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Marek's disease virus (MDV) is a highly oncogenic alphaherpesvirus that causes T-cell lymphoma in chickens and represents a natural small animal model for herpesvi rus-induced tumorigenesis [START_REF] Osterrieder | Marek's disease virus: from miasma to model[END_REF]. MDV encodes a viral TR homologue [viral telomerase RNA (vTR)] that plays a crucial role in MDV-induced tumorigenesis [START_REF] Trapp | A virus-encoded telomerase RNA promotes malignant T cell lymphomagenesis[END_REF]; however, the underlying mechanism remains poorly understood. vTR is the most abundant viral transcript in MDV-induced tumor cells [START_REF] Trapp | A virus-encoded telomerase RNA promotes malignant T cell lymphomagenesis[END_REF][START_REF] Chbab | Viral control of vTR expression is critical for efficient formation and dissemination of lymphoma induced by Marek's disease virus (MDV)[END_REF] and shares the conserved functional domains with cellular TRs [START_REF] Fragnet | The RNA subunit of telomerase is encoded by Marek's disease virus[END_REF]. We recently demonstrated that overexpression of chicken TR (cTR) complements the loss of vTR in MDV-induced tumorigenesis [START_REF] Kheimar | Overexpression of cellular telomerase RNA enhances virus-induced cancer formation[END_REF], highlighting that high cTR expression levels can drive tumorigenesis. The secondary structures of vTR, cTR, and hTR are highly conserved, including the pseudoknot (core) domain that harbors the template sequence (CR-1) for the extension of telomeric repeats [START_REF] Kaufer | Herpesvirus telomerase RNA (vTR) with a mutated template sequence abrogates herpesvirus-induced lymphomagenesis[END_REF], the CR4-CR5 domain that is essential for proper assembly with TERT [START_REF] Kaufer | Herpesvirus telomerase RNA (vTR) with a mutated template sequence abrogates herpesvirus-induced lymphomagenesis[END_REF] and the H/ACA box and CR-7 domain, which are responsible for TR stability and localization [START_REF] Fragnet | The RNA subunit of telomerase is encoded by Marek's disease virus[END_REF][START_REF] Chen | A critical stem-loop structure in the CR4-CR5 domain of mammalian telomerase RNA[END_REF][START_REF] Fragnet | Comparative functional study of the viral telomerase RNA based on natural mutations[END_REF]. In addition, we showed that both vTR and hTR interact with chicken TERT and mediate telomerase activity in vitro [START_REF] Trapp-Fragnet | The human telomerase catalytic subunit and viral telomerase RNA reconstitute a functional telomerase complex in a cellfree system, but not in human cells[END_REF]. Therefore, we investigated whether overexpression of hTR could complement the loss of vTR in MDV-induced tumorigenesis and whether vTR possesses anti-apoptotic functions.

In this study, we generated a recombinant MDV expressing hTR instead of vTR. This recombinant virus efficiently expressed hTR in infected cells and replicated in a manner comparable to that of the wild-type (wt) virus. Interestingly, hTR did not compensate for the loss of vTR in MVD-induced tumorigenesis. Because inhibition of apoptosis likely contributes to tumor formation, we assessed the ability of hTR, vTR, and cTR to inhibit apoptosis in human and chicken cells. Strikingly, hTR did not inhibit apoptosis in chicken cells despite its high activity in human cells. We also provide the first evidence that vTR and cTR possess anti-apoptotic functions, but only in chicken cells and not in human cells. Taken together, our study revealed that viral, chicken, and human TRs share common anti-apoptotic functions that are not conserved across the two species.

