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Abstract

:

The virus-encoded microRNAs (miRNAs) have been demonstrated to have important regulatory roles in herpesvirus biology, including virus replication, latency, pathogenesis and/or tumorigenesis. As an emerging efficient tool for gene editing, the clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 system has been successfully applied in manipulating the genomes of large DNA viruses. Herein, utilizing the CRISPR/Cas9 system with a double-guide RNAs transfection/virus infection strategy, we have established a new platform for mutagenesis of viral miRNAs encoded by the Marek’s disease virus serotype 1 (MDV-1), an oncogenic alphaherpesvirus that can induce rapid-onset T-cell lymphomas in chickens. A series of miRNA-knocked out (miR-KO) mutants with deletions of the Meq- or the mid-clustered miRNAs, namely RB-1B∆Meq-miRs, RB-1B∆M9-M2, RB-1B∆M4, RB-1B∆M9 and RB-1B∆M11, were generated from vvMDV strain RB-1B virus. Interestingly, mutagenesis of the targeted miRNAs showed changes in the in vitro virus growth kinetics, which is consistent with that of the in vivo proliferation curves of our previously reported GX0101 mutants produced by the bacterial artificial chromosome (BAC) clone and Rec E/T homologous recombination techniques. Our data demonstrate that the CRISPR/Cas9-based gene editing is a simple, efficient and relatively nondisruptive approach for manipulating the small non-coding genes from the genome of herpesvirus and will undoubtedly contribute significantly to the future progress in herpesvirus biology.
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1. Introduction


MicroRNAs (miRNAs), one of the most important types of RNA, are endogenous small (approximately 22–24 nt) non-coding RNAs. In the past two decades, thousands of miRNAs have been characterized, identified and/or annotated in the genomes of 271 organisms [1], including humans, metazoans, plants and some lower eukaryotes. These small molecules have been demonstrated to play critical post-transcriptional regulatory roles through the RNA-induced gene silencing in various biological processes, such as cellular development, differentiation, disease progress and all aspects of cancer biology [2,3]. Interestingly, hundreds of viral miRNAs have also been discovered in a variety of viral genomes [1], including oncogenic herpesviruses such as Epstein–Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV). The latest advances in viral miRNA biology have displayed their important functions involved in virus replication, latent infection, pathogenesis and/or tumorigenesis [4,5,6,7].



A large number of viral miRNAs have been recently reported in the genomes of avian herpesvirus species [8,9,10,11,12], including all the three serotypes of Marek’s disease virus, MDV-1, MDV-2, and MDV-3 (herpesvirus of turkeys, HVT), which have been reclassified as Gallid herpesvirus 2 (GaHV2), Gallid herpesvirus 3 (GaHV3), and Meleagrid herpesvirus 1 (MeHV1), respectively [13]. As an aggressively oncogenic herpesvirus, MDV-1 induces rapid-onset T lymphomas in its natural host chickens, along with paralysis and immunosuppression, conditions collectively named as Marek’s disease (MD) [14]. Historically, MD is regarded as an excellent model for the study of cancer biology [15], and the first successful example of the use of vaccinations against a cancer [16]. MDV-1 genome expresses a total of 26 mature miRNAs, encoded in 14 precursors as illustrated in Figure 1a, in three gene clusters named as the Meq-, mid- and LAT-clusters within the inverted repeat regions of the genome [8,11,17]. Several MDV-1 miRNAs, such as the viral miR-155 ortholog miR-M4-5p [18,19,20,21,22,23,24], miR-M3-5p [25], and miR-M7-5p [26], have been demonstrated to play key roles in MDV life cycle to regulate herpesvirus DNA cleavage/packaging, latency or especially virally-induced tumorigenesis. While it is known that most of the viral miRNA functions are related to the pathogenicity and/or oncogenicity [27,28], underlying molecular regulatory mechanisms mediated by these tiny RNAs in MDV biology still remain unclear.



