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Abstract

:

Marek’s disease virus (MDV), a lymphotropic α-herpesvirus associated with T-cell lymphomas in chickens, is an excellent model for herpesvirus biology and virus-induced oncogenesis. Marek’s disease (MD) is also one of the cancers against which a vaccine was first used. In the lymphomas and lymphoblastoid cell lines (LCLs) derived from them, MDV establishes latent infection with limited gene expression. Although LCLs are valuable for interrogating viral and host gene functions, molecular determinants associated with the maintenance of MDV latency and lytic switch remain largely unknown, mainly due to the lack of tools for in situ manipulation of the genomes in these cell lines. Here we describe the first application of CRISPR/Cas9 editing approach for precise editing of the viral gene phosphoprotein 38 (pp38), a biomarker for latent/lytic switch in MDV-transformed LCLs MDCC-MSB-1 (Marek’s disease cell line MSB-1) and MDCC-HP8. Contradictory to the previous reports suggesting that pp38 is involved in the maintenance of transformation of LCL MSB-1 cells, we show that pp38-deleted cells proliferated at a significant higher rate, suggesting that pp38 is dispensable for the transformed state of these cell lines. Application of CRISPR/Cas9-based gene editing of MDV-transformed cell lines in situ opens up further opportunities towards a better understanding of MDV pathogenesis and virus-host interactions.
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1. Introduction


Marek’s disease (MD) is a lymphoproliferative disease of chickens with a complex pathogenesis, characterized by neoplastic transformation of T cells that infiltrate lymphoid tissues, visceral organs, and even peripheral nerves. Marek’s disease virus (MDV) is highly contagious and chicks get infected via the respiratory route by inhalation of poultry dust from the contaminated poultry houses. Once infected, MDV undergoes a cytolytic infection of B and T cells in lymphoid organs followed by establishment of latency in CD4+ T cells and integration of its genome into the telomeres of host chromosomes [1,2,3]. The integration process is very efficient as up to 15 chromosomes in tumor cells has been observed harboring the MDV genome detected by either fluorescent in situ hybridization (FISH) or pulsed-field gel electrophoresis (PFGE) [2,4,5,6,7]. Due to factors or events that are still largely unknown, some of the latently infected CD4+ T cells in susceptible and unvaccinated birds subsequently get transformed into neoplastic cells, resulting in the development of lymphomas, leading to high levels of mortality [8,9]. The precise trigger(s) for neoplastic transformation are not known, although major viral genes associated with transformation have been identified.



Following the development of both overlapping cosmid clones and bacterial artificial chromosome (BAC) technologies, the function of several MDV genes has been investigated in vitro and in infection models in the natural chicken hosts [10,11,12,13,14,15,16,17,18,19,20,21,22,23]. Among the viral determinants of oncogenicity, the basic leucine zipper protein Meq (MDV EcoRI Q) is considered to be the most important and the most extensively studied. Deleting the Meq gene or abolishing some of the important interactions such as CtBP (C-terminal binding protein) affected the oncogenicity of the virus [10,18,24]. Similarly, MDV-encoded microRNA MDV-miR-M4 and viral telomerase RNA (vTR) have also been shown to play a significant role on MDV-induced oncogenesis [25,26,27,28]. Although the application of BAC and overlapping cosmid technologies have enabled significant progress in our understanding of the disease and the virus, a number of major features of this complex disease are yet to be revealed such as the latency, transformation, and host-virus interaction. Thus far, most of the data on MDV gene expression during the neoplastic stages of the disease have come from lymphoblastoid cell lines (LCL) derived from MD lymphomas. As clonal populations of transformed tumor cells with latent MDV genome and limited gene expression [29,30,31], LCLs provide an extremely valuable source to study the latency, reactivation, and transformation in situ. However, the manipulation of the viral and host genes in these cell lines hitherto has been challenging primarily because of the lack of availability of efficient tools. Robust gene editing technologies based on the CRISPR/Cas9 system have revolutionized bioscience research providing the capability for deleting, mutating, or inserting genes for interrogating gene functions in many different contexts including virus-transformed cancer cell lines. For example, CRISPR/Cas9 has been used successfully for genome engineering of Epstein-Barr virus (EBV) transformed LCLs for functional knock-out of target gene protein expression [32] and microRNA [33], genome-wide loss-of-function screens [34], detection of DNA regulatory elements [35], and clear latent virus infection [33].



We have recently demonstrated that avian herpesvirus genomes can be efficiently edited using the CRISPR/Cas9 system for gene function studies as well as recombinant vaccine development [36,37]. While these studies have been carried out in cell culture systems in vitro that supports lytic virus replication, we wanted to examine whether the latent MDV genome in transformed LCLs can be manipulated using CRISPR/Cas9 editing system for gaining further insights into host-virus interactions during latency and lytic switch. MDV-encoded phosphoprotein pp38, strongly associated with lytic replication of the virus in B cells, is thought to play an important role in maintaining the transformed status of lymphocytes in vivo by preventing apoptosis, although its role in reactivation has been shown to be debatable [38]. Previously, we have reported deletion of pp38 from the vaccine strain CVI988 using CRISPR/Cas9 editing [39] in infected CEF (primary chick embryo fibroblasts). In this report, we have used a new approach with the same gRNA sequences to delete pp38 and insert green fluorescent protein (GFP) into pp38 in MDV-transformed LCLs MSB-1 and HP8 to examine its functional roles. Continued proliferation of the pp38 knock-out cell lines confirmed that the pp38 gene is not essential for maintenance of the transformed state of these cell lines. This report on the first successful application of the CRISPR/Cas9-based gene editing technology on MDV-transformed LCLs in situ will open the door for more targeted efforts to dissect the regulatory pathways involved in latency, transformation, and lytic switch.




2. Materials and Methods


2.1. Cell Culture


CEF used in this study were prepared from 10-day old Valo SPF embryos. Cells were cultured in M199 medium (Thermo Fisher Scientific, Paisley, Scotland, UK) supplemented with 5% fetal bovine serum (FBS, Sigma, St. Louis, MO, USA), 100 units/mL of penicillin and streptomycin (Thermo Fisher Scientific), 0.25 µg/mL Fungizone (Sigma), 7.5% sodium bicarbonate, and 10% tryptose phosphate broth (Sigma). The MDV-transformed LCLs MSB-1 [40] from a spleen lymphoma induced by the BC-1 strain of MDV and HP8 [41] from a GA strain-induced tumor were grown at 38.5 °C in 5% CO2 in RPMI 1640 medium (Thermo Fisher Scientific) containing 10% fetal bovine serum, 10% tryptose phosphate broth, 1% sodium pyruvate solution (Sigma), and 100 units/mL of penicillin and streptomycin.




