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Abstract

Poxviruses comprise a group of large dsDNA viruses that include members relevant to human 

and animal health, such as variola virus, monkeypox virus, cowpox virus and vaccinia virus 

(VACV). Poxviruses are remarkable for their unique replication cycle, which is restricted to the 

cytoplasm of infected cells. The independence from the host nucleus requires poxviruses to encode 

most of the enzymes involved in DNA replication, transcription and processing. Here, we use 

the CRISPR/Cas9 genome engineering system to induce DNA damage to VACV (strain Western 

Reserve) genomes. We show that targeting CRISPR/Cas9 to essential viral genes limits virus 

replication efficiently. Although VACV is a strictly cytoplasmic pathogen, we observed extensive 

viral genome editing at the target site; this is reminiscent of a non-homologous end-joining 

DNA repair mechanism. This pathway was not dependent on the viral DNA ligase, but critically 

involved the cellular DNA ligase IV. Our data show that DNA ligase IV can act outside of the 

nucleus to allow repair of dsDNA breaks in poxvirus genomes. This pathway might contribute 

to the introduction of mutations within the genome of poxviruses and may thereby promote the 

evolution of these viruses.
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Introduction

Poxviruses are a group of large dsDNA viruses that are capable of infecting a wide 

range of host species [1]. Among these viruses are clinically and economically relevant 

species, including variola virus, the causative agent of smallpox, vaccinia virus (VACV), 

monkeypox virus and cowpox virus (CPXV). Although smallpox was declared eradicated 

in 1980, several variola virus strains are retained in two WHO-approved maximum security 

laboratories in USA and Russia. Variola virus is considered a bioterrorist threat. Monkeypox 

virus and CPXV are emerging pathogens that cause zoonotic infections in humans that are 

occasionally fatal [2]. VACV was used as the vaccine to eradicate smallpox and is both a 

promising gene delivery vector for vaccine development and a promising oncolytic agent 

[3–5]. VACV is considered to be a model poxvirus and is frequently used to study the 

orthopoxvirus life cycle.

In contrast to most DNA viruses, poxviruses replicate exclusively in the cytosol, where they 

form specialized replication sites known as virosomes or viral factories [6]. To allow virus 

replication outside of the nucleus, poxvirus genomes encode most of the factors necessary 

for DNA processing and transcription, including DNA polymerase, helicase–primase and 

ligase enzymes, as reviewed in [7]. Additionally, the virus encodes DNA-processing factors 

that aid the repair of damaged viral genomes [8, 9]. The FEN1-like nuclease encoded by 

the VACV G5R gene mediates double-stranded break (DSB) repair through homologous 

recombination [9]. The VACV DNA ligase is non-essential for virus replication [10, 11], 

but is reported to be part of the DNA replication machinery involved in the ligation of 

DNA fragments produced during lagging strand DNA synthesis [9, 12]. In addition, the 

viral DNA ligase plays a role in DNA repair upon damage [8]. Correspondingly, poxvirus 

mutants lacking the DNA ligase display enhanced sensitivity to DNA damage caused by 

UV irradiation and chemical inducers of DSBs [8]. However, the extent of this effect is 

cell line-dependent, suggesting that DNA repair may also involve host cell DNA ligases [8, 

13, 14]. Other host cell factors may also be involved in VACV repair, as underscored by 

studies in cells derived from xeroderma pigmentosum (XP) patients [15]. These cells have 

mutations in their nucleotide-excision enzymes and consequently lack a functional DNA 

repair system [16]. The repair of VACV upon UV irradiation was highly reduced in XP cells, 

although this observation has also been disputed [14, 17]. Thus, the function of specific 

cellular and viral DNA repair enzymes in viral DNA repair is incompletely understood. In 

addition, the effect of repair pathways on the integrity of the viral genome remains unknown. 

In this respect, erroneous repair of damaged viral DNA may contribute to the generation of 

mutant viruses and thereby affect poxvirus evolution.

In the nucleus, DNA damage can be repaired through different pathways, including 

homologous recombination and non-homologous end-joining (NHEJ). Homologous 

recombination occurs generally at high fidelity and requires a DNA template that is 

complementary to the site of the DNA damage. The final ligation step of this pathway 

is mediated by cellular DNA ligase I or III [18]. In the absence of a donor template, 

DNA damage can be repaired through different error-prone non-homologous end-joining 

processes [19]. The DNA ligase IV-dependent canonical NHEJ pathway (C-NHEJ) initiates 

upon recognition of a DSB by Ku80/ Ku70 complexes [20]. Subsequently, additional factors 
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are recruited, including the DNA-PKcs kinase, the endonuclease Artemis, which trims 

damaged DNA ends, and DNA polymerases that replace affected nucleotides. Ultimately, 

the DNA fragments are ligated by the XRCC4–DNA ligase IV complex. Although this 

process is error-prone and frequently induces small insertions or deletions (indels) at the site 

of the lesion, C-NHEJ is crucial in maintaining chromosomal integrity upon damage induced 

by e.g. DNA replication stress, irradiation or free oxygen radicals [21]. In the absensce 

of C-NHEJ, e.g. in cells lacking DNA ligase IV, DNA repair may involve alternative 

end-joining pathways (A-EJ). These pathways rely on DNA ligase I and III and induce 

extensive mutagenic rearrangements and chromosomal translocations [22].

The error-prone features of C-NHEJ are exploited by DSB-inducing genome editing 

techniques to induce site-specific alterations to cellular genomes, such as the clustered 

regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-associated protein 

(Cas)9 (Cas proteins) system (CRISPR/Cas9) [23]. The Cas9 endonuclease is recruited 

to a desired genomic site by means of a guide RNA (gRNA) that consists of a CRISPR 

RNA (crRNA) that is complementary to a genomic target of interest, coupled to a trans-

activating crRNA (tracrRNA). Cas9 subsequently recognizes and cleaves the genomic 

target DNA three nucleotides upstream of the protospacer-adjacent motif (PAM) site 

that is present immediately downstream of the targeted DNA sequence [24]. This DSB 

subsequently activates DNA repair pathways, including C-NHEJ [25]. When targeting 

protein-encoding genes, C-NHEJ may induce the disruption of the coding region, thereby 

knocking out the desired gene. In addition, the CRISPR/Cas9 system has been used to 

promote homologous recombination events by co-delivery of a donor template, thereby 

allowing specific mutagenesis at the target site [26]. The CRISPR/Cas9 system has become 

an indispensable tool for modifying genomes [27].