The clustered regularly interspaced short palindromic repeat (CRISPR)-Cas system is an adaptive immune mechanism for bacteria and archaea to protect against the attacks of viruses or other invading genetic elements [29,30,31,32]. Based on the type II CRISPR-Cas system consisting of a single guide RNA (sgRNA), a trans-activating crRNA (tracrRNA) and a RNA-guided endonuclease Cas9 derived from Streptococcus pyogenes, the latest developed CRISPR/Cas9 gene editing technique has been displayed as a simple, efficient and powerful tool for gene editing in biological research [33,34,35]. It has not only been widely applied for generating gene knockout (KO) cell lines and animal models, but has also been used for manipulating large viral DNA genomes, such as Epstein–Barr virus (EBV) [36], herpes simplex virus type I (HSV-1) [32,37,38], guinea pig cytomegalovirus (GPCMV) [39], pseudorabies virus (PrV) [40,41,42], vaccinia virus (VACV) [43,44], and duck enteritis virus (DEV) [45,46]. We have successfully demonstrated the manipulation of the HVT and MDV-1 genomes using the CRISPR/Cas9 system both for generating recombinant vaccines and for studying the viral protein-coding gene functions respectively [47,48,49,50,51].



In the present work, we have applied the double-sgRNA mediated gene editing strategy to investigate whether the viral miRNAs encoded in the MDV-1 genomes can be efficiently manipulated using the same system. We found that both of the entire viral miRNA gene clusters and the single miRNA genes encoded in the Meq- or mid-clusters can be deleted from the targeted genomic regions to generate miRNA-knocked out (miR-KO) mutant viruses, which can be further confirmed by PCR analysis and DNA sequencing. The mutants were further analyzed by immunofluorescent s assay (IFA) and determination of the in vitro virus growth kinetics. Our results show that the CRISPR/Cas9-based gene editing is a simple, rapid, and efficient approach to manipulate the MDV genome for a better understanding of the regulatory roles of small non-coding RNAs in MDV biology.




2. Materials and Methods


2.1. Cells and Virus


Primary chicken embryo fibroblast (CEF) monolayers prepared from 10-day-old specific pathogen free (SPF) embryos were maintained in M199 medium (Thermo Fisher Scientific, Basingstoke, United Kingdom) supplemented with 5% fetal calf serum (FCS, Sigma, Gillingham, United Kingdom), 10% tryptose phosphate broth (TPB, Sigma, St. Louis, MO, USA), 100 units/mL of penicillin and streptomycin (Thermo Fisher Scientific, Paisley, Scotland, UK) and 0.25 mg/mL Fungizone (Sigma, St. Louis, MO, USA). The cells were kept at 38.5 °C in 5% CO2 incubators. MDV-1 strain RB-1B was used as a parental virus for constructing miRNA-KO mutants.




2.2. Construction of sgRNAs Plasmids


The gRNAs targeting the viral miRNAs in RB-1B were designed using the online CRISPR sgRNA Design Tool and CHOPCHOP [52,53]. The oligonucleotides corresponding to the gRNAs upstream or downstream to target miRNA genes were synthesized (Integrated DNA Technologies, Leuven, Belgium) and cloned into the Bbs I restriction sites of CRISPR/Cas9 vectors pX330A-1×2 (Addgene plasmid ID: 58766) and pX330S-2 (Addgene plasmid ID: 58778), namely as pX330A-gR or pX330S2-gR, respectively. For constructing the double-gRNA plasmids, the downstream gRNAs were digested from pX330S-2-gRNA plasmids and cloned into the Bsa I restriction sites of pX330A-1×2-gRNA plasmids, namely as pX330A-dgR. The gRNA targets and oligo nucleotides used for making guide RNA plasmids are listed in Tables S1 and S2, respectively.




