

or without AS treatment. HeLa cells were transfected with N wild type or NF17A mutant 875 

with GFP tag for 48 h and then treated with or without AS treatment for 45 min. Lysates 876 

were prepared and split for incubation with mouse anti-ADAR2 antibody. Co-877 

precipitated RNA was analyzed by qRT-PCR (n = 3). Data are shown as mean ± SEM. 878 

g, NF17A protein failed to penetrate into deaminases-involved RNP condensates, which 879 

impaired deaminases-mediated viral RNA editing activity. Values and error bars were 880 

represented as the mean ± SEM of three independent biological replicates (allelic 881 

fraction ≥0.03%). h, Average proportion of nucleotide changes in the SARS-CoV-2 882 

transcriptomes using SARS-CoV-2 N protein WT or NF17A-based genetic 883 

complementation system. Values and error bars were represented as the mean ± SEM 884 

of three independent biological replicates. i, Allelic fraction of SNVs for A19736G and 885 

C27970T in the SARS-CoV-2 transcriptomes using SARS-CoV-2 WT N protein or 886 

NF17A-based genetic complementation system. Values and error bars were represented 887 

as the mean ± SEM of three independent biological replicates. Statistical analysis was 888 

performed with two-tailed unpaired t-test. ns > 0.05, *P < 0.05, **P < 0.01, ***P < 889 

0.001, ****P < 0.0001. ns, no significant. 890 

Fig. 6 Schematic illustration depicting how SARS-CoV-2 hijacks host deaminases 891 

to achieve viral mutagenesis and evolution. 892 

 893 



Figures

Figure 1

SARS-CoV-2 N protein interacts with host deaminases and links deaminases to edit viral RNA. a, Average
proportion of nucleotide changes in the SARS-CoV-2 transcriptomes. n = 3 (allelic fraction ≥ 0.1%). The X-
axis is the original nucleotide of SARS-CoV-2 genome, and indicative colour blocks represent nucleotides



to which original nucleotide were mutated. b, Sequence contexts for A-to-I (G) and C-to-U (T) edited sites
in viral transcriptome. c, Allelic fraction of SNVs identi�ed in the SARS CoV-2 transcriptomes using SARS-
CoV-2 N protein-based genetic complementation system. n = 3 (allelic fraction ≥ 0.02%). d, The number of
SNVs identi�ed in the SARS CoV-2 transcriptomes using SARS-CoV-2 N protein-based genetic
complementation system after one and six passages (P1 and P6) (allelic fraction ≥ 0.1%, n = 3). Data are
shown as mean ± SEM. e, N protein interacted with host deaminases. HeLa cells were co-transfected with
plasmids encoding GFP-tagged N protein and Flag control or Flag tagged host deaminases, including
APOBEC1 (A1), activation-induced cytidine deaminase (AID), APOBEC2 (A2), APOBEC3 (3A-3D and 3F-
3H), APOBEC4 (A4), ADAR1 (AD1) and ADAR2 (AD2). Cell lysates were immunoprecipitated with an anti
Flag antibody and the bound proteins were then analysed by western blotting. f, The enrichment of N
protein mRNA was measured by RIP assay in HeLa cells (n = 3). HeLa cells were transfected with N gene
with GFP tag and lysates were collected 48 h after transfection. Lysates were prepared and split for
incubation with mouse anti-ADAR2 antibody. Co-precipitated RNA was analyzed by qRT-PCR (n = 3). Data
are shown as mean ± SEM. g, Average proportion of nucleotide changes in the N gene in HeLa cells. Cells
were transfected with the N gene and then were lysed in TRIzol reagent. The mRNA was reversely
transcribed and cDNA were ampli�ed. The amplicons were analysed by deep sequencing. Values and
error bars were represented as the mean ± SEM of three independent biological replicates (allelic fraction
≥ 0.02%). The X-axis is the original nucleotide of N gene, and indicative colour blocks represent
nucleotides to which original nucleotide were mutated. h, ADAR2 speci�cally interacted with SARS-CoV-2
N protein. HeLa cells were co-transfected with plasmids encoding H tagged ADAR2 and GFP control or
GFP-tagged SARS-CoV-2 genes, including nsp7 (n7), nsp8 (n8), nsp9 (n9), nsp12 (n12), nsp16 (n16),
spike (S), E, M and N. Cell lysates were immunoprecipitated with an anti-GFP antibody and the bound
proteins were then analysed by western blotting. Statistical analysis was performed with two-tailed
unpaired t-test. ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, no signi�cant.