Recently, the CRISPR/Cas9 system has been adapted to target and manipulate the genomes 

of multiple human viruses [28]. CRISPR/Cas9-targeting of viral genomes efficiently 

generated desired mutations in adenovirus [29], herpes simplex virus type 1 (HSV-1) 

[29–31] and VACV [32]. In addition, the CRISPR/Cas9 system can efficiently limit and 

prevent infections of HIV-1 [33–39] human herpesviruses [40–42], human papillomavirus 

[43, 44], hepatitis B virus [45, 46], hepatitis C virus [47] and JC virus [48]. The ability to 

severely hamper virus replication makes the CRISPR/ Cas9 system a promising candidate 

for antiviral therapy.

In this study, we characterize the mechanisms of poxvirus DNA repair upon the introduction 

of DSBs in the VACV genome using the CRISPR/Cas9 system. The introduction of DSBs 

induces desired homologous recombination events in the presence of a template DNA. In the 

absence of a donor template, however, the introduction of DSB into the poxvirus genome 

severely limits virus replication. Nevertheless, error-prone NHEJ induced the generation 

of virus variants that bypass CRISPR/Cas9 targeting. These variants are selected quickly 

during the productive phase of the infection. Hence, although poxviruses replication occurs 

exclusively in the cytosol, we observed extensive viral genome editing via an NHEJ 

pathway. This process was not dependent on the viral DNA ligase, but critically involved 

the cellular DNA ligase IV-dependent C-NHEJ. Our data suggest that DNA ligase IV is 
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recruited to the cytosolic viral factories to aid in poxvirus mutagenic DNA repair during 

virus infection.

Results

CRISPR/Cas9 promotes homologous recombination within the VACV genome

The protocols to generate specific dsDNA virus mutants rely predominantly on spontaneous 

homologous recombination events between a viral genome and a DNA template sharing 

sequence homology with a specific targeted region. This strategy is inefficient and time-

consuming, with only 0.1% of the viruses containing the desired mutation. Recent studies, 

however, have indicated that homologous recombination events can be promoted effectively 

at sites of DSBs using the CRISPR/Cas9 genome editing system [49, 50]. Here, we used the 

CRISPR/Cas9 technology to direct the generation of specific VACV mutants in the human 

melanoma cell line MelJuSo (MJS). For this, we aimed to replace the eGFP marker gene 

from the recombinant VACV-eGFP virus with an eCFP gene. Two guide RNAs (gRNAs) 

targeting the regions 5' and 3' of the central part of the eGFP gene were expressed in cells. 

These cells were transfected with a PCR product encoding the central domain of eCFP 

and a flanking sequence homologous to eGFP. The homologous sequences between the 

viral eGFP and template eCFP would aid the homologous recombination event, thereby 

replacing eGFP for eCFP (Fig. 1a). Subsequently, the cells were infected with VACV-eGFP. 

Virus progeny were harvested in the supernatant and used to reinfect wild-type MJS cells. 

The production of eGFP- and eCFP-expressing virus was subsequently analysed by flow 

cytometry (Fig. 1b). Cells lacking gRNAs and a PCR template produced eGFP-expressing 

virus upon infection (Fig. 1b, top left panel). Upon the introduction of anti-eGFP gRNAs, 

however, the production of eGFP-expressing virus was efficiently abrogated (Fig. 1b, lower 

left panel). The transfection of a donor template comprising part of the eCFP gene with 

5' and 3' sequences identical to eGFP (Fig. 1a) into cells not expressing gRNAs resulted 

in low-efficiency homologous recombination-induced production of eCFP-expressing virus 

(Fig. 1b, top right panel). In contrast, the transfection of the eCFP donor template in 

gRNA-expressing cells resulted in potent production of eCFP-, but not eGFP-, expressing 

virus (Fig. 1b, lower right panel). This indicates that the eCFP template efficiently replaced 

the eGFP sequence within the VACV-eGFP genome. Thus, the CRISPR/Cas9-mediated 

induction of DSBs increases the frequency of desired virus mutants in the presence of a 

homologous DNA template.

Next, we assessed the impact of the length of the flanking sequence on the guiding of 

the homologous recombination event upon CRISPR targeting. For this, PCR products 

with different flanking sequence lengths were transfected into gRNA-expressing cells that 

were subsequently infected with VACV-eGFP. We observed an enhanced incorporation 

of template PCR products at the target region when longer flanking regions were used, 

although recombination occurred with flanking regions as short as 25 bps (Fig. 1c).

CRISPR/Cas9 targeting essential poxvirus genes limits virus replication

As CRISPR/Cas9 targeting of poxvirus genomes proved to be efficient in promoting 

homologous recombination events, we next asked whether targeting essential regions of the 
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viral genome could limit virus replication. To test this hypothesis, gRNAs targeting poxvirus 

genes (see Table 1 in the Methods section) were co-expressed with Cas9 in MJS cells. 

Subsequently, the cells were infected with VACV-eGFP at an m.o.i. of 0.01 and monitored 

up to 15 days for eGFP expression (Fig. 2a). MJS cells expressing control vector only or 

gRNAs targeting human TAP2 or bB2M were readily infected with VACV-eGFP, resulting 

in potent eGFP expression in all cells at 8 days p.i. In contrast, VACV-eGFP infection 

was severely hampered in the presence of most gRNAs targeting VACV genes. Several of 

these gRNAs almost completely protected cells from productive VACV infection for up to 

15 days, including A23R#1, gRNA A23R#2 and gRNA D5R. Some gRNAs showed a less 

pronounced effect, resulting in abrogated infection at early time points, but outgrowth of 

virus at 15 days post-infection (p.i.).

Under normal conditions, VACV infection results in cell death of infected MJS cells. To 

quantify cell survival upon VACV-eGFP infection in the presence or absence of anti-VACV 

gRNAs, we counted the percentage of viable cells at 2, 8 and 15 days p.i. (Fig. 2b). As 

expected, the percentage of viable cells was inversely correlated to the percentage of eGFP-

expressing cells. Cell counts declined in control cells and cells expressing the non-protective 

gRNAs A10L#2, whereas all other anti-VACV gRNAs (partially) protected MJS cells from 

VACV-induced cell death up to 15 days p.i. (Fig. 2b).