2.3. Generation of Viral miRNA Mutated RB-1B Viruses


The confluent primary CEF monolayers in 24-well plates were co-transfected with different combinations of pX330A-gR and pX330S-2-gR plasmids targeting to distinct miRNA regions listed in Table S1, using Lipofectamine® Reagent (Thermo Fisher Scientific, Basingstoke, United Kingdom) according to the manufacturer’s instruction. At 24 h post-transfection (hpt), the CEF cells were infected with RB-1B at 0.01 pfu/cell. The infected CEFs were trypsinized two days later, half for PCR analysis using the primers listed in Table S3 (#1-4) and the other half were partially passed into CEF monolayers in 6-well plates to produce individual plaques. At 2–3 days post passage, the single virus plaques were picked into 24-well plates with fresh CEF monolayers, followed by PCR analysis, virus purification and further passages.




2.4. Characterization of miR-KO RB-1B Viruses


The CEF monolayers in 24-well plates were infected with parental RB-1B or the purified single plaques of RB-1B∆miR mutants. The infected cells were collected at 48 h post-infection (hpi) and lysed in 1 × squishing buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, 25 mM NaCl, and 200 μg/mL Proteinase K) at 65 °C for 30 min. PCR was performed to identify the expected miR-KO viruses using the corresponding primers outside the targeted sites (Table S3, #1-4), and then the mutated PCR products were purified for further DNA sequencing.




2.5. Immunofluorescence Assay (IFA)


The expressions of viral proteins Meq, gB, and pp38 in CEF cells infected with the RB-1B miR-KO mutants were determined by IFA using inverted immunofluorescence microscopy as described previously [48,49]. For IFA analysis, the rabbit anti-Meq polyclonal antibody and MDV-1 specific mAbs HB3 and BD1 were used as primary antibodies, and the Alexa FluorTM 568 Goat anti-Rabbit IgG (H+L) and 488 Rabbit anti-Mouse IgG (H+L) (Invitrogen) were used as secondary antibodies for staining the expression of Meq, gB, and pp38 proteins, respectively. Images were taken on DM IRB Inverted Microscope (Leica Microsystems, Wetzlar, Germany).




2.6. qRT-PCR Analysis for MDV-1 miRNA Expressions


The relative expression levels of miR-M4-5p, miR-M9-5p, miR-M11-5p, miR-M12-3p, and miR-M31-3p in RB-1B or miR-KO virus infected CEFs were determined by qRT-PCR as previously described [49]. The TaqMan MicroRNA Assay System (Thermo Fisher Scientific, Basingstoke, United Kingdom) was used for reverse transcription reaction, each of which was performed twice independently using 10 ng total RNA as a template. PCR was run in triplicate on the ABI Prism 7500 Sequence Detection System. The detailed oligonucleotide primers and labeled TaqMan probes are listed in Table S4. All values were normalized to miR-M31-3p, a viral miRNA in the mid-cluster with moderate expression level, and the relative expression levels were calculated as fold changes compared to those from parental RB-1B virus-infected cells.




2.7. The Growth Kinetics of the miR-KO RB-1B Viruses


The in vitro growth kinetics of the parental and miR-KO RB-1B viruses on CEF cells were determined by qPCR at different time points post virus infection. For each MDV strain, 100 PFU viruses were inoculated into one well of CEF monolayers in 6-well plates. At 24, 48, 72, 96, and 120 hpi, infected cells were collected for DNA extraction using the DNeasy 96 Blood and Tissue Kit (Qiagen, Manchester, United Kingdom). The viral copies were determined by a real-time qPCR analysis to produce the growth curves of the viruses as described previously [54,55]. Briefly, a duplex real-time qPCR was carried out to detect the MDV-1 US2 gene and the chicken ovotransferrin (OVO) gene to enable calculation of MDV genome copies per 10,000 cells. Ten-fold dilution series of DNA extracted from either CVI988-infected CEF cells or non-infected CEF cells were used to produce standard curves for the US2 reaction and the OVO reaction, respectively. MDV genome copies per 10,000 cells were plotted against time points post-infection for each miR-KO virus. Statistically, the differences of viral copies between the parental RB-1B virus and its mutants were compared and analyzed by one-way analysis of variance (one-way ANOVA, LSD) and were considered significant at a probability level of p < 0.05.