2.2. gRNAs and GFP Donor Template


A dual gRNA construct pp38-gNC, which expresses two gRNAs targeting both ends of pp38 gene and Cas9 nuclease in pX330A-1 × 2 vector was used for pp38 deletion in MSB-1 [39]. Two-part guide RNA system containing crRNA:tracrRNA guide complex was used for HP8 editing. The same gRNA sequences for pp38-gN and pp38-gC were used for synthetic crRNAs production by Integrated DNA Technologies (IDT, Diego, CA, USA). The 36-mer crRNA contains a variable gene-specific 20-nt target sequence followed by 16-nt sequence that base-pairs with the tracrRNA. The 67-mer tracrRNA contains the gRNA-scaffold sequence as well as the 16-nt sequence complementary to crRNA. The lyophilized crRNA and tracrRNA pellets were resuspended in Duplex buffer (IDT) at 200 μM concentration and stored in small aliquots at −80 °C. GFP expression cassette used for insertion into pp38 was released by PacI restriction digestion from pGEM-sgA-GFP [42] and purified by gel extraction kit (Sigma) after separation with agarose gel.




2.3. Generation of Stable MSB-1 and HP8 Cell Lines Expressing Cas9


We used NEPA21 Electroporator for transfection of MDV-transformed LCLs. 1 × 106 of MSB-1 or HP8 cells were resuspended in 96 μL Opti-MEM medium (Thermo Fisher Scientific) and mixed with 10 μg of pX459-V2.0 in 4 μL Opti-MEM to make a total volume of 100 μL and electroporated with optimized condition at voltage 175 V and a pulse width 1 ms of poring pulse for MSB-1 and at voltage 275 V and a pulse width of 1.5 ms of poring pulse for HP8. At 48h post electroporation, the transfected cells were selected with puromycin (Sigma) at a concentration of 1 µg/mL. After selection, single cell clones were isolated by sorting and Cas9 expression was assessed by western blotting with anti-Flag antibody.




2.4. Generation and Characterization of pp38 Deletion Cell Line HP8-Δpp38


1 × 106 of HP8-Cas9 cells were resuspended in 96 μL Opti-MEM medium. Two crRNAs pp38-gN and pp38-gC were mixed with equal molar of tracrRNA to a final duplex concentration of 100 µM in 4 µL of duplex buffer and incubated at 95 °C for 5 min. After the crRNA and tracRNA duplex was allowed to cool to room temperature, it was mixed with cell suspension and electroporated with the conditions for HP8 cells. At 24 h post electroporation, 1 × 105 cells were harvested and analyzed by PCR. At 48 h post electroporation, single cells were sorted into 96 wells. After 7 days incubation, cells were collected and analyzed by PCR. The harvested cells for PCR analysis were lysed in 1× Proteinase K based DNA extraction 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. Extracted DNA template of 1 µL was used for PCR with primers outside the targeted sites to identify the correct pp38 gene knocked-out [39].




2.5. Reactivation of MDV from MSB-1-Δpp38


1 × 106 of MSB-1 or mutant clones C39 and D4 were co-cultivated with CEF monolayers for 24 h and then removed. CEF monolayers were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 after 5 days incubation. The expression of pp38 was evaluated by immunofluorescence assays (IFA) using fluorescence microscopy. The cells were stained with monoclonal antibody (Mab) BD1 (generated at Pirbright Institute, Woking, UK) for pp38 expression and HB3 (generated at Pirbright Institute) for gB expression as a control. Images were taken using a Leica DM IRB microscope (Leica Microsystems, Wetzlar, Hesse, Germany).




2.6. Western Blotting Analysis


Expression of pp38 in MSB-1-Δpp38 and HP8-Cas9-Δpp38 cells before and after sodium butyrate (NaB) or 5-Azacytidine (AZA) treatment was determined by western blot analysis using anti-pp38 Mab BD1 as the primary antibody. Mab against MDV Meq (FD7, generated at Pirbright Institute) and α-tubulin (Sigma Aldrich) were used as a control. Briefly, 1 × 106 cells were collected before and after treatment with 0.5 mM NaB (Sigma) or 10 µM AZA for 72 h and boiled with TruPAGETM LDS sample buffer (Sigma) for 10 min. The samples were separated on a 4–12% TruPAGETM Precast Gel, and the resolved proteins were transferred onto polyvinylidene difluoride (PVDF) membranes. Immunoblots were blocked with 5% skimmed milk, and then incubated with anti-pp38 and anti-Meq antibodies. After probing with primary antibodies, the blots were incubated with secondary antibody IRDye® 680RD goat anti-mouse IgG (LI-COR, Lincoln, NE, USA) and visualized using Odyssey Clx (LI-COR). For α-tubulin detection, the PVDF membranes were incubated in stripping buffer (100 mM 2-Mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl PH 6.7) for 30 min at 50 °C, and then blocked with 5% skimmed milk after washing in PBS twice for 10 min. The same procedure was followed for detection of α-tubulin and visualized by Odyssey Clx (LI-COR).




2.7. Growth of HP8-Cas9-Δpp38 Cells


The growth of HP8-Cas9-Δpp38 cells along with non-edited HP8-Cas9 cells were monitored by IncuCyte S3 live cell imaging (Essen Bioscience Ltd., Hertfordshire, UK). Briefly, 8000 cells were seeded in a 96 well plate and images were captured every 2 h for 216 h from four separate regions per well using a 10× objective. By recording the phase object confluence, the growth of HP8-Cas9-Δpp38 clones were compared with parental HP8-Cas9. IncuCyte data were analyzed by two-way ANOVA (analysis of variance) with Tukey’s multiple comparisons using GraphPad Prism version 7.01 (GraphPad Software, Inc., San Diego, CA, USA). The results were shown as mean ± standard error (SE) from four replicates each with 4 separate regions per well representative of three independent experiments.




2.8. Single Cell Sorting and Flow Cytometry Analysis


For single cell cloning, cells were washed twice with PBS containing 1% FBS and centrifuged at 450× g for 5 min at room temperature. The cell pellets were suspended in cold PBS/5%FBS and sorted into 96 well plate U bottom with growth medium by fluorescence-activated cell sorting (FACS) using FACSAria II (BD bioscience, Wokingham, Berkshire, UK). After 2 weeks incubation, fluorescence intensity was then measured by flow cytometry analysis. Briefly, HP8-GFP cells were washed twice with PBS with centrifugation at 450× g for 5 min at room temperature, and then fixed with 4% paraformaldehyde before washing with PBS. GFP expression was determined by using a flow cytometer, MACSQuant® analyser (Miltenyi Biotec, Woking, Surrey, UK).