The gRNAs used in this study target sequences that are highly conserved among 

orthopoxviruses. To assess whether anti-VACV gRNAs also protect against other members 

of the orthopoxvirus genus, we infected the gRNA-expressing MJS cells with eGFP-tagged 

CPXV. CPXV is a virus from rodents that can cause zoonotic infections in several mammals, 

including humans [2]. The progression of CPXV infection was monitored over time (Fig. 2c, 

d). Most anti-VACV gRNAs abrogated CPXV infection effectively.

CRISPR/Cas9-targeting of non-essential VACV genes triggers NHEJ to repair DSBs

CRISPR/Cas9-mediated targeting of viral genes may abrogate infection by two different 

mechanisms: (1) a DSB induced by Cas9 results in a segmented poxvirus genome, or (2) 

the DSB is repaired but mutations are introduced that render the virus non-infectious. As the 

replication of poxviruses occurs outside of the nucleus [7], potential repair of DSBs might 

not involve the C-NHEJ response. We first assessed whether the CRISPR-Cas9 system is 

capable of inducing C-NHEJ-resembling mutagenesis at the target site, which would induce 

the generation of virus variants with small indels. For this, we studied the effect of anti-

eGFP gRNAs on the eGFP gene present in the viral VACV-eGFP genome in more detail. 

Upon the infection of anti-eGFP gRNA-containing MJS cells with VACV-eGFP, expression 

of the fluorescent protein was significantly reduced in three out of three anti-eGFP gRNAs 

(Fig. 3a). gRNA eGFP#1 was especially potent at limiting eGFP expression. This is likely 

due to the location of the target site, which encodes amino acids that are crucial for eGFP 

fluorescence [51]. Interestingly, although no eGFP expression was observed, the anti-eGFP 

gRNA-containing cell cultures eventually showed cytopathic effects (CPE) and died (Fig. 

3b). Apparently, upon CRISPR/Cas9 targeting of viral eGFP, the expression of eGFP is 

abrogated, but virus replication is retained. This suggests that VACV genomes may be 

repaired by an error-prone NHEJ pathway. Repair-induced mutations at the target site 
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disrupt the eGFP gene, yet retain an intact infectious virus genome. Such mutations might 

be either indels or amino acid substitutions that disrupt the fluorescence of eGFP. Indeed, 

the eGFP gene was extensively edited in viral genomes produced by gRNA-expressing cells, 

but not control cells (Fig. 3c). Subsequent sequencing of individual virus clones confirmed 

that the eGFP gene was mutated, resulting in out-of-frame eGFP virus variants (Fig. 3d). In 

conclusion, our data indicate that the strictly cytosolic viral genome can be repaired at DSB 

sites, probably via NHEJ.

CRISPR/Cas9-mediated VACV genome editing is partially mediated by the viral DNA ligase

The occurrence of mutations at eGFP gRNA target sites in the VACV-eGFP genome 

suggests that mutagenic DSB repair can occur in the cytosol, which is the replication site 

for poxviruses [7]. Poxviruses encode several proteins that could be involved in this process, 

including the poxvirus DNA ligase encoded by the A50R gene. Indeed, an A50R-deletion 

virus (vSK20) is more sensitive to DNA-damaging agents than the revertant virus vSK21 

that expresses the DNA ligase [8]. We used these viruses to assess whether the viral DNA 

ligase is involved in the observed editing of poxviruses upon CRISPR/Cas9 targeting. As 

expected, both vSK20 and vSK21 could readily infect and replicate in MJS cells, although 

the revertant virus propagated slightly faster than the ligase knockout mutant (Fig. 4a), 

as reported previously [8, 13]. Propagation of vSK20 and vSK21 was assessed in the 

presence of the anti-A23R#2 gRNA. The fact that this gRNA permitted some replication of 

VACV-eGFP after prolonged culture (see Fig. 2a) suggests that escape mutants may have 

formed that bypass CRISPR/Cas9 targeting. In the presence of the gRNA, virus production 

of vSK20 and vSK21 was severely reduced 3 days p.i. However, prolonged culture did give 

rise to virus replication, as the virus titres increased for the revertant vSK21 strain at 9 days 

p.i. Only a modest recovery was observed for the DNA ligase knockout virus vSK20 (Fig. 

4a). To assess whether mutations arose at the gRNA target sites in these viruses, the gRNA 

target sites were sequenced (Fig. 4b). We observed frequent editing of the A23R#2 gRNA 

target site for both the knockout and revertant virus. Our data show that VACV lacking 

the A50R DNA ligase is more sensitive to CRISPR/Cas9-induced DNA damage, although 

mutagenic repair still occurs and results in the formation of escape variants.

Cellular DNA ligase IV mediates NHEJ of poxvirus genomes

As the repair of DSBs still occurred in the absence of viral DNA ligase, editing at the 

gRNA target sites may be mediated by cellular DNA ligases that are recruited to the cytosol 

where poxvirus genomes are replicating. Cellular DNA ligase IV mediates C-NHEJ within 

the host cell nucleus [19]. To test whether DNA ligase IV is also involved in the repair 

of cytoplasmic poxvirus DNA, MJS cells lacking DNA ligase IV were generated using 

CRISPR/Cas9 (Fig. 4b). These KO cells also expressed the gRNA A23R#2 that has been 

used in the previous experiments. Cells were infected with the vSK20 virus lacking DNA 

ligase, or the revertant vSK21. Nine days after infection with VACV, cells were harvested 

and virus genomes were sequenced at the gRNA target site (Fig. 5b). For both the vSK20 

and vSK21 reverant viruses, editing of the gRNA target site was readily observed in the 

parental line expressing cellular DNA ligase IV, as shown previously (Fig. 4). In cells 

lacking DNA ligase IV, however (Fig. 4b), no editing occurred, as only wild-type virus 

was identified (Fig. 5b, bottom conditions). In contrast, DNA ligase IV-expressing cells did 
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allow editing of the viral genomes in both vSK20 and vSK21-infected cells (Fig. 5b, top 

conditions). This effect was not caused by clonal variation between the KO and parental 

cells, as the reintroduction of DNA ligase IV into the KO cell line rescued mutagenic repair 

of VACV upon CRISPR/Cas9 targeting (Fig. 5c). Introduction of the DNA ligase IVR278H, 

a variant lacking ligase activity, did not rescue the editing, showing that the ligase activity 

of DNA ligase IV is needed for the error-prone repair of disrupted poxvirus genomes. 