2.8. Growth Kinetics of RB-1B∆M11 Virus in CEFs Overexpressing miR-M11


The RCAS system [56] was chosen for a better overexpression of miR-M11 in CEF cells. The miR-M11 precursor sequence was cloned into the Not I restriction sites of the vector RCAS-B-GFP-CMV to make the miRNA-expressing plasmid, namely RCAS-B-GFP-CMV-M11. In 6-well plates, the confluent CEF cells were transfected with plasmids RCAS-B-GFP-CMV or RCAS-B-GFP-CMV-M11 (200 ng each) 3 days before virus infection and then the miR-M11 overexpressed CEFs were infected with RB-1BΔmiR-M11 while the mock transfected CEFs were separately infected with RB-1B or RB-1BΔmiR-M11 viruses (1000 PFU each per well). At 24, 48, 72, 96, and 120 hpi, infected cells were collected for DNA and miRNA extraction using the DNeasy 96 Blood and Tissue Kit or the miRNeasy Mini Kit (Qiagen, Manchester, United Kingdom), respectively. The viral copies for producing the growth curves of the viruses and the relative expression levels of miR-M11-5p and miR-M12-3p were separately determined by the real-time qPCR or qRT-PCR analysis as described above. For each virus, the experiments were repeated independently in triplicate and statistical analysis was performed as described above.





3. Results


3.1. The Efficacy of sgRNAs for Editing the Viral miRNA Using CRISPR/Cas9 System


To establish a platform for mutating the viral miRNAs encoded in MDV-1 genomes using CRISPR/Cas9 system, we first designed a series of sgRNAs targeting the corresponding genomic loci of the Meq-clustered miRNAs. As illustrated in Figure 1a,b, three sgRNAs for miR-M9 (M9gRs 1, 2 and 3) and two sgRNAs for miR-M4 (M4gRs 916 and 917) were designed using the online gRNA design tools according to the protocols and rules suggested by Zhang’s lab [56]. Using these sgRNAs, we produced four distinct CRISPR/gRNA plasmids with paired gRNAs, such as pX330-M9gR13 (M9gR1 plus M9gR3), pX330-M4gR67 (M4gR916 plus M4gR917), pX330-MeqgR26 (M9gR2 plus M4gR916), and pX330-MeqgR27 (M9gR2 plus M4gR917), for knocking out the single miRNA genes (miRM9 and miRM4), the entire or the truncated Meq-clusters (Meq-miRs and miRM9-M2), respectively. Based on a co-transfection and virus infection strategy, the gene editing efficacies of these gRNA combinations targeting to RB-1B miRNA genes were tested and the result showed that all the four CRISPR/gRNA plasmids worked efficiently. Compared to the parental RB-1B virus, as demonstrated in Figure 1c, additional smaller bands of PCR products were observed as expected in length for each targeted site.



For the viral miRNAs in the mid-cluster, as illustrated in Figure 1b, a series of sgRNAs targeting miR-M11 (M11gRs #1-8) and miR-M1 (M1gRs 1 and 2) were also designed. For the miR-M11, the CRISPR/gRNA plasmid pX330-M11gR16 (M11gR1 plus M11gR6) demonstrated an efficient mutagenesis of RB-1B virus (Figure 1c), similar to the other sgRNA combinations of pX330-M11gR35 (M11gR3 plus M11gR5) and pX330-M11gR36 (M11gR3 plus M11gR6).