2.9. q-PCR for GFP Copy Number


DNA was extracted from 2 × 106 cells using the DNeasy 96 Blood and Tissue kit (Qiagen, Hilden, North Rhine-Westphalia, Germany) for real-time qPCR to determine GFP copy number. Duplex real-time qPCR carried out to detect the GFP gene and chicken ovotransferrin gene enabled calculation of GFP copies per 10,000 cells using a dilution series of pCDNA3-EGFP DNA and p-GEM-T-ovo [43] to produce standard curves. The details of the primers, which include MF/MR for GFP and ovoF/ovoR for ovotransferrin gene are listed in Table 1. PCR amplification was carried out in a 20 μL reaction volume with 10 μL of PowerUp SYBR Green Master Mix (Thermo Fisher Scientific), 0.5 μM forward and reverse primers, and 4 μL extracted DNA. The PCR conditions used were: 95 °C for 2 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. All qPCR tests were run in triplicate on the ABI 7500 Fast Real-time PCR System (Thermo Fisher Scientific).





3. Results


3.1. Editing of pp38 in MSB-1 Cells


Previously, we have demonstrated that CRISPR/Cas9 editing can be applied efficiently in targeted editing of the MDV genome during lytic stages of infection in infected CEF cultures [37,39]. Based on this success, we set out to explore whether we could carry out targeted editing of the largely latent MDV genome in the transformed cells. We chose to target the pp38 gene in the MDV-transformed cell line MSB-1 using the same gRNAs that were successfully used for pp38 deletion from CVI988 genome in CEF culture system [39]. In the hard-to-transfect T cell line MSB-1 cells, with a predominantly latent genome, we wanted to assess the editing efficiency. To delete pp38 in MSB-1 cells, we first transiently transfected dual gRNA construct pp38-gNC, which expressed Cas9 nuclease and the two gRNAs that targeted both ends of the pp38 gene into MSB-1 cells. PCR tests on the genomic DNA from cells harvested 24 h after transfection using pp38-specific primers located at the flanking region of Cas9 targeting sites [39] clearly demonstrated the expected two bands, suggesting successful editing of the locus. The top band with 839bp sized PCR product represented unedited or edited target site/s with small indels. The bottom band with 184bp product corresponded to the edited sequence, which represents the flanking sequence of the deleted region between the two Cas9 cleavage sites in pp38 (Figure 1a). The top band being predominant indicated either the relative low editing efficiency or that the two sites were not cleaved simultaneously. Indeed, most MD lymphoma-derived cell lines have multiple copies of the MDV genome integrated in different chromosomes of chicken genome [1,3,7]. Simultaneous editing of multiple targets is a challenge and may have contributed to the lower editing efficiency of the pp38 locus observed in this experiment. Moreover, the lower transfection efficiency of LCL compared to the CEF may also have affected the efficiency. This was investigated by single cell sorting to analyze the editing pattern at a single cell level. As shown in Figure 1a, most clones only showed the top unedited/partially edited band, most likely due to the low transfection efficiency of the LCLs. The appearance of both bands from two clones indicated editing of the locus, although not all of the copies in the same cell may have been targeted. Differences in the predominance of the bottom (clone C39) or the top (clone D4) bands between the two clones probably suggest the differences in the editing efficiencies. Indeed, sequence analysis of the bottom band confirmed the deletion between the two Cas9 cleavage sites in pp38. We also cloned the ~839-bp top band of both clones into pGEM-T-vector, and sequence analysis confirmed the presence of the mixed population of wild type and mutated sequences in both clones. Of the 20 individual sequences examined from each of the clones, C39 clone showed 19 edited sequences compared to the 15 in the clone D4. All the mutated pp38 sequences analyzed were targeted by either one or both gRNAs that resulted in indel mutations causing pre-mature stop codon or frame shift [44] Although the wild type pp38 was still present at a small percentage, the sequencing and pp38 staining results (Figure 1b) did confirm the successful editing of pp38 in the MSB-1 cell line.



These two clones were assessed further in a virus reactivation assay by co-cultivation of 106 cells with CEF monolayers to examine the development of MDV plaques from reactivated viruses. Around 10 plaques were observed in each well after co-cultivation. Plaques formed on CEF from both C39 and D4 clones expressed glycoprotein B as detected by the anti-gB monoclonal antibody HB3 (Figure 1b). However, pp38 expression (detected with anti-pp38 antibody BD1) was seen only on the plaques arising from the co-cultured D4 clone. We reasoned that this is likely to be related to the near complete editing of the pp38 loci in the C39 clone, compared to the D4, where the unedited pp38 sequences that may still be present express pp38. All the MDV plaques produced on CEF following the co-culture of clone C39 were pp38 negative in spite of the detection of top 839-bp upper band representing the wild type locus by PCR analysis.



MDV-encoded pp38 is considered to be one of the best biomarkers of the latency-to-lytic switch in the LCL, where most of the MDV genome is held in a latent state, thought to be through epigenetic mechanisms [30]. However, previous studies have shown that between 1–10% of the MSB-1 population expressed pp38 at low levels [31,40]. Lytic replication in LCL can be induced with histone deacetylase (HDAC) inhibitors such as NaB or methylation inhibitor AZA [30]. In order to examine further whether the edited clones did express pp38, we treated the cells with NaB at 2.5 mM concentration, before assessing the pp38 expression by western blotting analysis using pp38-specific antibody BD1. These experiments showed that the pp38 expression increased dramatically after NaB treatment in both the wild type MSB-1 and partially edited clone D4 (Figure 1c,d). In contrast, no pp38 expression was evident before and after the NaB treatment in the C39 clones, further confirming that it represented a total deletion of the pp38 loci in the MSB-1 cells. Interestingly, Meq was consistently expressed in wild type MSB-1 and the two clones, although the levels did increase following the induction of lytic replication after NaB treatment.




3.2. Editing of pp38 in HP8 Cell Line


Having demonstrated that the pp38 sequence can be edited in MSB-1 cells by transient transfection of plasmid DNA, albeit at a relatively low efficiency, we explored the efficacy of using synthetic gRNAs with a two-part guide RNA system (IDT) into stable Cas9 expressing MDV cell lines. For the generation of stable Cas9 expressing cell lines, MSB-1 and HP8 cells were transfected with pX459-V2 and selected with puromycin. Single cell clones isolated by FACS were examined for Cas9 expression by western blot analysis with anti-Flag antibody. Figure 2a shows Cas9 expression in the selected MSB-1 and HP8 clones, which were used subsequently for MDV genome editing. Approximately 1 × 105 MSB-1-Cas9 and HP8-Cas9 cells transfected with 100 µM of each gRNA were harvested every day for three days post-transfection to assess the editing efficiency by PCR using the same pair of primers located at the flanking region of Cas9 targeting sites. Two bands representing the wild-type/partially-edited and the edited gene (839 bp and184 bp, respectively) could be observed in both the cell lines (Figure 2b) demonstrating successful editing of the pp38 loci in these populations. However, there were clear differences in the predominance of the wild-type/partially-edited or the edited bands between the two cell lines. While the wild-type/partially-edited top band was the predominant one in the MSB-1 cells, HP8 cells mostly demonstrated the edited bottom band, suggesting more efficient editing in the HP8 cells. Moreover, the strength of the edited bottom band in MSB-1 appeared to decrease over time suggesting the gradual elimination of the edited population. This was also evident from the unhealthy morphology of the MSB-1 cells when viewed under the microscope after being edited [45]. In contrast, the transfected HP8 cells continued to show robust edited bottom band over the three day period and appeared to maintain a normal healthy morphology.