To conclude, C-NHEJ is capable of repairing poxvirus genomes upon the introduction of 

dsDNA breaks.

Discussion

Our data show that the CRISPR/Cas9 genome engineering system is highly effective in 

directing targeted mutagenesis of poxviral genomes as a means to generate defined virus 

variants. Upon the co-introduction of a virus-specific gRNA, Cas9, and a donor template 

sharing sequence homology with the target region, efficient exchange of genetic material can 

be obtained, resulting in the formation of specific virus mutants. As also shown by others 

[32], the proportion of virus mutants that underwent successful homologous recombination 

was increased upon DSB introduction via the CRISPR/Cas9 system. In the absence of 

DSB induction, successful homologous recombination events within the VACV genome are 

infrequent [52], whereas DSBs promote VACV-mediated recombination events [53, 54]. 

This is in line with our experiments, where template-guided recombination of VACV-eGFP 

in the absence of a gRNA proved inefficient (Fig. 1b, right top panel). Our results show the 

ease and potency of the CRISPR/Cas9 system in editing poxvirus genomes as an alternative 

to currently used approaches, such as spontaneous homologous recombination and the use 

of bacterial artificial chromosomes to induce desired mutations [52, 55–57]. We show that 

donor templates produced from PCR products readily recombine with the targeted VACV 

genome, even when short flanking sequences of 25 nt are used. A similar requirement 

for overlapping sequence homology has been observed previously, showing that 10-20nt 

homology is sufficient for vaccinia virus-induced homologous recombination [53, 54, 58, 

59], although larger homologies may greatly enhance recombination events [54].

Altogether, CRISPR/Cas9-induced DSBs allow for the rapid generation of recombinant 

poxvirus strains to construct virus variants in a cell line of choice.

CRISPR/Cas9-targeting of viral genes severely hampered virus infection. The viral genes 

targeted in this study were highly conserved among poxviruses and were previously shown 

to be essential for CPXV [60] and VACV replication, including A10L [61] A23R [62], 

A5R [63], B1R [64], D4R [65], D5R [66] and G7L [67]. The majority of gRNAs targeting 

these genes severely limited infection at early time points. The loss of virus infectivity 

upon gRNA-targeting may be caused by different underlying mechanisms. A DSB may 

fragment the viral genome and thereby affect the incorporation of complete genomes into 

newly synthesized virus particles. In addition, gRNAs targeting genes that are essential for 

the virus life cycle may disrupt the expression of that gene, thereby stalling virus infection. 

Furthermore, repair of the DSB may alter amino acid sequences that are crucial for activity 

of the essential genes.
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At prolonged times post-infection, virus replication was observed in the presence of VACV-

specific gRNAs, suggesting that viruses escape targeting by CRISPR/Cas9. This may be 

due to C-NHEJ-mediated mutagenesis at the target region, resulting in loss of the gRNA 

recognition site but maintained functional gene expression. These viruses thus become 

resistant to subsequent CRISPR/Cas9-mediated cleavage and can propagate unrestricted [37, 

41]. Some gRNAs, however, are capable of restricting poxvirus replication after prolonged 

infection; these gRNAs may target an Achilles’ heel of the virus.

The acquisition of viruses with mutations at the gRNA target site revealed that CRISPR/

Cas9-induced DSBs are repaired by a mutagenic repair pathway. It was previously suggested 

that DSB repair of VACV genomes involves the viral DNA ligase, as VACV mutants lacking 

the enzyme were sensitive to DSBs induced by UV irradiation or the DNA-damaging drug 

bleomycin [8, 13]. In contrast, the DNA ligase of Shope fibroma virus did not mediate 

the repair of UV-damaged extragenomic DNA [13]. Unexpectedly, our results show that 

the viral DNA ligase is not crucial for error-prone VACV DNA repair induced by CRISPR/

Cas9-mediated DNA breaks, as mutated target sites were still observed in the absence of 

viral DNA ligase. However, the lower titre of ligase-deficient viruses suggests that these 

viruses are more sensitive to DSBs, as observed previously [8]. This may imply that the viral 

ligase is involved in error-free repair through catalyzing e.g. homologous recombination of 

viral genomes [68]. Indeed, VACV DNA ligase is capable of complementing the functions of 

yeast DNA ligase, including catalysis of homologous recombination [8], although removal 

of the viral ligase may not always affect homologous recombination in infected cells [10, 

13]. These contrasting findings may be explained by a complementary role of DNA ligase I, 

a host cell ligase involved in the final ligation step of homologous recombination [18, 69]. 

DNA ligase I is recruited to virus factories [12], and may partially mask the loss of viral 

DNA ligase in homology-directed repair.

Another factor that could contribute indirectly to the increased sensitivity of DNA ligase 

mutants to CRISPR/ Cas9-induced DSBs, is a slightly reduced replication of these viruses. 

Even in the absence of VACV-targeting gRNAs, DNA ligase-lacking viruses have smaller 

plaque sizes, and lower virus titres at prolonged infections (see Fig. 4a; [13]). This 

may allow for more efficient targeting by the CRISPR/ Cas9 system, and an increased 

sensitivity to DSBs. As observed previously, the quantity of virus particles directly affects 

the efficiency of the CRISPR/Cas9 system [29].