RESULTS

Generation and characterization of recombinant MDV expressing hTR

To determine whether hTR possesses tumor-promoting functions and could comple ment the loss of vTR in MDV-induced tumorigenesis, we generated a recombinant virus expressing hTR (vhTR) instead of vTR (Fig. 1A). vTR was first deleted in the MDV genome (vΔvTR), and then hTR was inserted downstream of the native vTR promoter. The resulting clones were screened by restriction fragment length polymorphism (RFLP), PCR, and Sanger sequencing, and the entire viral genome was confirmed by Illumina MiSeq sequencing (1,000-fold coverage). To determine whether deletion of the vTR or insertion of the hTR affects viral replication, we assessed the replication properties of the recombinant viruses. Plaque size assays revealed that vhTR replicated in a manner comparable to that of the wt virus (Fig. 1B). The replication properties were confirmed by multi-step growth kinetics (Fig. 1C), highlighting that neither deletion of vTR nor insertion of hTR alters MDV replication in vitro.

hTR is efficiently expressed in vhTR-infected cells

To confirm the expression of the respective TRs, we infected chicken embryo cells (CECs) with vhTR, vΔvTR, or wt virus and performed RT-qPCR. As anticipated, vTR was only expressed in cells infected with the wt virus, whereas its expression was completely abrogated in vΔvTR and vhTR (Fig. 2A). Consistently, hTR was efficiently expressed in vhTR-infected cells at levels comparable to vTR in the wt virus (Fig. 2B).

Overexpression of hTR does not complement the loss of vTR in vivo

To determine whether hTR possesses tumor-promoting properties, we infected 1-day-old chickens with 2,000 plaque-forming units (PFU) of either wt, v∆vTR, or vhTR. Quantitative PCR (qPCR) analyses revealed that v∆vTR and vhTR replicated comparably to the wt virus in the blood of infected animals (Fig. 3A). Over the course of infection, the animals were monitored daily for clinical symptoms. Intriguingly, disease incidence was reduced in animals infected with v∆vTR and vhTR when compared to those infected with the wt virus (Fig. 3B). Furthermore, tumor incidence was significantly reduced in both v∆vTRand vhTR-infected animals when compared to the wt virus (Fig. 3C), indicating that hTR neither complements vTR nor has tumor-promoting properties in this natural model of virus-induced tumor formation. To assess the potential effects of hTR on tumor dissemi nation, visceral organs with gross tumors were quantified during necropsy. While wt virus-induced tumors disseminated to various organs, vhTR and v∆vTR tumors were restricted to a single organ per animal (Fig. 3D). To ensure that hTR was efficiently expressed in vhTR-induced tumors, we performed RT-qPCR on the tumor tissues. RT-qPCR revealed that hTR was efficiently expressed in vhTR-induced tumors at levels comparable to vTR in wt virus tumors (Fig. 4A andB). Our data demonstrate that hTR does not drive tumor formation in our natural virus-host model of herpesvirus-induced tumorigenesis.

TRs possess common anti-apoptotic functions that are host specific

To determine why hTR does not complement the loss of vTR in infected chickens, we assessed the anti-apoptotic activities of hTR, vTR, and cTR. To date, only hTR has been shown to possess anti-apoptotic activity in studies using human cells; however, it remains unclear whether this activity is conserved across species between chickens and humans. In addition, it remains unknown whether vTR can inhibit apoptosis, which could contribute to MDV-induced tumorigenesis. To investigate the TR-mediated antiapoptotic activity in chicken T cells, we generated CU91 T cells expressing hTR, cTR, vTR, or an empty vector. Apoptosis was induced using 1-µM staurosporine (STS), and apoptosis levels were measured using Caspase-Glo 3/Caspase-Glo 7, 8, and 9 assays. Strikingly, vTR and cTR significantly inhibited apoptosis in chicken T cells, whereas no inhibition was detected for hTR (Fig. 5A through C). To confirm these findings, we used another chicken T-cell line, called 855-19. As observed in CU91 cells, vTR and cTR significantly inhibited STS-induced apoptosis, whereas hTR did not (Fig. 5D through F). In addition, we assessed the anti-apoptotic activity of the TRs in human 293T cells express ing hTR, cTR, or vTR. As expected, hTR efficiently inhibited apoptosis in STS-treated 293T cells, whereas no inhibition was observed in 293T cells expressing vTR or cTR (Fig. 5G through I). To ensure that the observed effects were not due to differences in the expression levels, we performed RT-qPCR. vTR, cTR, and hTR were efficiently expressed in the respective CU91, 855-19 T, and 293T cells (Fig. 6A through C). Taken together, our data revealed that viral and cellular TRs share common anti-apoptotic properties that are not conserved between humans and chickens. The observed anti-apoptotic activity of vTR likely plays an important role in the tumorigenesis of this highly oncogenic herpesvi rus.