3.2. Cloning and Purification of the Viral miRNA-Deletion Mutant RB-1B Viruses


Based on confirmation of the mutagenesis of viral miRNAs mediated by CRISPR/gRNAs, the CEF cells containing mutated RB-1B viruses were trypsinized and transferred to fresh CEF monolayers to produce single viral plaques. For the five targeted mutations to delete the entire Meq-cluster (Meq-miRs), the truncated Meq-cluster (miR-M9-M2), miR-M4, miR-M9, and miR-M11, totals of 72, 60, 72, 96 or 96 single viral plaques were picked, passaged and further identified by PCR analysis with positive mutation rates of 2.8% (2/96), 1.7% (1/60), 6.9% (5/72), 2.1% (2/96), and 2.1% (2/96), respectively. For the first-round detection of RB-1B mutants, PCR products amplified from all the viral DNA samples contained only the smaller bands.



Five RB-1B mutants including RB-1B∆Meq-miRs (clone C5), RB-1B∆M9-M2 (clone C3), RB-1B∆M4 (clone C10), RB-1B∆M9 (clone C60), and RB-1B∆M11 (clone C30), were subcloned again to produce single virus plaques for further purification of miR-KO mutants. As expected, all the five randomly picked subclones for each miR-KO mutant contained only the smaller PCR bands (Figure 2). The PCR products amplified from the miR-KO RB-1B subclones C5-1, C3-1, C10-1, C60-1, and C30-1 were gel-extracted for DNA sequencing. Sequence alignment analysis showed that all targeted miRNAs were precisely cut by the nuclease Cas9 at the predicted sites, 2-3 nucleotides upstream of the protospacer adjacent motifs (PAMs) and were omitted from the RB-1B viral genomes (Figure 3 and Figure S1). Thus, all of the miR-KO mutants, including RB-1B∆Meq-miRs (C5-1), RB-1B∆M9-M2 (C3-1), RB-1B∆M4 (C10-1), RB-1B∆M9 (C60-1), and RB-1B∆M11 (C30-1), were passaged and expanded for making the virus stocks for further analysis.




3.3. Effects of miR-KO on the Expression of MDV Protein-Coding and Non-Coding Genes


The CEF monolayers were infected with the miR-KO viruses and the virus plaques on the infected CEFs were examined by IFA with the polyclonal antibody against MDV-specific Meq protein and the monoclonal antibodies BD1 (MDV-pp38-specific) or HB3 (MDV-gB-specific) sequentially. As expected (Figure 4 and Figure S2), all the three viral proteins Meq, pp38, and gB were expressed as demonstrated by the staining pattern with the specific antibodies in the plaques produced by either the parental RB-1B or miR-KO mutant viruses. For further confirmation of the deletion of viral miRNAs and evaluation of the expression of adjacent genes in virus-infected CEFs, quantitative RT-PCR was performed to analyze the relative expression levels of the randomly selected viral miRNAs from both of the Meq-cluster (miR-M4, miR-M9, and miR-M12) and the mid-cluster (miR-M11 and miR-M31). Compared to the parental RB-1B virus, as shown in Figure 5, all of the selected miRNAs were expressed at normal levels in the miR-KO virus-infected CEFs except for that of the deleted single or clustered miRNAs and the significantly increased miR-M11 expression in miR-M4-KO mutant group (p < 0.05). These data not only further confirmed the successful deletion of the specific miRNAs from RB-1B viral genome, but also demonstrated that this targeted deletion did not affect the expression of adjacent genes.