Figure 2

The condensation of N protein-deaminases complex e�ciently enhances viral RNA mutagenesis. a, N
protein interacted with host G3BP1 and deaminase APOBEC3G or ADAR2. HeLa cells were co-transfected
with plasmids encoding GF tagged N protein or GFP control and HA-tagged APOBEC3G (A3G) or ADAR2.
Cell lysates were immunoprecipitated with an anti-GFP antibody and the bound proteins were then
analysed by western blotting with antibodies against HA or G3BP1. b, APOBEC3G or ADAR2 co-localized



with N protein in stress granules in HeLa cells. The HeLa cells transfected with the N gene and
APOBEC3G or ADAR2 were treate with sodium arsenite (AS) for 45 min to induces SG formation, followed
by immunostaining for the N protein (red), A3G or ADAR2 (blue) and endogenous G3BP1. Scale bar: 20
μm. c, The condensate formation of N protein-deaminases complex enhanced N protein interaction with
A3G or ADAR2 protein. HeLa cells transfected with N gene and Flag control or Flag-tagged deaminases,
including AID, A3G, A3H and ADAR2, were treated with or without AS. Cell lysates were
immunoprecipitated with an anti-�ag antibody and the bound proteins were then analysed by Western
blotting. d, The enrichment of N protein mRNA was measured by RIP assay in HeLa cells treated with or
without AS treatment. HeLa cells were transfected with N gene with GFP tag for 48 h and then treated
with or without AS treatment for 45 min. Lysates were prepared and split for incubation with mouse anti-
ADAR2 antibody. Co precipitated RNA was analyzed by qRT-PCR (n = 3). Data are shown as mean ± SEM.
e, The formation of RNP condensation promoted the account of SNVs identi�ed in the N gene in HeLa
cells. Cells were transfected with the N gene with or without sodium arsenite (AS) for 10 h and then lysed
in TRIzol reagent. The mRNA was reversely transcribed and cDNA were ampli�ed. The amplicons were
analysed by deep sequencing. Values and error bars were represented as the mean ± SEM of three
independent biological replicates (allelic fraction ≥ 0.02%). f, The formation of RNP condensation
promoted the account of SNVs identi�ed in the spike gene in HeLa cells. Values and error bars were
represented as the mean ± SEM of three independent biological replicates (allelic fraction ≥ 0.02%). g,
The formation of RNP condensation promoted the account of SNVs identi�ed in the Orf 8 in HeLa cells.
Values and error bars were represented as the mean ± SEM of three independent biological replicates
(allelic fraction ≥ 0.02%). h, Allelic fraction of SNVs for each nucleotide change in the N gene in HeLa
cells treated with or without AS treatment (n = 3). Data are shown as mean ± SEM. i, Allelic fraction of
SNVs for each nucleotide change in the spike gene in HeLa cells treated with or without AS treatment (n
=3). Data are shown as mean ± SEM. j, Allelic fraction of SNVs for A23403G (spike protein: D614G) in
HeLa cells (n =3). Data are shown as mean ± SEM. Data were normalized to 100% by the allelic fraction
of HeLa cells without AS treatment. k, Allelic fraction of SNVs for C27972T (ORF8:Q27* ) in HeLa cells (n
=3). Data are shown as mean ± SEM. Data were normalized to 100% by the allelic fraction of HeLa cells
without AS treatment.Statistical analysis was performed with two-tailed unpaired t-test. ns > 0.05, *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, no signi�cant. 



Figure 3

The disruption of N protein/deaminases-involved condensates attenuates viral RNA mutagenesis. a,
G3BP1/2 dKO abolished the formation of N protein/deaminases-involved condensates. b, The disruption
of N protein/deaminases involved condensates attenuated ADAR-mediated RNA editing. Values and error
bars were represented as the mean ± SEM of three independent biological replicates (allelic fraction ≥
0.03%). c, The disruption of N protein/deaminases-involved condensates attenuated APOBEC-mediated
RNA editing. Values and error bars were represented as the mean ± SEM of three independent biological
replicates (allelic fraction ≥0.03%). d, ADAR1/2 dKO reduced ADAR-mediated RNA editing. Values and
error bars were represented as the mean ± SEM of three independent biological replicates (allelic fraction
≥ 0.03%). e, The RNP condensation failed to increase ADAR-mediated RNA mutagenesis due to ADAR1/2
dKO. Values and error bars were represented as the mean ± SEM of three independent biological
replicates (allelic fraction ≥ 0.03%). Statistical analysis was performed with two-tailed unpaired t-test. ns
> 0.05, *P < 0.05, **P < 840 0.01, ***P < 0.001, ****P < 0.0001. ns, no signi�cant.