DISCUSSION

To date, the role of TRs in tumorigenesis has mainly been restricted to their role in the telomerase complex. hTR has recently been shown to possess anti-apoptotic activity independent of its role in the telomerase complex [START_REF] Gazzaniga | An antiapoptotic role for telomerase RNA in human immune cells independent of telomere integrity or telomerase enzymatic activity[END_REF]. However, it remains unclear whether the anti-apoptotic activity of hTR drives oncogenesis. Viruses have evolved several strategies to block apoptosis and prolong the survival of infected cells [START_REF] You | The suppression of apoptosis by Α-Herpesvirus[END_REF]. The highly oncogenic MDV encodes a TR homologue that plays an important role in virusinduced tumorigenesis; however, the underlying mechanism remains poorly understood [START_REF] Trapp | A virus-encoded telomerase RNA promotes malignant T cell lymphomagenesis[END_REF]. We recently demonstrated that a vTR mutant (vTR P6.1) that is not incorporated into the telomerase complex efficiently promotes tumor formation [START_REF] Kaufer | Herpesvirus Telomerase RNA(vTR)-Dependent lymphoma formation does not require interaction of vTR with telomerase reverse transcriptase (TERT)[END_REF]. This suggests that vTR possesses pro-oncogenic function(s) that are independent of its telomerase activity. Since TRs share the main functional domains, we investigated whether hTR also possesses pro-oncogenic properties in our natural virus-host model of virus-induced tumorigenesis. We generated a recombinant virus expressing hTR instead of vTR. Neither vTR deletion nor hTR insertion altered viral replication in vitro or in vivo. This supports our previous finding that vTR is dispensable for MDV replication [START_REF] Kheimar | Overexpression of cellular telomerase RNA enhances virus-induced cancer formation[END_REF][START_REF] Kheimar | Epstein-Barr virus-encoded RNAs (EBERs) complement the loss of Herpesvirus telomerase RNA (vTR) in virusinduced tumor formation[END_REF]. To confirm the efficient expression of hTR in vhTR-infected cells, we used RT-qPCR. Our data revealed that hTR was efficiently expressed in the vhTR-infected cells. This expression was comparable to that of vTR in the wt virus, as both vTR and hTR were driven by the same promoter in the viral genome. To investigate whether hTR could complement the loss of vTR in MDV-induced oncogenesis, we infected chickens with the recombinant viruses. Disease development was severely impaired in the absence of vTR, as described previ ously for partial and complete deletions of vTR [START_REF] Trapp | A virus-encoded telomerase RNA promotes malignant T cell lymphomagenesis[END_REF][START_REF] Kheimar | Overexpression of cellular telomerase RNA enhances virus-induced cancer formation[END_REF]. Intriguingly, hTR was not able to restore the oncogenic activity of v∆vTR, as both disease and tumor incidence were severely impaired compared to the wt virus. This was surprising, as the insertion of the cellular TR from the chicken (cTR) completely restored the tumorigenesis of the virus [START_REF] Kheimar | Overexpression of cellular telomerase RNA enhances virus-induced cancer formation[END_REF]. This demonstrated that hTR does not drive tumorigenesis in this natural model of virusinduced tumorigenesis, even though hTR was efficiently expressed in the respective tumors. Due to the Covid-19 pandemic, we had to terminate the hTR animal experiment earlier (70 dpi) compared to the previous cTR animal experiment (91 days). To address the differences in the timescale, we compared the tumor incidence induced by vcTR and vhTR at 70 dpi. Our analyses revealed that cTR significantly increased tumor incidence compared to vΔvTR. This was not observed for vhTR, suggesting that hTR does not complement the loss of vTR in MDV-induced tumorigenesis and that the differences in the timescale have no impact on the tumor incidence induced by vhTR. One potential explanation for this could be that hTR is unable to reconstitute a functional telomerase complex with the chicken TERT. This seems less likely, as we previously demonstrated that vTR and hTR efficiently reconstituted telomerase activity with chicken TERT in vitro [START_REF] Trapp-Fragnet | The human telomerase catalytic subunit and viral telomerase RNA reconstitute a functional telomerase complex in a cellfree system, but not in human cells[END_REF]. In addition to TR and TERT, many telomerase-associated proteins are required for the assembly of a functional complex at telomeres in living cells, which in turn could contribute to the observed phenotype. A second explanation for the inability of hTR to drive tumorigenesis in chickens may be the improper expression of hTR in vhTR-induced tumors. However, RT-qPCR revealed that hTR was efficiently expressed in the vhTRinduced tumors. The third explanation is the anti-apoptotic properties of hTR. Therefore, we investiga ted whether hTR, cTR, or vTR could protect chicken cells from apoptosis. We generated polyclonal CU91 and 855-19 chicken T-cell lines expressing hTR, cTR, or vTR, confirmed their TR expression levels, and assessed their anti-apoptotic activity. Here, we demonstra ted for the first time that vTR and cTR possess anti-apoptotic activities in chicken T cells, which are the primary target cells of MDV infection and tumorigenesis. Future studies will further investigate the vTR-mediated anti-apoptotic mechanism(s) and determine whether the activity is dependent or independent of its role in the telomere complex.