3.4. Growth Kinetics of the miR-KO Mutant Viruses


The potential biological effects of the miRNA deletions on the viruses were also evaluated by comparing the growth kinetics of the miR-KO mutants and the parental RB-1B virus. For this purpose, the CEF monolayers were infected with identical doses of either the parental or miR-KO RB1B viruses. At 24 h intervals for five consecutive days, DNA extracted from the virus-infected cells was used for a quantitative PCR analysis to determine the virus growth curves. Surprisingly, the qPCR data on samples from various time points post-infection showed that the deletions of viral miRNAs from the Meq-cluster and the mid-cluster had inverse effects on virus replication in CEF cells. As demonstrated in Figure 6, the viral copies of RB-1B∆Meq-miRs, RB-1B∆M9-M2, RB-1B∆M4, and RB-1B∆M9 in CEFs at time points of 72–120 hpi were all significantly lower than that of the wild type RB-1B virus, while the copy number of the RB-1B∆M11 virus was significantly higher than the parental RB-1B virus. This data suggested that the deletion of the Meq-clustered miRNAs reduced the in vitro RB-1B replication, while the deletion of miR-M11 in the mid-clustered miRNAs improved virus replication.




3.5. Compensatory miR-M11 Overexpression Suppresses the Improved Growth of RB-1B∆M11 Virus


In order to confirm the direct involvement of miRNAs on the observed changes of virus growth kinetics, we chose the RB-1B∆M11 virus as an example to perform a compensatory overexpression of miR-M11 in CEFs to evaluate the growth of the RB-1B∆M11. As demonstrated in Figure 7a, the viral copy numbers of RB-1BΔM11 virus in mock CEFs from 48 to 120 hpi were significantly higher (p < 0.01) than that of the parental RB-1B virus. However, the growth kinetics of RB-1BΔM11 virus in CEFs overexpressing miR-M11 at 48 hpi was significantly slower (p < 0.01) than that in the normal CEFs. During the time period from 72 to 120 hpi, RB-1BΔM11 virus was still kept at a lower level although this was not statistically significant. In accordance with the virus replication curves, we also found that the expression levels of miR-M11-5p, a mature miRNA processed from miR-M11, increased significantly from 24 to 120 hpi in the parental RB-1B virus-infected cells. However, in the CEFs overexpressing miR-M11, miR-M11-5p decreased during the same time period (Figure 7b). We also demonstrated that miR-M11-5p continued to be expressed in the miR-M11-overexpressing CEFs although its expression levels from 48 to 120 hpi were much lower than that at 24 hpi. In RB-1BΔM11 infected mock CEFs, no expression of miR-M11-5p was detected during the whole period of the experiment. As for the other reference viral miRNA, in Figure 7c, the expression levels of miR-M12-5p in CEFs had the same tendency as that of the virus growth curves. All the present data, from both the virus growth kinetics and the viral miRNA expressions, confirmed that the deletion of miR-M11 improves virus replication but it could be reversely suppressed by the overexpression of the corresponding miRNAs in virus-infected cells.





4. Discussion


In the last two decades, the bacterial artificial chromosome (BAC) clone and Rec E/T homologous recombination techniques [57,58] have been successfully and widely used for manipulating the large DNA viral genome for viral gene function study and for the production of recombinant vaccine viruses. As for the avian herpesviruses, such as MDV-1, MDV-2, and HVT, the BAC mutagenesis has also contributed a lot to editing the viral genomes [59,60,61,62]. In previous studies, we have also produced a series of miRNA-deleted MDV-1 mutants using a GX0101 BAC clone for studying the virus–host interactions mediated by viral miRNAs [21,22,27,28]. However, some of the shortcomings of the BAC engineering approach such as the time-consuming step of cloning of large viral genomes into BAC plasmids, the low frequency of expected homologous recombination, and the insertion of BAC plasmid elements or drug selection markers into the viral genome that sometimes interferes with viral functions, have limited its use. For the recombinant vaccine strains for field use, artificially-inserted marker genes also need to be deleted for regulatory approvals. Moreover, we also found that the residual sequences such as the flipase recombination target (FRT) site left over in viral genomes during the recombination step make the screening and identification of shorter deletions such as those in miR-KO mutants difficult, because of the similar sizes between the FRT sites and targeted miRNA regions.