Figure 4

RNA binding domain is required for ADAR2 to form phase separation mediated RNP condensates with N
protein. a, Characterization of ADAR2 mutants required for interaction with N protein. Top, schematic
domain structure of ADAR2. HeLa cells were co-transfected with plasmids encoding N protein and Flag
control or Flag-tagged host ADAR2 truncations. Cell lysates were immunoprecipitated with an anti-Flag
antibody and the bound proteins were then analysed by Western blotting. b, Characterization of ADAR2



mutants required for SG-localization. The HeLa cells co transfected with N gene and BFP–tagged ADAR2
mutants were treated with sodium arsenite for 45 min to induce SGs, followed by immunostaining for N
protein (red) and G3BP1 (green). c, Time-lapse imaging of RNA-induced RBD1 phase separation. Liquid
droplets formed after mixing of ADAR2-RBD1 protein with 75 ng/μL RNA. d, Fluorescence intensity of
ADAR2-RBD1 liquid droplets forming in the presence of 75 ng/μL RNA. Data are shown as mean ± SEM.
e, FRAP recovery images and recovery curve of ADAR2-RBD1 liquid droplets forming in the presence of
RNA. The dotted square displays the region of photobleaching. Data are shown as mean ± SEM (n = 30).
Scale bar, 10 μm. f, N protein phase separated with ADAR2-RBD1 in an RNA dependent manner. The
concentration of each protein in buffer is 2 μM. Scale bar, 10 μm. g, Column scatter charts display the
droplets area in reactions relative to Figure. 3f. Data are shown as mean ± SEM (n = 10). Statistical
analysis was performed with two tailed unpaired t-test. ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001. ns, no signi�cant.



Figure 5

NF17A 862 protein fails to penetrate into deaminases-involved RNP condensates, which impaires
deaminases-mediated viral RNA editing activity. a, Schematic domain structure of NF17A protein. b, F17A
mutation in N protein impaired the N protein phase separation with G3BP1. Scale bar, 10 μm. c, Column
scatter charts display the droplets area in reactions related to panel b. d, N F17A protein still possessed
the interaction ability with ADAR2. HeLa cells were co-transfected with plasmids encoding GFP-tagged N



wild type or N F17A mutant and HA-tagged ADAR2. Cell lysates were immunoprecipitated with an anti-
GFP antibody and the bound proteins were then analysed by Western blotting. e, N F17A protein failed to
penetrate into deaminases-involved RNP condensates. The HeLa cells co-transfected with N wild type or
N F17A mutant were treated with sodium arsenite for 45 min to induce SGs, followed by immunostaining
for N protein (green) and the endogenous ADAR2 (red). f, The enrichment of N protein mRNA was
measured by RIP assay in HeLa cells treated with or without AS treatment. HeLa cells were transfected
with N wild type or N F17A mutant with GFP tag for 48 h and then treated with or without AS treatment
for 45 min. Lysates were prepared and split for incubation with mouse anti-ADAR2 antibody. Co878
precipitated RNA was analyzed by qRT-PCR (n = 3). Data are shown as mean ± SEM. g, N F17A protein
failed to penetrate into deaminases-involved RNP condensates, which impaired deaminases-mediated
viral RNA editing activity. Values and error bars were represented as the mean ± SEM of three independent
biological replicates (allelic fraction ≥0.03%). h, Average proportion of nucleotide changes in the SARS-
CoV-2 transcriptomes using SARS-CoV-2 N protein WT or NF17A -based genetic complementation
system. Values and error bars were represented as the mean ± SEM of three independent biological
replicates. i, Allelic fraction of SNVs for A19736G and C27970T in the SARS-CoV-2 transcriptomes using
SARS-CoV-2 WT N protein or N F17A -based genetic complementation system. Values and error bars were
represented as the mean ± SEM of three independent biological replicates. Statistical analysis was
performed with two-tailed unpaired t-test. ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns,
no signi�cant.



Figure 6

Schematic illustration depicting how SARS-CoV-2 hijacks host deaminases to achieve viral mutagenesis
and evolution.
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