In contrast, hTR did not inhibit apoptosis in chicken T cells. This could explain why hTR did not drive tumorigenesis in our model as it lacks the ability to inhibit apoptosis in chicken T cells. To assess whether vTR or cTR could also inhibit apoptosis in human cells, we induced apoptosis in 293T cells expressing hTR, cTR, or vTR. Caspase activity assays revealed that hTR protected 293T cells from apoptosis, whereas vTR and cTR did not. This revealed that TRs share anti-apoptotic functions; however, the interaction partners and/or the mechanism(s) are not conserved enough to function across these two distantly related species.

MATERIALS AND METHODS

Cells

CECs were prepared from Valo specific-pathogen-free (SPF) embryos (Valo BioMedia) and maintained as described previously [START_REF] Tischer | Two-step redmediated recombination for versatile high-efficiency markerless DNA manipulation in Escherichia coli[END_REF]. Reticuloendotheliosis virus-transformed chicken T-cell lines CU91 and 855-19 T cells [START_REF] Pratt | Characterization of reticuloendo theliosis virus-transformed avian T-lymphoblastoid cell lines infected with Marek's disease virus[END_REF][START_REF] Viertlboeck | Chicken Ig-like receptor B2, a member of a multigene family, is mainly expressed on B lymphocytes, recruits both Src Homology 2 domain containing protein tyrosine phosphatase (SHP)-1 and SHP-2, and inhibits proliferation[END_REF] were grown in suspension in RPMI 1640 medium supplemented with 1% sodium pyruvate, 1% non-essential amino acids, 10% fetal bovine serum, and 1% penicillin (100 U/mL)/streptomycin (100 µg/mL), and maintained at 41°C in a 5% CO 2 atmosphere.

Generation of hTR expressing viruses

Recombinant MDV encoding hTR instead of vTR was generated using a bacterial artificial chromosome (BAC) of the very virulent RB-1B strain (pRB-1BΔIRL) by en passant mutagenesis, as described previously [START_REF] Tischer | Two-step redmediated recombination for versatile high-efficiency markerless DNA manipulation in Escherichia coli[END_REF][START_REF] Engel | Marek's disease viral Interleukin-8 promotes lymphoma formation through targeted recruitment of B cells and CD4+ CD25+ T cells[END_REF]. Briefly, the hTR gene (AF221907) [START_REF] Fragnet | The RNA subunit of telomerase is encoded by Marek's disease virus[END_REF] was inserted into a previously generated recombinant MDV with a complete deletion of the vTR sequence (v∆vTR), resulting in the vhTR virus [START_REF] Kheimar | Overexpression of cellular telomerase RNA enhances virus-induced cancer formation[END_REF][START_REF] Kheimar | Epstein-Barr virus-encoded RNAs (EBERs) complement the loss of Herpesvirus telomerase RNA (vTR) in virusinduced tumor formation[END_REF]. The resulting BAC clones were validated by RFLP using multiple restriction enzymes, PCR, and Illumina MiSeq sequencing. The primers used for mutagenesis and sequencing are listed in Table 1. The recombinant viruses were reconstituted by calcium transfection of CECs with recombinant BAC DNA as described previously [START_REF] Engel | Marek's disease viral Interleukin-8 promotes lymphoma formation through targeted recruitment of B cells and CD4+ CD25+ T cells[END_REF][START_REF] Jarosinski | Horizontal transmission of Marek's disease virus requires US2, the Ul13 protein kinase, and gC[END_REF].

