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Marekôs disease (MD) of chickens, caused by the alphaherpesvirus Marekôs 

disease virus (MDV), is prevalent in the poultry industry with consequential economic 

losses. A hallmark of MDV infection is the rapid onset of T-lymphomas in its natural 

host. The MDV oncoprotein Meq (Marekôs EcoRI-Q-fragment-encoded protein) is 

essential for T-cell lymphoma formation. MD is currently controlled in poultry 

production through live-attenuated or apathogenic vaccines. Despite this control, field 

strains have continued to evolve in virulence since the 1970s. Nonsynonymous 

polymorphisms identified in the coding sequence of Meq have been correlated with 

this evolution of virulence, and our preliminary data suggest that these changes could 

be functioning at two stages of infection, namely, during the early replication of 

MDVs and in the T-cell transformation phase of infection. Therefore, this study 

focuses on the analysis of Meq isoforms at these stages of infection. Using a 

combination of recombinant MDVs, mass spectrometry (MS)-based-proteomic 

analyses, and follow-up biochemical and functional assays, we have identified key 

cellular components and pathways by which MDV field strains have evolved in 

virulence to overcome vaccine-mediated protection. 

MD vaccines provide immunity that protects against lymphomagenesis but 

does not prevent infection and transmission of field challenge strains. This non-

sterilizing immunity allows MDV to mutate into emergent field strains of higher 

virulence that can escape vaccinal immunity. Meq is under positive selection, and the 

selection pressures are largely driven by vaccination. The present study, therefore, 
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addresses the hypothesis that mutations in Meq have been selected by the innate 

immune response elicited by host vaccination during the early lytic infection stage. 

Mutations common to field strains overcoming protection conferred by vaccines 

commonly used in the US (herpesvirus of turkeys, HVT; and Mardivirus-2, SB-1) 

were identified in the C-terminal proline-rich repeat region (PRR) of Meq. These 

mutations map to second position sites of tetra-proline stretches, PPPP->P(Q/A)PP. 

For very virulent and hypervirulent strains arising in Europe, where an attenuated 

MDV-1 strain has been used as a vaccine since the early 1970s (CVI988/Rispens), 

mutations in the Meq of high virulence European strains map to the basic N-terminal 

and leucine zipper (bZIP) domains. 

In the Plateau State of Nigeria, regional field strains have arisen on farms that 

administered the CVI988 vaccine at hatch and subsequently re-vaccinated chickens 

with HVT at 21 days post-hatch at farms receiving these vaccinates. Using maximum 

likelihood phylogenetic analysis, we reconstruct the MDV phylogeny of North 

American, Eurasian, and African MDV lineages to address the phylogeographic 

relationship between international vaccination practices and discrete vaccine-mediated 

selection of Meq. Sequence analysis of the Meq genes from field strain virus identified 

mutations in both N-terminal and C-terminal domains (NTD and CTD). Our data, 

therefore, suggest a direct effect of vaccine strategy on the fitness selection of MDV 

field isolates.  

To designate virulence to mutations in Meq and their causal role in 

overcoming early vaccine responses, strain RB-1B-based recombinant-MDVs 

expressing Meq isoforms derived from the vaccine, virulent (v), very virulent (vv), 

and very virulent plus (vv+) pathotypes were constructed. Groups of unvaccinated and 
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in ovo HVT-and HVT/SB1-vaccinated specific pathogen-free chickens were 

challenged at hatch with 2000 PFU of each recombinant virus. Pathogenicity was 

assessed by measuring viral replication kinetics, the induction of lymphoproliferative 

lesions, and mortality. The exchange of prototype Meq isoforms demonstrates 

pathotype-specific trends in MD-incidence and -mortality rates in the naïve host. 

However, in the MD-immunized chickens, there were no significant changes in MD 

incidence and mortality between the challenge viruses, indicating the complex roles of 

these isoforms in pathogenesis and providing insight into the discrete functional 

properties contributing to Meq pathobiology. 

Conceivably, these amino acid substitutions affect specificity at the binding 

interface of protein-protein interactions, which in turn may stabilize the disordered 

proline-rich composition of Meq. This work addresses the hypothesis that mutations 

in the Meq oncoprotein have been selected based on changes in the interactomes of 

Meq in latently infected, transformed T-cells. MDV-associated lymphoblastoid cell 

lines were subjected to anti-Meq immunoprecipitation and subsequent MS-based 

proteomic analysis to profile the endogenous Meq interactome among MDV 

pathotypes. Functional gene ontology analysis shows enrichment of DNA repair-

associated proteins and chromatin remodeling complexes in Meq-host interactomes of 

high-virulence pathotypes. 

We speculate that Meq interacts with DNA repair-associated proteins during 

lytic infection, presumably to alter host genomic stability, leading to an accumulation 

of mutations. Somatic mutations in cancer driver genes are necessary to assist Meq in 

CD4+ T-cell transformation later in infection when the virus establishes latency. By 

proteomic analysis, we identified a candidate Meq interactor, Nedd4 Binding Protein 2 
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(N4BP2), involved in DNA repair and recombination through a small MutS-related 

domain. Domain mapping experiments show that the full-length Meq re-localizes 

N4BP2 from the cytoplasm to the nucleus and nucleolus in a CTD-dependent manner. 

The presence of the unspliced, full-length Meq throughout infection suggests 

the Meq CTD has a nonredundant role with Meq splice variants during early lytic 

infection when replicating virus elicits robust host responses of the innate immune 

system and DNA damage response pathways that are important selection pressures on 

the CTD. The functional constraints in this context may lend Meq pleiotropic 

properties to antagonize innate immune signaling pathways and DNA damage 

responses by interaction with DNA repair enzymes as a novel mechanism of 

vv+MDVs for increased efficiency of viral integration into the host genome during 

latency. 

The 33 amino acid CTD of Meq contains a highly conserved transactivation 

domain; however, distinct mutations within an adjacent disordered PPR are 

characteristic of v, vv, and vv+ MDV pathotypes. Embedded in the PRR are five to 

seven tetra-proline motifs; however, contrary to ancestral strains, fewer proline tetrads 

constitute the CTD of contemporary strains by proline to glutamine or alanine 

substitutions at position two (P[Q/A]PP) or partial PRR truncation. How these proline 

tetrads cooperate in the context of Meq biology remains uncharacterized. However, 

the prevailing dogma is that selection for the consecutive reduction of proline tetrads 

affects virulence and, therefore, plays a functional role in MDV pathogenesis. We 

hypothesized that these substitutions alter the specificity or affinity of protein-protein 

interactions, mediating a gain of function.  
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In support of this hypothesis, we now report that the PRR of the vv+MDV 

Meq isoform mediates the nucleolar recruitment of a cellular ATP-dependent 

chromatin remodeler, BRG1. We show that this specific binding of BRG1 increases 

the efficiency in the transcriptional activity of the adjacent CTD in a manner that is 

dependent on amino acid residues at positions 153, 176, and 217, suggesting that these 

residues determine the unique BRG1 binding site. We propose a mechanism whereby 

Meq occupancy at repressed regulatory loci requires BRG1 cooperation to promote an 

open chromosome state by remodeling the chromatin topology. Thus, the complete 

transactivation potential of the conserved region in the C-terminal transactivation 

domain depends on accessibility to promoter and enhancer elements. This finding 

provides the first experimental evidence, with amino acid resolution of residues, that 

mutations within the PRR of the vv+MDV Meq isoform have been selected by 

changes in its interactome. 
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INTRODUCTION  

1.1 Marekôs disease 

Marekôs disease (MD) is a paralytic, immunosuppressive, and T-

lymphomagenic pathology of chickens caused by Marekôs disease virus (MDV), an 

acute-transforming herpesvirus that affects chickens worldwide. MD poses a critical 

problem facing the poultry industry as the annual economic loss, coupled with the cost 

of vaccination, is estimated to be $1-2 billion (Atkins et al., 2013b). Despite adequate 

control of MD in poultry production, MD remains a concern due to breaks in vaccinal 

protection as a consequence of the continuing evolution of virulence and the 

emergence of virulent MDV field strains (Witter, 1997).  

1.2 Marekôs disease virus 

Herpesviruses constitute a large family of dsDNA viruses classified into three 

subfamilies: Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae. MDV 

is an Alphaherpesvirinae family member of the genus Mardivirus. There are three 

serotypes of the genus Mardivirus, which are designated as Gallid alphaherpesvirus 2 

or GaHV-2 (MDV-1), GaHV-3 (MDV-2), and Meleagrid alphaherpesvirus 1 (MDV-

3). Among them, the causative agent of MD is the avian T-lymphotropic virus, GaHV-

2, commonly referred to as MDV-1 or MDV. MDV-1 viruses and their attenuated 

derivatives, MDV-2 and MDV-3 serotypes, are naturally non-oncogenic and are used 
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as vaccines to elicit protection against MDV-1 strains (Okazaki et al., 1970; Schat and 

Calnek, 1978; Witter et al., 1970, 1984). 

1.3 MDV virulence factors 

All three MDV serotypes have a double-stranded DNA genome of 

approximately 175 to 180 Kbp with a class E architecture that consists of six regions, 

namely, unique long (UL) and unique short (US) regions flanked by the inverted 

repeat regions, terminal and internal repeat long (TRL and IRL) and short (TRS and 

IRS) (Spatz et al., 2007b). The MDV genome encodes virulence factors in the repeat 

regions such as meq (Jones et al., 1992), vIL8 (Parcells et al., 2001), meq/vIL8 

(Jarosinski and Schat, 2007; Liao et al., 2021a), vTR (Fragnet et al., 2005, 2003; Trapp 

et al., 2006), and pp38 (Cui et al., 1991; Reddy et al., 2002) that are among the unique 

gene products with functions associated with pathogenicity, oncogenicity and 

virulence properties. In MDV-induced lymphomas and lymphoblastoid cell lines 

established from MD tumors, transcripts identified by restriction mapping to the 

MDV-encoded EcoRI Q fragment, hence designated as meq, had a notable expression 

profile indicative of a transformation-associated gene (Jones et al., 1992). The 

oncogenic MDV-1 strains, but not MDV-2 and MDV-3, encode meq in the inverted 

repeat long (TRL and IRL) regions, and the deletion of meq transcripts does 

substantially impact colony formation and proliferation of transformed lymphoblastoid 

or fibroblast cell lines (Levy et al., 2005; Xie et al., 1996).  
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1.4 Pathology 

MDV pathogenesis follows the Cornell Model proposed by Calnek and 

colleagues, who describe the four phases of infection as: 1) Early cytolytic phase, 2) 

Latent phase, 3) Secondary cytolytic phase, and 4) Transformation.  

MDV transmission is horizontal and is caused by inhaling infectious viral-

laden dander. The initial stage of infection occurs in the lungs, with infection of 

epithelial cells and resident phagocytic cells (Baaten et al., 2009). Macrophages can 

phagocytose virus and transport MDV to the primary and secondary lymphoid organs 

(Barrow et al., 2003).  

MDV lytically and latently infects lymphocytes (Shek et al., 1983). During the 

cytolytic phase of infection, B lymphocytes are the primary target for productive 

replication, whereas activated CD4+ T-helper lymphocytes are the primary target cells 

to establish latency (Baaten et al., 2009; Schat et al., 1982b, 1991).  

Latently infected CD4+ T-cells undergo MDV-mediated neoplastic 

transformation, progressing to lymphoma formation, which develops primarily in 

visceral organs (Osterrieder et al., 2006).  

1.5 Pathotype classification 

The oncogenic field strains of the MDV-1 serology are classified into four 

pathotypes based on the following scheme of increasing virulence: mild (m), virulent 

(v), very virulent (vv), and very virulent plus (vv+) classification (Witter et al., 2005). 

1.6 Vaccines 

The development of an anti-cancer vaccine was a seminal discovery for 

vaccinologists. However, MD vaccination strategies have undergone several 
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formulations since their inception in the early 1970s. A recent review has detailed the 

sequential introduction of MD vaccines (Schat, 2016).  

MD vaccination programs were implemented in 1969-70 after the commercial 

development of the first live attenuated MDV-1 vaccine strain, HPRS-16, which was 

then used for MD immunization in the UK (Churchill et al., 1969b, 1969a). 

Contemporaneously with the development of HPRS-16, several laboratories isolated 

apathogenic herpesviruses from turkeys, termed HVT, with the FC126 strain being 

developed as a commercial vaccine in the US (Witter et al., 1970; Okazaki et al., 

1970; Kawamura et al., 1969).  

By 1971, HVT, which has some common antigenicity with MDV but is 

nonpathogenic for chickens, could mount a protective immune response against the 

development of MD (Okazaki et al., 1970). The commercial use of HVT in the USA, 

followed by its later integration into MD immunization programs of foreign poultry 

industries in Eurasia, constituted an alliance of global intervention against future MD 

waves (Baigent et al., 2006; Witter, 2001).  

Meanwhile, the isolation of the naturally attenuated CVI988 MDV-1 strain 

allowed for the development of Rispensô CVI988 vaccine, which was available in the 

Netherlands in 1972 and eventually in other parts of Eurasia (Rispens et al., 1972a, 

1972b).  

Toward the end of the 1970s, the non-oncogenic MDV-2 strain called SB-1 

was isolated and characterized (Schat and Calnek, 1978). After optimization to 

formulate multivalent vaccines, it was later incorporated into US vaccination programs 

by 1985 (Schat et al., 1982a; Witter, 1982; Witter et al., 1984; Calnek et al., 1983; 

Witter and Lee, 1984; Witter, 1987).  
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Outside of the US, the CVI988 vaccine offered protection against circulating v 

and vv MDVs (Maas et al., 1982). Moreover, the HVT and bivalent vaccines were 

substantially outperformed by CVI988 to protect against challenge with US vv and 

vv+ pathotypes (Witter et al., 1995; Witter, 1992). Thus, due to the evolution of high-

virulence MDV strains in the US, CVI988 was licensed in the USA in 1994. This 

milestone aligned the CVI988 vaccine for global application and has since been 

recognized as the gold standard for MD vaccines to protect against contemporary 

MDV field strains.  

Currently, the CVI988 vaccine does not supersede the functionality or 

applicability of the previous generations of vaccines (HPRS-16 being the exception). 

HVT and SB-1 vaccines have not yet become obsolete and are still considered the 

mainstay in MD vaccination strategies. Monovalent and bivalent vaccines are still 

used alone in low-risk, viral desolate areas or in conjunction with CVI988 as part of 

trivalent and revaccination strategies to improve protection (Dunn and Gimeno, 2013). 

1.7 Revaccination strategies 

Revaccination protocols for administering MD vaccines confer several 

advantages over monovalent or bivalent immunization strategies, including enhanced 

protection by activating T-lymphocytes and mounting a robust T-cell mediated 

response against MDV antigens to delay the onset of early infection (Gimeno et al., 

2012a). A heterologous revaccination schedule consists of two components: vaccine 

serotype and timing of administering. Adherence to timing and order of vaccine 

serotype must be followed for optimal protection. A standardized protocol using the 

schedule of administering the first dose in ovo at 18ED and the second dose at one day 

of age (18ED/1 day) is recommended, where among HVT/HVT+SB-1, HVT/CVI988, 



 6 

and HVT+SB-1/CVI988 heterologous combinations, the latter two protocols conferred 

the highest protection against early challenge with prototype vv+MDV strain 648A 

(Gimeno et al., 2012a, 2012b). 

1.8 Selection pressures 

Even though MD vaccines protect against virulent MDV field challenge, the 

introduction and improvement of vaccines over a few decades are important to 

understanding selection pressures on circulating MDV strains.   

The industrialization of poultry farming was associated with an increase in 

virulence from mild to virulent before the introduction of vaccines (Atkins et al., 

2013a; Rozins and Day, 2017). The introduction of vaccines was subsequently 

associated with driving the continuum of MDV evolution toward increased virulence 

by eliciting non-sterilizing immunity that allows for the selection of MDV genotypes 

(Atkins et al., 2013a; Rozins and Day, 2017; Read et al., 2015). Since the initial 

characterization of MD, over a century of documented evolutional changes can be 

traced back to an intricate contribution of anthropogenic, viral, and host factors that 

have selected MDV throughout much of its recorded existence.  

1.9 Evolution of MDV Virulence  

MD was initially described as a paralysis due to inflammation of the major 

nerves (Marek, 1907). The first apparent shift in virulence occurred during the mid-

1960s and was driven by increased density in poultry production. Vaccines introduced 

in 1970, particularly HVT in the US, selected very virulent strains (vvMDV), such as 

RB-1B and Md5, which caused increased incidences of lymphomas and immune 

suppression. Bivalent vaccination (MDV-2 + HVT) was introduced to combat 
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vvMDVs (Witter et al., 1985, 1984), which drove the emergence of very virulent plus 

MDVs (vv+MDVs) in the early 1990s (Witter, 1997).  

1.10 The Meq oncoprotein 

1.10.1 Biochemical and functional properties 

The viral oncogene meq has a central role in the pathogenesis of MDV 

infection, in which the un-spliced, full-length gene codes for the 339 amino acid (aa) 

basic leucine zipper (bZIP) transcription factor (TF) (Jones et al., 1992; Levy et al., 

2005; Liu et al., 1998; Lupiani et al., 2004).  

1.10.1.1 Protein structure of Meq 

The structure of Meq is not yet well defined. Based on global pairwise 

alignment searches, there are no true Meq homologs of amniote/eukaryotic or viral 

origin (Bateman et al., 2023). However, computational prediction using sequence-

based methods has annotated two intrinsically disordered regions in Meq, one in the 

amino (N)-terminus (1-80 aa) and the other in the carboxyl (C)-terminus (145-172 aa) 

(Necci et al., 2021). 

1.10.1.2 The Meq bZIP domain 

The domain architecture and local sequence homology in the bZIP N-terminal 

domain (bZIP-NTD) show a relation to the Jun family of transcription factors (Jones et 

al., 1992). The basic region (BR) has localization motifs for spatial targeting of Meq to 

the nuclear and subnuclear compartments in a cell cycle-dependent manner (Liu et al., 

1999, 1997). The leucine zipper (LZ) motif participates in homo- and heterodimeric 

interactions that bind promiscuously among JUN, FOS, CREB, ATF, and PAR family 
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members (Levy et al., 2003; Reinke et al., 2010). These dimerization partners confer 

different DNA-binding properties to Meq, where Meq heterodimers bind a CRE/TRE-

like sequence termed Meq response element (MERE) I and Meq homodimers 

preferentially bind the DNA-bending-associated ACACAC sequence known as MERE 

II , in a cooperative fashion to either activate or repress target gene transcription (Qian 

et al., 1996; Levy et al., 2003).  

1.10.1.3 The Meq C-terminus 

The Meq C-terminal domain (CTD) features a transactivation domain that 

cooperates in transcriptional regulation. Transactivation is precisely mapped to amino 

acids 209-339, with the last 33 aa residues at the C-terminus being essential, while 

transcriptional repression is attributed to the proline-rich repeat (PRR)-CTD (Qian et 

al., 1995).  

1.10.2 Meq localization 

The Meq N-terminus contains two basic motifs designated as BR1 and BR2. 

These regions are enriched in basic amino acid residues (Arg/Lys) and serve as a 

sequence-specific DNA-binding domain (DBD), allowing recognition of response 

elements and occupancy at distinct regulatory loci (Qian et al., 1995, 1996). The basic 

composition also provides intrinsic nuclear targeting sequences that mediate the 

localization of Meq to nuclear and sub-nuclear compartments. The bi-partite nucleolar 

localization signal (NoLS) motif in the basic region BR2 is sufficient for nuclear 

translocation as well as nucleolar localization, while the nuclear localization signal 

(NLS) in BR1 is dispensable for the translocation of Meq into the nucleus (Liu et al., 

1997).  
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1.10.3 Oncogenic properties 

Meq upregulates v-Jun target genes (Levy et al., 2005) and ERK/MAPK, Jak-

STAT, and ErbB signaling pathways to promote cell proliferation, cell survival, and 

cell migration (Subramaniam et al., 2013). Meq-binding proteins include cell cycle 

regulatory proteins p53 (Deng et al., 2010), retinoblastoma (Rb) (Kung et al., 2001), 

CDK-2 (Liu et al., 1999), and Hsp70 (Zhao et al., 2009), as well as the epigenetic 

modifier scaffolding C-terminal binding protein-1 (CtBP) (Brown et al., 2006) and 

histone deacetylase (HDAC) 1 and 2 (Liao et al., 2021b). 

When overexpressed, Meq induces morphologic changes, anchorage- and 

serum-independent growth, and shortens the G1 phase, which transforms rodent 

(RAT-2) and chicken fibroblast (DF-1) cell lines through increased cell cycling, 

proliferation, and apoptosis resistance (Liu et al., 1998, 1999). Thus, these functions 

delineate a regulatory network for Meq as an oncogene that is, at least, partially 

involved in the mechanisms underlying MDV-induced lymphomagenesis.  

1.10.4 Positive selection of Meq 

MDV genomes are diverse, attributed to a greater mean evolutionary rate of 

8.25 x 10-6 substitutions per site per year compared to other herpesviruses (Li et al., 

2022). Moreover, the principal oncogene meq is under positive selection with a mean 

evolutionary rate of 1.02 x 10-4 substitutions per site per year (Padhi and Parcells, 

2016). This degree of genetic heterogeneity is essential to MDV biology by allowing 

meq to evolve under vaccine-mediated selection pressures, in which the adaptation to 

distinct vaccination practices most likely complements different mechanisms for 

pathogenesis. These criteria may suffice for MDV virulence evolution, which has 

tended to increase accordingly with several iterations of MD vaccines used in 
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international poultry enterprises each decade since the 1960s. The mutations in Meq 

are partially responsible for the pathogenic differences and resistance to MD vaccines. 

In a separate study, we performed in vivo characterization of rMDVs encoding the 

meq from prototype viruses of v, vv, and vv+ pathotypes, demonstrating the 

propensity for vv+ Meq isoforms to confer vaccine resistance and evade vaccinal 

immunity (Conradie et al., 2020). This fits our hypothesis that pathotype-dependent 

mutations in the Meq coding sequence, as previously indicated by (Shamblin et al., 

2004), were selected by MD vaccines.  

1.10.5 Polymorphisms in Meq 

Due to nonsynonymous point mutations, indels, and alternatively spliced 

variants, the meq open reading frame differs appreciably between US isolates. We 

previously reported on a pathotypic association of distinct genetic variations in 

essential regions of the MDV genome, whereby prototype viruses conserve 

discernable features in the meq coding sequence. The detection of size heterogeneity 

in the meq locus due to variable length indels corresponding to the PRR region within 

the disordered CTD was thought to be a virulence feature (Chang et al., 2002a, 2002b; 

Spatz et al., 2007a; Lee et al., 2000). The expansion of the CTD, in addition to 

nonsynonymous point mutations to the NTD, characterizes low virulence or 

nonpathogenic MDV-1 isolates, whereas higher virulence pathotypes lacked the PRR 

reiteration (Shamblin et al., 2004).  

Empirically, we previously determined that consistent with the vMDV 

pathotype of the JM102 strain, the rMDV encoding the JM102 meq abrogates the 

pathogenic characteristics of the vvMDV RB1B parent virus in vivo (Conradie et al., 

2020). Thereby affirming, strains JM, BC-1, and CU-2 encoding the predominate meq 
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species of 1,197 bp (398 aa), due to a 177 bp (59 aa) insertion comprising a domain 

duplication of PRRs, is a polymorphism common among low virulence NA strains. 

Although transactivation is not a proper correlate of virulence level, the JM, CVI988, 

and BC-1 Meq isoforms were generally weaker transcriptional activators than shorter 

isoforms encoded by vvMDV strains (Chang et al., 2002c; Ajithdoss et al., 2009; 

Okada et al., 2007). Conceivably, while only one copy of the PRR is required for 

complete transactivation activity, the reduced transactivation of these isoforms is a 

consequence of the repressive properties of the PRR region (Qian et al., 1995) and that 

the insertion of additional PRR copies into the transactivation domain is contributing 

to lower pathogenicity.  

1.10.6 Role in pathogenesis 

Deletion of meq from a very virulent MDV (Md5 strain) ablates oncogenesis 

(Lupiani et al., 2004). This meq-null recombinant MDV (rMDV), rMd5DMeq, exhibits 

vaccine properties that protect against challenge and reduce viral replication during 

early cytolytic infection (Lee et al., 2008). Chickens infected with various meq-mutant 

rMDVs did not develop lymphomas by abrogating dimerization and non-bZIP binding 

interactions through LZ and PLDLS motif disruption (Brown et al., 2009; Suchodolski 

et al., 2009, 2010; Brown et al., 2006). The oncogenic potential of Meq is regulated by 

protein-protein interactions with cellular transcriptional co-factors and chromatin 

remodeling factors during MDV infection that are critical for pathogenesis (Levy et 

al., 2003, 2005; Liao et al., 2021b; Subramaniam et al., 2013; Brown et al., 2006). 

Moreover, the targeted upregulation of CD30 by Meq (Burgess et al., 2004) has a 

direct role in the rapid induction of T-cell lymphomas by polarizing CD4+ T-cells 

toward T-helper 2 or regulatory T cell-like phenotype, which is antagonistic of cell-
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mediated immunity (Shack et al., 2008). Thus, the selection for substitutions in the 

bZIP-NTD may evolve under some evolutionary constraints governed by 

transcriptional repression or activation of Meq target genes involved in proliferation, 

apoptosis, or immunological responses involved in T-cell dysfunction to promote 

lymphoma progression. 

Since Meq protein expression is observed early during lymphocyte infection in 

vivo, the positive selection for PRR-CTD mutations indicates a biological function for 

the CTD during the cytolytic phase of infection (Parcells et al., 2012). We postulate 

that the functional constraints leading to conserved residues in the PRR-CTD of highly 

virulent USA strains, which evolved in the context of HVT and HVT/SB-1 vaccinated 

hosts, are fostered by the pressures imposed by MD vaccines. In effect, these pressures 

select for increased evasion of innate immune responses elicited by vaccines, 

including MDV infection, such as the production of type I and II IFNs and 

proinflammatory cytokines (Baaten et al., 2009; Neerukonda et al., 2019). Our data, 

and those of our colleagues, suggest that the substitutions in the PRR-CTD contribute 

to pathogenicity as it has been previously reported that a rMDV encoding the vv+ Meq 

isoform is resistant to innate immune agonists in vitro and overcomes protection in 

HVT-vaccinated chickens in vivo (Conradie et al., 2020). MDV escapes antiviral 

responses by targeting innate immune effectors, presumably by Meq and other gene 

products, to mitigate the pro-inflammatory response to MDV lytic replication. It was 

recently shown that the Meq CTD mediates the interaction with STING and IRF7 to 

inhibit the cGAS-STING DNA sensing pathway and downstream type I IFN induction 

(Li et al., 2019).  
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Collectively, these studies indicate that Meq is not only essential for the 

transformation of lymphocytes to dysregulate T-cell mediated immunity (anti-tumor) 

but also a role for the CTD in the evasion of innate immune responses that are elicited 

during the cytolytic phase of infection. 