Single cell clones of transfected/edited HP8 cells were sorted and analyzed by PCR to assess the editing pattern. Out of the 144 single cell clones analyzed, 51 showed only the wild-type/partially-edited top band, 83 showed both bands representing incomplete editing, while 10 showed no detectable top band suggesting the complete editing of pp38. Figure 2c shows the examples which covered all three editing patterns, C1–C8 representing mixed partially edited clones, C9–C10 showing the un-edited/partially-edited clones and C11 being completely edited. Three fully-edited clones (C11, C22 and C28) selected for further studies (Figure 2d) confirmed the potential for efficient editing of the pp38 loci in HP8 stably expressing Cas9. For further confirmation of the knock-out of pp38 from the selected HP8 clones, pp38 expression was assessed before and after treatment with either NaB or AZA. As expected, pp38 level increased dramatically after treatment in HP8-Cas9, whereas no pp38 expression could be observed in the deleted clones before and after NaB (Figure 2e) or AZA (Supplementary Figure S1) treatment. In contrast, Meq was expressed in all the clones before and after drug treatment although the expression level showed variations between samples. This further confirmed the successful pp38 knockout in HP8 cells (Figure 2e–g and Supplementary Figure S1).



In a previous study using antisense oligonucleotides transfected into LCL, pp38 was suggested to be important for the maintenance of the transformed phenotype [46]. To further explore the role of pp38 in LCL with a much accurate gene editing approach, we examined the effect of deletion of pp38 on the proliferation of HP8 cells. For this, we carried out kinetic monitoring of proliferation of the wild type HP8-Cas9 and the pp38 deleted clones C11, C22, and C28 using IncuCyte S3 Live-Cell Imaging system. The cell proliferation data in real time from the images collected at 2 h intervals showed that all the pp38-deleted clones proliferated at a significantly higher rate between 2–6 days compared to parental HP8-Cas9 cells. The increased growth lasted for two (C22) to three (C11 and C28) days before reaching the plateau phase (maximal usage of surface space) (Figure 3). These results suggested that expression of pp38 was not essential for the continued proliferation of these transformed cells.




3.3. Insertion of Marker Gene into MDV Genome in HP8 Cells by NHEJ Pathway


Since pp38 can be deleted from the MDV genome in LCL without affecting their replication, we wanted to examine whether gene editing approach could be used to insert a fluorescent gene into the pp38 locus as a biomarker, particularly for studies involving latency to lytic switch of MDV. For the proof of concept, we inserted GFP into the pp38 locus by co-transfection of GFP expression cassette along with the gRNA targeting either 5′ or 3′ end of pp38 in the HP8-Cas9 cell line. GFP expression cassette is in the format of the DNA fragment released from the plasmid pGEM-sgA-GFP by PacI restriction digestion (Figure 4a). Two days post-transfection, we observed GFP-positive cells from both transfections. These GFP-positive cells were then sorted and the evidence of successful insertion of GFP at the desired location was analyzed by junction PCR with primers located at either end of the flanking sequence of target sites together with another primer from GFP. The primer sequences used for junction PCR are listed in Table 1. As GFP could be inserted in either orientations, both possibilities were checked with corresponding primers as indicated in Figure 4b. PCR products of the expected size for both orientations at both target sites were detectable (Figure 4c), indicating that GFP expression cassette was successfully inserted in the target loci in both orientations.



During cell sorting for GFP positive cells by flow cytometry, it was observed that the intensity of fluorescence varied between cell populations and between cells within the same population (Figure 5a). We compared the fluorescence intensity of 10 isolated clones for each insertion site. Indeed, there was variation in fluorescence intensity between different clones for both populations as shown in Figure 5b,c. As there were multiple copies of pp38 present in one cell, we reasoned that the different fluorescence intensity is likely to be a reflection of the different number of GFP copies inserted into pp38. To investigate this hypothesis, we determined GFP copy numbers per 10,000 cells by qPCR on 10 HP8-GFP clones with GFP inserted at the C-terminus, which showed more variations on fluorescence intensity. GFP copy number determined by qPCR was indeed in agreement with flow cytometry data, which showed varied intensity of fluorescence with clone 5 having the highest GFP copy number and highest fluorescence intensity (Figure 5c,d). These results demonstrated that GFP expression cassette can be inserted into the pp38 locus and the GFP expression levels correlated with the copy numbers.





4. Discussion


A unifying and important principle for all herpesviruses is to establish latency for prolonged, usually life-long, maintenance of the genetic material of this group of pathogens in infected hosts. During latency, only very few viral genes express with the sole purpose of genome maintenance and the avoidance of a fully lytic replicative cycle resulting in cellular death [47]. Latency is a poorly understood state with the involvement of a complex set of regulatory factors and events. Studying the latency in MDV-transformed LCL has been a challenge mainly because of the lack of tools for in situ manipulation of the viral or host genes. In the last few years, CRISPR/Cas9-based gene editing has been used to investigate the factors involved in latency in a number of herpesvirus infections [35,48]. Following the successful application of CRISPR/Cas9 system on herpesvirus of turkeys (HVT) genome editing for gene disruption [36], knock-in of foreign genes for recombinant vaccine development [37], and targeted gene knock-out in MDV genome for gene function studies [39]. We report here the first use of this technology to introduce targeted mutations in situ into the viral genome of MDV-transformed LCLs. Using the same gRNAs used for pp38 deletion in infected CEF, we show that non-homologous end joining (NHEJ) repair pathway can also be used to generate defined gene knockout and to insert the specific sequence into the viral genome in MDV transformed cell line. To our knowledge, this is the first study to demonstrate effective use of the CRISPR/Cas9 system for viral genome manipulation in MDV-transformed cell line for virus-host interaction and latency studies.



For the pp38 deletion in MSB-1 cells, the efficiency with transient plasmid transfection method was very low possibly due to much lower transfection efficiency despite using the NEPA21 electroporator with optimized conditions [39]. This was evident from the low recovery rate of pp38-edited clones. Only two out of two hundred cell clones screened contained the small edited band. It is also possible that most of the edited cells were dying off and there was less chance to recover the edited population by single cell cloning, as was evident from the observation of cell death in the edited mixed population as detected by PCR with two-part gRNA system. The bottom band, representing the cell population with pp38 deletion was gradually becoming weaker with continued passage post transfection (Figure 2b). Furthermore, the two edited clones showed different editing efficiency, which is reflected by the predominance of the bottom band in C39 and top band in D4, respectively. MDV is known to integrate its genome in the telomeric region of multiple chromosomes [1,3,7] with some of the RB-1B induced tumor cell lines showing integrations in 5–6 chromosomes as determined by FISH [49]. Considering the presence of multiple copies of MDV genome in the LCL, it was not surprising that not 100% of the pp38 sequences in the same cell were edited. In contrast, the editing efficiency was much higher when the synthetic gRNAs were delivered into cells stably expressing Cas9. This reflects that the delivery of the small sized gRNAs is more efficient compared to the large sized Cas9/gRNA expression plasmid.