We identified DNA ligase IV as a crucial factor involved in mutagenic repair upon CRISPR/

Cas9-mediated DSBs in VACV infection, as the absence of (functional) DNA ligase IV 

did not result in the formation of mutated target sites and all detected VACV genome 

copies contained the wild-type sequence. The occurrence of wild-type sequences was also 

apparent in the presence of DNA ligase IV, and may result from different processes within 

the infected cell. Potentially, not all cells may express (sufficient amounts of) Cas9 or the 

gRNA to efficiently cut all of the approximately 10 000 VACV genome copies per infected 

cell [70], thereby allowing the escape of unedited viral genomes. In addition, DSBs in 

viral genomes may be repaired through homologous recombination events. Recombination 

between viral genomes or transfected DNA is catalyzed in vivo and in vitro by the viral 

DNA polymerase E9 and the viral single-stranded DNA-binding protein I3 [58, 71]. The 
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3'-to 5' exonuclease activity of the DNA polymerase resects the DNA at the DSB, and the 

revealed single-stranded tail is targeted for recombination with a homologous template. 

The proofreading activity of the DNA polymerase-encoded exonuclease contributes to 

the high fidelity of such recombination events [53, 72]. Indeed, the great majority of 

homologous recombination events between poxvirus genomes show no sign of mutagenesis 

at recombination sites [73].

Homologous recombination events may even be further stimulated in the absence of a DNA 

ligase IV. In line with this, silencing genes essential for C-NHEJ, including DNA ligase 

IV [74] or targeting DNA ligase IV with the inhibitor Scr7 [75] was shown to enhance 

homologous recombination of Cas9-induced DSBs. In contrast, binding of DNA ligase IV 

to DSBs actively suppresses the initiation of homologous recombination by inhibiting DNA 

end resection, as shown in Saccharomyces cerevisiae [76].

The absence of DNA ligase IV may also induce alternative end-joining pathways (A-EJ) 

that rely on DNA ligase I and/ or DNA ligase III [77–81]. DNA ligase I has been found at 

cytosolic virus factories, where it plays a role in replication of the viral genome [12], and 

possibly homologous recombination [10, 68]. However, an additional role for DNA ligase 

I (or DNA ligase III) in A-EJ is unlikely, as this pathway is intrinsically mutagenic and 

induces extended insertions and deletions at the target site [82, 83]. As the VACV target 

sequences were exclusively wild-type, alternative end-joining pathways appear not to be 

involved in VACV genome repair in the absence of DNA ligase IV. In addition, DNA ligase 

IV-mediated C-NHEJ of some genomes may maintain the wild-type sequence. Indeed, DNA 

repair by C-NHEJ does not always result in mutagenesis at the target site [82, 84–86], 

and wild-type sequences have been observed frequently in viral genomes upon repair of 

CRISPR/Cas9-induced DSBs [29, 37].

DNA ligase IV is targeted to the nucleus via a bipartite nuclear localization signal in the 

C-terminal region of the protein [87]. DNA ligase IV binding to the cofactor XRCC4 further 

promotes nuclear localization [87]. In contrast, DNA ligase IV is absent from mitochondria, 

the other DNA-containing cellular compartment [88]. Upon DNA damage in the nucleus, 

DNA ligase IV forms repair foci together with other components of the C-NHEJ pathway 

[89]. The involvement of DNA ligase IV in DNA repair of VACV indicates that part of 

the C-NHEJ machinery gains access to the virus factories in the cytosol. However, we did 

not observe DNA ligase IV or XRCC4 in viral factories (data not shown). Nonetheless, 

it is possible that only small amounts of DNA ligase IV are present at the cytosolic sites 

of virus replication. Indeed, although the vast majority of DNA ligase IV localized to the 

nucleus, some DNA ligase IV was detected in the cytosol (data not shown). In line with 

this, cytosolic extracts of various cell lines do contain low levels of DNA ligase IV, and only 

small amounts of DNA ligase IV are sufficient for adequate C-NHEJ to occur [90, 91].

Poxviruses are renowned for their replication, independent of the nuclear environment, as 

illustrated by successful infections of enucleated cells [92, 93]. However, more recent work 

shows that some nuclear factors gain access to virus factories and are needed for poxvirus 

infection [94], including cellular DNA ligase I [12], topoisomerase II [95], HMG20A [96] 

and nuclear transcription factors [97]. The C-NHEJ factors Ku80 and DNA-PK have also 
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been observed in association with viral factories, where they play a role in the activation of 

the host innate immune system [98] and are antagonized by the VACV protein C16 [99]. The 

results presented here indicate that DNA ligase IV can also access the poxvirus genome and 

repair CRISPR/Cas9-mediated DSBs, possibly with the aid of other enzymes that are crucial 

for C-NHEJ. Although DNA ligase IV is crucial for the repair of CRISPR/Cas9-induced 

damage, the role of DNA ligase IV in repairing naturally occurring DNA damage remains to 

be investigated.

Such damage may be caused by replication stress and subsequent replication fork collapse 

[100, 101]. In addition, DNA damage and subsequent repair by C-NHEJ may be induced by 

a multitude of other extrinsic and intrinsic stressors, including γ-irradiation, UV light and 

reactive oxygen species/reactive nitrogen species (ROS/RNS) [102–104].

The small indels introduced into the poxvirus genome upon C-NHEJ are reminiscent of the 

indels frequently observed throughout the genome of VACV and related members, including 

CPXV and variola virus [105–110]. These mutations are considered to be important factors 

that drive evolution and changes in virulence and host tropism after zoonosis [111]. The 

majority of these indels result from DNA replication errors, including replication stuttering 

and slippage, although a minority of these mutations cannot be explained by these erroneous 

pathways [105, 108–110]. C-NHEJ may be a reciprocal mechanism that is capable of 

inducing mutations, and through this driving evolution [112–114]. As shown for CPXV, 

even a small deletion in the protein-encoding gene CPXV012 is sufficient to establish a 

completely new function for the protein [115, 116].

Methods

Cells and viruses

The human melanoma cell line MelJuSo (MJS) [117] and T2 cells [118] were kindly 

provided by Professors Jacques Neefjes (LUMC, Leiden, the Netherlands) and Peter 

Cresswell (Yale University School of Medicine, USA), respectively. HEK-293T and Vero 

African Green monkey kidney epithelial cells were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). MJS and T2 cells were cultured in 

RPMI 1640 (Lonza AG, Switzerland) supplemented with 10% foetal bovine serum (FBS) 

(#S1810 Biowest Europe, France), 100 Uml−1 penicillin, 100 μg ml−1 streptomycin and 

2mM L-glutamine (complete medium). HEK-293T and Vero cells were cultured in DMEM 

(Lonza AG, Switzerland) supplemented with 10% FBS, 100 Uml−1 penicillin, 100 μg ml−1 

streptomycin and 2mM L-glutamine.