1.11 Hypothesis of research 

Protein interactions between pathogen and host are driven by their co-

evolution. Hence, research inquiry into the pleomorphic oncoprotein, Meq, and its 

cellular targets extends our breadth of understanding MDV virulence evolution. This 

work addresses the following bifurcated hypothesis. We hypothesize that (1) 

Mutations in the Meq oncoprotein have been selected by the innate immune response 

elicited during lytic infection, and/or (2) Mutations in the Meq oncoprotein have been 

selected based on changes in the interactomes of Meq in latently infected T-cells. 

These hypotheses are not mutually exclusive, although they reveal the modularity 

within the conserved cellular pathways targeted by viral proteins to facilitate MDV 

propagation and virulence during specific phases of infection. 
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THE MEQ GENES OF NIGERIAN MAREKôS DISEASE VIRUS (MDV) 

FIELD ISOLATES CONTAIN MUTATIONS COMMON TO BOTH 

EUROPEAN AND US HIGH-VIRULENCE STRAINS  

2.1 Introduction  

Marekôs disease (MD) is a lymphoproliferative disease of viral etiology that 

progresses rapidly in domestic chickens (Gallus gallus). Despite a spectrum of disease 

severity, the main signs of MD are the onset of neurological syndromes, lymphoid 

atrophy resulting in immune suppression, skin leukosis, and development of T-cell 

lymphomas in visceral organs that culminate in fatality within several weeks of 

infection in unvaccinated, susceptible chickens (Payne and Venugopal, 2020).  

MD is caused by Marekôs disease virus (MDV), an Alphaherpesvirinae family 

member of the genus Mardivirus, for Marekôs disease virus. To control MD, poultry 

producers worldwide employ vaccination programs composed of three genotypes of 

commercially available live vaccines: the attenuated MDV-1 CVI-988 

(CVI988/Rispens), the apathogenic turkey herpesvirus (HVT) as a monovalent 

vaccine, and as bivalent vaccines paired with either Mardivirus-2, strain SB-1 non-

oncogenic strain (HVT + SB-1) for broilers, or MDV-1 (HVT + CVI988), for longer-

lived chickens (layers, broiler-breeders). Vaccine-induced immunity provides life-long 

protection against lymphomagenesis. However, despite this control, MD immunization 

neither prevents superinfection nor transmission of field strains. Thus, MDV subsists 

within the reservoir host upon exposure, and infectious dander is shed into the 

Chapter 2 
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environment. Although non-sterilizing ñimperfectò vaccines, MD immunization 

prolongs the host lifespan and the infectious period in which viruses undergo 

continued selection (Gandon et al., 2001; Read et al., 2015). Consequently, MDVs 

mutate continually into emergent field strains of higher virulence (Witter, 1997; Witter 

et al., 2005). 

Presently, MDV-1 field strains are classified into four pathotypes based on the 

following scheme of increasing virulence: mild (m), virulent (v), very virulent (vv), 

and very virulent plus (vv+). The introduction of non-sterilizing MD vaccines with 

increased efficacy to counter vaccine-resistant pathotypes is hypothesized to 

contribute to MDV virulence evolution (Davison and Nair, 2005; Witter, 1997). 

The viral oncogene meq has a central role in the pathogenesis of MDV 

infection, in which the gene codes for the 339 amino acid (aa) basic leucine zipper 

(bZIP) transcription factor (TF). Not only does meq have a causal role in oncogenicity 

(Lupiani et al., 2004), but our group and others have also identified virulence-

associated mutations in the meq gene in a pathotype and regionally dependent manner 

(Shamblin et al., 2004; Renz et al., 2012; Padhi and Parcells, 2016). Based on these 

observations, the meq gene appears to be under strong positive selection pressures, 

with codons in the CTD being most consistently mutated. It remains unclear, however, 

how these mutations in meq provide a mechanistic basis for changes in virulence and 

vaccine-induced immune evasion.  

In Nigeria, MDV has likely been in circulation as early as the 1960s (Hill and 

Davis, 1962; Adene, 1975, 1983). Since the expansion of the Nigerian poultry industry 

in the 1980s, recurring outbreaks of MD have been documented, and the prevalence of 

MD has increased with limited awareness, resources, and infrastructure to ameliorate 
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losses (Olabode et al., 2009; Jwander et al., 2013; Okwor and Eze, 2011; Musa et al., 

2013; Sani et al., 2017; Wakawa et al., 2012; Nawathe et al., 1978; Fatunmbi and 

Adene, 1986).  

Losses due to MD that burden poultry operations on rural, semi-commercial, 

and commercial scales have grave economic consequences for developing countries 

structured on an agro-economic system. Vaccination practices are seldom used by 

semi-commercial and backyard poultry operations, upon which the majority of the 

population relies for their livelihood (Jwander et al., 2013). Vaccine procurement is 

difficult , and improper vaccination techniques have led to vaccine failure in recent 

outbreaks (Oladele et al., 2023; Igbokwe et al., 2020). In flocks of commercially 

improved breeds under intensive management, Nigerian poultry farmers vaccinate 

layers due to the high risk of MD, while broilers typically are not vaccinated due to 

their shorter lifespan (Jwander et al., 2012, 2015; Wakawa et al., 2012; Okonkwo, 

2015; Adedeji et al., 2022; Fatunmbi and Adene, 1986; Musa et al., 2013; Sani et al., 

2017; Olabode et al., 2009; Oladele et al., 2023; Owoade and Oni, 2008).  

Without standardized MD vaccination programs in effect, the vaccination 

history of day-old chicks (DOCs) prior to arrival at farm sites is often unknown, 

leading to the common practice of farmers indiscriminately vaccinating flocks with 

HVT. In recent years, severe outbreaks of MD in vaccinated layer or unvaccinated 

broiler flocks indicate that highly virulent MDVs circulating in Nigeria are capable of 

breaking through HVT or HVT+CVI988 vaccine protection (Adedeji et al., 2022).  

In our present study, we performed comparative sequence analysis on the 

complete meq gene sequences and partial genomes of field isolates from suspected 

MD outbreaks in 12 Plateau State farms that occurred between 2015 and 2016. These 
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are the first MDV genome sequences reported from Western Africa, and the mutations 

in the meq oncogene presented herein can elucidate MDV lineages in Africa.  

Meq has been extensively studied in recent phylogenetic analyses from North 

America (Padhi and Parcells, 2016); Europe: Italy (Mescolini et al., 2020, 2019) and 

Poland (WoŦniakowski and Samorek-Salamonowicz, 2014; WoŦniakowski et al., 

2010); Asia: China (Lv et al., 2017; Tian et al., 2011; Zhang et al., 2011, 2016; He et 

al., 2018), Japan (Murata et al., 2013, 2020; Abd-Ellatieff et al., 2018), Turkey 

(Yilmaz et al., 2020), India (Prathibha et al., 2018; Kannaki et al., 2022; Puro et al., 

2018; Gupta et al., 2016; Suresh et al., 2017), Iran (Ghalyanchilangeroudi et al., 2022; 

Molouki et al., 2022; Abtin et al., 2022); and Africa: Egypt (Hassanin et al., 2013; 

Abdallah et al., 2018) which define the pathogenic and geographic relationships across 

the MDV phylogeny. The aim of this study was to use sequence comparison and 

molecular phylogenetic analyses to make a parsimonious inference on MDV 

pathogenicity and estimate the current virulence level of circulating field strains in this 

disease outbreak. We report that emerging Nigerian field strains of a highly virulent 

MDV, encoding a novel Meq isoform, was the cause of a severe outbreak of acute MD 

in CVI988-vaccinated commercial layer flocks, and based on the composite mutations 

observed, suggest that indiscriminate vaccine practices can inadvertently lead to the 

emergence of vv++MDV strains. 

2.2 Methods and Materials 

2.2.1 Study area 

Located within Western Africa, The Plateau State, Nigeria, is in the east-

central proximity of the North Central geopolitical zone and lies adjacent to the 
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borders of Nigeria's North-Western and North-Eastern zones. The area comprises 

commercial, semi-commercial, and small-holder backyard-scale poultry operations 

with moderate to high, minimal to low, and minimal biosecurity, respectively. Most of 

the commercial sector is based in southern states, while less than 10% are in northern 

zones of Nigeria. A current estimate of the poultry population and number of farms in 

Plateau state is difficult to ascertain, but recent studies conducted in the region that 

survey a sample population can serve as a proxy for this information (Maduka et al., 

2016; Igbokwe et al., 2020). Documented cases of poultry diseases have increased 

over the years, including the prevalence of MD in this region (Jwander et al., 2013).  

2.2.2 Case history 

Poultry farms in Plateau State experiencing MD outbreaks were reported 

between 2015 and 2016. Cases of MD were severe, affecting flocks from 12 

commercial poultry farm sites. The exact location of these sites and the number of 

chickens were unavailable; however, each farm site, the flock type, and vaccination 

history are specified in Table 2.1. Apart from 1 flock of backyard indigenous broiler 

breeds, the production type of the other 11 flocks consisted of commercially improved 

broilers and layers. The genetic lines and ages of the affected flocks were not 

available. MD-associated tumor incidence and/or clinical signs were identified in six 

unvaccinated broiler flocks and six vaccinated layer flocks. The layers were 

vaccinated at hatch (1 day-of-age) with the commercial vaccine CVI988/Rispens. The 

vaccination of layers was performed at the hatchery, and DOCs were subsequently 

placed upon arrival at the farms. Of the CVI988-vaccinated layer flocks, three flocks 

were revaccinated with HVT at 21 days-of-age. The HVT vaccine was administered at 

the farms by local veterinarians.   
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Table 2.1: Description of Nigerian commercial and backyard flocks investigated 

in this study 

 
 

 

 

Table 1 Description of Nigerian commercial and backyard flocks investigated in this study

Clinical Signs and gross pathological 
findings

Vaccination HistorydTissue 
Samplesc

Host of 
Or igin

Flock 
IDb

Farm Sitea

Second vaccineFirst vaccine

Age

(days)Strain

Age

(days)Strain

stunted growth, emaciation, paled mucus 
membrane, prominent keel bone, dark 

mucous feces with enteritis

----LV, SP, 
VBÿ, FTÿ

Broilers*CMBChinedu-
Mari BLR

NA21HVT1CVI988LVÿ, HBÿLayers*BRMBrown Mari

stunted growth, ruffled feathers, 
emaciation, paled mucus membrane, tumor 

on heart, liver, and spleen

----SP, LV, 
LGÿ, HTÿ

Broilers*EB1ECWA BLR-
1 (Aden)

stunted growth, emaciation, ruffled 
feathers, paled mucus membrane, tumor 

lesions on liver

----FTÿ, VB, 
HT

Broilers*EB2ECWA BLR-
1 (Bilong)

NA21HVT1CVI988FT, BDÿLayers*NGHNGH 
(Rantya)

hepatomegaly, serious sanguineous fluid in 
abdominal cavity

21HVT1CVI988LV, HT, 
SP, LGÿ

Layers*LECLay ECWA 
(Chijoke)

found dead overnight----HT, LVÿ, 
SP, LGÿ

BroilersÀMH1MH1 Mangu

NA--1CVI988OVÿ, KD, 
FTÿ

Layers*MH2MH2 Haija

on postmortem, liver and spleen were 
enlarged

----BD, FTÿ, 
LV, SP

Broilers*WKB5 wk BLR 
(Helen)

NA--1CVI988FTÿ, BD, 
LV, HT

Layers*RTRT (Morris 
Rantya)

NA--1CVI988FTÿ, VBÿLayers*GDAGangang 
Dashe (G. 

Dashe)

No clinical or gross lesions----VBÿ, FTÿ, 
SP, LV

Broilers*BBLBAM BLR 
(Nambam)
a The 12 poultry farms located in Plateau State, Nigeria experiencing MD incidence and excessive losses to MD 
b Farm site abbreviations for composing unique sample identifier used in this study
c Infected tissue samples collected and tumor dissemination: LV liver, SP spleen, FT feather pulp, LG Lung, HT Heart, OV ovary, KD 

kidney, VB venous blood, HB heart blood, BD blood
d The vaccination schedule and vaccines administered at the sites, unvaccinated flocks were not vaccinated against MD, revaccinated 

flocks were immunized at hatch with CVI988/Rispens followed by HVT FC-126 strain vaccine at 21 days post hatch, vaccinated flocks 
were administered CVI988/Rispens day of hatch at the hatchery.  
* Indicates commercially improved lines; ÀIndicates backyard broiler breeds; ÿIndicates confirmed positive for MDV-1 by molecular 

detection and diagnoses as well as meq sequence obtained.  
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2.2.3 Clinical samples and pathological findings 

All farms reported an increase in disease incidence and mortality rates in both 

unvaccinated and vaccinated flocks. Clinical signs are given for each flock in Table 

2.1, as follows: stunted growth, emaciation, and ruffled feathers. On postmortem 

examination, MD-associated gross pathological lesions were found, such as the 

accumulation of sanguineous fluid within the peritoneal cavity, hepatomegaly, and 

enlargement of the spleen. Visceral lymphomas were found on the heart, liver, and 

spleen.  

In total, 40 samples were collected from the 12 affected poultry farms. The 

tissue samples for this study were collected during necropsy of infected chickens with 

macroscopic tumor lesions present on the liver, spleen, heart, lung, kidney, and ovary. 

Blood and feather pulp were also sampled from chickens, which presented clinical 

signs of MDV infection. Freshly collected solid tumor, blood, and feather pulp 

samples were smeared/spotted directly onto the active area of Whatman FTA filter 

paper cards (GE Healthcare, UK) and allowed to dry at ambient temperature. For 

molecular detection and virus isolation, FTA sample cards were shipped to the animal 

Biosafety Level 3 experimental facility (Allen Laboratory) at the University of 

Delaware to be further processed. The field samples were obtained by Dr. Luka 

Jwander (National Veterinary Research Institute, Vom) and archived under ambient 

storage conditions, documented, and reported in Table 2.1 upon arrival. 

2.2.4 Importation DNA Extraction of Samples 

In accordance with importation regulations (Snyder, 2002), FTA sampling 

cards were used as the medium for the collection and transportation of the biological 
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specimens described in the present study. These samples were imported under USDA 

APHIS Importation permit # 134248 to Dr. Brian Ladman, University of Delaware. 

Isolation of DNA was carried out within the Allen Laboratory at the University 

of Delaware at Biosafety Level 2. For each sample, a sterile hole-punch was used to 

punch three 2 mm diameter discs from the FTA card into a 1.5 ml sterile micro-

centrifuge tube containing 500 µl Whatman FTA® Purification Reagent (Thermo-

Fisher, Waltham, MA). The tubes were vortexed and allowed to elute nucleic acids at 

RT for 15 min. Following this, the tubes were spun for 15 sec at 15,000 rpm, and the 

liquid was transferred to a fresh 1.5 ml tube. To inactivate any potential RNA viruses, 

50 µl of 1X TE, RNAse A (25 mg/ml) was added, and the samples were further 

incubated at RT for 30 min. DNA was then extracted using the PK solution (10 mM 

Tris-HCl, pH8.0, 10 mM EDTA, pH 8.0, 100 mM sodium chloride, and 2% SDS 

(w/v) + 4 mg/mL Proteinase K), vortexed, and incubated at 56 C̄ overnight. The 

DNA was then purified by phenol-chloroform extraction followed by isopropanol 

precipitation, according to standard methods (Sambrook and Russell, 2006). The DNA 

precipitate was washed with 70% ethanol, air dried, and resuspended in 100 µl 1X TE 

buffer, pH 7.5. 

2.2.5 Amplification of meq genes 

We designed two specific PCR primers targeting the translation start and stop 

codon to amplify the MDV meq open reading frame (ORF). The forward primer 

contains an Nhe I site, a MYC epitope tag, the first 20 nt of the meq ORF, and the 

reverse primer with a Hind III site and the last 19 nt of meq (Table 2.2). The PCR 

mixture contained 50 ï 100 ng of sample DNA, primers (10 mM each), 2X Platinum 

SuperFi II DNA Polymerase Master Mix (Invitrogen), and nuclease-free water. The 
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amplification reaction was conducted under the following conditions: 95C̄ for 5 min 

followed by 35 cycles at 95ęC for 1min, 60ęC for 1 min, and 72ęC for 1.5 min, with a 

final extension of 72ęC for 5 min in a thermal cycler. The PCR products were resolved 

by agarose gel electrophoresis (0.8% agarose Tris-borate/EDTA gel), detected by 

ethidium bromide staining (TBE buffer containing 0.5 ug/ml ethidium bromide), and 

visualized under an ultraviolet light transilluminator. 

 

 

 

Table 2.2: Primers used for mutagenesis, PCR, PCR/RFLP, and qPCR analysis 

 
 

 

 

Table 2 Primers used for mutagenesis, PCR, PCR/RFLP, and qPCR analysis

Reference 
sequence

Amplicon 
size (bp)

Pr imer  sequenceTarget sequence 
position

Gene target

EF523390.191
F 5ô-ATCATTCAGACGACGACATGGACG-3ô63997-64020MDV-1 gB

(GaHV-2) R 5ô-TGATCTCTTCAATGGAAACGGGCG-3ô63930-63953

HQ840738.1110

F 5ô-CCTCGGCATAGTCCAATA-3ô59169-59186
MDV-2 gB
(GaHV-3)

R 5ô-CACGTTTGTAGACCTGAAC-3ô59260-59278

AF291866.186

F 5ô-CCAGATCAGCATTTCCATAC-3ô54494-54513
MDV-3 gB
(MeHV-1)

R 5ô-GGTTGGAGTTGTTCCATAAA-3ô54428-54447

NC_052540.1
/CM028490.1

71

F 5ô-CACTGCCACTGGGCTCTGT-3ô4360-4378
Ch-
ovotransferrin

R 5ô-GCAATGGCAATAAACCTCCAA-3ô4410-4430

EF523390.11077

F 5ô-GGCTAGCATGGAACAAAAACTCATCT

CAGAAGAGGATCTGATGTCTCAGGAGCCAGAGCC-3ô136518-136537Meq
R 5ô-CCCAAGCTTGCGGATCATCAGGGTCTC-3ô137528-137546

1085R 5ô-GCTCTAGAGCAAGCTTGCGGAATCCTCCGGGTCTCC-3ôMeq fusion

EF523390.1771/759
F 5ô-CTT CAC GTA TTG TTA TGG GTA TTT-3ô19731-19754

MDV-1 gL
R 5ô-TTA TCC GAT GAA GGT GAT GTA TCA-3ô20478-20501

EF523390.11701/1878
F 5ô-AAAGACGATAGTCATGCATGACGTG-3ô136175-136199

Meq locus R 5ô-TGTATAGAACGAGAATTTGCCATTTAAG-3ô137848-137875
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2.2.6 Cloning of meq and chicken NFIL3 genes and construction of expression 

plasmids 

The 1077 bp amplicons containing the c-MYC epitope tag fused to the Meq 

ORF were excised following agarose gel electrophoresis and extracted using the 

QIAquick PCR Purification Kit (Qiagen, Valencia, CA). The meq gene was topo-

cloned into the pCR2.1-TOPO vector using the TOPO TA cloning kit (Invitrogen, 

Thermo Fisher Scientific, Waltham, MA) according to the manufacturerôs instructions. 

Prior to cloning, PCR products were incubated with Taq at 72C̄ for 20 min to add 3ô 

A-overhangs to increase cloning efficiency. Eight independent clones were screened 

via EcoRI digestion of plasmid DNA after plasmid purification using standard 

methods (phenol-chloroform extraction and isopropanol precipitation). Positive clones 

were propagated on a larger scale and purified using a Qiagen Plasmid Purification Kit 

(Qiagen, Valencia, CA). At least two independent clones per sample were sequenced 

for single nucleotide variations. 

The MYC-tagged Meq cassette was ligated into the pBKCMV vector to 

construct epitope-tagged expression vectors.  For the Meq C-terminal fusion proteins, 

fluorescent protein fusion constructs were generated by PCR mutagenesis to remove 

the stop codon in the meq coding sequence. Following PCR amplification, the meq 

fusion cassette was TA ligated into the pCR2.1 TOPO vector for sequence validation 

and subsequent sub-cloning. The resulting fusion gene cassette allowed for the 

insertion of the meq gene upstream of the fluorescent protein cassette in the pECFP-

N1 and pEYFP-N1 vectors. 

2.2.7 MDV genome copy number analysis 

The genomic DNA samples extracted from FTA cards were analyzed by real-

time quantitative PCR for the detection and quantification of MDV viral genomes per 
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10,000 cells. DNA stocks were quantified using a nanodrop spectrophotometer and 

diluted to 50 ng/ml prior to reaction setup. Primer sets were used to either target the 

MDV040 ORF that codes for the glycoprotein B (gB) of MDV-1 or the chicken 

ovotransferrin gene of the host cellular genome as previously described (Neerukonda 

et al., 2018; Baigent et al., 2016). The qPCR was performed using a Biorad MyiQ2 

Two Color Real-Time PCR Detection System (Bio-rad Laboratories, Hercules, CA). 

The PCR mixture of 20 ml contained 10 ml iTaq Universal SYBR Green Supermix 

(Bio-Rad, Hercules, CA), 250 nM of each primer, and 50 ng of DNA. The thermal 

cycling conditions consisted of an initial denaturation at 95C̄ for 3 min, followed by 

40 cycles of 95̄C for 10 s and 55̄C for 30 s. 

2.2.8 Genome sequencing  

MDV-positive samples were processed for next-generation sequencing by 

fragmentation of 5.0 mg of total DNA. Sequence libraries were subsequently prepared 

using the NEBNext Ultra II Library Prep Kit (New England Biolabs), and DNA 

sequencing was performed at the Institut für Virologie, Freie Universität Berlin 

(Berlin, Germany) on an Illumina MiSeq platform. The genomes were assembled de 

novo using SeqMan NGen (DNASTAR, Madison, WI) and were performed using a 

reference guided approach. The preprocessed and quality-trimmed Illumina reads were 

mapped against the MDV strain RB1B reference sequence (EF523390.1). The 

sequencing results are summarized in Table 2.3. Consensus genomes were generated 

for phylogenetic analysis. 
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Table 2.3: Draft genome assembly and read summary of MDV-1 isolates 

investigated in this study 

 
 

 

 

2.2.9 Sanger DNA sequencing   

To validate the candidate variants identified by NGS, each cloned Meq gene 

was sequenced on a Sanger dideoxy sequencing platform, the ABI 3500 Genetic 

Analyzer (Applied Biosystems Inc., Foster City, CA). DNA sequencing was 

performed at the University of Delaware (University of Delaware DNA Sequencing & 

Genotyping Center, Delaware Biotechnology Institute, Newark, DE). Bidirectional 

Sanger sequencing with vector-based primers (M13F and M13R) in conjunction with 

internal meq-specific primers as previously described (Shamblin et al., 2004) was used 

to identify non-synonymous point mutations in the polymorphic regions of the Meq 

ORF. The sequences obtained were assembled using the SeqMan Pro program in 

Lasergene (DNASTAR, Madison, WI) with RB1B Meq (EF523390.1) as a reference. 

A consensus sequence with 3-fold coverage at each base pair was generated, and 

nucleotide variations were manually called. 