MDV genome consists of the unique long (UL) and short (US) regions flanked by terminal and internal repeat long (TRL/IRL) and short (TRS/IRS) regions. The pp38 gene spans the junction between the internal repeat and the unique long region [13,50]. Although the method described here for editing of pp38 in the MDV genome was highly successful, there is the need for increasing the efficiency, especially for high throughput approaches. This is also important for the editing of the genes in the repeat regions where the copy number of the corresponding genes is doubled. Cas9 and gRNAs delivery by lentiviral vectors has been considered being highly efficient for gene transfer. However, whether it is a more efficient way for MDV genome editing in MDV transformed LCL in comparison to the described approach here remains to be tested. The key point for successful deletion of defined sequence is that two gRNAs have to cleave the target sequence simultaneously. The sequence of the top band showed that some of them displayed mutations at the gRNA target site, rendering them resistant to subsequent CRISPR/Cas9 editing. Although more gRNAs could be used to increase the efficiency of editing, it is important to confirm the deletion of the target gene by examining protein expression using assays such as western blotting and IFA. For example, DNA from the clone C39 showed low levels of unedited band by PCR, yet failed to recover any pp38-positive plaques. Although the reasons for this is not clear, it is possible that not every single copy of the MDV genome sequence from LCL can be reactivated. In terms of differences in the ease of transfection and recovery rate after editing between MSB-1 and HP8 LCLs, it could be the result of presence of both MDV-1 and MDV-2 viruses in MSB-1 cells, whereas only MDV-1 is present in HP8 cells. Hence, HP8 is deemed a better choice not only for the cleaner background also for higher transfection efficiency and recovery rate.



Phosphoprotein pp38 is a unique MDV gene shown to be involved in early cytolytic infection in B lymphocytes but not in the feather follicle epithelial cells [38]. It has been shown to be not essential for the induction of tumors using deletion mutant viruses [20]. Xie et al. have suggested the involvement of pp38 in maintenance of transformation of LCL by using oligonucleotides complementary to the translation initiation site of pp38 [46], although this claim is questionable as no data on the expression levels of pp38 following oligonucleotide treatment was available. In contrast, the results obtained here clearly show complete absence of pp38 expression in the deleted cell lines, even after induction with NaB and AZA. Interestingly, cell proliferation rates of the pp38-deleted clones showed an increase for 2 to 3 days at the log phase, although no differences were observed after the cell densities reached the plateau. Similar results were also obtained for pp38 deleted MSB-1 clone C39 [45]. These results clearly demonstrated that pp38 is not essential in maintaining the transformed phenotype as shown by the continued proliferation. Although the off-target effect is a concern for CRISPR/Cas9 editing, the increased proliferation of edited clones is unlikely due to the off-target effect as sequence analysis of previously edited HVT viral genome by PacBio sequencing showed no off-target effect [51]. A previous study has also suggested a role for pp38 in maintaining transformed phenotype in vivo by blocking apoptosis [38]. While the increased proliferation of the pp38-deleted LCL may appear to be contradictory to this finding, our studies were carried out in situ in established LCL, which may have acquired other mutations related to the apoptosis pathways. MDV-encoded proteins pp38 and pp24 share the same genome sequences at the amino-terminal ends and hence pp38-gN gRNA will also be able to target pp24 gene for editing. Disruption of the pp24 locus in these cells was verified by sequencing, and the lack of protein expression confirmed by western blot analysis [44,45]. Because of deletion of both pp38 and pp24, it is difficult to attribute the phenotype of increased proliferation of mutated HP8 cells to any one of these two proteins. Nevertheless, our studies clearly demonstrated that neither of these proteins are essential for the continued proliferation of the MDV-transformed HP8 cells. Although a generation of mutant viruses is valuable to study gene function in vitro and in vivo using virus infection models, the role of individual MDV genes in maintaining the transformed phenotype of tumor cells can best be studied in MDV-transformed LCL as described here. Thus, our studies demonstrate the value of CRISPR/Cas9-based editing as a powerful tool to introduce the targeted mutations in situ into the MDV-transformed LCLs.



The NHEJ repair pathway has been used here to generate defined gene knockout by eliminating the sequence between two Cas9 cleavage sites. The NHEJ pathway also allows insertion of specific sequences such as GFP at the defined locations, enabling the generation of marker viruses. As a proof-of-principle, we have shown the insertion of GFP into the pp38 locus in MDV-transformed LCLs with two target sites. As pp38-gN also targets pp24, the GFP expression cassette could be inserted into either pp38 or pp24 when pp38-gN was used. In either case, the PCR result would be the same. Interestingly, this experiment also demonstrated the potential effects of the differences in the copy numbers on the expression levels of the reporter marker GFP. Further modifications to this approach can be developed to fit the different scenarios and purposes for the targeted engineering of MDV genome in situ in the LCL. For example, by including the homology arms in the donor template, the described workflow can utilize homology directed repair (HDR) to knock-in specific sequences and allow more precise editing such as epitope tagging or fluorescent protein fused to a viral protein, albeit at lower frequencies. MDV-1 has a two-phase life cycle, consisting of a lytic and a latent phase, the latter closely associated with the oncogenesis of the virus, yet the underlying molecular mechanisms of cell transformation remain unclear. The major questions such as the factors that maintain the latency of the virus and how the virus is reactivated from the latent state are to be answered. CRISPR/Cas9-mediated editing of the MDV genome in MDV-transformed LCLs described here will provide a new platform for study of MDV-induced oncogenesis. In particular, it will facilitate rapid analysis of the roles of individual MDV genes and host genes in latency, transformation, reactivation, and host-virus interactions.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4915/11/5/391/s1, Figure S1: Induction of pp38 gene expression by AZA treatment in pp38 deleted and un-edited HP8 cells.





Author Contributions


Y.Y. and V.N. designed the research; Y.Y., V.N., Y.Z., and Z.S. analyzed data; Y.Z., J.L., N.T., M.T., V.R.A.P.R., and K.M. performed research; Y.Y., V.N., and Y.Z. wrote the paper.