The VACV strain Western Reserve encoding eGFP from the p7.5 synthetic early/late 

promoter (VACV-eGFP) was a generous gift from Dr Jon Yewdell (NIH, Bethesda, USA). 

The CPXV strain Brighton Red (CPXV-BR) expressing RFP and eGFP was kindly provided 

by Dr Karsten Tischer (FU Berlin, Germany). VACV-eGFP and CPXV-BR were propagated 

and titrated on Vero cells using the standard methodology. VACV variants lacking viral DNA 

ligase (vSK20) and the revertant virus (vSK21) were described previously [8], and titrated 

on Vero cells.
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Lentiviral CRISPR/Cas9 vector and other DNA vectors

A selectable lentiviral CRISPR/Cas9 vector based on the pSicoR vector (Addgene plasmid 

11579, Tyler Jacks Lab, MIT, USA) was constructed as described previously [41, 119]. 

This lentiviral vector holds a human codon-optimized S. pyogenes Cas9 gene N-terminally 

fused to PuroR via a T2A ribosome-skipping sequence under control of the human EF1A 

promoter. Additionally, it contains a human U6 promoter, which drives the expression of a 

guideRNA (gRNA) consisting of a 18–20 bp target-specific CRISPR RNA (crRNA) fused 

to the trans-activating crRNA (tracrRNA) and a terminator sequence. Another variant of 

this vector was created by replacing the PuroR gene for a BlastR gene. These vectors 

are called pSicoR-CRISPR-PuroR and pSicoR-CRISPR-BlastR, respectively. For each virus 

gene target, crRNA target sequences were designed using an online CRISPR design tool 

(crispr.mit.edu; Zhang lab, MIT, USA). CRISPR gRNAs with the highest specificity and 

lowest off-target rate for the human genome were selected and cloned into the pSicoR-

CRISPR-PuroR or pSicoR-CRISPR-BlastR vector. The CRISPR gRNA sequences used in 

this study are listed in Table 1.

For DNA ligase IV overexpression and rescue experiments, the human 

DNA ligase IV was amplified by PCR from genomic DNA isolated 

from MJS cells (Wizard genomic DNA isolation kit #A1125, Promega 

Benelux, The Netherlands) using primers 5'-TTCAGGTGTCGTGAGCTAGCAGTAT-

TAATTAACCACCATGGCTGCCTCACAAACTTCAC-3' (LIG#1) and 5'-

atgactaagctagtaccggttaggatgcaTgcttaaatcaaa-tactggttttcttcttg-3' (LIG#2). Subsequently, the 

PCR product was introduced into a dual-promoter lentiviral vector co-expressing ZeoR 

and the fluorescent mAmetrine gene [119] by means of Gibson assembly (#E2611L, 

Bioké, New England Biolabs, The Netherlands). The DNA ligase IVR278H mutation was 

introduced by PCR amplification of the DNA ligase IV template using primers LIG#1, 

and 5'-catttgca-taTgttcaccatc-3', and LIG#2 and 5'-GATGGTGAACA-TATGCAAATG-3'. 

The PCR products were introduced into the dual-promoter lentiviral vector using Gibson 

assembly.

Lentivirus production and transduction

Third-generation lentiviruses were produced in HEK-293T cells in a 24-well plate format 

using standard lentivirus production protocols. Lentiviruses were transduced into MJS cells 

using spin infection at 1000 g for 90 min at 33°C in the presence of 3.2 µg ml � 1 polybrene. 

After 3 days, transduced cells were selected using either puromycin (2 µg ml � 1), zeocin 

(400 µg ml � 1) or blasticidin (20 µg ml � 1). Cell lines expressing 2 gRNAs were generated 

by simultaneous transduction of pSico-CRISPR-PuroR and pSico-CRISPR-BlastR lentiviral 

vectors encoding different gRNAs followed by selection.

Homologous recombination assay

DNA templates for homologous recombination were obtained from IDT (gBLOCKs, 

Integrated DNA Technologies Inc.) comprising nucleotides (nt) 50–637 of eGFP or 

enhanced cyan fluorescent protein (eCFP). These gBlocks contained the silent mutations 

C198A and C465A to render the DNA resistant to CRISPR/Cas9 targeting by 

gRNA eGFP#1 and eGFP#3 (Table 1). The gBlocks were PCR-amplified to generate 
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products with different lengths of homology flanking the gRNA target sites. Primers 5'-

TCGAGCTGGACGGCG-3' and 5'-GGGGTCTTTGCTCA GGGC-3' were used for the PCR 

amplification of a product with a homology region of 150 nt flanking each gRNA target 

site; primers 5'-GGCGAGGGCGATGCC-3' and 5'-AGCAG-CACGGGGCCG-3' for 100 nt; 

primers 5'-CACCGG-CAAGCTGCC-3' and 5'-AGCTGCACGCTGCCG-3' for 50 nt; and 

primers 5'-CCCACCCTCGTGACCAC-3' and 5'-TGTGGCGGATCTTGAAGTTG-3' for a 

homology region of 25 nt.

To generate variants of VACV-eGFP by using homologous recombination, MJS cells 

expressing Cas9 and gRNAs eGFP#1 and eGFP#3 (Table 1) were plated in a 48-well plate 

at 104 cells per well. The following day, the cells were mock transfected, or transfected 

with the different DNA templates encoding eGFP or eCFP. After overnight incubation, the 

cells were infected with VACV-eGFP using an m.o.i. of 0.1. Eight days post-infection, the 

supernatant was collected and used for a secondary infection on MJS cells plated in a 

48-well plate. Two days after the secondary infection, the cells were harvested and eCFP and 

eGFP expression was quantified by flow cytometry (FACS Canto II, BD Biosciences).

Primary infections of CRISPR-expressing cells with VACV-eGFP

MJS cells (104 cells/well) expressing different CRISPR gRNAs were plated in a 48-well 

plate and incubated over-night at 37°C. The next day, cells were infected at an m.o.i. of 0.1 

or 0.01 in complete medium. Cells were harvested at 3, 5, 8, or 15 days p.i. and cell numbers 

and the percentage of infected (eGFP-positive) cells were quantified by flow cytometry. 