Table 3 Draft genome assembly and read summary of MDV-1 isolates investigated in this study

Coverage 
depth

Scaffold 
length

Assembled 
reads number

Total reads 
number

Farm siteMDV-1 
Isolates

163.74177,635384,591493,070Brown MariBRM

108.58186,673233,511374,276Chinedu-Mari BLRCMB

27.66178,14557,25978,666MH2 HaijaMH2

1.95177,9602,4589,388NGH (Rantya)NGH

392.62186,598834,6211,096,414RT (Morris Rantya)RT
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2.2.10 Sequence analysis (MSA, pairwise, aa and nt) 

The Meq nucleotide and protein accessions used in this study were retrieved 

from GenBank and given in Table 2.4. Sequence analysis and alignments were 

performed using the bioinformatics software MeqAlign Pro (DNASTAR, Madison, 

WI). Local alignment searches were initially made with NCBI BLAST to infer 

sequence homology. Multiple sequence alignments of nucleotide and protein 

sequences were generated using MAFFT (Katoh et al., 2002) and Clustal Omega 

(Sievers et al., 2011), respectively. Distance matrices were generated using 

Uncorrected Pairwise Distance with Global gap removal metrics and presented as 

%Identity via the conversion formula stated within brackets (%ID = 100 * (1 ï 

distance)). 
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Table 2.4: Description of Meq isoforms and details of the parent MDV strains 

investigated in this study 

 
 

 

ReferenceYear  IsolatedVirulencea

(VL)
Country Strain Nucleotide 

Accession
Protein 
Accession 

(Schmittleand Eidson, 1968; Jones et al., 1992; 
Shamblin et al., 2004; Schat et al., 1981, 1982)

1964
1981

v
vv

USAGA
RB1B

M89471.1
AY243332.1

AAB48631.1
AAP06938.1

(Shamblin et al., 2004; Sevoian et al., 1963)1962vUSAJMbAY243331.1AAP06937.1

(Rispens et al., 1972; Shamblin et al., 2004)1969
1982

vNetherlands
Hungary

CVI988-S
H14c3

AY243335.1
-

AAP06941.1
-

(Rispens et al., 1972; Shamblin et al., 2004)1969vNetherlandsCVI988-LbAY243337.1AAP06943.1

(Shamblin et al., 2004; Akiyama and Kato, 
1974; Spencer et al., 1972)

1955vCanadaBC-1bAY362707.1AAR13319.1

(Shamblin et al., 2004; Smith and Calnek, 
1973)

1968mUSACU-2bAY362708.1AAR13320.1

(Shamblin et al., 2004)-vUSA567AY362709.1AAR13321.1

(Shamblin et al., 2004)1989
-

vUSA571
573

AY362710.1
AY362711.1

AAR13322.1
AAR13323.1

(Shamblin et al., 2004)1993
-

vUSA617A
637

AY362712.1
AY362713.1

AAR13324.1
AAR13325.1

(Witter, 1997; Shamblin et al., 2004)1987
1991

-

1993

1993

-

vv

vv+

USA549
595

L

RL

TK

X

AY362714.1
AY362715.1

AY362717.1

AY362720.1

AY362721.1

AY362724.1

AAR13326.1
AAR13327.1

AAR13329.1

AAR13332.1

AAR13333.1

AAR13336.1

(Witter, 1997; Shamblin et al., 2004)1994vvUSA643PAY362716.1AAR13328.1

(Witter, 1997; Shamblin et al., 2004; Witter et 
al., 2005)

1994
1995

1999

-

-

vv+USA648A
660-A

686

N

U

AY362725.1
AY362726.1

AY362727.1

AY362718.1

AY362722.1

AAR13337.1
AAR13338.1

AAR13339.1

AAR13330.1

AAR13334.1

(Spatz and Silva, 2007; Witter, 1997; Witter et 
al., 2005)

1990
1999

vv+USA584a
New

DQ534532.1
AY362719.1

ABG22688.1

AAR13331.1

2004vvHungaryATEAY571784.1AAS78589.1

(Su et al., 2012; Cheng et al., 2012; Zhang et 
al., 2015, 2016)

2001
2007

2012

vvChinaGX0101
LMS

LTS

JX844666.1
JQ314003.1

KP888838.1

AFX97850.1
AEZ51745.1

ALA98838.1

(Nair et al., 2011; Barrow and Venugopal, 
1999; Spatz et al., 2011; Trimpert et al., 2017)

1992
2000

hvUK
Hungary

C12/130
ATE2539

FJ436096.1
MF431493.1

ACR02853.1
AUB50976.1

(Lv et al., 2017; Zhang et al., 2011)2014
2006

NDChinaHS/1412
LYC

KU744561.1
HQ658627.1

AQN78222.1
AEM63536.1

(Zhang et al., 2012)1986attChina814bJF742597.1AEV55050.1

(Zhang et al., 2016)2011NDChinaLCCKP888815.1ALA98815.1

(Lv et al., 2017)1974vChinaJ-1KU744555.1AQN77176.1

(Trimpert et al., 2017)1992hvIsraelEU-1MF431494.1AUB51061.1

(Trimpert et al., 2017)2010hvPolandPolen5MF431496.1AUB51231.1

(Tulman et al., 2000; Niikura et al., 2006; 
Witter, 1983; Shamblin et al., 2004)

1977
1977

1999

vvUSAMd5
Md11

W

NC_002229.3
AY510475.1

AY362723.1

YP_001033993.1 
AAS01627.1 

AAR13335.1

2015-16vv++NigeriaLEC-LGcOR592064.1WYC13990.1

(Churchill and Biggs, 1967)1967vUKHPRS-16-this paper

(Kross et al., 1998; Barrow and Venugopal, 
1999)

1994-95vvSpainMR36-this paper

(Kross et al., 1998; Barrow and Venugopal, 
1999)

1994-95vvGermanyMR48-this paper

a Abbreviations: ND Not Determined, att attenuated, m mild, v virulent, vv very virulent, vv+ very virulent +, hv hypervirulent  
b Indicates the strains with the 398 amino acid Meq isoform containing the 59 amino acid proline-r ich repeat inser tion
c Canonical Niger ian Meq isoform representing CMB-VB, CMB-FT, EB1-LG, EB1-HT, EB2-FT, MH1-LV, MH1-LG, MH2-FT, 

MH2-OV 
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2.2.11 Phylogenomic analysis  

To assess the evolutionary relationship of the Meq isoform encoded by 

Nigerian field strains, a protein sequence dataset composed of the Nigerian Meq 

isoforms was compared to 26 representative Meq isoforms. The Meq isoforms 

included in this analysis are from prototype MDVs and parental viruses isolated from 

the US, Europe, and Asia. The dataset used for the phylogenetic analysis of the Meq 

isoforms is given in Table 2.4. For reconstructing MDV-1 evolutionary lineages, a 

phylogenetic analysis was performed on the five new partial genomes from Nigeria 

compared to 31 reference MDV-1 partial and complete genomes of different 

pathotypes and geographical regions of isolation (Table 2.5). Phylogenetic analysis 

was performed on these protein and nucleotide datasets with the parameters/ models of 

evolution stated as follows: (a.) the phylogenies were estimated with maximum 

likelihood optimality criterion which was executed by RAxML v8.2.12 (Stamatakis, 

2014), (b.) the maximum likelihood phylogenetic trees were construction by 

incorporating rate heterogeneity using the gamma (G) distribution model 

(GAMMA+P-Invar) along with the general time reversible (GTR) substitution matrix, 

and (c.) support values for phylogenetic relationships were obtained by simultaneously 

conducting a rapid bootstrap analysis and 1000 bootstrap replicates. MegAlign Pro 

(DNASTAR, Madison, WI) was used to perform maximum likelihood phylogenetic 

analysis and draw trees. 
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Table 2.5: Description of GaHV-2 genome sequences investigated in this study 

 
 

 

Table 5 Description of GaHV-2 genome sequences investigated in this study

ReferencePathotypeCountryYear  

isolated

Accession 

No.

Strain

16155725vvUSA1977AY510475Md11

10933706vvUSA1977AF243438Md5

17721813vvUSA1981EF523390RB1B

2836620vUSA1964AF147806GA

17557133mUSA1968EU499381CU-2

22923089vv+USA1994JQ806361648A

Unpublishedhv USA2015KU173119Bd2

Unpublishedhv USA2015KU173118Bf2

Unpublishedhv USA2015KU173117Bf1

Unpublishedhv USA2015KU173116Sd1

Unpublishedhv USA2015KU173115Sd2

27112385vChina1974KU744555J-1

27112385vv+China2011KU744556LCC

27112385vv+China2011KU744557LTS

28368367vv+China2015MW247181BS/15

UnpublishedvChina2007MW247188LCZ

Unpublishedvv+China2008MW247189LHC2

UnpublishedvChina2006MW247190LSY

UnpublishedvChina2006MW247192LZY

UnpublishedvvChina2012KU744558WC/1203

Unpublishedvv+China2015MW247196ZW/15

23166235vvChina2001JX844666GX0101

21984218mChina1986JF742597814

22476905vvChina2007JQ314003LMS

29151863vHungary1970MF431495MD70/13

29151863vv+Hungary2000MF431493ATE2539

29151863hvItaly1992MF431494EU-1

17374751mNetherlands1969DQ530348CVI988

29151863hvPoland2010MF431496Polen5

21450941hvUnited 
Kingdom

1992FJ436096C12/130-10

21450941hvUnited 
Kingdom

1992FJ436097C12/130-15

This studyNDNigeria2016NGH

This studyNDNigeria2016BRM

This studyNDNigeria2016RT

This studyNDNigeria2016MH2

This studyNDNigeria2016CMB
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2.2.12 Cell culture and transfections 

HD11 and HTC cells, an immortalized chicken macrophage cell line, were 

used in this study for transfection experiments. Cell cultures were maintained in high 

glucose Dulbeccoôs modified Eagleôs medium (DMEM) supplemented with 10% FBS 

(R&D Systems), 0.5 mg/mL amphotericin B, and 1X PSN (Gibco, Thermo Fisher 

Scientific, Waltham, MA) at 37°C with 5% CO2. For colocalization analysis, HD11s 

were seeded onto 12-well dishes at a plating density of 2 x 105 cells per well and were 

allowed to reach 60-70% confluency at the time of transfection. Prior to transfection, 

growth media was replaced with DMEM without antibiotics or antimycotics. 

Expression constructs were transfected using 1mg of Lipofectamine 2000 (Invitrogen), 

and DNA-liposome complexes were prepared in serum- and antibiotic-free DMEM 

according to the manufacturerôs suggestions. Transient transfections were allowed to 

fill in overnight prior to immunofluorescence analysis (IFA). 

2.2.13 Stable cell line generation 

For the stable expression of Meq constructs in HTC cells, transfected cells 

were passaged onto 60 mm culture dishes 24 hrs after transfection. At 48 hrs post-

transfection, cells were selected using 800 mg/mL G418 for seven days and then 

maintained in a culture medium containing 400 mg/mL G418 (Gold Biotechnology, 

Inc., St. Louis, MO) until cell proliferation assays were conducted. 

2.2.14 Antibodies 

The rabbit anti-Meq polyclonal serum used was pooled anti-Meq antisera from 

rabbits immunized with E. coli-expressed Meq amino terminus aa 1-106 and was 

generously provided by Dr. Hans Cheng (USDA-ADOL) and pre-adsorbed against 

ETOH-fixed chicken cell lines HD11, HTC, CU91, and DF1 cells.  Goat anti-rabbit 
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conjugated with Alexa 568 or Alexa 488 and goat anti-mouse Alexa 568 were used as 

secondary antibodies (Molecular Probes, Thermo Fisher Scientific, Waltham, MA). 

Antibodies were prepared in antibody diluent (1X PBS, pH 7.4, 3% goat serum, 1% 

BSA, 0.1% saponin, 0.1% NaN3) at a final dilution of 1:100 for primary antibodies 

and 1:200 for secondary antibodies. 

2.2.15 Immunofluorescence analysis 

For the localization study, HD11s were transiently transfected with 200 ng of 

the LEC-LG meq expression vectors (pBKCMV-MYC-Meq or pECFP-N1-MYC-

Meq) per well in a 12-well plate. After 24 hrs, transfected cells were fixed with 1% 

paraformaldehyde in PBS for 30 minutes, followed by three washes with PBS. Cells 

were blocked for 1 hr in blocking buffer (1X PBS, pH 7.4, 3% goat serum, 1% BSA, 

0.1% saponin, 0.1% NaN3) prior to staining with the polyclonal antibody to Meq 

(rabbit serum) or the mouse anti-MYC epitope tag antibody (hybridoma supernatant) 

for 2 hrs at RT. Cells were incubated with secondary antibodies for 1 hr at RT. After 

each staining step, cells were washed three times with wash buffer (1X PBS, pH 7.4, 

1% BSA, 0.1% NaN3) then counterstained with DAPI imaging buffer (1X PBS, pH 

7.4, 10% glycerol, 6 nM DAPI). Image acquisition was performed with a Nikon 

Eclipse TE2000-U inverted epifluorescent microscope with a Plan Fluor 20X 

objective, Nikon Digital Sight DS-QiMc camera, and Nikon NIS Elements imaging 

software (v5.02). 

2.2.16 Carboxyfluorescein succinimidyl ester (CFSE)-growth curve analysis  

Stable HTC cell lines expressing the RB1B Meq and LEC-LG Meq genes were 

labeled with carboxyfluorescein succinimidyl ester (CFSE) at 10 mM per 107 to 108 
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cells in wash buffer (1X PBS, pH 7.4, 1% BSA, 0.1% NaN3) for 30 minutes before 

quenching and washing to remove unincorporated CFSE with DMEM+10% FBS. 

Cells were resuspended in DMEM-10% FBS and plated in triplicate on 12-well cell 

culture dishes at 5 x 104 cells per well. For each expression cell line, an initial 2 x 105 

cells were sampled for the 0 hr timepoint prior to plating. Each triplicate group was 

harvested using TrypLE (Gibco, Thermo Fisher Scientific, Waltham, MA) to 

dissociate cells at 24, 48, 72, and 96 hr time points, fixed in 4% paraformaldehyde in 

PBS, then stored in wash buffer at 4 C̄ until FACs analysis. Data were collected on 

10,000 cells, and the cellular division of CFSE-labeled cells was assessed by 

measuring fluorescence on a FACSCalibur flow cytometer (Becton-Dickinson, CA, 

USA). The X Mean fluorescence intensity at each time point (T) was normalized to 

the 0 hr time point (T = 0hr) to represent the growth rate (X mean fluorescence 

intensity at T = 0hr/ X mean fluorescence intensity at T = x hr, where x hr = 0, 24, 48, 

72, or 96 hr time point). 

2.2.17 Glycoprotein L (gL) mutation assay (PCR-RFLP)  

The gL locus was amplified from each of the DNA samples with I7 High-

Fidelity DNA polymerase 2X master mix (Intact Genomics, St. Louis, MO), the gL-

specific pathotyping primers (Table 2.2), nuclease-free water, and 50 ng of sample 

DNA in a total reaction volume of 50 mL. The PCR was carried out under the 

following cycling conditions: 94̄C for 5 min followed by 35 cycles at 94̄C for 1 m, 

55̄ C for 1 m, 72̄C for 1 m, and a final extension of 72̄C for 5 min in a thermal 

cycler. The PCR products were subsequently purified by ethanol precipitation and 

resuspended in 10 mL TE buffer. Restriction fragment length polymorphism (RFLP) 

was conducted to detect the presence or absence of the 12 nt deletion in the gL gene as 
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previously described (Santin et al., 2006). Briefly, the 759/771 bp amplicon containing 

the 12 nt insertion or deletion (indel) was digested with the DdeI restriction 

endonuclease (New England Biolabs Inc., Beverly, MA) to cleave once or twice at the 

recognition site that resides in the region of genetic variation. The digested amplicons 

were resolved on a 1% agarose gel alongside positive and negative controls prepared 

from TK-1 and RB1B viral DNA, respectively. The 12 nt indel was discerned 

qualitatively by the resultant fragments. 

2.2.18 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism v5.01 (GraphPad 

Software, Inc., USA). The growth curves were analyzed using Bonferroniôs multiple 

comparisons test.  

2.2.19 Nucleotide Sequence Accession Numbers 

The nucleotide sequences identified in the present study were deposited into 

the GenBank database. The designated GenBank accession numbers are indicated in 

Table 2.6.  



 34 

Table 2.6: Information on meq nucleotide sequences submitted to GenBank 

 
 

 

Table 6 Information on meq nucleotide sequences submitted to GenBank

Accession 
No.

Clone 
No.

Isolate IDTissue 
sample

Host of 
or igin

Flock 
ID

Farm site

OR5920561, 2CMB-VBVenous 
blood

Broiler*CMBChinedu-Mari 
BLR

OR5920572CMB-FTFeather 
pulp

Broiler*CMBChinedu-Mari 
BLR

OR5920586BRM-LVLiver 
tumor

LayerÀBRMBrown Mari

OR5920596BRM-HBHeart 
blood

LayerÿBRMBrown Mari

OR5920602EB1-LGLungBroiler*EB1ECWA BLR-1 
(Aden)

OR5920611, 2EB1-HTHeart 
tumor

Broiler*EB1ECWA BLR-1 
(Aden)

OR5920624EB2-FTFeather 
pulp

Broiler*EB2ECWA BLR-1 
(Bilong)

OR5920635NGH-BDBloodLayerÿNGHNGH (Rantya)

OR5920644LEC-LGLungLayerÿLECLay ECWA 
(Chijoke)

OR5920651MH1-LVLiver 
tumor

Broiler*MH1MH1 Mangu

OR5920662MH1-LGLungBroilerϠMH1MH1 Mangu

OR5920671MH2-FTFeather 
pulp

LayerÀMH2MH2 Haija

OR5920687MH2-OVOvarian 
tumor

LayerÀMH2MH2 Haija

OR59206911WKB-FTFeather 
pulp

Broiler*WKB5 wk BLR 
(Helen)

OR5920704, 5RT-FTFeather 
pulp

LayerÀRTRT (Morris 
Rantya)

OR5920712, 3, 8GDA-FTFeather 
pulp

LayerÀGDAGangang Dashe 
(G. Dashe)

OR5920722, 5GDA-VBVenous 
blood

LayerÀGDAGangang Dashe 
(G. Dashe)

OR5920737BBL-VBVenous 
blood

Broiler*BBLBAM BLR 
(Nambam)

OR5920743BBL-FTFeather 
pulp

Broiler*BBLBAM BLR 
(Nambam)
* unvaccinated commercial broilers; À CVI988 (1 dph) vaccinated commercial 
layers;ÿCVI988/HVT (1 dph/ 21 dph) vaccinated commercial layers;Ϡ
unvaccinated backyard broiler breeds 
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2.3 Results 

2.3.1 Gross pathology 

Acute MD clinical signs, pathological alterations, and death were reported in a 

total of 12 poultry flocks from five commercial broiler farms, one backyard broiler 

farm, and six commercial layer farms.  

The chickens from flocks suspected of MDV infection presented common 

clinical signs indicative of acute MD (Table 2.1). Cases were most severe in the 

unvaccinated broiler flocks, with veterinarian records indicating stunted growth, 

emaciation, ruffled feathers, pale mucous membrane, dark mucous feces with enteritis, 

and prominent keel bone (Table 2.1). Post-mortem reports indicate overt 

splenomegaly and hepatomegaly with lymphomatous lesions and gross visceral 

lymphoma on the heart, liver, and spleen during necropsy of broilers (Table 2.1). 

Notably, the unvaccinated flock of backyard indigenous broilers (MH1) experienced 

high levels of mortality, with chickens found dead suddenly overnight (Table 2.1). The 

common gross pathological alterations observed during necropsy of vaccinated layer 

flocks were hepatomegaly with lymphoma and accumulation of sanguineous fluid 

within the adnominal cavity (Table 2.1).  

Other gross tumors of the liver, spleen, lung, heart, ovaries, and kidneys were 

observed, and solid tumors, along with the surrounding tissue, were collected (Table 

2.1). A total of 40 samples comprising solid tumors, infected tissues, feather pulp, and 

blood were sampled from different birds from the same farm and recorded along with 

the common gross pathological findings within each flock. The severity of tumor 

incidence and mortality was pervasive and invariable in both unvaccinated broiler and 
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vaccinated layer flocks; therefore, these cases were defined as clinical diagnoses of 

MD by the veterinarian on site. 

2.3.2 Molecular Analysis  

To identify MDV as the causative agent of the neoplasm and gross lymphoid 

tumors, all tissue samples were examined using PCR-based diagnostic methods. 

Detection of MDV genes for glycoprotein B (gB), glycoprotein L (gL), and the meq 

oncogene in 75% (30/40) of field samples from the 12 flocks suffering from suspected 

MD confirmed that all flocks were positive for MDV infection (Table 2.7). Out of the 

40 samples, the 30 MD positive samples represent all 12 flocks; that is, at least one 

tissue sample from each flock contained detectable amounts of viral particles. The meq 

gene was detected in 85.7% of samples tested by conventional end-point PCR (Table 

2.7) and was subsequently cloned for downstream sequence analysis.  

These molecular-based diagnostics were MDV target specific; therefore, our 

methods preclude detection of co-infection with adventitious agents, such as 

reticuloendotheliosis virus (REV) and chicken infectious anemia virus (CIAV). 

Consistent with the pathology and clinical diagnoses of MD, MDV was detected in all 

poultry flocks, irrespective of vaccination history. 
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Table 2.7: Molecular detection and diagnostic for MDV infection on specimens 

from diseased chickens 

 
 

 

Table 7 Molecular detection and diagnostic for MDV infection on 
specimens from diseased chickens

Viral genome 

copies/10,000

Meq CDS 

amplicon 

size (bp)

PCR-RFLP gL

genotype (bp)

gL 

amplicon 

size (bp)

Sample ID

1.95E+02---CMB-LV

2.90E+021,020--CMB-SP

nd1,020359, 251, 161771CMB-VB

1.87E+041,020359, 251, 161771CMB-FT

2.10E+021,020359, 251, 161771BRM-LV

5.00E+011,020359, 251, 161771BRM-HB

3.80E+021,020--EB1-SP

nd1,020--EB1-LV

nd1,020359, 251, 161771EB1-LG

1.04E+031,020359, 251, 161771EB1-HT

1.30E+011,020359, 251, 161771EB2-FT

1.10E+01nd--EB2-VB

nd--ndEB2-HT

3.13E+031,020--NGH-FT

7.60E+021,020-ndNGH-BD

5.00E+001,020--LEC-LV

4.90E+021,020359, 251, 161771LEC-HT

9.00E+001,020--LEC-SP

8.10E+011,020359, 251, 161771LEC-LG

nd1,020--MH1-HT

1.10E+011,020359, 251, 161771MH1-LV

ndnd--MH1-SP

3.60E+011,020359, 251, 161771MH1-LG

4.00E+011,020359, 251, 161771MH2-OV

nd1,020359, 251, 161771MH2-KD

1.56E+041,020--MH2-FT

nd1,020--WKB-BL

nd1,020--WKB-FT

nd--ndWKB-LV

ndnd-ndWKB-SP

2.07E+041,020--RT-FT

1.10E+01---RT-BD

1.10E+01nd-ndRT-LV

nd--ndRT-HT

nd1,020-ndGDA-FT

nd1,020-ndGDA-VB

nd1,020--BBL-VB

nd1,020-ndBBL-FT

ndnd--BBL-SP

nd1,020-ndBBL-LV
a Predicted size for gL amplicon is 771bp or 759 bp based on reference 
sequences. b Glycoprotein L (gL) gene amplicons screened for RFLP 

markers by PCR-RFLP analysis to differentiate variations in genotypes. 

Resultative RFLP patterns are marked by restriction endonuclease 

fragments sizes of 359, 251, and 161 bp; a 12 nt deletion in the gL gene is 
indicated by 508 and 251 bp fragments. nd = not detected by PCR
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2.3.3 Molecular characterization- PCR-RFLP  

The 12 nt insertion or deletion (indel) in the gL gene is a virulence feature 

associated with USA field strains (Shamblin et al., 2004), in which vaccine-mediated 

pressures select for the deletion that ablates four amino acids at a putative MHC-I 

signal peptide cleavage site (Shaikh et al., 2013) that is encoded by some HVT or 

bivalent vaccine resistant vv+MDVs  (Tavlarides-Hontz et al., 2009; Santin et al., 

2006). Based on the circumstance of the MD outbreak in vaccinated Nigerian flocks, 

the 12 nt gL deletion was examined by PCR-RFLP (Figure 2.1). Our results indicate 

that gL deletion is absent in Nigerian field strains (Table 2.7), suggesting that these 

field strains evolved under vaccine-mediated selection pressures that differed from 

vaccine-resistant vv+ USA field strains. 

2.3.4 Virus reconstitution 

To characterize the pathogenicity of the Nigerian MDV strain, we attempted to 

isolate the virus from specimens collected from chickens showing signs of clinical 

disease. Given that the infected samples were obtained as FTA card specimens, we 

were unable to successfully isolate infectious viral DNA by traditional virological 

methods due to pathogen inactivation and DNA shearing from FTA card matrices. 

Following this attempt, subsequent efforts to resuscitate the virus by generating an 

infectious recombinant BAC clone were also unsuccessful (data not shown). 

2.3.5 Draft Genome assembly 

Upon diagnosing suspected MD incidence and with respect to genome copy 

numbers of infected clinical samples, we used Illumina HiSeq 2000 NGS to sequence 

the viral genomes from five flocks experiencing cases of MD, including BRM, CMB, 

MH2, NGH, and RT. Flocks with severe clinical signs and vaccination history from 
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each of the vaccination protocols used were represented in this sample set. Partial 

genomes were assembled as scaffolds ranging in length from 177,635-186,673 bp in 

length using the RB1B reference genome to guide the assembly. We found the 

Nigerian strain genomes to resemble other alphaherpesviruses in size and organization 

into the characteristic class E genome architecture, containing six genomic regions 

(TRL-UL-IRL-IRS-US-TRS). The details of the five isolates and summary of 

assembled reads for each genome are given in Table 2.3. 

2.3.6 MDV -1 genome phylogenetic analysis 

To determine the phylogeographic relationship and evolutionary lineage of the 

emergence of new Nigerian field isolates, we built phylogenetic trees using the 

maximum likelihood approach. MDV genomes are divergent in that the direction of 

evolution is presumably driven by constraints related to the co-divergence of virus and 

host lineages, including the differences in international vaccination practices, poultry 

production intensification, and host genetic diversity. According to previous 

phylogenetic and comparative genomic analysis, the reconstruction of MDV 

phylogeny based on complete or partial genomes indicates that NA and Eurasian 

stains emerged from independent evolutionary paths (Li et al., 2022; He et al., 2018; 

Trimpert et al., 2017). 

We performed sequence alignments on the genomes of 36 international MDV 

isolates collected between 1964 and 2016 from NA, Europe, Asia, and West Africa. 

The partial genomes of the Nigerian field isolates present a limitation within our 

phylogenetic analysis. However, MDV sub-genomic segments can give insight into 

evolutionary dynamics, where the phylogenetic trees based on the UL subregion 

support the construction of phylogeny based on complete genomes (Li et al., 2022; He 
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et al., 2018). To account for inaccurate inferences of phylogeny, we also constructed a 

phylogenetic tree based on sequences of the UL sub-region. The construction of 

unrooted phylogenetic trees reveals a monophyletic grouping of strains into NA and 

Eurasian clades (Figure 2.2).  

Within this geographical framework, MH2, CMB, BRM, and RT were grouped 

with the other Eurasian strains into a clade, whereas NGH clusters in the NA clade due 

to close genetic relation with the RB1B strain. MH2 and CMB genomes have close 

genetic relatedness, as do BRM and RT genomes; accordingly, these genomes cluster 

with recently isolated strains from Europe (Hungary, Israel, and Poland) in the 

European subclade. The latter two genomes cluster with European strains and share a 

more recent common ancestor with the hv Polish strain, Polen5. Notably, MH2 and 

CMB genomes constitute a distinct subclade that is separate from BRM, RT, and other 

Eurasian strains, implying the Nigerian field strains could have evolved 

independently.  

Because of the paucity of MDV genomes sequenced from Western Africa, we 

could not determine if the Nigerian strain conforms to a clade associated with Afro-

Eurasia. The phylogenetic tree based on the complete genomes closely resembles the 

topology of the tree based on the UL subregions (Figure 2.3), with the exception of 

MH2, which shares genetic relatedness to the genome from the CVI988 vaccine strain 

originally isolated from Europe (Netherlands) and together these strains form a 

separate clade with RB1B and NGH. Our data suggests that the NA, European, Asian, 

and Nigerian (MH2 and CMB) strains had divergent evolution, while the division of 

BRM and RT from that of NGH, respectively, into the Eurasian and NA clades, 

indicates at least two independent virus introductions into Nigeria. 
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2.3.7 Sequence analysis 

To complement the MDV phylogeny and sequence heterogeneity at the 

genome level, we investigated the meq gene sequence of the Nigerian MDV field 

strains. Given the genetic variability within the meq locus of MDV field strains that 

typically corresponds to parental strain pathotype, we addressed the polymorphisms 

that would characterize the level of pathogenicity of circulating strains in Nigeria. 