Funding


This project was supported by the Biotechnology and Biological Sciences Research Council (BBSRC) grants BBS/E/I/00007032, BB/R007896/1, PhD placement programme of the UK-China Joint Research and Innovation Partnership Fund 201603780111, BBSRC Newton Fund Joint Centre Awards on “UK-China Centre of Excellence for Research on Avian Diseases” and Fund for Distinguished Young Scholars from Henan Academy of Agricultural Sciences (No. 2019JQ01).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Delecluse, H.J.; Hammerschmidt, W. Status of marek’s disease virus in established lymphoma cell lines: Herpesvirus integration is common. J. Virol. 1993, 67, 82–92. [Google Scholar] [PubMed]

	



Kaufer, B.B.; Jarosinski, K.W.; Osterrieder, N. Herpesvirus telomeric repeats facilitate genomic integration into host telomeres and mobilization of viral DNA during reactivation. J. Exp. Med. 2011, 208, 605–615. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Delecluse, H.J.; Schuller, S.; Hammerschmidt, W. Latent marek’s disease virus can be activated from its chromosomally integrated state in herpesvirus-transformed lymphoma cells. EMBO J. 1993, 12, 3277–3286. [Google Scholar] [CrossRef] [PubMed]

	



Greco, A.; Fester, N.; Engel, A.T.; Kaufer, B.B. Role of the short telomeric repeat region in marek’s disease virus replication, genomic integration, and lymphomagenesis. J. Virol. 2014, 88, 14138–14147. [Google Scholar] [CrossRef] [PubMed]

	



Kaufer, B.B. Detection of integrated herpesvirus genomes by fluorescence in situ hybridization (fish). Methods Mol. Biol. 2013, 1064, 141–152. [Google Scholar]

	



McPherson, M.C.; Cheng, H.H.; Delany, M.E. Marek’s disease herpesvirus vaccines integrate into chicken host chromosomes yet lack a virus-host phenotype associated with oncogenic transformation. Vaccine 2016, 34, 5554–5561. [Google Scholar] [CrossRef][Green Version]

	



Robinson, C.M.; Cheng, H.H.; Delany, M.E. Temporal kinetics of marek’s disease herpesvirus: Integration occurs early after infection in both b and t cells. Cytogenet. Genome Res. 2014, 144, 142–154. [Google Scholar] [CrossRef]

	



Venugopal, K. Marek’s disease: An update on oncogenic mechanisms and control. Res. Vet. Sci. 2000, 69, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Biggs, P.M. The leeuwenhoek lecture, 1997. Marek’s disease herpesvirus: Oncogenesis and prevention. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1997, 352, 1951–1962. [Google Scholar] [CrossRef]

	



Brown, A.C.; Baigent, S.J.; Smith, L.P.; Chattoo, J.P.; Petherbridge, L.J.; Hawes, P.; Allday, M.J.; Nair, V. Interaction of meq protein and c-terminal-binding protein is critical for induction of lymphomas by marek’s disease virus. Proc. Natl. Acad. Sci. USA 2006, 103, 1687–1692. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Lee, L.F.; Hunt, H.D.; Reed, W.M.; Lupiani, B.; Reddy, S.M. A marek’s disease virus vil-8 deletion mutant has attenuated virulence and confers protection against challenge with a very virulent plus strain. Avian Dis. 2005, 49, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Lee, L.F.; Reed, W.M.; Kung, H.J.; Reddy, S.M. Marek’s disease virus-encoded vil-8 gene is involved in early cytolytic infection but dispensable for establishment of latency. J. Virol. 2004, 78, 4753–4760. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Z.Z.; Lee, L.F.; Liu, J.L.; Kung, H.J. Structural analysis and transcriptional mapping of the marek’s disease virus gene encoding pp38, an antigen associated with transformed cells. J. Virol. 1991, 65, 6509–6515. [Google Scholar] [PubMed]

	



Dorange, F.; Tischer, B.K.; Vautherot, J.F.; Osterrieder, N. Characterization of marek’s disease virus serotype 1 (mdv-1) deletion mutants that lack ul46 to ul49 genes: Mdv-1 ul49, encoding vp22, is indispensable for virus growth. J. Virol. 2002, 76, 1959–1970. [Google Scholar] [CrossRef] [PubMed]

	



Fragnet, L.; Blasco, M.A.; Klapper, W.; Rasschaert, D. The rna subunit of telomerase is encoded by marek’s disease virus. J. Virol. 2003, 77, 5985–5996. [Google Scholar] [CrossRef]

	



Jarosinski, K.W.; Osterrieder, N.; Nair, V.K.; Schat, K.A. Attenuation of marek’s disease virus by deletion of open reading frame rlorf4 but not rlorf5a. J. Virol. 2005, 79, 11647–11659. [Google Scholar] [CrossRef]

	



Li, Y.; Sun, A.; Su, S.; Zhao, P.; Cui, Z.; Zhu, H. Deletion of the meq gene significantly decreases immunosuppression in chickens caused by pathogenic marek’s disease virus. Virol. J. 2011, 8, 2. [Google Scholar] [CrossRef]

	



Lupiani, B.; Lee, L.F.; Cui, X.; Gimeno, I.; Anderson, A.; Morgan, R.W.; Silva, R.F.; Witter, R.L.; Kung, H.J.; Reddy, S.M. Marek’s disease virus-encoded meq gene is involved in transformation of lymphocytes but is dispensable for replication. Proc. Natl. Acad. Sci. USA 2004, 101, 11815–11820. [Google Scholar] [CrossRef]

	



Parcells, M.S.; Lin, S.F.; Dienglewicz, R.L.; Majerciak, V.; Robinson, D.R.; Chen, H.C.; Wu, Z.; Dubyak, G.R.; Brunovskis, P.; Hunt, H.D.; et al. Marek’s disease virus (mdv) encodes an interleukin-8 homolog (vil-8): Characterization of the vil-8 protein and a vil-8 deletion mutant mdv. J. Virol. 2001, 75, 5159–5173. [Google Scholar] [CrossRef]

	



Reddy, S.M.; Lupiani, B.; Gimeno, I.M.; Silva, R.F.; Lee, L.F.; Witter, R.L. Rescue of a pathogenic marek’s disease virus with overlapping cosmid dnas: Use of a pp38 mutant to validate the technology for the study of gene function. Proc. Natl. Acad. Sci. USA 2002, 99, 7054–7059. [Google Scholar] [CrossRef]

	



Sun, A.; Lee, L.F.; Khan, O.A.; Heidari, M.; Zhang, H.; Lupiani, B.; Reddy, S.M. Deletion of marek’s disease virus large subunit of ribonucleotide reductase impairs virus growth in vitro and in vivo. Avian Dis. 2013, 57, 464–468. [Google Scholar] [CrossRef]

	



Trapp, S.; Parcells, M.S.; Kamil, J.P.; Schumacher, D.; Tischer, B.K.; Kumar, P.M.; Nair, V.K.; Osterrieder, N. A virus-encoded telomerase rna promotes malignant t cell lymphomagenesis. J. Exp. Med. 2006, 203, 1307–1317. [Google Scholar] [CrossRef]

	



Cortes, P.L.; Cardona, C.J. Pathogenesis of a marek’s disease virus mutant lacking vil-8 in resistant and susceptible chickens. Avian Dis. 2004, 48, 50–60. [Google Scholar] [CrossRef]

	