In order to overcome some of these drawbacks and to establish a simpler and efficient platform for the mutagenesis of tiny genes such as miRNAs encoded by herpesviruses, we have presently applied the CRISPR/Cas9 system to edit a series of viral miRNAs in the oncogenic MDV-1 genome. Based on a transfection/infection strategy with double-guide RNAs, we successfully generated five independent miR-KO mutant viruses, RB-1B∆Meq-miRs, RB-1B∆M9-M2, RB-1B∆M4, RB-1B∆M9, and RB-1B∆M11. We have found that except for the miR-M4-KO mutant, either deletion of the entire miRNA cluster or the other single miRNA genes does not affect the expression of adjacent non-coding genes or representative protein-coding genes, as confirmed by the immunofluorescent staining and qRT-PCR analysis. A previous study [63] has shown that the transcription of the Meq- and the mid-cluster miRNAs gives two distinct transcriptional patterns: during the latent phase of infection the two clusters are driven by the single prmiRM9M4 promoter while during the lytic phase they are transcribed separately using independent promoters, and most of the miRNAs represent two different expression profiles in the different stages of disease progression [64,65]. For the miR-M4-KO mutant, we have observed that once the miR-M4 is omitted from the viral genome, the expression levels of miR-M11 in virus-infected CEFs showed an unusual increase, which greatly strengthened our previous suggestions that the oncogenic or tumor suppressive roles for miR-M4 and miR-M11, respectively, are important to keep a balance during the latency infection and/or MD tumorigenesis [27,28]. Whether miR-M4 participates directly in the regulation of miR-M11 expression in MDV infection deserves to be studied further.



Interestingly, the in vitro viral growth kinetics of CRISPR/Cas9-edited miR-KO viruses in CEF cells demonstrated that, compared to the parental RB-1B virus, knocking out of the Meq-cluster miRNAs significantly decreased the virus replication while deletion of the mid-cluster miRNAs had an enhancing effect on the virus replication. This was very different to that of the unchanged in vitro replication curves of the similar miR-KO GX0101 mutants produced by BAC mutagenesis, but completely in accordance with their in vivo replication and pathogenicity profiles in virus-challenged birds [27,28]. To further confirm that the observed changes in the virus growth kinetics, especially the improved proliferation of miR-M11-KO virus, were actually caused by the CRISPR/Cas9-mediated miRNA-deletion, we performed a compensatory overexpression of miR-M11 in CEFs in the present study. Our data have shown that the overexpression of miR-M11 successfully suppressed the enhanced growth of RB-1B∆M11 virus, strongly supporting our previous findings [28]. Whether miR-M11 directly regulates MDV genes to affect virus proliferation or through targeting host cellular genes to regulate cell proliferation and/or apoptosis deserves to be studied. In the previous studies using infectious BAC clones, it was suggested that the additional full-length BAC sequences within the genome of reconstituted viruses may have influenced their replication and pathogenicity [60,66]. Thus, our present data generated using CRISPR/Cas9 editing system, where the manipulation of the miRNA clusters resulted in generation of mutant viruses, are without the disadvantages of cloned full-length viral genomes.