Quantification of vTR and hTR expression in vitro and in vivo

vTR and hTR expression levels were quantified in MDV-infected cells and tumor tissues using RT-qPCR. Briefly, 10 6 CECs were infected with 10 3 PFU of wt, v∆vTR, or vhTR. Total RNA was isolated from infected CECs and tumor tissues using the RNeasy Plus Mini Kit (Qiagen) and the innuPREP Virus RNA kit (Analytik Jena GmbH), respectively, according to the manufacturer's instructions. The isolated RNAs were treated with RQ1 RNase-Free DNase (Promega), and reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). vTR and hTR expression was quantified using TaqMan qPCR, and the cellular GAPDH reference gene was used to normalize vTR and hTR expression. The vTR, hTR, and GADPH primer and probe sets have been previously published [START_REF] Kheimar | Overexpression of cellular telomerase RNA enhances virus-induced cancer formation[END_REF][START_REF] Kheimar | Epstein-Barr virus-encoded RNAs (EBERs) complement the loss of Herpesvirus telomerase RNA (vTR) in virusinduced tumor formation[END_REF] and are shown in Table 1. 

Plaque size assays and growth kinetics

The replication properties of the recombinant viruses were assessed using plaque size assays and multi-step growth kinetics as described previously [START_REF] Vychodil | Marek's disease virus requires both copies of the inverted repeat regions for efficient in vivo replication and pathogenesis[END_REF]. Briefly, 10 6 CECs were infected with 100 PFU of either wt, v∆vTR, or vhTR virus. Infected cells were fixed at 6 days post-infection (dpi), and plaque areas were measured using the Bioreader System (Bio-Sys; Karben, Germany), from which plaque diameters were calculated. For multi-step growth kinetics, infected cells were harvested daily for 6 days; viral DNA was extracted using the RTP DNA/RNA virus Mini kit (Stratec; Berlin, Germany), and viral copies were quantified by qPCR. The viral genome copies were normalized to the chicken inducible nitric oxide synthase (iNOS) gene. Primers and probes specific for the MDV immediateearly gene ICP4 and the cellular iNOS gene are shown in Table 1.

Animal experiment

One-day-old male and female SPF chickens (Valo BioMedia) were randomly assigned to three groups. Animals were infected subcutaneously with 2,000 PFU of either wt (n = 9), v∆vTR (n = 25), or vhTR (n = 24). Peripheral blood was collected from infected chickens at 4, 7, 10, 14, 21, and 28 dpi to determine MDV genome copies in the blood, as previously described [START_REF] Jarosinski | Horizontal transmission of Marek's disease virus requires US2, the Ul13 protein kinase, and gC[END_REF][START_REF] Jarosinski | A herpesvirus ubiquitin-specific protease is critical for efficient T cell lymphoma formation[END_REF]. Chickens were monitored daily for clinical symptoms throughout the experiment. The animal experiment was performed in a blinded manner to eliminate bias and avoid subjectivity in the assessment of clinical symptoms. The animals were euthanized and examined for tumor lesions once the clinical symptoms were evident or at 70 dpi after the termination of the experiment. To confirm the presence of the introduced mutations in the viral genome, DNA was extracted from the tumor tissues, and the target region was analyzed by Sanger sequencing.