Petherbridge, L.; Brown, A.C.; Baigent, S.J.; Howes, K.; Sacco, M.A.; Osterrieder, N.; Nair, V.K. Oncogenicity of virulent marek’s disease virus cloned as bacterial artificial chromosomes. J. Virol. 2004, 78, 13376–13380. [Google Scholar] [CrossRef]

	



Nair, V.; Kung, H.J. Marek’s disease virus oncogenicity: Molecular mechanisms. In Marek’s Disease: An Evolving Problem, 1st ed.; Davison, F., Nair, V., Eds.; Elsevier Academic Press: London, UK, 2004; pp. 32–48. [Google Scholar]

	



Yu, Z.H.; Teng, M.; Sun, A.J.; Yu, L.L.; Hu, B.; Qu, L.H.; Ding, K.; Cheng, X.C.; Liu, J.X.; Cui, Z.Z.; et al. Virus-encoded mir-155 ortholog is an important potential regulator but not essential for the development of lymphomas induced by very virulent marek’s disease virus. Virology 2014, 448, 55–64. [Google Scholar] [CrossRef]

	



Zhao, Y.; Xu, H.; Yao, Y.; Smith, L.P.; Kgosana, L.; Green, J.; Petherbridge, L.; Baigent, S.J.; Nair, V. Critical role of the virus-encoded microrna-155 ortholog in the induction of marek’s disease lymphomas. PLoS Pathog. 2011, 7, e1001305. [Google Scholar] [CrossRef]

	



Kaufer, B.B.; Arndt, S.; Trapp, S.; Osterrieder, N.; Jarosinski, K.W. Herpesvirus telomerase rna (vtr) with a mutated template sequence abrogates herpesvirus-induced lymphomagenesis. PLoS Pathog. 2011, 7, e1002333. [Google Scholar] [CrossRef]

	



Mwangi, W.N.; Smith, L.P.; Baigent, S.J.; Beal, R.K.; Nair, V.; Smith, A.L. Clonal structure of rapid-onset mdv-driven cd4+ lymphomas and responding cd8+ t cells. PLoS Pathog. 2011, 7, e1001337. [Google Scholar] [CrossRef]

	



Brown, A.C.; Nair, V.; Allday, M.J. Epigenetic regulation of the latency-associated region of marek’s disease virus in tumor-derived t-cell lines and primary lymphoma. J. Virol. 2012, 86, 1683–1695. [Google Scholar] [CrossRef]

	



Mwangi, W.N.; Vasoya, D.; Kgosana, L.B.; Watson, M.; Nair, V. Differentially expressed genes during spontaneous lytic switch of marek’s disease virus in lymphoblastoid cell lines determined by global gene expression profiling. J. Gen. Virol. 2017, 98, 779–790. [Google Scholar] [CrossRef]

	



Greenfeld, H.; Takasaki, K.; Walsh, M.J.; Ersing, I.; Bernhardt, K.; Ma, Y.; Fu, B.; Ashbaugh, C.W.; Cabo, J.; Mollo, S.B.; et al. Traf1 coordinates polyubiquitin signaling to enhance epstein-barr virus lmp1-mediated growth and survival pathway activation. PLoS Pathog. 2015, 11, e1004890. [Google Scholar] [CrossRef]

	



Van Diemen, F.R.; Kruse, E.M.; Hooykaas, M.J.; Bruggeling, C.E.; Schurch, A.C.; van Ham, P.M.; Imhof, S.M.; Nijhuis, M.; Wiertz, E.J.; Lebbink, R.J. Crispr/cas9-mediated genome editing of herpesviruses limits productive and latent infections. PLoS Pathog. 2016, 12, e1005701. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Walsh, M.J.; Bernhardt, K.; Ashbaugh, C.W.; Trudeau, S.J.; Ashbaugh, I.Y.; Jiang, S.; Jiang, C.; Zhao, B.; Root, D.E.; et al. Crispr/cas9 screens reveal epstein-barr virus-transformed b cell host dependency factors. Cell Host Microbe 2017, 21, 580–591.e7. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Zhou, H.; Liang, J.; Gerdt, C.; Wang, C.; Ke, L.; Schmidt, S.C.S.; Narita, Y.; Ma, Y.; Wang, S.; et al. The epstein-barr virus regulome in lymphoblastoid cells. Cell Host Microbe 2017, 22, 561–573.e4. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Bassett, A.; Nair, V. Targeted editing of avian herpesvirus vaccine vector using crispr/cas9 nucleases. J. Vaccine Technol. 2016, 1, 1–7. [Google Scholar]

	



Tang, N.; Zhang, Y.; Pedrera, M.; Chang, P.; Baigent, S.; Moffat, K.; Shen, Z.; Nair, V.; Yao, Y. A simple and rapid approach to develop recombinant avian herpesvirus vectored vaccines using crispr/cas9 system. Vaccine 2018, 36, 716–722. [Google Scholar] [CrossRef] [PubMed]

	



Gimeno, I.M.; Witter, R.L.; Hunt, H.D.; Reddy, S.M.; Lee, L.F.; Silva, R.F. The pp38 gene of marek’s disease virus (mdv) is necessary for cytolytic infection of b cells and maintenance of the transformed state but not for cytolytic infection of the feather follicle epithelium and horizontal spread of mdv. J. Virol. 2005, 79, 4545–4549. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Tang, N.; Sadigh, Y.; Baigent, S.; Shen, Z.; Nair, V.; Yao, Y. Application of crispr/cas9 gene editing system on mdv-1 genome for the study of gene function. Viruses 2018, 10, 279. [Google Scholar] [CrossRef] [PubMed]

	



Nazerian, K.; Witter, R.L. Properties of a chicken lymphoblastoid cell line from marek’s disease tumor. J. Natl. Cancer Inst. 1975, 54, 453–458. [Google Scholar]

	



Akiyama, Y.; Kato, S. Two cell lines from lymphomas of marek’s disease. Biken J. 1974, 17, 105–116. [Google Scholar]

	



Tang, N.; Zhang, Y.; Pedrera, M.; Chang, P.; Baigent, S.; Moffat, K.; Shen, Z.; Nair, V.; Yao, Y. Generating recombinant avian herpesvirus vectors with crispr/cas9 gene editing. J. Vis. Exp. 2019, 143, e58193. [Google Scholar] [CrossRef] [PubMed]

	



Baigent, S.J.; Petherbridge, L.J.; Howes, K.; Smith, L.P.; Currie, R.J.; Nair, V.K. Absolute quantitation of marek’s disease virus genome copy number in chicken feather and lymphocyte samples using real-time pcr. J. Virol. Methods 2005, 123, 53–64. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.T.N.; Nair, V.; Yao, Y.; The Pirbright Institute, Pirbright, UK. pp38 sequence edited by CRISPR/Cas9 system. Unpublished work. 2018. [Google Scholar]

	



Zhang, Y.T.N.; Nair, V.; Yao, Y.; The Pirbright Institute, Pirbright, UK. Editing of pp38 in mdv cell line msb-1 by crispr/cas9 system. Unpublished work. 2018. [Google Scholar]