In summary, we have presently demonstrated the use of the CRISPR/Cas9 gene editing system as a simple, efficient and relatively nondisruptive method to manipulate herpesvirus genomes in virus-infected cell cultures for studying functions of small non-coding RNAs. In our recent studies [67,68], we have developed a series of MDV-transformed cell lines stably expressing Cas9 (MSB-1-Cas9 and HP8-Cas9) and demonstrated a gene editing strategy involving the transfection of synthetic gRNAs with a two-part guide RNA system, for the efficient deletion of miR-M4 from the integrated viral genomes, which confirmed that the viral miR-155 ortholog critical for the induction of MD lymphomas is not essential for the proliferation of transformed cell lines [68]. We also obtained data suggesting that exosomes can transfer viral miRNAs from MSB-1 cells to primary CEF cells to exert regulatory functions (manuscript in preparation). Whether the viral miRNAs are also involved in such exosome-mediated transfer to play critical roles in such important processes requires further study. Undoubtedly, the establishment of a CRISPR/Cas9-based gene editing platform for manipulating viral genomes both in lytically replicating cell culture systems and in the virally-transformed lymphoblastoid cells will contribute significantly toward gaining more insights into the biology of this major oncogenic herpesvirus and the molecular mechanisms of lymphomas that it induces in its natural avian hosts.
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Figure 1. Schematics demonstrating the single guide RNA (sgRNA) targeting sites and PCR analysis of corresponding gene editing of Marek’s disease virus serotype 1 (MDV-1) microRNAs (miRNAs). (a) The viral genome and primary transcripts of miRNA clusters. The relative genomic locations of miRNA clusters are shown by solid and dashed lines [17]. UL and US, unique long or unique short regions; TRL and IRL, terminal or internal repeat long regions; IRS and TRS, internal or terminal repeat short regions. Precursor miRNAs (e.g., miR-M4) are abbreviated (M4) and are shown by green blocks while the open reading frames of protein-coding genes are shown by red blocks. (b) Relative genomic location of sgRNAs (gRs). The gRNAs targeting the same miRNA are shown by arrows in same colors. Horizontal arrows in violet indicate the primer locations and directions used for detection PCR. (c) PCR analysis of the mutated miRNA genomic regions mediated by different gRNA combinations. 
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Figure 2. PCR analysis of the mutagenesis in RB-1B viral genome with miRNA-deletions. Wt, wild type; mt, mutated type. The subclones are second round-purified single virus plaques of corresponding RB-1B mutants. 
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Figure 3. Sequence alignment and identification of the gRNA-mediated Meq-clustered miRNA mutagenesis in RB-1B viral genome. (a,b) Alignment of the miRNA genes in primarily mutated RB-1B and purified progeny mutants. (c,d) Demonstration of the double strand breaks (DSBs) in the targeted miRNA genes. The entire or broken gRNA sequences and protospacer adjacent motifs (PAMs) are shown by same colored arrows or square frames, respectively. 
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Figure 4. Immunofluorescence assays for detection of viral protein expressions in chicken embryo fibroblast (CEF) infected with RB-1B mutant viruses. Meq, Marek’s EcoQ-encoded protein; pp38, phosphoprotein 38. Scale bar = 50 μm. 
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Figure 5. Relative expression levels of miRNAs in parental or mutated RB-1B-infected CEF cells. Asterisk (*) indicates statistically significant difference between miRNA-knocked out (miR-KO) mutant virus and parental RB-1B. *, p < 0.05. 
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Figure 6. In vitro proliferation of the RB-1B mutant viruses with miRNA-deletions. Viral genomic copies of the parental or mutant viruses per 104 cells, estimated based on MDV-1 US2 gene, were determined by a real-time qPCR on DNA from virus-infected CEFs sampled at different time points post-infection. All the experiments were repeated in triplicate. Asterisk (*) indicates statistically significant differences between miR-KO mutant virus and parental RB-1B at different time points. *, p < 0.05. 
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Figure 7. Growth curves of the RB-1BΔM11 virus and miRNA expression levels in miR-M11 overexpressed CEF cells. (a) Growth curves of the RB-1B and RB-1BΔM11 viruses in mock or miR-M11 overexpressed CEF cells. The viral copy numbers per 104 cells, based on MDV-1 US2 gene, were determined by a real-time qPCR analysis. Asterisk (*) indicates statistically significant differences of the parental RB-1B or RB-1BΔM11 mutant viruses in miR-M11-overexpressing CEFs compared to that of RB-1BΔM11 in normal CEFs. *, p < 0.05. (b,c) Relative expression levels of miR-M11-5p and miR-M12-3p in the virus-infected normal or miR-M11-overexpressing CEF cells. All the experiments were repeated independently in triplicate. 
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