Quantification of virus genome copies

DNA was isolated from the blood samples of the infected animals using the DNA E-Z96 blood kit (Omega Biotek, USA). Virus genome copies were assessed by qPCR using primers and probes specific for ICP4 and iNOS (Table 1) as described above [START_REF] Jarosinski | Horizontal transmission of Marek's disease virus requires US2, the Ul13 protein kinase, and gC[END_REF][START_REF] Jarosinski | A herpesvirus ubiquitin-specific protease is critical for efficient T cell lymphoma formation[END_REF]. Viral genome copies were normalized to the iNOS gene, as previously described [START_REF] Kaufer | Herpesvirus telomeric repeats facilitate genomic integration into host telomeres and mobilization of viral DNA during reactivation[END_REF].

Lentivirus production and generation of clonal cell lines

To facilitate the expression of vTR, cTR, or hTR in chicken T cells, we generated lentiviral vectors using the pLKO5.sgRNA.EFS.PAC vector (a gift from Benjamin Ebert; Addgene, #57825) [START_REF] Heckl | Generation of mouse models of myeloid malignancy with combinatorial genetic lesions using CRISPR-Cas9 genome editing[END_REF]. The vTR, cTR, or hTR sequences, including the native vTR promoter, were amplified by PCR from the corresponding recombinant viruses and inserted into the pLKO5 vector between the NdeI and EcoRI sites. The primers used for cloning and sequencing are listed in Table 1. TR-expressing lentiviruses were generated by transfect ing 293T cells with pCMVDR8.91, pCMV-VSV-G, pLKO5.vTR, pLKO5.cTR, pLKO5.hTR, or the empty vector control. Lentiviruses were harvested 36 h post-transfection and used for transduction as described previously [START_REF] Sanyal | The ND10 complex represses lytic human herpesvirus 6A replication and promotes silencing of the viral genome[END_REF]. After transduction of CU91, 855-19 T cells, and 293T cells, cells were selected with 1-or 2-µg/mL puromycin, respectively, for 5 days. The expression levels of vTR, cTR, and hTR in the polyclonal cells were confirmed by RT-qPCR.

Apoptosis assays

Apoptosis was induced in 293T or chicken T cells using 1-µM STS (Sigma-Aldrich), and dimethyl sulfoxide (DMSO) was used as a control. The level of apoptosis was evaluated using the Caspase-Glo 3/Caspase-Glo 7, Caspase-Glo 8, and Caspase-Glo 9 assay systems (Promega) according to the manufacturer's instructions. Briefly, cells were seeded at a density of 5 × 10 4 cells/well in 96-well plates and incubated with STS for 3 h, after which 100-µL Caspase-Glo reagent was added to the cells. After mixing, cells were transferred to a 96-well white-walled plate and incubated at room temperature in the dark for 30 min. Luminescence of the samples was measured using a Synergy H1 Hybrid Reader (BioTek, Germany). Relative light units were calculated by subtracting the blank control (media only) values.

Statistical analyses

Statistical analyses were performed using the SPSS software (SPSS, Inc.) and GraphPad Prism v.7. The data were first analyzed for normal distribution. Plaque size assays were performed using one-way analysis of variance. qPCR data were evaluated using the Kruskal-Wallis test. The results were considered statistically significant at P < 0.05. Fisher's exact test and Kaplan-Meier survival analysis using log-rank test (Mantel-Cox test) were used for animal experimental data as indicated, with the Bonferroni correction for multiple comparisons, and were considered significant if P < 0.0125.

FIG 1

 1 FIG 1 Generation and characterization of the recombinant MDV mutants. (A) Overview of the MDV genome with a focus on the vTR with its conserved regions (CR1-CR8). Recombinant viruses that either lack the entire vTR (v∆vTR) or encode human TR (vhTR) instead of vTR are shown below. (B) Plaque size assays of indicated recombinant viruses. The plaque sizes are shown as box plots with minimums and maximums. Results are shown as the mean of three independent experiments. No significant differences were detected compared to wt (P > 0.05; one-way analysis of variance, n = 150). (C) Multi-step growth kinetics of indicated viruses. Mean MDV genome copies per million cells are shown for the indicated time points. The chicken inducible nitric oxide synthase (iNOS) gene was used for normalization. Mean genome copies of one independent experiment in triplicates are shown with standard deviations (error bars). No significant differences were detected compared to wt (P > 0.05, Kruskal-Wallis test).