Sanger sequencing of meq led to the identification of three distinct isoforms of 

the meq gene among the Nigerian field strains. All mutations identified in meq were 

either synonymous or non-synonymous point mutations. The meq nucleotide sequence 

of the five genomes sequenced by NGS was confirmed by Sanger sequencing and 

evaluated for sequence homology with representative MDVs. To further validate NGS 

results, we expanded our analysis by sequencing meq from 1 to 2 tissue samples 

collected from each flock suffering from MD. The sequences of meq of each isolate 

were deposited in GenBank (Table 2.6). Among the Nigerian field isolates, the meq 

genes from 19 clinical samples all contain the 1,020 bp ORF encoding the 339 aa Meq 

as the predominate isoform. The detection of indel genetic variations, particularly the 

177 bp insertion, was not represented in the sample set.  

The 19 meq genes included in this analysis show modest genetic heterogeneity, 

with the sequence identity ranging from 98.92 to 100% and 97.35 to 100% of 

positions in aligned nucleotide and amino acid sequences, respectively. BLAST 

searches found that the predominate meq gene detected among the Nigerian field 

isolates is unique, with 10 of the 19 isolates not represented in the GenBank database, 

as no identical sequences were found at the time of searching.  

Pairwise comparisons of the Meq coding sequences of representative MDVs 

with the Nigerian isolates are given in Table 2.8. The nucleotide sequences of isolates 
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CMB, MH2, EB1, EB2, LEC, and MH1 ranged in identity from 98.92 to 99.02% with 

the RB1B meq. The deduced amino acid sequences share 97.35% identity with RB1B 

Meq (Table 2.9). Sequence identities across the Meq proteins vary from 97.05 to 

98.82% according to the representative Meq isoforms, with the highest sequence 

homology between the 10 Nigerian isolates from flocks CMB, MH2, EB1, EB2, LEC, 

and MH1 with those of highly virulent European MDVs (C12/130 and ATE2539), 

followed by vv+ MDVs from the USA. These data indicate that circulating MDV field 

strains isolated from Nigerian poultry flocks contain an accumulation of 

nonsynonymous point mutations within the principal oncogene. 
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Additionally, the BLAST searches found homologous sequences to 9 of the 19 

meq genes encoded by the Nigerian field isolates and with those of previously 

identified MDV strains deposited in the GenBank database. Among these Nigerian 

field strains, the meq genes from the isolates NGH and BBL are 100% identical with 

the RB1B meq at both the nucleotide and amino acid levels, Table 2.8 and Table 2.9, 

respectively.  

For isolates BRM, RT, WKB, and GDA, the meq genes share 99.61% identity 

with RB1B meq, while the sequence identity at the amino acid level is 98.82%. The 

sequence identities at the nucleotide and amino acid levels are identical (100%) to 

Polen5 meq, a hypervirulent strain isolated from Poland in 2010. Based on sequence 

homology of the meq gene, we can infer the parent strain virus, and hence, these 

results suggest the circulation of other highly virulent MDV strains of European origin 

in Nigerian poultry flocks. 

The recent outbreaks of MD in Nigeria and the severity of the disease in 

vaccinated chickens suggest a high virulence strain in circulation. The study herein 

presents an emergent MDV field strain that encodes a novel Meq isoform identified in 

50% (n=6) of the infected and diseased flocks.  

As opposed to Meq isoforms of high virulence parental viruses isolated from 

NA and Europe, the predominate Meq isoform from Nigerian field isolates (CMB, 

MH2, EB1, EB2, LEC, and MH1) has accumulated non-synonymous point mutations 

in the region coding for essential domains within both the amino (N)- and carboxyl 

(C)-terminal proximity of the Meq protein. With the exception of two transversions, 

the non-synonymous point mutations to meq were G>A transitions at the nucleotide 

level, resulting in the amino acid substitutions described herein. By comparing the 
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protein sequence of the canonical Nigerian Meq isoform and the RB1B Meq, we 

identified a total of nine amino acid substitutions. Position of residue substitution 

based on alignment of Meq proteins with the canonical Meq sequence from Nigerian 

field isolate LEC-LG are given in Table 2.10 and are: K77E, D80Y, A88T, Q93R, 

T139A, P176A, T180A, P217A, and E263D. 
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In comparison to vv and hv European strains, the LEC-LG Meq is conserved at 

distinct amino acid positions within the N-terminal region of Meq. Amino acid 

residues at positions E77 and Y80 of the N-terminal basic region are conserved across 

vv and hv European strains (C12/130, ATE2539, EU-1, Polen5, MR48, MR36, and 

ATE). In the LZ motif, residues at position T88 and R93 are conserved with 

pC12/130-10, pC12/130-15, ATE2539, and ATE strains.  

In contrast to European strains, the LEC-LG Meq has conserved substitutions 

with vv+ USA strains (648A, 686, N, 584a, and TK) at residues A176 and A217 in the 

C-terminal, PRR domain. The substitution of proline residues at 176 and 217 for 

alanine interrupts the proline tetrads (PPPP) at the second position, thereby reducing 

the number of proline tetrads to three compared to five in RB1B Meq.  

2.3.8 Phylogenetic analysis 

A phylogenetic analysis was performed using the entire Meq sequence to 

investigate the molecular phylogenetic relationships among representative MDV 

strains. The virulence-associated mutations in the meq gene have been extensively 

studied. Thus, we used this gene to determine the pathogenic relatedness of the 

Nigerian parent strain based on the genetic heterogeneity of the oncogene among 

prototype strains having pathotype classification. To avoid compositional biases, we 

aligned the deduced amino acid sequences of 27 meq genes encoded by NA and 

Eurasian strains. The Meq tree reconstructs the divergent evolution of MDV strains, 

which supports the phylogenetic tree based on complete genomes (Figure 2.4). Similar 

to the partial genome sequence, LEC-LG Meq is a descendent of the European lineage 

and shares a recent common ancestor with vv and hv MDVs from Europe (C12/130, 

ATE2539, ATE). Notably, these Meq isoforms have diverged from a common 
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ancestor shared by European and Asian strains. Isolates BRM, RT, WKB, and GDA 

cluster with European (Polen5 and MR48) strains, while NGH and BBL cluster in a 

clade of North American (RB1B, Md5, 584A, N, and 648A) strains. Given the 

heterologous sampling of Nigerian strains with either close genetic relatedness to 

Polen5 or other Eurasian strains at the genome level, the clustering of the canonical 

Meq isoform with European strains raises the possibility that the Nigerian strain may 

have an evolutionary predecessor with European origin. 

The mutations accumulating in both the bZIP-NTD and the PRR-CTD of the 

canonical Nigerian Meq isoform in juxtaposition to the sequence diversity among meq 

genes renders it difficult to distinguish virulence determinants by phylogenetic 

analysis. Given the functional modularity of these two domains, we partitioned the 

Meq protein into two moieties constituting the bZIP domain (Figure 2.5a) and the 

transactivation domain (Figure 2.6a). We constructed ML phylogenetic trees with the 

partial Meq sequence of prototype strains from the USA, along with European and 

Asian strains.  

The phylogeographic diversity among the partial Meq trees and the 

geographical relationships are generally consistent with the topologies of the complete 

genome, UL subregion, and full-length Meq phylogenetic trees. However, we can gain 

more granularity in the pathogenetic relationship among strains. The phylogenetic tree 

based on the bZIP-NTD revealed two major clades (Figure 2.5b), with close 

relatedness in the bZIP domain from all high virulence USA strains and were divided 

into a single clade, while the other isoforms constitute the other clade. The latter is 

subdivided with the bZIP domains of high-virulence Eurasian strains clustering 

together and attenuated/low-virulence strains (mMDV and vMDV) forming a separate 



 50 

subclade. The PRR-CTD phylogenetic tree shows that the CTD among all high 

virulence USA strains were closely related, having evolved in a different direction 

from all low virulence strains (Figure 2.6b). As expected, the canonical Nigerian Meq 

bZIP-NTD clusters with vv and hv European (C12/130, ATE2539, ATE) strains, 

whereas the PRR-CTD shares close relatedness to vv+ NA (N, 584A, and TK) strains. 

Thus, we can infer that Nigerian strains encode virulence features common to both hv 

and vv+ MDVs, which may compound and contribute to increased pathogenicity 

accordingly. The genetic variants of the meq oncogene could point to one of the 

mechanisms driving pathogenic alterations in association with increasing virulence of 

MDV field strains; however, in vivo, pathogenicity studies are required to evaluate the 

vaccine resistance of the Nigerian field strain. 

2.3.9 Cellular proliferation dynamics  

Given that Meq is an oncoprotein that has been shown to have modest 

transformation potential by mediating processes involved in cellular proliferation, cell 

cycle, and apoptotic pathways that have essential underpinnings for T-cell 

lymphomagenesis, we asked whether both bZIP-NTD and PRR-CTD mutations 

cumulatively contribute to growth properties. We performed CFSE-based growth 

curve analysis on cell lines expressing LEC-LG Meq, RB1B Meq, or control vector. 

Our results show that although cells expressing the vvMDV RB-1B Meq demonstrated 

a marginal increase at 24 hrs, the LEC-LG Meq exhibited a significant increase in cell 

proliferation at 72 and 96 hr time points compared to the control vector (Figure 2.7). 

These results indicate that the accumulation of mutations in both the bZIP-NTD and 

PRR-CTD have a prominent effect on cellular proliferation. Taken together with the 

pathogenesis reported in vaccinated chickens infected with the Nigerian MDV, this 
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virus evolved under functional constraints that enhance the oncogenic properties of 

Meq. 

2.3.10 Localization dynamics 

In comparison to RB1B Meq, our sequences analysis reveals substitutions in 

BR2 at positions 71, 77, and 80 that are conserved by LEC-LG Meq and Meq isoforms 

of higher virulence strains from Europe (Table 2.10), as well as the CVI988 strain. We 

asked whether these amino acid differences disrupt the nuclear and subnuclear 

localization dynamics of Meq.  

In HD11 cells expressing the MYC-tagged LEC-LG Meq, we found Meq 

localized to the nucleus and accumulated in the nucleolus in abundance, which 

resulted in a characteristic bulging morphology (Figure 2.8a). This subnuclear 

compartmentalization of Meq was similarly observed for the LEC-LG Meq fusion to 

ECFP (Figure 2.8b and 8c). Our results show that LEC-LG Meq localizes to the 

nucleus and nucleolus, indicating that these three residues do not affect the 

characteristic localization signaling properties of BR2. 

As a bZIP protein, the LZ region of Meq is notable for mediating 

homodimerization and heterodimeric interactions with JUN, FOS, CREB, ATF, and, 

more recently, PAR family members (Levy et al., 2003; Reinke et al., 2010). 

Formation of both Meq homo- and heterodimers are required for oncogenic 

transformation of T-lymphocytes (Brown et al., 2009; Suchodolski et al., 2010, 2009), 

whereby the intrinsic stability of Meq-Jun heterodimers specifies DNA-binding at AP-

1 sites to upregulate transformation-associated target genes (Levy et al., 2005). 

Considering that dimerization is an integral component of the functional and 

structural properties of Meq, we investigated whether the amino acid differences in the 
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bZIP-NTD among Meq isoforms will retain the ability to re-localize the PAR family 

member NFIL3. The association of JM, RB1B, N, and LEC-LG Meq-EYFP isoforms 

with NFIL3-ECFP fusion constructs in the nucleus and nucleolus was examined by 

colocalization analysis. Perinuclear localization of NFIL3-ECFP was observed when 

expressed in cells alone (Figure 2.8d). In cell co-expressing NFIL3-ECFP and each of 

the Meq-EYFP isoforms reveal that NFIL3 and Meq colocalize in the nucleoplasm 

and nucleolus irrespective of substitutions in the bZIP-NTD (JM), PRR-CTD (N 

strain), or both (LEC-LG) compared to RB1B Meq (Figure2.8e-h). These data indicate 

that mutations in the bZIP-NTD of LEC-LG Meq do not cause anomalous re-

localization of Meq dimerization partners such as NIFIL3. However, based on 

colocalization alone, we cannot exclude that residues at positions 88 and 93 may alter 

the stability at the interface of LZ interhelical interactions or promiscuity with novel 

cellular bZIP partners. 

Taken together, the above results show that K77E, D80Y, A88T, and Q93R 

substitutions in the bZIP-NTD of the Nigerian Meq isoform are inconsequential to 

nuclear localization and subnuclear re-localization dynamics of Meq either as a homo- 

or heterodimeric complex. 

2.4 Discussion 

MDV-1 virulence evolution is predominately attributed to the extensive use of 

non-sterilizing, live vaccines based on MDV-1, 2, and 3 genotypes, which is attributed 

to the use of imperfect vaccines (Gandon et al., 2001; Read et al., 2015). This concept 

is based on consistent mutations observed in emerging field strains with respect to 

pathotypic classification, vaccine resistance, and year of isolation in the USA (Witter, 

1997; Witter et al., 2005). On an international scale, however, individual 
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circumstances of MD prevalence and the emergence of vaccine resistant strains in 

each country necessitated distinct introduction of these vaccines. 

Contemporaneously with the introduction of HPRS-16 in Europe during the 

1970s (Churchill et al., 1969a, 1969b), the US poultry industry employed vaccination 

programs based on the HVT strain FC126 (Okazaki et al., 1970). Both vaccines 

conferred effective protection against circulating vMDV strains in commercial flocks; 

however, Europe adopted the HVT vaccine as a surrogate to HPRS-16 shortly after 

licensure by the USDA in 1971 (Biggs et al., 1970; Purchase et al., 1971, 1972). 

Meanwhile, the isolation of the attenuated CVI988 strain allowed for the 

development of the second MDV-1 serotype vaccine, which became available in 

Europe in 1972 (Rispens et al., 1972b, 1972a). Thereafter, CVI988 was the preferred 

vaccine in Europe, where protection against vvMDV strains is conferred by 

administering as a monovalent or as a component of polyvalent vaccines and 

revaccination programs (Gimeno, 2004; Maas et al., 1982). Licensure constraints 

restricted other countries in NA and Asia from procuring CVI988, but it eventually 

became a widely available vaccine by 1994, and, to date, it is commercially employed 

worldwide in longer-lived chickens (layer, broiler breeder).  

Similarly, the HVT monovalent vaccine was also used briefly in Japan before 

outbreaks in HVT-vaccinated flocks became apparent following the introduction in 

1972, which in turn necessitated the procurement of additional provisions. Vaccination 

programs have since changed following the introduction of CVI988 in 1985 and 

CVI988+HVT bivalent vaccines in 1988 to control vaccine resistant field strains 

(Murata et al., 2020).  
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In China, commercially available monovalent HVT and bivalent HVT+SB-1 

vaccines were introduced in the 1980s, followed by the later introduction of serotype-1 

vaccines. However, prior to the widespread availability of CVI988, the isolation of the 

avirulent strain 814 in 1986, which shares a common ancestry with CVI988, offered 

immediate protection (Zhang et al., 2012).  

Immunization with CVI988 and 814 monovalent vaccines or CVI988+HVT 

bivalent vaccines are currently used in commercial layers and breeder flocks, while 

commercial meat-type birds are vaccinated with monovalent HVT (Sun et al., 2017). 

Conversely, the USA continued the usage of HVT as a monovalent vaccine to 

curtail MD losses for about a decade longer before a reduction in effectiveness became 

apparent (Witter, 1983; Witter et al., 1980). This led to the incorporation of the 

HVT+SB-1 bivalent vaccine into US vaccination programs in 1985, which provided 

enhanced protection against emerging vvMDV strains (Schat et al., 1982a; Witter, 

1982). Vaccine resistant field strains became prevalent again in the 1990s, and 

eventually, the approval of CVI988 entailed effective control measures against 

vv+MDV strains circulating throughout US poultry flocks (Witter, 1992; Witter et al., 

1995). Up until the 21st century, MDV field strains have demonstrated a stepwise 

increase in virulence each decade since the 1960s (Witter, 1997).  

Although this trend is thought to be perpetuated by the extensive use of non-

sterilizing, live vaccines, the emergence of another shift in virulence has yet to be 

documented. This control is likely due to the protective properties conferred by 

vaccination with CVI988; however, reliance on CVI988 to protect against 

contemporary field strains is a strategy fraught with possible points of vaccine failure. 

In fact, reports of CVI988 vaccine failures, emergence of vaccine resistant vv+MDV 
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field strains, and CVI988 recombination with field strains has been observed in recent 

years (Shi et al., 2020; Adedeji et al., 2022; Zhuang et al., 2015; He et al., 2020; Lv et 

al., 2017; Kross et al., 1998; Sun et al., 2017; Zhang et al., 2011, 2015). 

MD outbreaks still recur due to the stochasticity within field conditions that are 

contributed by variations in vaccine serotype, vaccination practices, flock 

composition, host genetics, management practices, and geographical regions, 

especially those at high risk for outbreaks of communicable poultry diseases.  

In Nigerian, the status of susceptibility to MD entails national concern as MD 

outbreaks affecting commercial poultry farms are on the rise (Jwander et al., 2013), 

and with reports indicating incessant yearly increases in the frequency of disease 

(Musa et al., 2013; Sani et al., 2017; Olabode et al., 2009; Wakawa et al., 2012). 

Historically, the adoption of routine MD immunization programs has never been 

firmly established in Nigeria (Biggs, 1982; Fatunmbi and Adene, 1986). Vaccination 

and revaccination practices are seldom used by farmers due to poor awareness, ad hoc 

veterinarian consultations, vaccine procurement, and other logistical limitations of live 

attenuated vaccines (Jwander et al., 2013, 2015, 2012; Dunn and Gimeno, 2013). 

The administration of HVT is more frequently used than any other serotype for 

the protection of commercial flocks, followed by CVI988, then SB-1 (Jwander et al., 

2012). This is problematic in high-risk areas for MD outbreaks, such as Plateau State 

(Jwander et al., 2015), considering HVT does not confer protection against vv or vv+ 

MDV challenge (Witter, 1997). Consequently, MD incidence was frequently 

diagnosed in unvaccinated birds compared to vaccinated birds, but prevalence was 

high, irrespective of vaccination history (Wakawa et al., 2012). Nevertheless, the 

increased usage of CVI988 reported in the last decade in Nigeria (Dunn and Gimeno, 
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2013) and the adoption of MD vaccines amongst farmers in Jos, Plateau State, is 

promising (Igbokwe et al., 2020). 

With respect to the geographic circulation of MDV field strains and regional 

dissemination of commercially available vaccines, the introduction of vaccine 

programs to mitigate MD incidence over the last several decades is most similar in 

European and Asian poultry enterprises compared to the US poultry industry due to 

the earlier integration of the CVI988 vaccine in Europe and Asia. In contrast, the US 

practiced prolonged usage of HVT and adopted the HVT+SB1 bivalent vaccine prior 

to the introduction of CVI988. This dichotomy underlying international vaccination 

practices contextualizes the MDV phylogeny, where the divergent evolution of NA 

and Eurasian field isolates reconstructs a monophyletic topology on the basis of 

geographical relationships (He et al., 2018; Li et al., 2022; Lv et al., 2017; Trimpert et 

al., 2017).  

In the present work, the phylogenetic reconstruction of a geographical 

framework gave the same topology as what has been characterized previously. In this 

framework, there were three notable features revealed by the phylogenetic analysis of 

the partial genomes of Nigerian field strains. First, NGH clusters in the NA clade and 

was distantly related to the RB1B genome. Second, BRM and RT have close 

relatedness to the Polen5 genome and clusters with other European strains in the 

Eurasian Clade. Finally, MH2 and CMB genomes share a common evolutionary 

lineage with the European and Asian strains within the Eurasian clade.  

Our findings provide strong evidence that the outbreaks in Nigeria were caused 

by multiple introductions or co-circulation of highly virulent MDV strains due to the 

heterologous sampling of three genetically distinct viruses. Countries in the Eastern 



 57 

Hemisphere are experiencing increasing MD prevalence (Dunn and Gimeno, 2013; 

Song et al., 2022) in addition to changes in pathogenesis as indicated by reports from 

China and Europe that characterize novel emerging virulent field isolates in HVT- and 

CVI988-vaccinated commercial flocks (Sun et al., 2017; Tian et al., 2011; Gong et al., 

2013; Shi et al., 2020; Kross et al., 1998; Barrow and Venugopal, 1999; Zhang et al., 

2016, 2015). Surveillance of these strains is needed, but we predict they are pervasive 

and capable of spreading into Africa or at least the ancestral strains. 

Polen5, a hypervirulent Polish strain isolated in 2010, has become an epidemic 

strain spreading throughout Eurasia and has since been isolated from outbreaks in 

Italy, Iran, and China (He et al., 2018; Molouki et al., 2022; Ghalyanchilangeroudi et 

al., 2022; Mescolini et al., 2020, 2019). The close similarity of BRM and RT with the 

genome of Polen5 and the absence of the gL mutation suggests the Nigerian strains 

have European ancestry.  

Interestingly, Nigeriaôs foundation stock is sourced from Western Europe 

(Adene and Oguntade, 2006), which raises the possibility that the introduction of the 

virus into Nigeria is from importing contaminated parent stock (i.e., contaminated 

shipping materials and packaging). With this proximity to Poland, in addition to the 

pervasive nature of the Polen5 strain throughout Eurasia and Africa during the 

sampling period of 2015-2016, our findings inform the potential risk of transboundary 

transmission of MDV via international dissemination (transport) of poultry products. 

The Nigerian strains CMB and MH2 are located in a separate subclade with no 

other strains, and the genomes have diverged from a common ancestry with Eurasian 

strains. Therefore, we cannot determine the exact origin of the Nigerian strains, but we 

speculate that the Nigerian strain has evolved in the context of improper vaccination 
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practices over time, which has selected for the mutations in meq. Alternatively, the 

emergence of the Nigerian strains can be a de novo recombination event.  

With regard to the latter, the relatedness of the CVI988 and MH2 within the 

UL subregion collectively with the co-circulation of the Polen5 strain and RB1B 

strain, we surmise that the Nigerian field strains are derivatives of NA and European 

parent strains as a result of recombination events in the UL or US subregions. MH2 

was sampled from a CVI988-vaccinated layer flock and, therefore, may rather 

represent a heterogenous stock. Nonetheless, the CVI988 vaccine strain has been 

shown to recombine with Chinese field strains, in which Polen5 was predicted as a 

putative minor parent strain (He et al., 2020). The prevalence of Polen5, along with 

recombination events involving other Eurasian strains such as ATE2539 to produce 

recent Chinese strains, may not only account for the divergence from Chinese strains 

isolated prior to the 1990s but also as major parental strains in other recombination 

events (Li et al., 2022; He et al., 2018; Lv et al., 2017). These events indicate the 

contribution of MDV recombination to MDV virulence evolution. Thus, further 

recombination analysis of Nigerian field strains is warranted. 

Another important finding in our study was that canonical Nigerian Meq 

isoforms shared a common recent ancestor with vv and hv MDV strains from Europe 

(C12/130, ATE2539, and ATE), implying that the Nigerian field strains have adapted 

to a higher virulence pathotype. The phylogenetic relationship of parental strains at the 

genome level (Figure 2.2 and 2.3) was congruent with the topologies of the 

phylogenetic trees reconstructed based on the sequence of the cognate Meq isoform 

(Figure 2.4). It has been previously established that the RL region of MDV-1 genomes 
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contains the genes of virulence factors in which genetic diversity among strains can 

reconstruct phylogeny and relatedness based on pathogenicity (Spatz and Silva, 2007). 

Due to the limitation of partial genome sequence in the present study, we opted 

to focus our analysis on the polymorphisms in meq to accurately estimate the virulence 

level of Nigerian strains in lieu of a óbest fitô pathotyping assay. Further studies with 

rMDVs encoding the LEC-LG meq are needed to confirm the pathogenicity in vivo 

and to determine whether mutations can provide resistance to CVI988 vaccination. 

The Nigerian strain is a lucid example of this vaccine-mediated selection of 

mutations in meq. The composite structure of Meq is composed of a bZIP-NTD and a 

PRR-CTD, each with discrete functional properties, and both have evolved in different 

directions. Substitutions at positions 77, 80, 88, 93, 139, 176, 180, 217, and 263, 

which correspond to distinct residues within these domains, are associated with 

virulence. Of these substitutions, positions 77 and 80 in the bZIP-NTD and 139 and 

176 in the PRR-CTD are under significant positive selection pressures (Padhi and 

Parcells, 2016). The NTD of the Nigerian Meq isoform shares a common ancestry 

with Eurasian strains due to the acquisition of mutations in the proximity of the bZIP 

region that are conserved in highly pathogenic European strains. By stark contrast, the 

CTD of the Nigerian Meq reflects a separate evolutionary path by conserving 

substitutions in the PRR region of vv or vv+ US strains.  

The bZIP substitutions may alter the binding promiscuity of dimer partners 

along with their DNA-binding affinity, while the PRR substitutions likely increase 

transcriptional activity, and together, we found that the combination of these in the 

Nigerian Meq was shown to promote proliferation of cells (Figure 2.7). 
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We postulate that the pressures that select for mutations in the Nigerian strain 

are indistinguishable from those in which parental strains from NA or Eurasia evolved. 

For instance, European strains have been selected in the context of monovalent or 

bivalent MDV-1 serotype vaccines (HPRS-16 and CVI988). On the other hand, US 

strains have evolved to overcome monovalent HVT and HVT+SB-1 bivalent 

commercial vaccines but not protection conferred by CVI988. Although MD vaccine 

strains are antigenically related, serotype-1, unlike serotype 2 and 3 vaccines, encodes 

a meq homolog. Owing to such divergence in the repeat long region, the pressures 

imposed by CVI988 vaccination appear to be different than those of HVT and 

HVT+SB-1 vaccines but mutually elicit pro-inflammatory, type I and II interferon 

(IFN), and interferon stimulating genes (ISG) as part of the innate immune responses 

to early infection.  