Prior to flow cytometric analysis, 5000 mCherry-positive T2 cells were mixed with the MJS 

cells to allow for normalization between the wells.

Plaque assays

MJS cells including supernatant were collected at 3 or 9 days p.i. To release viral particles, 

cells were freeze/thawed three times and sonicated for 10 min in a waterbath sonicator (M2 

800-E, Branson Ultrasonics, The Netherlands). Samples were centrifuged for 3 min at 300 

g, and various dilutions of the supernatant were incubated on 105 Vero cells seeded 1 day 

prior to infection in a 24-well format. After 1 h of incubation, the cells were overlaid with 

0.5% agarose (Seakem LE Agarose, Lonza AG, Switzerland) in complete medium. After 

7–9 days, the cells were fixed overnight at RT using 1% formaldehyde and cell monolayers 

were stained with 0.5% crystal violet solution. Plaques were counted by eye and virus titres 

were calculated as plaque-forming units (p.f.u.) ml−1.

Sequencing of CRISPR target sites

MJS cells including supernatant were collected 9 days p.i., freeze/thawed three times and 

sonicated for 10 min. The samples were centrifuged to remove cells and debris, and the 

supernatant was heated to 95 °C for 4 h to inactivate the virus particles. Heat-inactivated 

supernatant was used as a template to PCR-amplify the CRISPR target regions from the viral 

genomes, using primers 5'-acaagtt-cagcgtgtccg-3' (eGFP#1) and 5'-tgctcaggtagtggttgtcg-3' 

for the eGFP target region, and primers 5'-TGAAATAGAA-GATAGATATGCCAGAAC-3' 

and 5'-TTCGCCGTAATT-GACCTTTC-3' for the target region in A23R. The PCR products 

of the eGFP target region were sequenced directly using primer eGFP#1. To characterize 
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individual mutations, PCR products were cloned into the pCR2.1 TOPO TA cloning vector 

(Thermo Fisher Scientific, Inc., USA) and transformed into OneShot TOP10 Escherichia 
coli cells (#K450001, Thermo Fisher Scientific Inc, USA). Positive colonies were selected 

using a β-galactosidase-dependent blue/white screen and the TA-cloned insert was PCR-

amplified using the T7 forward primer 5'-TAATACGACTCAC-TATAGG-3' and the M13 

reverse primer 5'-GGAAACAGCTATGACCATG-3', and sequenced (Macrogen Inc., USA) 

using the T7 primer. The sequences were analysed using SeqMan software (DNASTAR, 

Inc., USA).

Generation of DNA ligase IV KO cell lines and revertants

MJS cells were transfected with pSicoR-CRISPR-BlastR encoding the gRNA LIGIV 

targeting DNA ligase IV (Table 1). The transfected cells were transiently selected using 

blasticidin (20 µg ml−1) and subsequently cloned by limited dilution. DNA ligase IV knock-

out was confirmed in selected clones by Western blot analysis.

DNA ligase IV was (re)introduced by transducing cells with the lentiviral vector encoding 

DNA ligase IV, or an inactive DNA ligase IVR278H mutant [120]. As a control, cells were 

transduced with an empty control vector. Cells were selected via zeocin (400 µg ml−1) 

treatment and DNA ligase IV expression was confirmed by Western blot analysis (see 

below).

SDS-PAGE and Western Blot analysis

Cells were lysed in 1 % Triton buffer [1 % Triton X-100, 20 mM 2-(N-

morpholino)ethanesulfonic acid (MES), 100 mM NaCl, 30 mM Tris (pH7.5)] in the 

presence of 10 mM leupeptin and 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride. To 

prepare samples for SDS-PAGE separation, whole-cell lysates were boiled in Laemmli 

sample buffer for 10 min at 70 C and subsequently sonicated using three short pulses of 

approximately 25 W to shear genomic DNA. After SDS-PAGE, proteins were transferred 

to PVDF membranes using the Trans-Blot Turbo Transfer system (#1703935, Bio-Rad, 

The Netherlands). Membranes were incubated with primary antibodies specific for actin 

(clone C4; Milipore #MAB1501R, The Netherlands), or DNA ligase IV (clone D-8; Santa 

Cruz biotechnology #sc271299, Germany), washed and incubated with the secondary 

HRP-conjugated goat anti-mouse IgG L-chain-specific antibody (#115-035-174, Jackson 

ImmunoResearch, Inc., USA). Bound antibodies were visualized by incubating membranes 

with ECL (Thermo Fisher Scientific Pierce, USA) and exposure to Amersham Hyperfilm 

(GE Healthcare, The Netherlands).
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Abbreviations

A-EJ alternative end joining

bB2M bovine β2 microglobulin

BlastR blasticidin resistance gene

C-NHEJ canonical NHEJ

CPXV cowpox virus

CRISPR/Cas9 clustered regularly interspaced short palindromic repeats/

CRISPR-associated protein-9 nuclease

DNA-PK DNA-dependent protein kinase

DNA-PKcs DNA-dependent protein kinase catalytic subunit

DSB double-stranded breaks

eCFP enhanced cyan fluorescent protein

EF1A promoter human elongation factor-1 alpha promoter

FEN1 Flap endonuclease 1

gRNA guide RNA

HEK-293T human embryonic kidney 293-cell line expressing the 

SV40 large T antigen

HIV-1 human immunodeficiency virus 1

HMG20A high-mobility group protein 20A

NHEJ non-homologous end joining

p.i. post-infection

PuroR puromycin resistance gene

RFP red fluorescent protein

ROS/RNS reactive oxygen species/reactive nitrogen species

TAP2 transporter associated with antigen processing 2

VACV vaccinia virus

XRCC4 X-ray repair cross-complementing protein 4

ZeoR zeocin resistance gene
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Fig. 1. CRISPR/Cas9 allows for efficient directed construction of VACV mutants.
(a) Schematic representation of the approach to generate VACV mutants by homologous 

recombination. Two anti-eGFP gRNAs introduce double-stranded breaks in the eGFP 

gene present on the genome of VACV-WR encoding eGFP (VACV-eGFP). Simultaneous 

administration of a repair PCR product comprising the eCFP gene with 5' and 3' sequence 

homology to the eGFP termini results in recombination and the production of VACV-eCFP. 