	



Xie, Q.; Anderson, A.S.; Morgan, R.W. Marek’s disease virus (mdv) icp4, pp38, and meq genes are involved in the maintenance of transformation of mdcc-msb1 mdv-transformed lymphoblastoid cells. J. Virol. 1996, 70, 1125–1131. [Google Scholar] [PubMed]

	



Cohrs, R.J.; Gilden, D.H. Human herpesvirus latency. Brain Pathol. 2001, 11, 465–474. [Google Scholar] [CrossRef]

	



Van Diemen, F.R.; Lebbink, R.J. Crispr/cas9, a powerful tool to target human herpesviruses. Cell. Microbiol. 2017, 19. [Google Scholar] [CrossRef] [PubMed]

	



Smith, L.N.V.; The Pirbright Institute, Pirbright, UK. Mdv integration determined by fish. Unpublished work. 2013. [Google Scholar]

	



Chen, X.B.; Sondermeijer, P.J.; Velicer, L.F. Identification of a unique marek’s disease virus gene which encodes a 38-kilodalton phosphoprotein and is expressed in both lytically infected cells and latently infected lymphoblastoid tumor cells. J. Virol. 1992, 66, 85–94. [Google Scholar] [PubMed]

	



Sadign, Y.T.N.; Nair, V.; Yao, Y.; The Pirbright Institute, Pirbright, UK. Off-target effect of HVT genome editing by CRISPR/Cas9 system. Unpublished work. 2019. [Google Scholar]








[image: Viruses 11 00391 g001 550]





Figure 1. Deletion of pp38 gene by CRISPR/Cas9 editing in MSB-1 cell. (a) PCR amplification of the edited region, using primers NF and CR on the cell lysates of transfected cells at 24 h post electroporation and single cell clones after sorting. The top band with un-edited/partially-edited sequence with small indels was expected to be around 839 bp, while deletion of the sequence between the Cas9 cleavage sites would result in a 184 bp PCR product. The two clones (C39 and D4) with 184 bp band were indicated. (b) Confirmation of the pp38 gene deletion in MSB-1 by IFA on plaques formed by co-cultivation of edited MSB-1 clones on chick embryo fibroblasts (CEF) monolayer with anti-pp38 monoclonal antibody BD1 (red), anti-gB monoclonal antibody HB3 (green) staining was used as an infection control. Pictures were taken with 100× magnification. The data shown are representative of three independent experiments. (c) Detection of pp38 expression by western blotting with anti-pp38 monoclonal antibody BD1 and anti-Meq monoclonal antibody FD7 before and after NaB treatment on MSB-1 and edited clones C39 and D4. For the loading control, the same blot was stripped and re-probed with anti-α-tubulin antibody. The data shown are representative of three independent experiments. (d) Relative signal intensities of the pp38 and Meq western blot band were quantified using ImageQuant and normalized against the corresponding signal from the α-tubulin band. The signal from the untreated control MSB-1 cells was set as 1. 
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Figure 2. Deletion of the pp38 gene by CRISPR/Cas9 editing in HP8 cells. (a) Detection of Cas9 expression on single clones of MSB-1 and HP8 cell lines stably expressing Cas9 by western blotting. Cell lysates of MSB-1-Cas9 and HP8-Cas9 along with MSB-1 and HP8 were separated by SDS-PAGE, Western blotted, and probed with anti-Flag antibody, α-tubulin was used as the loading control. (b) PCR amplification of the edited region, using primers NF and CR on the cell lysates of transfected cells at 1, 2, and 3 days post transfection. DPT, days post transfection (c) PCR amplification of the pp38 locus on isolated single cell clones of transfected HP8-Cas9 with two part gRNA system showing the two bands. (d) PCR results of selected clones used for subsequent analysis. The unedited HP8-Cas9 and the mixed population after editing (HP8-Cas9 + gRNAs) were also included. (e) Detection of pp38 expression by western blotting with anti-pp38 monoclonal antibody BD1 and anti-Meq monoclonal antibody FD7 before and after NaB treatment on HP8-Cas9 and the edited clones. For the loading control, the same blot was stripped and re-probed with anti-α-tubulin antibody. (f) and (g) Relative signal intensities of the pp38 (f) and Meq (g) western blot band were quantified using ImageQuant and normalized against the corresponding signal from the α-tubulin band. The signal from untreated control HP8-Cas9 cells was set as 1. 
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Figure 3. Proliferation of the HP8-Cas9 and the pp38-deleted clones monitored in real time using IncuCyte S3 live imaging system. Cell phase object confluence of each cell population was determined every 2h for 216 h from four separate regions per well and four wells per sample by IncuCyte S3 and compared with HP8-Cas9 control. Growth curves are shown as mean ± standard error (SE) representative of three independent experiments. Asterisk (*) indicates statistically significant differences between pp38 deleted clones and parental HP8-Cas8 cells at different times. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 4. Knock-in of green fluorescent protein (GFP) expression cassette into pp38 of HP8-Cas9. (a) Schematics of GFP expression cassette and pp38 with the gRNA targeting sites at N and C terminus. (b) Schematics of the anticipated pp38 with inserted GFP expression cassette. GFP could be inserted in either orientation. As a result, there are two potential products for each target site. The location of primers used to confirm the presence and the orientation of GFP insert by junction PCR are shown. (c) Junction PCR products with the expected size of the mixed GFP positive cells using the primers shown in Figure 4b. GFP was successfully inserted into pp38 at both sites with both orientations. 
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Figure 5. GFP expression in HP8-Cas9 cell line. (a) fluorescence-activated cell sorting (FACS) analysis of GFP expression on HP8 cells with GFP inserted in pp38 locus at N (HP8-GFP-N) and C (HP8-GFP-C) terminus. (b) FACS analysis of GFP expression on expanded population of 10 single cell clones of HP8-GFP-N after two weeks incubation. Fluorescence intensity varies between different clones. (c) FACS analysis of GFP expression on expanded population of 10 single cell clones of HP8-GFP-C after two weeks incubation. Fluorescence intensity varies between different clones. (d) GFP copy number per 104 cells was measured on 10 single cell clones of HP8-GFP-C by q-PCR and plotted against the GFP fluorescence intensity measured by FACS analysis. The chicken ovotransferrin gene was used for calculation of GFP copies per 104 cells. 
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Table 1. List of primer sequences.
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	Primer
	Sequence (5′-3′)





	NF
	TTGGAATAGCCCCCTTCCCC



	NR
	TTCGAAGCAGAACACGAAGGG



	CF
	GATTCCACCTCCCCAGAATCC



	CR
	CAGAGAATGCAACAATGCGT



	MF
	ATGGTGAGCAAGGGCGA



	MR
	CCGGTGGTGCAGATGAAC



	ovoF
	CACTGCCACTGGGCTCTGT



	ovoR
	GCAATGGCAATAAACCTCCAA
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