For instance, in HVT and HVT+SB-1 in ovo-vaccinated chicks, INF-g and 

TLR3 transcripts are upregulated in splenocytes, whereas IFN-b and TLR-21 

transcripts are upregulated in the spleen of CVI988 in ovo-vaccinated chicks 

(Neerukonda et al., 2019; Gimeno et al., 2018). This raises the possibility that these 

mutations cumulatively provide an evolutionary advantage to overcome vaccinal 

immunity, either at the level of innate immunity by subverting the effector mechanism 

of the host immune system or cellular transformation by leveraging host mechanisms 

involved in cell cycle regulation, cell proliferation, and apoptosis. 

There is uncertainty about the pathotype classification or genotypic 

composition of circulating strains in Nigeria. However, we suggest that the practice of 

using a highly effective vaccine at hatch (CVI988), followed by a lower efficacy 

vaccine (HVT) at 21 dph, selects for increased MDV virulence and selection of highly 
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virulent pathotypes. As a result, attempts to control MD by revaccination schedules 

with heterologous and homologous vaccines in commercial layers and pullets have 

been reported in current literature without much success in the protection against 

Nigerian MDV field strains currently in circulation throughout Plateau State poultry 

farms (Adedeji et al., 2022; Oladele et al., 2023).  

Apart from molecular diagnostics, these studies mainly investigate the 

pathological characteristics of vaccine resistant strains but inadequately address the 

molecular or phylogenetic characteristics to determine the virulence level of the 

causative MDV agent. This is due to a paucity of genome sequencing of MDV field 

isolates from Nigeria. Thus, the partial genome sequences drafted in the present study 

provide the initial molecular and phylogenetic characterization of MDV field strains in 

West Africa, which will aid in understanding the evolutionary dynamics of circulating 

strains in Nigeria. Furthermore, we include the clinical history and main pathological 

findings of the affected flocks to complement the genetic basis underlying the severity 

of this case. Standard pathotyping assays are required to assess the virulence level of 

the Nigerian field strains and their resistance to modern vaccines. Though difficulties 

in isolating viable viruses from infected tissue specimens mean pathogenicity 

experiments to characterize the Nigerian field strains are not possible. 

In the present case study, however, we speculate that based on the clinical 

manifestation of MD with disease and mortality in all 12 flocks irrespective of 

vaccination status in addition to the mutations in the meq oncogene, Nigerian strains 

exhibit the propensity to increase pathogenic characteristics to a level exceeding the 

vv+ pathotype classification. Our data suggest this outbreak and the profound 
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pathological features in CVI988-vaccinated and revaccinated flocks were caused by 

administering vaccines improperly, which has, in turn, led to vaccine failure. 

Vaccination history for the affected flocks includes unvaccinated broilers and 

CVI988 vaccinated layers that were administered the vaccine at the hatchery and, in 

some cases, were revaccinated with HVT at 21 days of age. Administering a second, 

more protective vaccine than that of the primary vaccine will induce a robust immune 

response that leads to a good outcome for protection against early field challenge 

(Gimeno et al., 2012a, 2012b). Our data suggest when less effective serotype-2 or -3 

vaccination is preceded by CVI988 immunization; then protection is suboptimal.  

This revaccination practice is commonly used by Nigerian poultry operations 

and has been reported once prior in an outbreak in Brescia, Italy, that was associated 

with excessive mortality in broiler flocks caused by the emergent vvMDV field isolate 

Crescenti (Powell and Lombardini, 1986). We reason that the timing, as well as the 

order in which the vaccine serotype was administered, caused immunity failure against 

highly virulent MDVs and is not suitable for high-risk areas that are particularly 

susceptible to MD. Alternatively, improper vaccination technique may have 

exasperated field conditions and prolonged replication, leading to the vaccine-

mediated selection of distinct mutations in the meq oncogene and the emergence of 

new variant strains. 

In summary, we report the sequence of an emergent MDV field strain from 

Nigeria. Although an increase in MDV virulence surpassing the vv+ pathotype has not 

been determined, within the last two decades, sequence analyses of circulating MDVs 

continue to show genetic heterogeneity in the Meq locus. In alignment with this trend, 

our sequence analysis identifies a unique Meq isoform from those encoded by 
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ancestral MDV strains that have emerged between the years 1960 and early 2000s. In 

the highly pathogenic field strains from this period, the selection for virulence-

associated residues in either the NTD or CTD of Meq are mutually exclusive. In 

contrast, the Nigerian MDV has undergone selection for substitutions in both domains 

that leave a mosaic of shared ancestry with NA and Eurasian strains and may, in fact, 

have been selected for a vv+MDV isolate.  
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Figure 2.1: PCR/RFLP analysis of the glycoprotein L (gL) locus. The Nigerian 

field strain gL amplicons were resolved on an agarose gel for the 

PCR/RFLP detection of a common 12 nt deletion. The gL locus was 

amplified by PCR to yield a 771 bp or 759 bp amplicon. Amplicons are 

shown with and without DdeI digestion. The gL deletion is characterized 

by the 759, 508, and 251 bp bands, whereas the 771, 359, 251, and 161 

bp bands indicate strains without the deletion. 
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Figure 2.2: The co-circulating field strains causing the MD outbreak in Nigeria 

are phylogenetically related to strains from NA and Eurasia. 

Maximum likelihood estimate tree based on international MDV-1 strains 

using 36 complete and partial gnomonic sequences, including five 

sequences from MD positive flocks identified in Plateau State, Nigeria, in 

2015-2016 (indicated by the red triangle, ƶ) with bootstrap values based 

on 1000 replications to show the reliability of tree topology. Bootstrap 

support values were drawn on each node of the tree. Labels include 

strain, country of isolation, and sampling year. Black = North America, 

green = Eurasia, and red = Africa. The scale bar represents 0.001 

substitutions per codon site. 
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Figure 2.3: Phylogenetic tree based on the genomic sub-region supports the 

MDV -1 phylogeny. Maximum likelihood estimate tree of 36 

international MDV-1 strains using the unique long (UL) sub-region 

sequences, including five sequences from MD positive flocks identified 

in Plateau State, Nigeria, in 2015-2016 (indicated by red triangles ƶ). 

Confidence levels of tree topology were assessed using 1000 bootstrap 

replications, and support values were drawn on each node of the tree. 

Labels include strain, country of isolation, and sampling year. Black = 

North America, green = Eurasia, and red = Africa. The scale bar 

represents 0.001 substitutions per codon site. 
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Figure 2.4: MDV phylogeny and full-length Meq isoforms from strains of North 

American, Eurasian, and African lineages. Maximum likelihood 

estimate tree based on the Meq protein coding sequence of Nigerian field 

strains and 26 representative Meq isoforms encoded by strains from 

North America, Europe, and Asia. Bootstrap values were based on 1000 

replications and were drawn on each node of the tree. Black triangles 

(ƶ) indicate the Meq isoforms identified in this study. The parental 

strain region of isolation for each Meq is represented by branch color: 

black = North America, green = Eurasia, red = Africa. The scale bar 

represents 0.01 substitutions per codon site. 
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Figure 2.5: Canonical Nigerian Meq bZIP-NTD has phylogenetic relatedness to 

highly pathogenic European strains selected in the context of CVI988 

vaccination (A) Schematic representation of Meq domain architecture. 

The bZIP-NTD sequence from 1-120 aa used for the phylogenetic 

analysis is highlighted. (B) Maximum likelihood estimate tree of 27 Meq 

protein-coding sequences, including the canonical Nigerian Meq 

(indicated by a black triangle ƶ). Bootstrap values were based on 1000 

replications and were drawn on each node of the tree. The scale bar 

represents 0.01 substitutions per codon site. (C) Substitution table of 

European Meq protein sequences was globally aligned with substitutions 

in reference to the RB1B Meq indicated in boldface. 
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Figure 2.6: Canonical Nigerian Meq PRR-CTD has phylogenetic relatedness to 

vv and vv+ USA strains selected in the context of HVT and 

HVT+SB-1 vaccination (A) Schematic representation of Meq domain 

architecture. The PRR-CTD sequence from 121-339 aa used for the 

phylogenetic analysis is highlighted. (B) Maximum likelihood estimate 

tree of 27 Meq protein-coding sequences, including the canonical 

Nigerian Meq (indicated by a black triangle ƶ). Bootstrap values were 

based on 1000 replications and were drawn on each node of the tree. The 

scale bar represents 0.01 substitutions per codon site. (C) Substitution 

table of USA Meq protein sequences was globally aligned with 

substitutions in reference to the RB1B Meq indicated in boldface. 
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Figure 2.7: Cellular proliferation assay of the Nigerian Meq Isoform CFSE-based 

growth curve analysis of HTC macrophage cell lines stably transfected 

with expression vectors encoding either the RB-1B Meq or the Nigerian 

Meq. Cell lines were labeled with carboxyfluorescein succinimidyl ester 

(CFSE), plated in triplicate, then harvested at 24 hr timepoints for 

analysis by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 

< 0.0001; Bonferroni's multiple comparisons test compared to vector 

control. Error bars indicate SEM. 
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Figure 2.8: Localization and re-localization dynamics of the Nigerian Meq 

isoform Chicken macrophage HD11 cells were transfected with the (A 

and B) MYC-tagged LEC-LG or (C) ECFP fusion LEC-LG Meq 

expression constructs and nuclei stained with DAPI. Cells were counter-

stained with antibodies to (A and B) Meq and (B) the c-MYC epitope 

tag. HD11 cells expressing the (D-I ) ECFP fusion chicken NFIL3 or (E-

I ) co-expressing EYFP fusion LEC-LG Meq fusion expression 

constructs. Total magnification = X300. Scale bars represent 10 mm. 
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COMPARATIVE PROTEOMIC ANALYSIS  OF MDV MEQ PROTEIN 

INTERACTOME S 

3.1 Introduction  

Marekôs disease (MD) is a paralytic, immunosuppressive, and T-

lymphomagenic pathology of chicken caused by Marekôs disease virus (MDV), an 

acute-transforming herpesvirus. Between the years 1960 and 1990, MD was reportedly 

a cause of concern due to its increase in prevalence and disease severity. Efforts to 

characterize circulating field strains by pathotype showed a stepwise increase in 

virulence that correlates with vaccine introduction during this period, described as the 

vaccine-mediated virulence evolution of MDV (Witter, 1997). However, since the 

increased use of the CVI988/Rispens vaccine in the US in the early 2000s, there have 

not been any reports of another shift in virulence in the ensuing two decades.  

Here, we investigated the oncogenic mechanism of MDV-induced 

lymphomagenesis by a viral oncogene encoding a basic leucine zipper protein (bZIP) 

called Meq. The Meq protein is required to induce T-cell lymphoma (Lupiani et al., 

2004). As a bZIP protein, Meq can form homo- and heterodimers with cellular bZIP 

proteins through its coiled-coil, leucine zipper domain, and this protein is essential for 

MDV-mediated oncogenesis (Kung et al., 2001; Levy et al., 2005, 2003; Reinke et al., 

2010). Meq has many hallmarks of viral oncoproteins, in that it binds cell cycle 

regulatory factors (Kung et al., 2001), chromatin modifiers (Brown et al., 2006), and 

Chapter 3 
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acts as both a transcriptional activator and repressor, depending on dimerization state 

and context.  

Decades of vaccine-driven evolution have resulted in positive selection for 

mutations in Meq (Padhi and Parcells, 2016; Shamblin et al., 2004). Several of these 

polymorphisms are within a disordered proline-rich repeat region (PRR) in the C-

terminal domain (CTD). We hypothesized that the mutations in the Meq oncoprotein 

have been selected based on changes in its interactome to evade vaccinal immunity. 

Here, we report the findings from an in vivo pathogenicity study where we infected 

immunized chickens with recombinant MDVs containing different Meq genes in a 

common background genome (Rb-1B strain) to assess their causal role in overcoming 

early vaccine responses. Additionally, using mass spectrometry (MS)-based proteomic 

approach and orthogonal strategies, we identified novel virus-host interactions in the 

context of latently-infected CD4+ T-lymphoma cells and profiled the differential 

interactomes of these different Meq isoforms. 

3.2 Methods and Materials 

3.2.1 Ethics Statement 

Animal studies were conducted in compliance with the approved animal care 

protocols and under the University of Delaware Institutional Animal Care and Use 

Committee guidelines. The approved protocols for the in vivo studies were 64R-2019-

0 and 64-R-2022-0, standard operating procedure (SOP) #3, MDV pathogenesis 

studies with the designated PI being Dr. Mark Parcells (UD-ANFS, BISC, MMSC). 
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3.2.2 Cell lines and cell culture conditions 

Chicken embryo fibroblasts (CEFs) were prepared from 10-day-old SPF 

chicken embryos (Charles River) and cultured in Medium 199 (M199) supplemented 

with 10% fetal bovine serum, 0.5 mg/mL antimycotic (amphotericin B, Corning, 

Corning, NY), and 1X Penicillin, Streptomycin, Neomycin (PSN) antibiotics. CU91 

(REV), CU12, CU47, MSB-1, UD35, UD36, UD40, and UA53 MD lymphoblastoid 

cell lines were maintained in Iscoveôs modified Dulbecco medium (IMDMEM) 

supplemented with 20% fetal bovine serum (FBS; R&D Systems, Inc, Minneapolis, 

MN), 1X insulin-transferrin-selenium, 1X nonessential amino acids, 2 mM b-

mercaptoethanol, 4 mM L-glutamine, 0.5 mg/mL antimycotic (amphotericin B, 

Corning, Corning, NY), and 1X PSN antibiotics at 41°C with 5% CO2 in a humidity 

controlled incubator. For transfection and fluorescent protein visualization 

experiments, HD11 and HTC chicken macrophage cells were cultured in high glucose 

Dulbeccoôs modified Eagleôs medium (DMEM) supplemented with 10% FBS (R&D 

Systems), 0.5 mg/mL amphotericin B, and 1X PSN (except where stated, reagents 

were manufactured by Gibco, Thermo Fisher Scientific, Waltham, MA) at 37°C with 

5% CO2. 

3.2.3 Transfections 

HD11 or HTC cells were plated 24 hrs prior to transfection and transiently 

transfected once cells reached ~65% confluency using 1 mg Lipofectamine 2000 

Transfection Reagent (Invitrogen). The DNA-liposome complexes were prepared in 

serum- and antibiotic-free DMEM according to the manufacturerôs suggestions. Cells 

were incubated to 4 hrs post-transfection at 37°C prior to the addition of fresh DMEM 
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complete growth media and incubated overnight at 37C̄. At 18 hrs post-transfection, 

the culture media was changed to fresh media and allowed to grow for 24 hrs. 

3.2.4 Plasmids 

All expression constructs encoding the chicken ORFs for N4BP2, GON4L, and 

SMARCC1 were amplified from cDNA templates isolated from MDV-infected 

chicken specimens using Platinum SuperFi II DNA polymerase (Invitrogen, Thermo 

Fisher Scientific, Waltham, MA) as indicated in Appendix B. The CDS for each gene 

was amplified as multiple partial fragments containing 50 bp of homology at the 3ô 

ends of each fragment, and gel-purified amplicons were TA ligated into pCR2.1 

TOPO vector (Invitrogen). For the c-MYC-SMARCC1 construct, primers were 

designed at the UTRs and paired with a complementary internal primer to PCR 

amplify the corresponding N-terminal and C-terminal fragments separately.  

The N-terminal and C-terminal coding regions of HA-N4BP2 were amplified 

separately, with primers designed at the corresponding 5ô- and 3ô ends of the coding 

region and paired with an internal primer having an overlap of complementary 

sequences.  

The HA-GON4L construct was amplified as three partial fragments. The N-

terminal and C-terminal fragments were amplified with primer pairs designed at the 

UTRs to span an overlapping sequence of the 5ô- and 3ô ends of the internal fragment.  

Modified 5ô- and 3ô-ends of the coding region of each gene were generated by 

PCR-mediated mutagenesis, introducing unique restriction sites (underlined) flanking 

the start codon and stop codons. The forward primer appends the indicated epitope tag 

sequence to the N-terminus, while the reverse allows for the discretionary generation 

of C-terminal fusion constructs. For the contiguous assembly of full-length coding 
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sequences, equal molar amounts of each fragment were combined with Platinum 

SuperFi II DNA polymerase (Invitrogen, Thermo Fisher Scientific, Waltham, MA) 

and placed in a thermocycler programmed for 15 cycles to anneal and extend 

overlapping sequences of the complementary 3ô ends. The spliced product was 

amplified in a subsequent PCR by the addition of the outermost primers (boldface). 

The resulting full-length coding region was gel purified prior to cloning into pCR2.1 

TOPO vector (Invitrogen) for c-MYC-SMARCC1 and HA-N4BP2 or pMiniT2.0 

vector (New England Biolabs Inc., Beverly, MA) for HA-GON4L. 

Expression vectors were constructed by subcloning the PCR-generated and 

sequence-validated genes into the pBK-CMV vector (Stratagene) via compatible 

restriction sites or into the pECFP-N1 (CLONTECH) vector at the NheI and XhoI 

restriction sites to generate an N-terminal fusion to ECFP. The construction of all 

plasmids was validated by Sanger sequencing conducted at the University of Delaware 

(University of Delaware DNA Sequencing & Genotyping Center, Delaware 

Biotechnology Institute, Newark, DE). Consensus sequences with at least 3-fold 

coverage at each base pair were assembled, and nucleotide variations were called 

manually. Details on the gene target reference sequence with the corresponding primer 

sequences for amplification, mutagenesis, and sequencing are enumerated in Appendix 

A. The T7-tagged Meq expression plasmids (from MDV strains CVI988, JM102, RB-

1B, TRPLD, and N Meq isoforms) and for Meq deletion mutants (RB-1B Meq, 

Meq/vIL8, Meq/vIL8Dexon3, Meq bZIP, and Meq/vIL8 bZIP) were previously 

generated by subcloning into pBK-CMV and pEYFP-N1 vectors  (Kumar et al., 2012; 

Anobile et al., 2006). 
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3.2.5 Antibodies 

Rabbit polyclonal Meq antisera (a gift from Dr. Hans Cheng, USDA-ADOL) 

from several bleeds were pooled and pre-adsorbed sequentially against ethanol-fixed 

CU91, CEF, HD11, and HTC cell lines. 

3.2.6 In vivo pathogenesis, recombinant MDV virulence and efficacy of in ovo 

vaccination 

3.2.6.1 Vaccine virus strains 

The HVT monovalent vaccine was prepared from the Intervet seed stock HVT 

FC126 MSV + 15 CEF 26-JUL-2016. To prepare the HVT/SB-1 bivalent vaccine, the 

HVT stock was combined with the SB-1 Vaccine Stock JV312 Merial Batch #3 

2/6/12. 

3.2.6.2 Experimental Chickens 

Specific pathogen-free single-comb white leghorns were purchased as 

embryonated eggs from Charles River Laboratory. Upon arrival, eggs were set in a 

temperature and humidified controlled incubator maintained at 38C̄ and 60% 

humidity until hatch (E20-21). Fertile eggs were sorted into three groups, and embryos 

were administered 5,000 PFU of HVT monovalent vaccine or 5,000 PFU/ 2,000 PFU 

of HVT/SB-1 bivalent vaccines in ovo at E18. An unvaccinated group was included as 

a control. At hatch, chickens were co-housed in polycarbonate isolators under negative 

pressure in the animal Biosafety Level 3 experimental facility (Allen Laboratory) at 

the University of Delaware. Feed and water were provided ad libitum. 
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3.2.6.3 Recombinant virus strains 

All recombinant MDV viruses used in animal experiments were previously 

generated by two-step red-mediated recombination and characterized (Conradie et al., 

2019, 2020). Briefly, the genome of the very virulent RB-1B strain, which had a copy 

of the repeats flanking the unique long region of the virus deleted (RB-1BæIRL) was 

mutagenized at the remaining Meq locus to construct recombinants that encode Meq 

isoforms from the CVI988/Rispens vaccine strain (CVI-S, CVI-L), vMDV strains 

(JM102, 617A), vvMDV parent strain (RB-1B), vv+MDV strain (N), and the RB-

1B/N chimera Meq (TRPLD). Recombinant MDV viruses were obtained as infectious 

bacterial artificial chromosome (BAC) DNA and were transfected into CEF by the 

calcium phosphate method. Following reconstitution of the MDV-1 genome, in which 

the copy of meq loci was duplicated to regenerate equal repeats flanking the unique 

long region via homologous recombination, cell-associated virus stocks were 

propagated and frozen in liquid nitrogen prior to titration on CEF. The pathogenesis in 

unvaccinated SPF chickens infected with the recombinant viruses was deposited into 

the figshare repository (https://doi.org/10.1371/journal.ppat.1009104.s001) and 

reported as supporting information to an independent study (Conradie et al., 2020). 

The GenBank accession numbers and in vivo pathogenicity study characterizing the 

recombinant viruses are referenced in Table 3.1. 

 

 

 

https://doi.org/10.1371/journal.ppat.1009104.s001
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Table 3.1: Recombinant viruses used in in vivo study. 

 
 

 

 

3.2.6.4 Animal study 

Day-old, vaccinated chicks of the monovalent and bivalent vaccine groups 

were distributed evenly into eight groups, each of which contained 15 birds and 

housed in separate isolators. The animals were challenged via the intra-abdominal 

route with 2,000 PFU of parental RB-1B Meq, CVI988-S Meq, CVI988-L, JM102 

Meq, 617A Meq, TRPLD Meq, or N Meq.  

As a control, mock-infected chickens were inoculated with M199 medium. 

With each group, unvaccinated chicks were challenged with 2,000 PFU of parent RB-

1B Meq (n = 18), CVI-S Meq (n = 16), CVI-L Meq (n = 18), JM102 Meq (n = 17), 

617A Meq (n = 18), TRPLD Meq (n = 18), N Meq (n = 18) or diluent (n = 15).  

At 7, 14, 21, and 28 days post-infection (dpi), two chickens per treatment 

group from each challenge group were removed for sampling to measure viral genome 

copy number in peripheral blood mononuclear cells (PBMC) and spleen cells. For 

whole blood samples, chickens were bled by cardiac puncture and immediately 

PMIDGenBank 

accession

Parent virus 

virulence

GenBank 

accession 

meq isoform

33306739MT797629vvMDVAY243332.1RB-1B

33306739MT813453vMDVHM488348.1JM/102W

33306739, 31597721MT797630Vaccine MDVAY243335.1CVI988/Rispens (S)

31597721Vaccine MDVCVI988/Rispens (L)

33306739vMDVAY362712.1617A

-Triple mutanta

33306739MT797631vv+MDVAY362718.1N (MK)

a is a RB/N chimeric Meq consisting of the RB1B NTD and N CTD which differs from RB1B at 

positions P153Q, P174A, P214A



 84 

euthanized. During the necropsy, chickens were examined for overt tumor lesions, and 

spleens were collected. The remaining chickens were kept for evaluation of mortality 

and tumor incidence. Clinical signs of MD, namely paralysis, torticollis, ataxia, and 

red leg, were monitored by routine checks performed quaque die, and any chickens 

presenting MDV-specific signs were humanely euthanized. For chickens that 

succumbed to MD, a postmortem examination was conducted. All remaining chickens 

were euthanized, and all lesions were recorded upon termination of the experiment at 

53 dpi. 

3.2.6.5 Sample preparation 

Spleens from infected chickens were homogenized on ice using glass 

Tenbroeck tissue grinders. Subsequently, spleen cell homogenate was filtered through 

a sterile cheesecloth and washed with ice-cold M199 medium supplemented with 

antibiotics. Whole blood samples were collected in heparinized syringes and overlaid 

onto a histopaque 1119 (Sigma, St. Louis, MO) gradient in 15cc polystyrene tubes, 

and PBMCs were separated following density gradient centrifugation at 700g for 30 

min. 

3.2.6.6 DNA extraction 

Total DNA was isolated from spleen cells and PBMCs of infected chickens by 

lysis in the PK solution (10 mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0, 100 mM 

sodium chloride, and 2% SDS (w/v) + 4 mg/mL Proteinase K) for 1 hr at 37C̄ 

followed by phenol-chloroform extraction and isopropanol precipitation, according to 

standard methods (Sambrook and Russell, 2006). The DNA precipitate was washed 

with 70% ethanol, air-dried, and resuspended in TE buffer. 
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3.2.6.7 Viral genome copy number quantification 

The genomic DNA samples extracted from infected spleen cell homogenate 

and PBMCs were analyzed by real-time quantitative PCR for the detection and 

quantification of recombinant MDV-1, HVT, and SB-1 viral genomes per 10,000 

cells. DNA stocks were quantified using a nanodrop spectrophotometer and diluted to 

50 ng/ml prior to reaction setup. MDV serotype-specific primer sets were used to 

target non-conserved sites of MDV-1, MDV-2, and MDV-3 open reading frames 

(ORF) coding for the glycoprotein B (gB), and primers for the chicken ovotransferrin 

gene of host cellular genome as previously described (Neerukonda et al., 2018; 

Baigent et al., 2016). The qPCR was performed using a CFX384 Touch Real-Time 

PCR Detection System (Bio-rad Laboratories, Hercules, CA). The PCR mixture of 10 

ml contained 5 ml iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA), 

250 nM of each primer, and 50 ng of DNA. The thermal cycling conditions consisted 

of an initial denaturation at 95 ̄C for 3 min, followed by 40 cycles of 95 ̄C for 10 s 

and 55 ̄C for 30 s. 

3.2.7 Stable cell line generation 

For the stable expression of HA-N4BP2 or co-expression with T7-RB-1B Meq 

and T7-Meq/vIL8 constructs in HTCs, the pBK-CMV empty vector, T7-RB-1B Meq- 

and T7-Meq/vIL8-expression plasmids were transiently co-transfected with equal 

molar amounts of either the pBK-CMV vector or pBK-HA-N4BP2 plasmid. At 24 hrs 

post-transfection, cells were selected using 800 mg/mL G418 for seven days, then 

maintained in a culture medium containing 400 mg/mL G418 until cell proliferation 

assays were conducted. 
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3.2.8 Immunoprecipitation and Proteomics 

For endogenous immunoprecipitation studies, whole cell lysates were prepared 

from MD lymphoblastoid cell lines CU91, CU12, CU47, MSB-1, UD35, UD36, 

UD39, UD40, and UA53. Cells were harvested, washed with ice-cold 1X PBS, and 

then lysed in RIPA buffer supplemented with DTT, protease, and phosphatase 

inhibitors by performing three rapid freeze thaws. Lysates were incubated with 40 µg 

of DNase I for 1 hr at 4°C prior to clearing the lysate. Total protein of whole cell 

lysates was quantified by BCA. From cleared lysate supernatants, candidate Meq 

binding partners were immunoprecipitated with 50 mL of rabbit polyclonal anti-Meq 

sera in RIPA wash buffer overnight at 4°C with constant inversion and followed by 

inverting with a 50% slurry of protein A/G agarose resin (Pierce) for 2 hrs at 4°C. The 

precipitates were then washed three times with RIPA wash buffer, then pelleted and 

snap frozen in LN2 prior to shipment for liquid chromatography-tandem mass 

spectrophotometry (LC-MS-MS)-based proteomic analysis (MZ-Biolabs). 