(b) Control cells (no gRNA) or cells expressing gRNAs targeting eGFP (eGFP#1 and 

eGFP#2) were transfected with the eCFP PCR product described in (a). MJS cells were 
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subsequently infected with VACV-eGFP (m.o.i.: 0.1), and virus supernatant was harvested 

8 days post-infection (p.i.) and used to infect new cells. Two days p.i., eGFP and eCFP 

expression was analysed by flow cytometry. The percentages of eGFP or eCFP-expressing 

cells are indicated. (c) PCR products with the indicated nucleotide overlap with the VACV 

genome at their termini were transfected into MJS cells. Subsequently, the cells were 

infected with VACV and analysed as in (b). The percentage of cells expressing the indicated 

fluorescent protein is presented.
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Fig. 2. CRISPR/Cas9-targeting of poxvirus genes limit virus infection.
(a, b) MJS cells expressing the indicated gRNAs were infected with VACV-WR expressing 

eGFP (m.o.i. 0.01), and harvested 2, 8 and 15 days post-infection (p.i.). Subsequently, the 

cells were analysed for eGFP expression (a) and viability (b) by flow cytometry. The cell 

counts for infected cells were compared to those for uninfected cells (set at 100 %). Cells 

expressing Cas9 vector only, or in combination with gRNAs targeting bovine β-2M (bB2M) 

or TAP2, served as infection controls. (c, d) MJS cells expressing the indicated gRNAs were 
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infected with cowpox virus strain Brighton Red expressing RFP and eGFP using an m.o.i. of 

0.01 (c) or 0.1 (d). Fluorescence was analysed by flow cytometry at 5, 8 and 15 days p.i.
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Fig. 3. 
CRISPR/Cas9-targeting of the VACV genome triggers NHEJ to repair DSBs in the cytosol. 

Control cells (no gRNA), cells expressing a gRNA targeting the essential VACV gene A23R 

and cells expressing a gRNA targeting eGFP were infected with VACV-eGFP at an m.o.i. 

of 0.01. Subsequently, cells were analysed for eGFP expression (a) and survival (b) by flow 

cytometry. (c) Cells expressing gRNA eGFP#1 were infected with VACV and expression of 

the virus-encoded eGFP gene was subsequently assessed by Sanger sequencing. Sequence 

analysis of wild-type VACV (WT; upper panel) and polyclonal VACV mutants targeted 

by gRNA eGFP#1 (mutant; lower panel) is indicated. Solid lines correspond to the gRNA 

eGFP#1 PAM sequence; open triangles indicate the Cas9 cleavage site. (d) VACV genome 

sequences surrounding the gRNA eGFP#1 target site of wild-type virus and three isolated 

mutants.
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Fig. 4. 
Mutagenic DNA repair of VACV genomes occurs in the absence of viral DNA ligase. 

MJS cells expressing Cas9 only or in combination with the gRNA A23R#2 were infected 

with VACV DNA ligase mutant vSK20 (—) or revertant vSK21 (+). (a) The virus titres 

were determined in the cell supernatant 3 and 9 days p.i. using plaque assays. (b) VACV 

genomic regions surrounding gRNA target sites were amplified from virus supernatant 

and sequenced. Solid lines indicate the PAM sequences; open triangles indicate the Cas9 

cleavage site. Numbers indicate the abundance of the given virus mutant within the 56 

genomes per virus population. p.f.u., plaque-forming units.
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Fig. 5. 
Cellular DNA ligase IV mediates NHEJ of VACV genomes upon CRISPR/Cas9 cleavage. 

(a) DNA ligase IV (upper panel) and actin (lower panel) protein expression levels in cells 

co-expressing Cas9 and gRNA A23R#2 (lanes 1–5). Lanes 1 and 2 represent a cell line 

expressing endogenous DNA ligase IV and lanes 3–5 represent a clonal DNA ligase IV 

knockout line. Cells were transduced with either a control lentiviral vector (control), a 

lentiviral vector encoding DNA ligase IV (+LIG IV), or the DNA ligase IV-R278H mutant 

(+LIG IV R278H). (b) Polyclonal cells expressing DNA ligase IV or the DNA ligase IV 
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KO clone were infected with vSK20 virus lacking DNA ligase and the vSK21 revertant 

expressing DNA ligase. VACV genomic regions surrounding gRNA target sites were 

amplified from virus supernatant and sequenced. Solid lines indicate the PAM sequences; 

open triangles indicate the Cas9 cleavage site. Numbers indicate the abundance of the given 

virus mutant within the sequenced virus population. (c) Frequency of mutations observed at 

the A23R#2 CRISPR target site. The cells described in (a) were infected with VACV vSK21 

in triplicate. Virus genomes were harvested 9 days p.i. and the A23R#2 target site of 24 

isolates per triplicated infection was sequenced.
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Table 1
CRISPR target sequences

CRISPR name Target Target sequence

A10L#1 A10L GTGAGATCGACGTTTGGTAA

A10L#2 A10L GTTTCCGAACTAATGTTAAT

A23R#1 A23R GAAAGAACGCATTTCCTCAG

A23R#2 A23R GTACAGTAGAGATATTTGAG

A5R A5R GTAAACGATTTTGACAAAGA

B1R#1 B1R GTTGGACCATTAATAGGAAA

B1R#2 B1R GAATCGATATTCCACATTAA

D4R#1 D4R GGTACACCAGTTCCATCTTT

D4R#2 D4R GGAACCAGTAATGAGTCAAT

D4R#3 D4R GTTAGTGTTCTTTATTGTTT

D5R D5R GTACACTATTCGAAAGTCTT

G7L G7L GGACAATCTTCGATGTCATT

bB2M Bovine β-2M GCTGCTGTCGCTGTCGGAC

TAP2 Human TAP2 GAAGAAGAAGGCGGCAACG

eGFP#1 eGFP GCTGAAGCACTGCACGCCGT

eGFP#2 eGFP GGAGCGCACCATCTTCTTCA

eGFP#3 eGFP GATGCCGTTCTTCTGCTTGT

LIGIV Human DNA ligase IV TAAACTACAGAACACCCAC
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