FIG 2

 2 FIG 2 Quantification of vTR and hTR expressions in MDV-infected cells. One million CECs were infected with 1,000 PFU of indicated viruses; total RNAs were isolated at 6 dpi and RT-qPCR was performed. The mean copy numbers of (A) vTR and (B) hTR are shown for corresponding viruses relative to the expression levels of the cellular glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (P > 0.05, Kruskal-Wallis test). Results are shown as means of three independent experiments with standard errors (error bars).

FIG 3

 3 FIG 3 hTR does not complement the loss of vTR in MDV-induced tumorigenesis. (A) qPCR detecting MDV genome copies in the blood of chickens infected with wt (n = 9), v∆vTR (n = 25), and vhTR (n = 24). Mean MDV genome copies per one million cells are shown for the indicated time points. No significant differences were detected compared to wt (P > 0.05, Kruskal-Wallis test). (B) Disease incidence is shown as a percentage of animals that developed clinical symptoms along the course of infection. Significant differences in comparison to wt are indicated by an asterisk (P < 0.0125, Fisher's exact test). (C) Tumor incidence in chickens infected with indicated viruses is shown as a percentage of animals developing gross tumors. Significant differences are indicated by an asterisk (P < 0.0125, Fisher's exact test). (D) Mean number of visceral organs with macroscopic tumors per animal infected with the indicated viruses. Significant differences are indicated by an asterisk (P < 0.0125, Fisher's exact test).

FIG 4

 4 FIG 4 Quantification of vTR and hTR expression levels in MDV-induced tumors. RT-qPCR analysis of (A) vTR and (B) hTR expressions in tumor tissue derived from chickens infected with indicated viruses. Results are shown as the mean of three tumor tissues for each group normalized to cellular GAPDH with standard errors (error bars) (P > 0.05, Kruskal-Wallis test).

FIG 5

 5 FIG 5 hTR, cTR, and vTR exhibit anti-apoptotic activity in their respective host cells. The activation of the caspase pathway in 293T cells and chicken T cells (CU91 and 855-19 T) using 1-µM STS. The caspase activity was measured in different cell lines, and caspase 3/7, caspase 8, and caspase 9 are shown as luminescence units for (A-C) chicken T cells CU91, (D-F) chicken T cells 855-19 T, and (G-I) 293T cells. All CU91, 855-19 T, and 293T cells harboring vTR, cTR, or hTR sequences were cultured with 1-μM STS (except the DMSO control) for 3 h at 40°C or 37°C. Luminescence was normalized to background levels. Error bars represent the standard error of the mean of three independent experiments performed in duplicates. Asterisks indicate significant differences in comparison to the empty vector control (*P < 0.05, **P < 0.01, and ***P < 0.001 assessed by one-way analysis of variance).

FIG 6

 6 FIG 6 Quantification of TRs expression levels in CU91, 855-19 T cells, and 293T. Total RNAs were extracted from polyclonal cells expressing vTR, cTR, or hTR and their expression quantified by RT-qPCR. (A) vTR, cTR, and hTR expression levels in CU91 relative to the expression levels of cellular GAPDH (P > 0.05, Kruskal-Wallis test). (B) vTR, cTR, and hTR expression levels in 855-19 T relative to the expression levels of cellular GAPDH (P > 0.05, Kruskal-Wallis test). (C) vTR, cTR, and hTR expressions in 293T cells are shown relative to the expression levels of cellular β2 microglobulin. Asterisks indicate the significant differences in comparison to the basal expression of cTR or hTR of the respective cells (*P < 0.05, Kruskal-Wallis test).

TABLE 1 a

 1 Primers and probes for RT-qPCR, qPCR, DNA sequencing, and construction of the recombinant viruses Restriction enzyme sites are underlined.
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