3.2.9 LC-MS/MS Peptide Identification 

Protein fractions were treated with a mixture of DNase I (50U; Invitrogen) and 

RNase A (50 mg; Sigma-Aldrich, St Louis, MO, USA) to digest intact nucleic acids at 

37ęC for 30 min. Proteins were precipitated with an equal volume of 50% 

trichloroacetic acid (TCA) at ī20 ǓC overnight. The precipitated proteins were 

pelleted by centrifugation, washed with ice-cold acetone, and dried at room 

temperature. Proteins were resuspended in 0.5 mL of solubilization solution (7 M urea, 

20 mM Tris-Cl, pH 8.0, 5 mM EDTA, 5 mM MgCl2, 4% CHAPS, 1 mM PMSF) and 

quantitated using the 2-D Quant Kit (GE Healthcare Life Sciences, Pittsburgh, PA, 

USA). An aliquot of 0.1 mg of protein was precipitated again with 50% TCA at 
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ī20ęC, followed by centrifugation and a wash with ice-cold acetone. Samples were 

resuspended in 0.1 mL of 100 mM ammonium bicarbonate and 5% acetonitrile, 

reduced with 5 mM dithiothreitol for 10 min at 65 ǓC, alkylated with 10 mM 

iodoacetamide for 30 min at 30 ǓC, and finally digested with 2 ɛg of sequencing grade 

trypsin at 37 ǓC for 16 h. Peptides were desalted using a peptide macrotrap (Michrom 

Bioresources, Inc., Auburn, AL, USA), dried at room temperature, and stored at ī80 

ǓC until further processing.  

Desalted peptides were vacuum centrifuged until dry and resuspended in 2 ɛL 

of 2% acetonitrile, 0.1% formic acid and transferred to low retention vials in 

preparation for analysis using one dimensional LCïMS/MS. Samples were transferred 

to low retention HPLC vials for analysis using mass spectrometry. Peptide mass 

spectrometry was performed upon separation of proteins using a one-dimensional 

Dionex U3000 splitless nanoflow HPLC system operated at 333 nL per minute using a 

gradient from 2 to 50% acetonitrile over 4 h. The C18 column, an in-house prepared 

75 ɛm Ĭ 10 cm reverse phase column packed with Halo 2.7 ɛm, 90 AǓ C18 material 

(MAC-MOD Analytical), was located in the ion source just before a Proxeon ES562 

40 mm, 30 ɛm id stainless steel emitter. U3000 eluate was analyzed with an LTQ 

Velos (Thermo Scientific, Waltham, MA, USA) linear ion trap mass spectrometer.  

Scan parameters for the LTQ Velos Pro were one MS scan followed by 10 

MS/MS scans of the 5 most intense peaks. MS/MS scans were performed in pairs, a 

CID fragmentation scan followed a HCD fragmentation scan. All scans were 

performed in enhanced resolution mode. Dynamic exclusion was enabled with a mass 

exclusion time of 3 min and a repeat count of 1 within 30 s of initial m/z 

measurement.  
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Peptides were searched against the chicken, MDV, HVT, and SB1 proteomes 

using TurboSEQUEST to identify peptide spectral matches. Unique protein identifiers 

used for bioinformatic analysis were determined from the total mapped peptide count 

with immunoglobulins excluded and protein isoform redundancy removed. The anti-

Meq interactomes were filtered against the CU91 proteome to eliminate non-specific 

peptides. 

Mass spectra and tandem mass spectra were used to search subsets of the non-

redundant protein database (nrpd) downloaded from the National Center for 

Biotechnology Institute (NCBI; 06/14/16) using TurboSEQUEST (Bioworks Browser 

3.2; ThermoElectron, West Palm Beach, FL, USA). Analysis was performed on avian 

NRPD (AVIAN DB; search terms: chicken, Gallus, Cornix, Aves, turkey, and ostrich; 

NOT plant, yeast, bacteria, virus) (https://dx.doi.org/10.1021/pr049842d ). 

3.2.10 Bioinformatic analyses 

All bioinformatic functional Gene Ontology enrichment analyses and 

visualization were carried out in R (v4.4.0). 

3.2.10.1 Functional enrichment analysis 

Enrichment analysis of the interactome data was performed with the 

Bioconductor package clusterProfiler (v4.12.0) (Wu et al., 2021) using the enrichGO 

function. GO term annotation for the interactome data sets and default background 

were retrieved from the Homo sapiens database. Over-representation of enriched terms 

was assessed by Fisherôs exact test, and the obtained p-values were adjusted using the 

false discovery rate (FDR). Significant terms with an adjusted p-value of <0.05 were 

visualized. Semantic similarity analysis was conducted to cluster functional terms for 

https://dx.doi.org/10.1021/pr049842d
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visualization using the Bioconductor package simplifyEnrichment (v1.11.1) (Gu and 

Hu¨bschmann) with an adjusted p-value cutoff of <0.05. Functional enrichment of the 

differential Meq interactome was also analyzed using the ViSEAGO (v1.18.0) 

(Brionne et al., 2019) Bioconductor package with GO annotations retrieved from the 

Gallus gallus database. 

3.2.10.2 Transcript mapping 

The ORF sequences of the chicken N4BP2, GON4L, and SMARCC1 coding 

regions were mapped against the Gallus gallus genome 

(bGalGal1.pat.whiteleghornlayer.GRCg7w) using the Ensemble genome browser. 

Information on transcript identification, genomic location, and nucleotide sequence 

identity are summarized in Appendix B.  

3.2.11 Fluorescence Microscopy 

HD11 cells were seeded into 12-well plates at a density of 2 x 105 cells/well 

for colocalization experiments and co-transfected with the indicated plasmids. At 24 

hrs post-transfection, cells were fixed with 1% paraformaldehyde for 30 min at room 

temperature. The cells were washed three times with 1X PBS, and nuclei were 

countered-stained with DAPI imaging buffer (1X PBS, pH 7.4, 10% glycerol, and 6 

nM DAPI). Cells were examined under a Nikon Eclipse TE2000-U inverted 

epifluorescence microscope with a Plan Fluor 20X objective, Nikon Digital Sight DS-

QiMc camera, and Nikon NIS Elements imaging software (v5.02). 

3.2.12 Cell proliferation assay 

Stable HTC cell lines were labeled with carboxyfluorescein succinimidyl ester 

(CFSE) at 10 mM per 107 to 108 cells in wash buffer (1X PBS, pH 7.4, 1% BSA, 0.1% 
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NaN3) for 30 minutes before quenching and washing to remove unincorporated CFSE 

with DMEM+10% FBS. A sufficient number of cells were resuspended in DMEM-

10% FBS and plated in triplicate on 12-well cell culture dishes at 5 x 104 cells per 

well. For each expression cell line, an initial 2 x 105 cells were sampled for the 0 hr 

timepoint prior to plating. Each triplicate group was harvested using TrypLE (Gibco, 

Thermo Fisher Scientific, Waltham, MA) to dissociate cells at 24, 48, 72, and 96 hr 

timepoints and fixed in 4% paraformaldehyde for 30 mins on ice. Cells were washed 

with wash buffer and then stored in wash buffer at 4 C̄ until flow cytometric analysis. 

Data were collected on 10,000 cells, and the cellular division of CFSE-labeled cells 

was assessed by measuring fluorescence on a FACSCalibur flow cytometer (Becton-

Dickinson, CA, USA). The logarithmic X mean fluorescence intensity at each 

timepoint (T) was normalized to the 0 hr time point (T = 0hr) to represent the growth 

rate (X mean fluorescence intensity at T = 0hr/ X mean fluorescence intensity at T = x 

hr, where x hr = 0, 24, 48, 72, or 96 hr time point). 

3.2.13 Statistical analysis 

Statistical analysis was performed with GraphPad Prism v5.01 (GraphPad 

Software, Inc., USA). MD tumor incidence and mortality were analyzed using Fisherôs 

exact test. Kaplan-Meier survival curves represent the MD-specific mortality rate of 

infected chickens, and the probability of survival between groups was compared by 

the Mantle-Cox log-rank test. Individuals removed from the study for sampling were 

censored from the analysis. Differences between paired samples in cell proliferation 

assays were calculated by two-tailed Studentôs t-test; p-value <0.05 was considered 

statistically significant. In all figures, data were presented as the mean, and error bars 

represent the SEM. 
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3.3 Results 

3.3.1 Pathotype analysis of recombinant MDVs encoding prototype Meq 

isoforms in MD-immunized chickens 

To identify the mutations in Meq that confer a causal role in overcoming early 

innate immune responses, we conducted an in vivo pathotype study using a rigorous 

challenge of recombinant MDV viruses in unvaccinated and MD-immunized chickens. 

The recombinant viruses encoding virulence-associated mutations in the Meq gene 

express prototypic Meq proteins in the context of the vvMDV RB-1B genome. A 

summary of these Meq isoforms and the pathotype of their respective MDV strain can 

be found in Table 3.1. Briefly, the JM102 Meq is a long-form (399 aa) having a 

proline-rich reiteration (domain duplication) within the transrepressor domain; the two 

predominantly expressed Meqs from the vaccine strain, CVI988: CVI988-S (339 aa 

form), CVI988-L (399 aa form); the RB-1B parent virus, strain 617A which has a 

mutation in a proline direct repeat at position two (PPPP to P[Q/A]PP) and a mutation 

in the retinoblastoma (Rb) protein binding motif (C119R); a triple mutant - having an 

N-terminus similar to RB-1B -  with disruptions to three of five proline direct repeats 

(P153Q, P176A, and P217A) in the C-terminus; and the N-strain, having the 

combination of these mutations.  

3.3.1.1 In vivo characterization of recombinant viruses  

In these experiments, we evaluated viral load in splenocytes and PBMCs in 

infected chickens in addition to the severity of pathogenesis in chickens to determine 

MDV virulence based on the induction of lymphoproliferative lesions, mortality, or 

other MDV-specific clinical signs. Despite comparable replication properties in the 

unvaccinated group (Figure 3.4a and 3.4b), MD incidence and mortality were 
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significantly reduced in chickens infected with the CVI988-S Meq and 617A Meq 

recombinant viruses (Figure 3.4c and 3.4d). Thus, the substitutions in Meq encoded by 

low virulence strains attenuate the vvMDV pathotype of RB-1B, while the 

recombinant viruses encoding the CVI988-L Meq, TRPLD Meq, and N Meq retained 

pathogenic properties.  

3.3.1.2 Recombinant viruses do not differ significantly to induce pathogenesis in 

vaccinated chickens 

Next, we proceeded to ask whether the Meq isoforms and respective 

substitutions confer resistance to monovalent and bivalent vaccination. As shown in 

Figure 3.5 and Figure 3.6, there were no significant differences in viral load or 

pathogenesis in vaccinated chickens infected with the recombinant viruses compared 

to those challenged with the parent RB-1B strain. However, we saw a significant 

reduction in the survival rate of bivalent vaccinates challenged with the 617A Meq 

recombinant virus (Figure 3.7).  

These experiments show that the CVI988-L, TRPLD, and N Meq, but not 

CVI988-S or 617A Meq isoforms are pathogenic in the naïve, unvaccinated host. 

Although we observed modest differences in MD incidence and mortality, each virus 

overcame the protection offered by monovalent and bivalent vaccines. These results, 

therefore, suggest that the substitutions in the bZIP domain and the PRR domain - in 

reference to the RB-1B Meq. ï partially contribute to lymphomagenesis, and each 

isoform may usurp distinct cellular mechanisms to confer innate immune evasion in 

the face of vaccination.  
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3.3.2 Identification of Meq-binding proteins  

To complement our in vivo studies on the pathobiology of Meq, we performed 

LC-MS/MS-based proteomics on endogenous anti-Meq immunoprecipitants to 

characterize the Meq-host interactome among several MDV pathotypes in the context 

of lymphoma-derived, latently infected lymphoblastoid cell lines. We examined the 

binding profile of Meq isoforms in the T-cell interactome from CU12, CU47, MSB1, 

UD35, UD36, UD39, UD40, and UA53 cell lines (Figure 3.8a, 3.9, and 3.10).  

In all, we identified a total of 88 Meq-interacting proteins, including one of 

which, HSP70, that has been previously characterized (Zhao et al., 2009). A number 

of cellular chicken proteins interact with multiple Meq isoforms, namely, histones 

(H1, H2BK1), PDIA2, Keratins (KRT3, KRT5, KRT6A), heat shock proteins 

(HSPA2, HSPA5, HSPA8), solute carriers (SLC25A4, SLC25A5 SLC25A6), 

MYO7B, and ribosomal proteins (RPL6, RPL7A). Among the commonly bound 

proteins, Meq isoforms from MSB1 (vMDV BC-1 strain), UD35 (vvMDV RB-1B 

strain), and UA53 (vv+MDV TK strain) shared a common interaction with prohibitin 

(PHB). Notably, however, we found that the v, vv, and vv+MDV Meq interactomes 

differ appreciably (Table 3.2), suggesting that the oncogenic potential of Meq is 

affected by discrete interaction networks mediated by specific mutations.  
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Table 3.2: Summary of peptides identified by LC-MS/MS in Meq interactomes. 

 
 

 

 

3.3.3 Functional Gene Ontology (GO) term enrichment analysis 

Next, we performed GO term enrichment analysis to characterize the Meq-host 

T-cell interactome with respect to the transforming agent, the strain pathotype, and the 

Meq isoforms expressed by these cell lines. Our functional enrichment analysis 

revealed significantly overrepresented biological processes, including DNA 

recombination, chromatin remodeling, cytoplasmic translation, nucleotide 

Protein E-valuePeptides

Gene 

Symbol

vMDV

(BC-1, JM10 Meq)

1.9 x 10 -123HSPE110 kDaheat shock protein

5.4 x 10 -113ELMO2engulfment and cell motility protein 2

5.9 x 10 -141RBM14RNA-binding protein 14

3.0 x 10 -202DCNdecorin precursor

1.9 x 10 -112TP73tumor protein p73

vvMDV

(RB-1B Meq)

1.9 x 10 -131HSPA5endoplasmic reticulum chaperone BiP precursor

1.0 x 10 -282RPL360S ribosomal protein L3

6.6 x 10 -152RPL2460S ribosomal protein L24

6.1 x 10 -151HSPA2heat shock 70 kDaprotein

vv+MDV

(TK Meq)

3.1 x 10 -152WRNWerner syndrome RecQ like helicase

5.6 x 10 -092N4BP2NEDD4-binding protein 2

3.4 x 10 -121ANXA2annexin A2

1.9 x 10 -112KIN17DNA/RNA-binding protein KIN17

4.5 x 10 -202SETBP1SET-binding protein

att.MDV

(CVI988 Meq)

3.0 x 10 -173GON4LGON-4-like protein

Common to All Meqs

1.3 x 10 -13 - 2.7 x 10 -362-3HIST1H110Histon H1.10

3.7 x 10 -11 - 2.4 x 10 -121-2PHBProhibitin
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transmembrane transport, intermediate filament organization, and keratinocyte 

differentiation (Figure 3.8b-3.8e). For the vv+MDV T-cell interactome, our analysis 

indicates that host cellular factors involved in DNA replication and repair, chromatin 

remodeling, and DNA/histone modification were significantly enriched biological 

processes targeted by vv+MDV Meq isoforms relative to vMDV and vvMDV (Figure 

3.8c). In particular, the vv+Meq interacts with WRN, ANXA2, SETBP1, KIN, and 

N4BP2, all of which have either molecular functions of DNA binding, dsDNA 

unwinding helicase, exonuclease/ endonuclease activity, or histone lysine 

methyltransferase activity (Figure 3.8a, and 3.8e). Taken together, these results 

suggest that high-virulence MDV Meq isoforms have evolved to interact with DNA 

repair mechanisms, histone-modifying enzymes, and chromatin remodeling 

complexes, providing insight into a potential virulence mechanism to evade anti-viral 

and anti-tumor immune responses.  

3.3.4 Co-localization and functional assays 

Following our proteomic analysis, we cloned candidate interactors and 

subsequently validated their interaction dynamics with Meq isoforms by performing a 

colocalization analysis. We cloned the candidate Meq interaction partner, Nedd4 

binding protein 2 (N4BP2, also known as BCL-3 binding protein or B3BP), which has 

been shown to be involved in transcriptional activation and DNA repair or 

recombination through the interaction of the ATP-binding site of N4BP2 with BCL-3 

or p300/CBP and through the small MutS-related (Smr) domain of N4BP2, 

respectively (Diercks et al., 2008; Murillas et al., 2002; Watanabe et al., 2003). We 

cloned and subcloned the chicken N4BP2 gene into the pECFP-N1 and pEYFP-N1 

fluorescently tagged expression vectors to assess the localization and co-localization 



 96 

with our library of fluorescently tagged fusion constructs of the Meq isoforms and 

splice variants. Our preliminary findings show that N4BP2 localizes in the cytoplasm, 

forming aggregates, when expressed in the HD11 chicken macrophage cell line 

(Figure 3.11), similar to the human N4BP2 (Murillas et al., 2002). However, when co-

expressed with Meq, N4BP2 co-localizes with the Meq isoforms encoded by both low-

virulence strains and high-virulence strains of MDVs in the nucleus and nucleolus 

(Figure 3.13 and 3.13, respectively). These results indicate a role for Meq in mediating 

the translocation of N4BP2 in the nucleolus. 

We next addressed the question of whether the N-terminal bZIP domain or C-

terminal PRR domain is involved in mediating the subnuclear localization of N4BP2 

by using the full-length Meq and Meq domain mutants lacking the C-terminal PRR 

domain in domain mapping experiments (Figure 3.14). Interestingly, the co-expression 

of N4BP2 with the Meq bZIP domain mutant, as well as with the Meq splice variants 

(Meq/vIL8 and Meq/vIL8D exon 3), lacking the C-terminus of Meq, show that N4BP2 

remains localized in the cytoplasm (Figure 3.15). Furthermore, we show that while the 

stable expression of N4BP2 with either full-length Meq or Meq/vIL8 constructs both 

had a prominent effect on cellular proliferation, N4BP2 substantially increased the 

proliferation properties of the full-length Meq (Figure 3.16). In all, these findings 

implicate the CTD of Meq in the re-localization of N4BP2 to the nucleus and 

nucleolus and that this interaction alters cellular proliferation. 

Given the oncogenicity of the CVI988-L Meq compared to the non-pathogenic 

CVI988-S Meq recombinant virus, we conducted a similar analysis for the Gon4-like 

(GON4L) protein, which co-immunoprecipitated with the CVI988-L Meq isoform in 

lymphoma cells infected with this recombinant virus (UD39). In a yeast 2-hybrid 
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screen followed by co-IP validation, GON4L has been found to interact with bap1, 

Dnmt1, Thoc1, and Cry3a and based on these interactions it is predicted to have a role 

in regulating CpG methylation, histone modification, DNA repair/ genomic stability 

and RNA binding/processing (Tsai et al., 2020); therefore, indicating a potential 

mechanism for GON4L in lymphoma formation. Using the approaches previously 

described, we found that the nucleolar translocation of GON4L is dependent on the 

Meq CTD (Figure 3.17 ï 3.20). These experiments further support an essential role for 

the Meq CTD in T-cell lymphomagenesis and may help elucidate an underlying 

mechanism for which the CVI988-L Meq in the context of the RB-1B genome has 

lymphogenic properties similar to that of the RB-1B parent strain (Figure 3.4c and 

4.3d). 

3.4 Discussion 

The Meq oncoprotein is essential for T-lymphoma formation in MD 

pathogenesis. Decades of vaccine-driven evolution have resulted in positive selection 

for mutations in Meq. These polymorphisms are within a disordered PRR of the CTD 

and correlate with MDV virulence evolution (Shamblin et al., 2004). Although we did 

not observe the pathotypic changes or vaccine resistance that we expected, the positive 

selection on Meq has us decisively in opposition that these mutations are somewhat 

stochastic. The functional constraints owing to these sequence changes and how they 

regulate T-cell interactome is still an ongoing investigation. From our in vivo study, 

we found that the vv+MDV Meq does not significantly enhance MDV virulence to 

overcome vaccine-mediated protection, as previously shown (Conradie et al., 2020). 

These results preclude our understanding of whether the contribution of Meq in 

lymphomagenesis is due to the substitutions in the CTD alone or in combination with 
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the viral or host genetic background (i.e., epistasis). However, our results indicate that 

virulence-dependent mechanisms of Meq are far more complex than initially thought.  

In terms of herpesvirus host dependences, viral proteins have undergone 

modification or have ópiratedô host genes during the course of viral evolution to target 

conserved pathways by which to leverage the cell cycle. Subversion of the pathways 

regulating S-phase is a complex strategy that herpesviruses have acquired, including 

MDV, to preferentially regulate the viral genome and the virus life cycle by inducing 

DNA damage or by activating DNA damage response pathways (Trapp-Fragnet et al., 

2014; Bencherit et al., 2017). Furthermore, lytic infection for herpesviruses such as 

herpes simplex type 1, cytomegalovirus, and Epstein-Barr virus results in cell cycle 

arrest in the late G1 phase or at the G1/S interface (Flemington, 2001). The 

accumulation of infected cells in G1/S cell cycle arrest allows for a non-competitive, 

favorable environment for viral DNA replication. Akin to these observations, we 

speculate that Meq interacts with DNA-repair-associated proteins to antagonize their 

function, resulting in an accumulation of DNA damage/ mutations. This hypothesis 

fits the simple two-hit model proposed by H. Cheng et al., which suggests that somatic 

mutations in cancer driver genes are necessary to assist Meq in CD4+ T cell 

transformation (Steep et al., 2022).  

Since the initial characterization of Meq localization dynamics (Liu et al., 

1997), the properties of nucleolar trafficking of cellular proteins and the functional 

role in oncogenesis have not been revisited. We present a model whereby the miss-

localization and sequestration of DNA repair factors like N4BP2 or WRN in the 

nucleolus can prevent the invocation of these factors from localizing at double-

stranded DNA breaks in response to DNA damage. WRN has been implicated in the 
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replication of other DNA viruses, having a role in regulating DDR signaling and 

suppression of the innate immune response (James et al., 2020). The replication of 

DNA viruses in the nucleus is recognized by the cell as an aberrant process that 

activates the cellular DNA damage response (DDR) (Hollingworth et al., 2017; Ning 

et al., 2023; Justice et al., 2024; Studstill et al., 2023; Justice and Cristea, 2022). Like 

other DNA viruses that evolved mechanisms to target the DDR and evade innate 

immune responses during lytic replication when DNA damage is persistent, Meq is 

likely under similar functional constraints, resulting in the specification for binding 

DNA repair proteins to perturb or exploit these pathways. Furthermore, the 

endonuclease properties of N4BP2 (Watanabe et al., 2003) could be leveraged for 

efficient integration of vv+MDV genomes into the host chromosome.  

By targeting DNA repair and recombination mechanisms, vv+Meq has 

acquired properties to 1) increase the efficiency of latency establishment by 

integrating into the host genome and 2) promote genomic instability with an 

accumulation of mutations, particularly in tumor suppressor genes. Together, these 

provide a selection for viruses that can evade host anti-viral responses while also 

conferring passive viral replication of the latent virus by inducing uncontrolled cell 

cycle progression.  

We show that the CTD of Meq mediates the interaction with DNA repair 

factors and chromatin modifiers. However, our experimental approach fails to 

distinguish whether the substitutions in the PRR alter the binding affinity at the 

interface of this interaction domain. The overexpression of FP-tagged fusion proteins 

is a less sensitive method that is unsuitable for screening protein-protein interactions 

due to physiologically irreverent levels and stoichiometry of each protein. Non-
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specific interaction between or with FP tags can also obscure the subtle differences in 

binding affinity between the proteins of interest. Moreover, the differential 

representation of co-precipitated Meq-binding proteins can be due to the differences in 

the endogenous levels of these proteins and not necessarily due to a higher affinity 

interaction. However, the expression of these genes and their gene products are likely 

present in the MDV-infected proteome, considering the cellular ORFs were amplified 

from infected specimens (Appendix A) in the generation of expression constructs. 

The CVI988-L Meq in the context of the RB-1B genome is apparently highly 

pathogenic to chickens (Figures 3.4 ï 3.6) and (Conradie et al., 2019). Interestingly, in 

a lymphoblastoid cell line (UD39) derived from lymphomas induced by this 

recombinant virus, we identified a novel CVI988-L Meq interacting protein GON4L - 

a conserved transcription factor that is essential for regulating cell proliferation, 

differentiation, and B cell development (Lu et al., 2010; Colgan et al., 2021; Barr et 

al., 2017). In mouse B cells, GON4L cooperates in a complex with GON4L-

interacting proteins YY1, Sin3A, and HDAC1 to repress target gene expression (Lu et 

al., 2011). Human GON4L directly interacts with nuclear protein ataxia-telangiectasia 

locus (NPAT), and their colocalization in histone locus bodies (HLBs) suggests a role 

for GON4L-mediated transcriptional repression in the biogenesis of HLBs and 

regulation of histone gene expression(Yang et al., 2014). Additionally, a recent study 

using model organism Phenotype Enrichment Analysis revealed that enriched 

phenotypes related to increased embryonic tissue cell apoptosis, embryonic lethality, 

increased T cell-derived lymphoma incidence, decreased cell proliferation, and 

chromosome instability are common among the phenotypic alterations observed in 

Gon4l/udu mutant mice and the biological functions associated with GON4L-
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interacting proteins (Tsai et al., 2020). Collectively, the functions of GON4L and 

GON4L-interacting proteins suggest a potential mechanism whereby CVI988-L Meq 

cooperates with GON4L to mediate lymphomagenesis.  

3.4.1 Future directions 

Future experiments using endogenous proteins or more advanced 

biochemical/bioimaging assays to investigate binding affinity will help us better 

understand whether there is a selection for acquiring novel binding sites. We plan to 

conduct reciprocal co-immunoprecipitation experiments for the Meq isoforms and 

candidate Meq-binding proteins. In addition, fluorescence lifetime microscopy and 

Fºrsterôs resonance energy transfer (FLIM-FRET) bioimaging using FP-tagged N-

terminal fusions to the Meq expression constructs will allow us to detect measurable 

differences in FRET efficiencies. This information would show that the Meq coding 

sequence is important for directing changes in the T-cell interactome. Whether the 

interaction with DNA recombination and repair enzymes can differentially regulate 

the integration of vv+MDV genomes into host chromosomes would potentially require 

in situ hybridization-based methods to quantify integrated viral genomes (Kaufer, 

2013). In any regard, our results could also indicate a common pathway targeted by 

pan-virulence MDV pathotypes via a conserved binding domain in the CTD of Meq. 
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Figure 3.1: Genomic mapping of N4BP2 to the Gallus gallus reference genome. 

The N4BP2 transcript, cloned from cDNA of MDV-infected chicken 

specimens, was mapped against the primary assembly 

(bGalGal1.patwhiteleghornlayer.GRCg7w). The N4BP2 coding sequence 

maps to the predicted exonic spanning regions in the genome at 

chromosome 4, positions 68,532,464-68,560,223. 
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Figure 3.2: Genomic mapping of SWI/SNF subunits to the Gallus gallus 

reference genome. SMARCC1 and SMARCA4 transcripts, cloned from 

cDNA of MDV-infected chicken specimens, were mapped against the 

primary assembly (bGalGal1.patwhiteleghornlayer.GRCg7w). (A) The 

SMARCC1 coding sequence maps to the predicted exonic spanning 

regions in the genome at chromosome 2, positions 820,033-887,730. (B) 

The SMARCA4 coding sequence maps to the predicted exonic spanning 

regions in the genome at chromosome Z, positions 10,022-44,577. 
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Figure 3.3: Genomic mapping of GON4L to the Gallus gallus reference genome. 

The GON4L transcript, cloned from the cDNA of MDV-infected chicken 

specimens, was mapped against the primary assembly 

(bGalGal1.patwhiteleghornlayer.GRCg7w). The GON4L coding 

sequence maps to the predicted exonic spanning regions in the genome at 

chromosome 25, positions 2,314,382-2,334,612. 
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Figure 3.4: Pathogenesis in unvaccinated chickens infected with recombinant 

MDVs. Shown are the contributions of Meq isoforms to Viral genome 

copy number in (A) spleen cells and (B) PBMCs, (C) MD-related 

mortality, and (D) incidence in unvaccinated SPF chickens infected with 

2,000 PFU of recombinant MDVs in vivo. *P < 0.05, **P < 0.01; 

Fisherôs Exact test. 
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Figure 3.5: Pathogenesis in HVT -vaccinated chickens infected with recombinant 

MDVs. Shown are the contributions of Meq isoforms to (A) MDV-1 

viral genome copy number in spleen cells, (B) HVT genome copy 

number in spleens cells, (C) MDV-1 viral genome copy number in 

PBMCs, (D) MD-related mortality and (E) incidence in HVT vaccinated 

SPF chickens infected with 2,000 PFU of recombinant MDVs in vivo. 
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Figure 3.6: Pathogenesis in HVT/SB-1 vaccinated chickens infected with 

recombinant MDVs. Shown are the contributions of Meq isoforms to 

(A) MDV-1 viral genome copy number in spleen cells, (B) SB-1 genome 

copy number in spleens cells, (C) MDV-1 viral genome copy number in 

PBMCs, (D) MD-related mortality and (E) incidence in HVT/SB-1 

vaccinated SPF chickens infected with 2,000 PFU of recombinant MDVs 

in vivo. 

A       B

C       D

E       



 109 

 

A       B

C       D

E       F

G       H       
       



 110 

Figure 3.7: MD survival rates in chickens infected with recombinant MDVs. 

Kaplan-Meier survival curves represent the MD-specific mortality rate of 

infected chickens with (A) Mock, (B) RB-1B, (C) JM102, (D) CVI988-

S, (E) CVI988-L, (F) 617A, (G) TRPLD, and (H) N strain recombinant 

viruses. *p<0.05; Mantle-Cox log-rank test. 
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Figure 3.8: The substitutions in Meq mediate differential interactomes to 

maintain viral latency in MDV -transformed T-lymphocytes. (A) 

Euler diagram representing the overlap of Meq interactomes identified by 

IP-MS (chromatin remodelers and DNA repair enzymes are shown). (B) 

Semantic similarity matrix and clustering of significantly enriched GO 

terms in biological processes. (C) Relative enrichment of GO terms 

involved in chromatin remodeling and DNA recombination of Meq-

interacting proteins; labels on bars indicate padjust value (white) and 

zScore (black). (D) The significant GO terms enriched for CU12, MSB1, 

UD35, and UA53 MD cell lines (MD cell line in white font). (E) 

Semantic similarity matrix and clustering of molecular function class 

enrichment. 
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Figure 3.9: Enrichment statistics for biological processes category of Meq-

interacting proteins. Volcano plots comparing Meq-interactomes in (A) 

vMDV, (B) vvMDV, and (C) vv+MDV induced lymphoblastoid cell 

lines. (D) Volcano plot comparing term enrichment of Meq binding 

proteins in the interactome of all MD cell lines representing the three 

MDV pathotypes. 
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Figure 3.10: Functional GO enrichment analysis for anti-Meq interactomes of 

lymphoblastoid cell lines derived from v, vv, and vv+MDV-induced 

lymphomas. The clustering heatmap plots represent GO annotations of 

Meq cellular interactors by category: (A) biological processes, (B) 

molecular functions, and (C) cellular components. Shown on plots are 

the GO terms from functional enrichment analysis with a heatmap 

indicating ïlog10(p-value) for enriched GO terms, a dendrogram 

grouping enriched GO terms by semantic similarity distance based on 

Wangôs method and Wardôs clustering criterion, and information content 

(IC). GO terms were annotated using the Gallus gallus database. 
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Figure 3.11: Cytoplasmic localization of N4BP2. HD11 cells were transfected with 

the chicken N4BP2-EYFP fusion expression construct and were counter-

stained with DAPI to visualize the nuclei. The FP-labeled N4BP2 is 

excluded from the nucleus and is distributed throughout the cytoplasm, 

forming cytoplasmic aggregates. Total magnification = X300. Scale bars 

represent 10 ɛm. 

bright field DAPI N4BP2 merge
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Figure 3.12: Co-localization of low virulence Meq isoforms (with NTD mutations) 

with N4BP2 in the nucleus and nucleolus. In HD11 cells co-transfected 

with the chicken N4BP2-ECFP fusion expression construct and the 

pEYFP-N1 vector, the FP-labeled N4BP2 localizes in the cytoplasm. 

However, when co-expressed with the Meq-EYFP fusion constructs, 

N4BP2 co-localizes with meq isoforms encoded by low virulence MDVs 

in the nucleoplasm and nucleolus. Cells were counter-stained with DAPI 

to visualize the nuclei. Total magnification = X300. Scale bars represent 

10 ɛm. 
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Figure 3.13: Co-localization of high virulence Meq isoforms with N4BP2 in the 

nucleus and nucleolus. In HD11 cells co-transfected with the chicken 

N4BP2-ECFP fusion expression construct and the pEYFP-N1 vector, the 

FP-labeled N4BP2 localizes in the cytoplasm. However, when co-

expressed with the Meq-EYFP fusion constructs, N4BP2 co-localizes 

with meq isoforms encoded by high virulence MDVs in the nucleoplasm 

and nucleolus. Cells were counter-stained with DAPI to visualize the 

nuclei. Total magnification = X300. Scale bars represent 10 ɛm. 
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Figure 3.14: Schematic representation of the full-length Meq, Meq splice variants, 

and Meq bZIP-NTD domain mutants used for mapping essential 

binding domains. The diagrams (above) show the domain organization 

of the different Meq proteins. (Pro/Gln: proline/glutamine-rich region, 

BR: basic region, ZIP: leucine zipper motif). 
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Figure 3.15: The Meq-CTD mediates the re-localization of N4BP2 to nuclear and 

subnuclear compartments. HD11 cells were co-transfected with the 

chicken N4BP2-ECFP and EYFP-tagged full-length Meq, splice variants, 

or bZIP domain mutants. The full-length Meq re-localized N4BP2 from 

the cytoplasm to the nucleus and nucleolus. However, when co-expressed 

with the Meq/vIL8 splice variants and bZIP domain mutant constructs, 

lacking the PRR-CTD of Meq, N4BP2 remained localized in the 

cytoplasm. Cells were counter-stained with DAPI to visualize the nuclei. 

Total magnification = X300. Scale bars represent 10 ɛm. 
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Figure 3.16: Cellular proliferation assay of N4BP2 expression cell lines. CFSE-

based growth curve analysis of HTC macrophage cell lines stably 

transfected with expression vectors encoding the (A) pBKCMV vector, 

(B) RB-1B Meq, and (C) Meq/vIL8 expression constructs with either the 

empty vector control with endogenous levels of N4BP2 (dotted line) or 

stably co-expressing N4BP2 (solid line). Cell lines were labeled with 

carboxyfluorescein succinimidyl ester (CFSE), plated in triplicate, then 

harvested at 24 hr timepoints for analysis by flow cytometry. *P < 0.05, 

**P < 0.01, ***P < 0.001; Students T-test. Error bars indicate SEM. 
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Figure 3.17: Characterization of GON4L localization. HD11 cells were transfected 

with the chicken GON4L-EYFP fusion expression construct and were 

counter-stained with DAPI to visualize the nuclei. The FP-labeled 

GON4L is distributed throughout the cell, localizing to the cytoplasm and 

nucleoplasm, but is excluded from the nucleolus. Total magnification = 

X300. Scale bars represent 10 ɛm. 

bright field DAPI GON4L merge
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Figure 3.18: Co-localization of low virulence Meq isoforms with GON4L in the 

nucleus and nucleolus. In HD11 cells co-transfected with the chicken 

GON4L-ECFP fusion expression construct and the pEYFP-N1 vector, 

the FP-labeled GON4L localizes in the cytoplasm and nucleoplasm. 

However, when co-expressed with the Meq-EYFP fusion constructs, 

GON4L co-localizes in the nucleoplasm and nucleolus with meq 

isoforms encoded by low virulence MDVs. Cells were counter-stained 

with DAPI to visualize the nuclei. Total magnification = X300. Scale 

bars represent 10 ɛm. 

p
E

Y
F

P
-N

1
J

M
1

0
2
 M

e
q

C
V

I(
S

) 
M

e
q

C
V

I(
L

) 
M

e
q

DAPI Meq isoform GON4L merge



 126 

 

Figure 3.19: Co-localization of high virulence Meq isoforms with GON4L in the 

nucleus and nucleolus. In HD11 cells co-transfected with the chicken 

GON4L-ECFP fusion expression construct and the pEYFP-N1 vector, 

the FP-labeled GON4L localizes in the cytoplasm and nucleoplasm. 

However, when co-expressed with the Meq-EYFP fusion constructs, 

GON4L co-localizes in the nucleoplasm and nucleolus with meq 

isoforms encoded by high virulence MDVs. Cells were counter-stained 

with DAPI to visualize the nuclei. Total magnification = X300. Scale 

bars represent 10 ɛm. 
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Figure 3.20: The Meq-CTD mediates the re-localization of GON4L to nuclear and 

subnuclear compartments. HD11 cells were co-transfected with the 

chicken GON4L-ECFP and EYFP-tagged full-length Meq, splice 

variants, or bZIP domain mutants. The full-length Meq re-localized 

cytoplasmic and nuclear expressed GON4L into the nucleolus. However, 

when co-expressed with the Meq/vIL8 splice variants and bZIP domain 

mutant constructs, lacking the PRR-CTD of Meq, GON4L remained 

localized in the cytoplasm and nucleoplasm. Cells were counter-stained 

with DAPI to visualize the nuclei. Total magnification = X300. Scale 

bars represent 10 ɛm. 
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THE MAREKôS DISEASE VIRUS (MDV) MEQ ONCOPROTEIN OF 

VV+MDVS SPECIFICALLY BINDS THE CHROMATIN REMODELER BRG1 

AND INCREASES MEQ TRANSCRIPTIONAL ACTIVATION  

4.1 Introduction  

Marekôs Disease (MD) is a lymphoproliferative disease of viral etiology that 

progresses rapidly in domestic chicken (Gallus gallus) to cause T-cell lymphomas. 

While MD was clinically described as a mild neuropathology more than 100 years 

ago, the Marekôs disease virus (MDV) agent has been circulating for at least 1000 

years (Fiddaman et al., 2023). Still, concern for MD incidence and its prevention 

became essential only in the last 60 years due to the severity and prevalence of 

contemporary field strains. The industrialization of poultry production marked the 

major change in the disease course in terms of incidence, lesion severity, and 

mortality, while continuous vaccination has apparently contributed to virulence 

evolution. Despite a spectrum of disease severity, the main neoplastic symptoms in 

MD are the onset of neurological syndromes, lymphoid atrophy resulting in immune 

suppression, skin leukosis, and development of T-cell lymphoma in visceral organs 

that culminate in >90% fatality within several weeks of infection in unvaccinated, 

susceptible chickens (Payne and Venugopal, 2020).  

Concomitant with the evolution of vaccine-resistant field strains requiring 

modifications to vaccine use, distinctive mutations were apparently selected in these 

breakthrough strains. The Meq oncogene is among the MDV ORFs that have evolved 

Chapter 4 
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under positive selection (Padhi and Parcells, 2016). The oncogenic properties of Meq, 

an MDV-encoded basic leucine zipper (bZIP) transcription factor, have been 

associated with its ability to dimerize with c-Jun, inducing v-Jun responsive genes 

(Levy et al., 2005).  

The Meq C-terminus contains a proline-rich repeat region (PRR), which 

constitutes a highly disordered C-terminal domain (CTD). These PRRs directly affect 

the transcriptional function of the CTD and mediate trans-repression in and of 

themselves, as well as modulate the transactivation of the C-terminal 33 amino acid 

transactivation domain (Qian et al., 1995). The PRRs are composed of 21 amino acids 

flanked by proline tetrads that are analogous to SH3 or WW domain consensus 

binding motifs (Kurochkina and Guha, 2013). The absolute number of PRRs varies 

according to the strain of MDV encoding them, with mild (m) and virulent (v) strains 

having seven (with Meq ORFs of 398/399 aa), while very virulent (vv) and very 

virulent plus (vv+) having five (339 aa). 

Distinct mutations within the PRR are characteristic of these MDV pathotypes. 

Contrary to ancestral strains, fewer proline tetrads constitute the CTD of contemporary 

strains by partial PRR truncation and proline to glutamine or alanine substitutions in 

the tetra-proline motifs at position two (P[Q/A]PP) (Shamblin et al., 2004). The 

prevailing dogma is that selection for consecutive reduction of proline tetrads affects 

virulence and suggests a direct role in the evolution of MDV virulence. 

Functionally, polymorphisms in the PRR, in addition to those in the bZIP 

domain, serve to alter the transactivation properties of Meq (Murata et al., 2011; Sato 

et al., 2022; Murata et al., 2013; Ajithdoss et al., 2009; Fiddaman et al., 2023; Motai 

et al., 2024), despite having identical C-terminal transactivation domains. Moreover, 
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in recombinant MDVs expressing different Meq isoforms in the context of the RB-1B 

(a vvMDV) strain, polymorphisms in the Meq coding sequence directly affected 

pathogenesis and vaccine resistance (Conradie et al., 2020). The mechanistic basis for 

how these mutations contribute to the pathotypic changes or oncogenic potential of 

Meq is the focus of this research. The data we present here details that mutations in the 

coding sequence of Meq were apparently selected to modulate the specificity or 

affinity of protein-protein interactions with partners involved in chromatin 

remodeling.  

Here, we report that the central ATPase subunit of the multimeric SWI/SNF 

chromatin remodeling complex, BRG1, specifically binds to the Meq CTD of 

vv+MDVs and that this interaction confers increased transcriptional activity only in 

that context. 

4.2 Methods and Materials 

4.2.1 Plasmid construction 

To generate the constructs expressing chicken HA-tagged BRG1 (SMARCA4), 

the SMARCA4 CDS was amplified by PCR as two partial fragments, with 50 bp of 

homology at the 3ô ends of each fragment, from cDNA templates isolated from MDV-

infected chicken specimens (Md5-infected CEFs) using Platinum SuperFi II DNA 

polymerase (Invitrogen, Thermo Fisher Scientific, Waltham, MA) under the 

conditions recommended by the manufacture. Primer pairs (forward/reverse) are as 

follows: (5ô-GCTAGC ATG TAC CCA TAC GAT GTT CCA GAT TAC GCT 

ATGT CGA CCC CGG ACC CCC C-3ô/ 5ô-CGA ACT CGT AGG CCC AGT TGG 

AGA GAG TTG AG-3ô) and (5ô- CCA GAC CAT CGC GCT CAT CAC GTA CCT 
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CA-3ô/ 5ô-GAATTC  TCA AAGCTT  GTC CTC CTC CGT GCC GCT GCC GGA 

GCG CTC-3ô). Primers used for mutagenesis were synthesized corresponding to the 

5ô- and 3ô-ends of SMARCA4, to which unique restriction sites (underlined) were 

included upstream of the start codon (NheI) and flanking the stop codon 

(HindIII/ EcoRI). The forward primer appends the HA sequence to the N-terminus, 

while the reverse allows for the discretionary generation of C-terminal fusion 

constructs of BRG1. The full-length SMARCA4 CDS was assembled by overlapping 

PCR using the outermost primers (boldface), followed by cloning the entire coding 

region into pCR2.1 TOPO vector (Invitrogen). Expression vectors for HA-tagged 

SMARCA4 were constructed by restriction digestion and ligation into pBK-CMV 

vector (Stratagene) via Nhe I and EcoR I sites or into the pECFP-N1 (CLONTECH) 

vector via Nhe I and HindIII sites to generate an N-terminal fusion to ECFP. The 

construction of all SMARCA4 plasmids was validated by DNA sequencing. The T7-

tagged Meq expression plasmids (from MDV strains JM102, 617A, RB-1B, TRPLD, 

and N Meq isoforms) were previously generated by subcloning into pBK-CMV vector 

for the full-length Meq CDS (Kumar et al., 2012) and pEYFP-N1 vector for Meq 

deletion mutants (RB-1B Meq, Meq/vIL8, Meq/vIL8Dexon3, Meq bZIP, and 

Meq/vIL8 bZIP) (Anobile et al., 2006).  

All constructs from this study used for stable expression cell line generation 

were cloned into the modified pBK-CMV vector containing a selection cassette that is 

comprised of the puromycin resistance gene directly downstream of the multiple 

cloning region and separated by the TA-2A self-cleavage peptide for the bicistronic 

production of expression cassettes under the control of the CMV promoter. All 
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primers used for amplification of cellular Meq binding partners are listed in Appendix 

A. 

For luciferase assays, fusion expression constructs were generated by cloning 

the Meq C-terminal transactivation domain, corresponding to amino acids 121-339 

(RB-1B and N Meq) or 121-398 (JM102 Meq), in frame with the GAL4 DNA binding 

domain (GAL4-DBD) into pSG424 vector (kind gift of M. Ptashne). For generating 

the experimental reporter plasmid for luciferase assays, the Red Firefly luciferase 

cassette was digested from pMCS-Red Firefly luciferase (Pierce) and inserted 

downstream of the E1B minimal promoter containing 5X Gal4 upstream activation 

sequence. The TK promoter-driven Renilla luciferase reporter (pTK-Green Renilla, 

Pierce) was used as an internal control. 

4.2.2 Cell lines and cell culture conditions 

CU91 (REV), CU2, MSB-1, UD35, UD36, UD39, UD32, UA53, and UD31 

MD lymphoblastoid cell lines were maintained in Iscoveôs modified Dulbecco 

medium (IMDMEM) supplemented with 20% fetal bovine serum (FBS; R&D 

Systems, Inc, Minneapolis, MN), 1X insulin-transferrin-selenium, 1X nonessential 

amino acids, 2 mM b-mercaptoethanol, 4 mM L-glutamine, 0.5 mg/mL antimycotic 

(amphotericin B, Corning, Corning, NY), and 1X Penicillin, Streptomycin, Neomycin 

(PSN) antibiotics at 41°C (chicken body temperature) with 5% CO2 in a humidity 

controlled incubator. For transfection and fluorescent protein visualization 

experiments, the chicken macrophage cell line HD11 was cultured in high glucose 

Dulbeccoôs modified Eagleôs medium (DMEM) supplemented with 10% FBS (R&D 

Systems), 0.5 mg/mL amphotericin B, and 1X PSN (except where stated, reagents 
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were manufactured by Gibco, Thermo Fisher Scientific, Waltham, MA) at 37°C with 

5% CO2. 

4.2.3 Transfections 

HD11 cells were seeded into 12-well plates at a density of 2 x 105 cells/well 

for colocalization experiments or 96-well black tissue culture assay plates at a density 

of 1 x 104 cells/well for dual-luciferase reporter assays and transiently transfected once 

cells reached 65-75% confluency using 1 ml Lipofectamine 2000 Transfection Reagent 

(Invitrogen). The DNA-liposome complexes were prepared in serum- and antibiotic-

free DMEM according to the manufacturerôs suggestions. Cells were incubated to 4 

hrs post-transfection at 37°C prior to the addition of fresh DMEM complete growth 

media and allowed to grow for 24 hrs. 

4.2.4 Antibodies 

Meq antisera was generously provided by Dr. Hans Cheng (USDA-ADOL) 

and was pre-adsorbed sequentially against ethanol-fixed CU91, CEF, HD11, and HTC 

cell lines. Commercial antibodies against BRG1 were purchased (Brg-1 (G-7): sc-

17796, Santa Cruz Biotechnology, Inc.). Secondary antibodies include goat anti-rabbit 

AF488, goat anti-mouse AF555 (Molecular Probes, Thermo Fisher Scientific, 

Waltham, MA), and mouse IgG Fc binding protein (m-IgG Fc BP) conjugated to 

Horseradish Peroxidase (HRP) (m-IgG Fc BP-HRP: sc-525409, Santa Cruz 

Biotechnology, Inc.). 

4.2.5 Fluorescence Microscopy 

All fl uorescence microscopy and imaging of overexpression constructs were 

performed using HD11 cells transiently transfected with the indicated plasmids. 
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Unless stated otherwise, cells were seeded into 12-well culture plates at a density of 

2x105 cells/well and co-transfected with equal amounts of each expression plasmid. 

For domain mapping localization experiments, Meq splice variants and domain 

mutants were expressed as an N-terminal fusion to EYFP. Plasmids for pEYFP-N1 

empty vector, Meq, Meq/vIL8, Meq/vIL8Dexon 3, Meq bZIP, Meq/vIL8 bZIP were 

co-transfected along with HA-BRG1-ECFP. For colocalization experiments of the 

HA-BRG1-ECFP and T7-Meq-EYFP fusion proteins, cells were co-transfected with 

the HA-BRG1-ECFP and pEYFP-N1 empty vector or with the indicated Meq isoform 

of the full-length T7-Meq-EYFP constructs. Unless stated otherwise, all cells 

expressing the fluorescence fusion proteins were prepared for direct visualization as 

follows. Transfected cells were grown for 24 hrs post-transfection prior to fixation in 

1% paraformaldehyde. Fixed cells were washed three times with 1X PBS, then 

counterstained with 1X PBS, pH 7.4, 10% glycerol, and 6 nM DAPI prior to imaging. 

Image acquisition was performed with a Nikon Eclipse TE2000-U inverted 

epifluorescent microscope with a Plan Fluor 20X objective, Nikon Digital Sight DS-

QiMc camera, and Nikon NIS Elements imaging software (v5.02). 

4.2.6 Fluorescence recovery after photobleaching (FRAP) 

Bioimaging of recombinant ECFP and EYFP fusion proteins was conducted 

using HD11 cells which were prepared by plating 2x105 cells on 4-well chambered-

coverglass slides (lab-tex) and transiently transfected with HA-BRG1-ECFP alone or 

co-transfected with T7-CVI988(L) Meq-EYFP, T7-RB-1B Meq-EYFP, or T7-N Meq-

EYFP plasmids. Twenty-four hours post-transfection, live cells were examined under 

a Zeiss LSM 880 microscope outfitted with a growth chamber to maintain cells at 

37̄ C and 5% CO2 during FRAP acquisition at the University of Delaware Bioimaging 
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core facility. A region of ~16 mm2 was photobleached with a 514 nm argon laser, and 

recovery after photobleaching was monitored with continuous imaging for 30 s. 

4.2.7 Immunofluorescence Analysis 

For the exogenous overexpression of HA-BRG1 and T7-Meq isoforms, cells 

were co-transfected with expression plasmids for pBK-HA-BRG1 along with the 

pBK-CMV empty vector or the following Meq isoforms: pBK-T7-JM102 Meq, pBK-

T7-617A Meq, pBK-T7-RB-1B Meq, pBK-T7-TRLPD Meq, and pBK-T7-N Meq. 

Cells were allowed to grow for 24 hrs to fill in prior to fixation in 1% 

paraformaldehyde. Fixed cells were washed three times in 1X PBS, then blocked in 

1X PBS, pH 7.4, 3% goat serum, 1% BSA, 0.1% NaN3 with 0.1% saponin to 

permeabilize the membrane for 2 hrs at room temperature with gentle rocking. Cells 

were stained with primary antibodies diluted in blocking buffer for 1 hr at room 

temperature (1:100 rabbit anti-Meq polyclonal serum and 1:100 mouse anti-HA tag). 

Cells were washed three times with 1X PBS, pH 7.4, 1% BSA, and 0.1% NaN3 prior 

to staining with secondary antibodies (1:200 Goat anti-rabbit conjugated with Alexa 

555 and Goat anti-mouse Alexa 488 for 1 hr at room temperature. Following antibody 

staining, cells were counterstained with 1X PBS, pH 7.4, 10% glycerol, and 6 nM 

DAPI. 

For preparing specimens for in situ colocalization experiments, 1x106 cells 

were seeded on 12-well chamber coverglass plates following coating with 0.5mg/mL 

hyaluronic acid, 5ug/mL fibronectin, and 5ug/mL type I chicken collagen, then 

incubated at 41°C overnight. Plates were washed 2X with PBS to remove non-

adherent cells, and the remaining cells were fixed in 4% paraformaldehyde for 30 

mins at RT. After fixation, cells were permeabilized with permeabilization buffer (1X 
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PBS, pH 7.4, 0.1% Triton X-100) for 10 mins. Cells were blocked in antibody diluent 

(1X PBS, 3% goat serum, 1% BSA, 0.1% NaN3) for 1 hr at RT, followed by staining 

with rabbit polyclonal Meq antisera (1:100) and mouse anti-Brg1 antibodies (1:200). 

After washing cells three times with PBS, cells were stained with goat anti-rabbit 

Alexa 488 and goat anti-mouse Alexa 555 conjugated secondary antibodies (1:200), 

then counterstained with DAPI to visualize the nuclei prior to imaging with an Andor 

BC43 Benchtop confocal microscope with a Nikon 60X oil objective. 

4.2.8 Immunoblotting  

To prepare nuclear extracts, MDV-associated lymphoblast cell lines were 

washed twice with ice-cold 1X PBS, then incubated in hypotonic buffer (50 mM Tris-

HCl, pH 7.5, 1 mM EDTA, 1 mM MgCl2 supplemented with 0.5 mM DTT, protease 

and phosphatase inhibitors: 2 mg/mL bovine aprotinins, 100 mM leupeptin, 10 mM 

pepstatin A, 1 mM PMSF, 10 mM sodium fluoride, and 2 mM sodium orthovanadate) 

for 5 mins to swell cells prior to being lysed by addition of an equal volume of 

hypotonic lysis buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM MgCl2, 0.2% 

NP-40 supplemented with protease and phosphatase inhibitors). After an additional 5 

mins on ice, nuclei were pelleted at 1000g for 5 mins at 4̄ C, and the cytoplasmic 

fraction was transferred to clean label tubes. The nuclei were resuspended in nuclear 

extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 

MgCl2, 1% NP-40 supplemented with protease and phosphatase inhibitors). After 10 

mins incubation on ice, 2 mL of micrococcal nuclease was added and incubated on ice 

for an additional 50 mins with occasional vertexing. The nuclear extracts were 

centrifuged at 21,000g for 10 mins at 4C̄ to pellet insoluble debris. The protein 

concentration of the soluble nuclear fraction was determined by BCA.  
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For immunoblotting analysis, 20 mg of nuclear extracts were boiled in 4X LDS 

sample buffer for 5 mins, then resolved on Bis-Tris 4-12% SurePAGE gels in MOPS 

running buffer (GenScript), and proteins were immobilized on nitrocellulose 

membranes by semi-dry transfer using a Tris-CAPS discontinuous buffer system. 

Membranes were blocked in 3% BSA in TBST and immunoblotted with anti-BRG1 

(1:500 diluted in 1X TBST, sc-17796, Santa Cruz Biotech.) for four hours at RT or 

overnight at 4̄C. The membranes were incubated in the m-IgG Fc BP-HRP secondary 

antibody (1:500 in 1X TBST, sc-525416, Santa Cruz Biotech.), overnight at 4C̄. 

Blots were imaged using SuperSignal West Dura Extended Duration substrate (Peirce) 

and FluorChem Q system (ProteinSimple).  

4.2.9 Stable cell line generation 

Cells for stable expression of HA-BRG1 and T7-Meq isoforms were 

established by transfection of DF-1 cells with pBKCMV-T7-Meq-TA2A-Puro 

(JM102, RB-1B, TRPLD, N Meq, and Meq/vIL8) alone or co-transfected with equal 

molar amounts of the pBK-HA-BRG1-TA2A-Puro plasmid. As the control, the 

pBKCMV-TA2A-Puro vector was used to generate stable cell lines expressing the 

empty vector. At 24 hrs post-transfection, cells were placed in 1 µg/ml puromycin, and 

the medium was changed every few days to remove dead cells. After seven days of 

selection, cells were scaled up to check for protein expression and maintained at 0.5 

mg/ml puromycin. 

4.2.10 Cell proliferation  assay 

Stable expression DF-1 cell lines for cell proliferation assays were prepared as 

described previously. Briefly, cells were labeled with carboxyfluorescein succinimidyl 
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ester (CFSE) at 10 mM per 107 to 108 cells in wash buffer (1X PBS, pH 7.4, 1% BSA, 

0.1% NaN3) for 30 minutes before quenching and washing to remove unincorporated 

CFSE with DMEM+10% FBS. A sufficient number of cells were resuspended in 

DMEM-10% FBS, and an initial 2 x 105 cells were sampled for the 0 hr timepoint 

prior to plating. The remaining cells were cultured on 12-well dishes at 5 x 104 cells 

per well and grown to 48 hrs. After fixation in 4% paraformaldehyde, cells were 

washed with wash buffer and then stored in wash buffer at 4 C̄ until flow cytometric 

analysis. Data were collected on 10,000 cells, and the cellular division of CFSE-

labeled cells was assessed by measuring fluorescence on a FACSCalibur flow 

cytometer (Becton-Dickinson, CA, USA). The growth rate is expressed as the 

logarithmic mean fluorescence intensity at the 48 hr time point normalized to the 0 hr 

time point (X mean fluorescence intensity at T = 0hr/ X mean fluorescence intensity at 

T = 24 hr), and results were represented as fold change relative to the vector only 

control. 

4.2.11 Transactivation assay 

HD11s were co-transfected with pBK-CMV empty vector or BRG1 (50 ng) 

along with the dual reporter Red Firefly luciferase/Green Renilla luciferase plasmids 

(50 ng/10 ng) and the GAL4-DBD alone (pSG424 empty vector, Stratagene) or as an 

N-terminal fusion to the Meq CTD of the JM102, RB-1B, and N strain Meq isoforms 

(100 ng). The total amount of transfected plasmid DNA (300 ng) was kept constant 

using the pUC19 vector. Luciferase reporter activity was measured using the Renilla-

Firefly Luciferase Dual Assay kit (Pierce) according to the following modifications. 

At twenty-four hours post-transfection, the medium was aspirated, and monolayers 

were washed with ice-cold 1X PBS prior to lysis in 25 ml of 1X cell Lysis Buffer for 
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15 minutes at room temperature with rocking. The Luciferase Dual assay was 

conducted in a SpectraMax i3x plate reader (Molecular Devices), programmed to 

inject 25 ml of Working Solution A containing 1X D-Luciferin and to detect 

luminescence to 650 nm, then samples were read again with the monochromator tuned 

to 535 +/- 15 BP immediately following the manual dispensing of 25 mL of Working 

Solution B containing 2X Coelenterazine. Relative light units for Firefly luciferase 

were normalized to Renilla luciferase, and fold activation is relative to the pGal4-DBD 

empty vector. Luciferase assays were performed in triplicate, with each experiment 

repeated three times. 

4.2.12 Intrinsically disordered region prediction  

Disorder scores for Meq protein sequences were predicted by MobiDB and the 

Predictor of Natural Disordered Regions (PONDR) algorithm (Necci et al., 2021).  

4.2.13 Bioinformatic analysis 

Gene ontology enrichment analysis and visualization of the CD30 

overexpressing MD lymphoma proteomic data set was performed in R (v4.4.0) with 

the Bioconductor package clusterProfiler (v4.12.0) (Wu et al., 2021) using the gseGo 

function. GO term annotation and default background were retrieved from the Gallus 

gallus database. GO terms were considered statistically significant using a false 

discovery rate (FDR) adjusted p-value cutoff of <0.05. 

4.2.14 Image analysis 

Confocal images were acquired and processed for deconvolution with the 

Andor Fusion software. Post-acquisition processing was performed with Imaris 

(v10.1.1) software (Oxford Instruments). A surface mask for the DAPI channel was 
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used to define regions of interest, and the mean channel fluorescence intensity of 

fluorophore-labeled proteins was measured in the masked region of interest. 

Fluorescence intensities are represented as mean fluorescence intensity per nucleoli. 

Pearsonôs coefficient in the colocalization region was determined using Zen black 

edition (v16.0.0.0) analysis software (Carl Zeiss Microscopy). For FRAP analysis, 

images were analyzed with Zen black edition (v16.0.0.0). 

4.2.15 Quantification and statistical analysis 

For multiple comparisons in cell proliferation assay, luciferase assay, and 

Pearsonôs correlation, one-way ANOVA with Turkeyôs test was used to calculate p-

values. Differences were considered statistically significant with a p <0.05. 

4.3 Results 

4.3.1 Gene Ontology of SWI/SNF complex 

We have previously shown that high-virulence MDV Meq isoforms have 

evolved to interact with DNA repair mechanisms and chromatin remodeling 

complexes. These findings prompted our investigation of key chromatin remodeling 

and co-activators with known disease associations, namely, SWI/SNF complexes. Of 

these complexes, the BRG1 (SMARCA4) subunit was overrepresented in the 

proteome of CD30HI MDV-transformed T-reg-like lymphoma cells (Buza and 

Burgess, 2007; Shack et al., 2008). In addition, numerous other BRG1-associated 

factors (BAF) of the Brahma complex (canonical BAF or cBAF, SWI/SNF-a) and 

RSC-type (PBAF, SWI/SNF-b) chromatin remodeling complexes were significantly 

upregulated (Figure 4.1). In follow-up to these findings, we sought to identify 

candidate Meq-binding partners of BRG1-containing SWI/SNF complexes that have 
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known roles in Th1/Th2 differentiation of CD4+ T cells and regulatory T cell 

activation (De et al., 2011; Chaiyachati et al., 2013). 

4.3.2 Localization and characterization 

To characterize the localization properties of the chicken BRG1 and BRG1-

associated factor 155 (BAF155), we expressed BRG1 or BAF155 as an N-terminal 

fusion to EYFP in HD11 cells and performed localization analysis. Like the 

mammalian homologs, the localization of the chicken SWI/SNF components is also 

restricted to the nucleoplasm and excluded from subnuclear domains (Figure 4.2a and 

4.2b).  

4.3.3 Colocalization with Meq and domain mapping 

Given the cytoplasmic to nuclear and subnuclear translocation properties of 

Meq (Anobile et al., 2006; Liu et al., 1997), we investigated novel Meq-host 

interactions by colocalization analysis. In the following experiments, we evaluated the 

colocalization dynamics of the ECFP-tagged SWI/SNF subunits in the presence of 

EYFP-tagged Meq. To identify candidate Meq binding partners of the SWI/SNF 

complex, we initially evaluated the colocalization of the BAF155 subunit with Meq. 

Although BAF155 and Meq were colocalized in the nucleoplasm, there was no 

indication of BAF155 colocalization with Meq in the nucleolus (Figure 4.3).  

SWI/SNF chromatin remodelers are large multimeric complexes, and the 

composition of subunits specifies binding and functional properties as a transcriptional 

co-factor. Therefore, we then examined the association of the vvMDV RB-1B Meq 

with BRG1, the core catalytic subunit common to the conical BAF and PBAF 

complexes. In stark contrast to BRG1 alone, the RB-1B Meq caused the relocalization 
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of BRG1 to the nucleolus. We next sought to determine the Meq-binding domain 

mediating the translocation of BRG1-associated complexes. In this experiment, we 

used the EYFP- tagged RB-1B Meq, Meq splice variants (Meq/vIL8 and Meq/vIL8D 

exon 3) and Meq domain mutants (Meq bZIP, Meq/vIL8 bZIP) expression constructs 

(Figure 4.4) to conduct a domain mapping colocalization analysis.  

Interestingly, the presence of Meq splice variants and Meq domain mutants, all 

lacking the CTD, resulted in no such nucleolar localization of BRG1 (Figure 4.5). 

These colocalization studies provide evidence that implicates the C-terminal 219 aa in 

targeting BRG1 to subnuclear domains and that the Meq bZIP domain alone or with 

exons 2 and 3 of vIL8 are not required for this function. 

4.3.4 Colocalization of BRG1 with Meq isoforms 

We further examined whether the v, vv, and vv+MDV Meq isoforms (Figure 

4.6), containing unique CTDs, have altered binding affinity to BRG1. In reciprocally 

tagged colocalization assays, we evaluated the putative association of EYFP- or 

ECFP-tagged BRG1 and Meq isoforms in the nucleus and nucleolus of HD11 cells. 

The Meq isoforms indiscriminately caused the relocalization of BRG1 to the nucleolus 

(Figure 4.7). However, BRG1 was significantly co-localized with the vv+MDV N 

Meq in the nucleolus compared to the vMDV and vvMDV Meq (Figure 4.8). Thus, the 

CTD of Meq cooperates in the nucleolar recruitment of BRG1 and suggests that the C-

terminal substitutions alter the binding affinity for BRG1. 

The C-terminally EYFP-tagged Meq fusion proteins can contribute to non-

specific interactions with BRG1-ECFP; thus, we reasoned that the fluorescent protein 

tags are possibly obscuring our interpretation of BRG1-specific binding sites within 

the unique CTDs by overcoming the subtle differences in binding affinities among 
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Meq isoforms. To map the residues in the CTD responsible for BRG1 localization in 

the absence of the fluorescent protein tags, we conducted colocalization experiments 

by expressing the HA-BRG1 and T7-Meq constructs. Nuclear and subnuclear 

colocalization was examined by immunofluorescence analysis of HA-BRG1 with T7-

Meq isoforms encoded by the vMDV (JM102), vvMDV (RB-1B), and vv+MDV (N) 

strains. Interestingly, the N strain Meq specifically colocalized with BRG1 in the 

nucleoplasm and nucleolus (Figure 4.9). 

BRG1 is a known tumor suppressor that cooperates with the Retinoblastoma 

protein (Rb) to regulate the cell cycle (Strobeck et al., 2000). To determine whether 

specific residues in the Meq CTD can mediate BRG1 localization independent of Rb 

binding, we employed the 617A Meq and the RB/N chimeric Meq (TRPLȹ) (Figure 

4.6). The former encodes a P217A substitution in a proline tetrad that is proximal to 

the transactivation domain. The latter differs from RB-1B Meq at positions 

corresponding to the first two proline tetrads, P153Q and P176A, in addition to a 

P217A substitution, which are the three CTD residues conserved by vv+MDVs. 

Furthermore, the TRPLD Meq contains an intact Rb-binding pocket (LxCxE), 

while the 617A Meq, like N Meq, has a C119R substitution disrupting Rb binding. 

The 617A Meq and BRG1 were differentially localized in the nucleolus, suggesting 

that the C119R substitution in the Rb binding pocket, in addition to the P217A 

substitutions, are dispensable for BRG1 nucleolar translocation (Figure 4.9). 

Remarkably, BRG1 and the TRPLȹ Meq mutant, with the second site substitutions 

introduced in three of the five proline tetrads of the RB-1B Meq isoform, exhibited 

colocalization properties consistent with vv+MDV Meq isoform in the nucleolus 

(Figure 4.9). Together, these domain and mutagenesis data indicate that residues at 
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positions 153, 176, and to a lesser degree 217 in the Meq CTD mediate BRG1 

interactions, independently of the Rb binding pocket or bZIP domain, causing its 

localization to the nucleolus. 

4.3.5 Cellular proliferation assay 

To address the question of whether the interaction between vv+MDV Meq and 

BRG1 induces cellular proliferation, we performed CFSE-based growth curve analysis 

on DF1 cells stably expressing the JM102 Meq, RB-1B Meq, TRPLD Meq, N Meq, 

and Meq/vIL8 in the presences of endogenous BRG1 or stably expressing HA-BRG1. 

As expected, the N Meq induced the highest level of cellular proliferation, followed by 

the TRPLD Meq, which induced comparable levels (Figure 4.10a). Although the 

exogenous expression of BRG1 induced a modest reduction in cellular proliferation in 

all cell lines, the N Meq promoted significantly higher levels of proliferation 

compared to the TRPLD Meq, RB-1B Meq, and Meq/vIL8 (Figure 4.10b). Thus, the 

C-terminal substitutions in the proline tetrads of the vv+MDV Meq may confer 

increased avidity for BRG1 binding that outcompetes Rb-BRG1-mediated growth 

arrest.  

4.3.6 Transactivation assay 

To investigate the functional relationship between BRG1 and the CTD of Meq, 

we assayed the transactivation potential of Meq CTDs encoded by JM102, RB-1B, 

and N strains alone or in the presence of BRG1 in GAL4 DBD-based in vitro 

transactivation assays (Figure 4.11a). The CTD of v, vv, and vv+MDV Meq isoforms 

induced modest, but not significant, incremental increases in transactivation potential 

that corresponded with virulence level. The co-expression of BRG1 significantly 
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increased the transactivation potential of the vv+MDV Meq CTD by a ~12-fold 

increase (Figure 4.11b), whereas v and vvMDV Meq CTDs were unaffected. These 

results indicate a role for BRG1 coactivation and implicate the PRR, specific second-

site mutations as a critical component to the properties of the increased Meq 

transactivation activity associated with the vv+ isoform. 

4.3.7 Colocalization of BRG1 and Meq isoforms in nuclear foci  

Our initial in vitro studies using exogenous expression constructs suggest a 

potential role for the Meq-mediated nucleolar recruitment of BRG1 in the cell cycle, 

cell proliferation, and transcriptional regulation as a mechanism for malignant 

reprogramming during latent infection. We, therefore, examined the localization 

dynamics of Meq expressed in the context of the latent MDV genome with 

endogenous BRG1 in T-cell lines transformed by different virulence level MDVs.  

In the reticuloendotheliosis virus (REV) transformed CU91 cells, lacking Meq, 

BRG1 had a punctate appearance in the nucleus (Figure 4.12a). In MD lymphoblastoid 

cell lines derived from lymphomas of chickens infected with the mMDV CU2 strain 

(CU2), vMDV JM10 strain (CU12), vvMDV RB-1B (UD35), the recombinant Md5-

RB-1B Meq (UD36), and the vv+MDV X, TK, and N strains (UD32, UA53, and 

UD31), the cognate Meq proteins all appeared to coalesce with BRG1 in nuclear foci 

and co-localization in the nucleolus was not apparent (Figure 4.12b).  

Furthermore, we found that while the vv+MDV N strain Meq in UD31 cells is 

expressed to substantially higher levels, these cells are also deficient in endogenous 

levels of BRG1 compared to the mMDV, vMDV, and vvMDV cell lines (Figure 4.13a 

and 4.13b). In addition to BRG1 overexpression in mMDV and vMDV cell lines, 

these cells show higher levels of the CD44 surface protein (Figure 4.13c), a known 
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gene target of SWI/SNF remodeling complexes. Taken together, these experiments 

indicate the selection against the Meq-mediated nucleolar recruitment of BRG1 and 

suggest that their cooperation to increase Meq transcriptional activity is not 

advantageous during latency or in latently-infected MDV-transformed cells. 

4.4 Discussion 

Our work presents the first comprehensive study of the Meq interactome, with 

a focus on proteins having increased affinity for Meq proteins having point mutations 

in the proline tetrads of the PRR. This describes a functional mechanism by which the 

PRR participates at the interface of intermolecular interactions in concert with cellular 

coactivators of the SWI/SNF chromatin remodeling complex. 

Oncogenic serotypes of MDV share significant homology in the Meq coding 

sequence. Albeit, v, vv, and vv+MDV pathotypes are phylogenetically divergent due 

to polymorphisms at conserved positions in the CTD of Meq. The CTD comprises two 

moieties, the PRR and the transactivation domain, offering pleiotropic properties that 

regulate target gene repression and activation, respectively (Qian et al., 1995). These 

properties are not mutually exclusive in that the transactivation domain demonstrates 

the requirement of at least partial PRR cooperation in transcriptional regulation. 

Paradoxically, the isoforms from our analysis demonstrate considerable differences in 

transactivation potential despite conservation within the integral transactivation 

domain (Figure 4.11), thereby prompting our investigation of the adjacent unique 

PRRs.  

Previous studies implicated the contribution of the tetra-proline motifs and, 

presumably, their cognate targets to transcriptional regulation (Qian et al., 1995; 

Fiddaman et al., 2023; Motai et al., 2024; Sato et al., 2022). Apart from this, there 
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remains an ambiguous role for the proline tetrads, which, in turn, precludes our 

understanding of a mechanistic basis for driving the oncogenic potential of Meq. 

There are, however, several points supporting a role for the CTD in 

lymphomagenesis. In HVT-vaccinated chickens, infection with a recombinant RB-1B 

virus encoding mutations in Meq at amino acid positions 119, 153, 176, 217, 180, and 

277 overcomes the host vaccinal immunity by inducing tumor incidences greater than 

that of the RB-1B parent virus (Conradie et al., 2020). The second site substitutions in 

the proline tetrads of this recombinant virus were directly implicated in the evasion of 

vaccine-associated pathways elicited during lytic infection, such as proinflammatory 

and type I IFN responses, that were stimulated by treatment of infected primary 

lymphocytes with LPS, Poly I: C, and cGAMP prior to in vitro plaque assay (N. 

Bhandari thesis). Mechanistically, the binding properties of the Meq CTD directly 

bound to STING and INF regulatory factor 7 (IRF7) to perturb cGAS-STING 

mediated antiviral innate immunity by inhibiting INF-b induction (Li et al., 2019). 

Implicitly, the early presence of the CTD from the production of full-length, unspliced 

Meq suggests a nonredundant role to that of the late Meq splice variants during lytic 

infection or in the stages leading up to latency establishment by antagonizing the 

innate immune responses elicited by the host vaccinal immunity.  

Although viruses lacking the Meq CTD have not been developed to test the 

requirement for this domain in lymphomagenesis, recombinant viruses expressing a 

Meq N-terminal fusion to a fluorescent protein are apparently non-oncogenic (Dr. 

Parcells, personal communication). This loss in lymphomagenesis is speculated to be 

due to the production of Meq splice forms lacking the CTD that result from the 

aberrant splicing of the Meq bZIP into the fluorescent protein (P. Kumar dissertation). 



 149 

A pro-tumorigenic role for Meq is also partially attributed to the transactivation 

properties of the CTD to upregulate gene networks by directly binding MERE I sites 

in the promoters of v-Jun gene targets, Bcl2, and others to promote lymphoma 

progression (Subramaniam et al., 2013; Levy et al., 2005).  The PRRs have also been 

shown to mediate interactions with p53 to repress p53 target genes (Deng et al., 2010). 

Finally, regardless of the pleiotropic effects of the PRR in their mechanism for 

lymphoma progression, the copy number of PRR and proline tetrads in the CTD do 

alter pathogenicity and tumorgenicity (Sato et al., 2022).  

Here, we identify a previously unknown cellular interactor of the Meq 

interactome and validate them by orthogonal approaches. Our results imply that the 

introduction of alternative residues at positions 153, 176, and 217, disrupting three 

proline tetrads, mediates the specificity for binding to BRG1. The perturbation of 

BRG1 localization by Meq-mediated translocation serves as a proxy for binding 

affinity among isoforms while also indicating an alternative function for BRG1 in the 

nucleolus.  

The genes encoding the subunits of the SWI/SNF superfamily-type complex 

acquire mutations having deleterious effects on maintaining cellular processes 

underlying the cause of tumorigenesis in ~ 20% of all cancers (Shain and Pollack, 

2013). BRG1 is one of two highly conserved core catalytic subunits of SWI/SNF 

chromosome remodeling complexes. The domain architecture of BRG1 is comprised 

of several functional domains, namely a glutamine-leucine-glutamine motif (QLQ), 

helicase/ SANT-associated domain (HSA), BRM and KIS (BRK) domain, ATPase 

domain, bromodomain (BRD) domain and an adjacent AT-hook motif (Trotter and 

Archer, 2008). The AT-hook binds AT-rich DNA elements to aid in the recruitment 
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and retention of BRG1 at acetylated histones, where the BRD is involved in the 

recognition of acetylated lysines in H3 histone tails (Morrison et al., 2017). 

Interestingly, these properties allow BRG1 to displace nucleosomes and initiate the 

formation of a Z-DNA structure at TG repeat sequences in the HO-1 and CSF1 

promoter region, which facilitates an open chromatin state and recruitment of RNA 

Polymerase II for gene activation (Liu et al., 2001, 2006; Zhang et al., 2006). 

Additionally, our experiments demonstrate that the vv+MDV Meq protein 

recruits BRG1 and together exhibits increased transactivation activity, which clearly 

demonstrates a mechanistic role for partial PRR segments in transactivation. We find 

this preference for BRG1 to be highly suggestive of a cooperative mode of action 

between these transcription factors via specific residues in the PRR of Meq and, 

thereby, a mechanism by which the vv+MDVs have emerged. 

Alternatively, BRG1 has been implicated in the repression of active sites of 

transcription in response to DNA double stranded breaks (DSB) (Kakarougkas et al., 

2014). Molecular sequestration of BRG1 in the nucleolus would likely affect this 

function in response to DNA damage.  

Interestingly, by using MobiDB-lite to score disordered residues, the Meq 

CTD has a predicted intrinsically disordered region (IDR) spanning residues from 

positions 145 to 169 (Figure 4.14). Thus, we speculate that the local structure of the 

PRR is affected by the P153Q substitution that corresponds to a proline tetrad 

embedded within the IDR. Our prediction analysis suggests a shift in disorder, further 

reducing the conformational order within this region relative to a proline residue at 

this position of RB-1B and 617A strains. The current perspective is that selection 

pressures for Meq follow a structure-function relationship whereby substitutions 
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P176A and, to a lesser extent, P217A increase order. The evolutionary biases for 

position 153, however, follow the disorder-function model. Taken together, the P/Q 

substitution permits an altered conformational state of the IDR, while the P/A 

substitutions at positions 176 and 217 predict binding sites that can directly affect 

protein-protein interactions. 

Previous studies by our group and others demonstrate that mutations in the 

Meq gene of recombinant MDVs are sufficient to confer pathotypic alterations 

(Conradie et al., 2019, 2020). Furthermore, the mechanisms coordinating MD tumor 

formation are not only regulated by Meq (Lupiani et al., 2004) but also through 

properties of its protein interaction network (Deng et al., 2010; Liu et al., 1999; Zhao 

et al., 2009; Liao et al., 2021b; Suchodolski et al., 2010, 2009; Brown et al., 2009, 

2006; Kung et al., 2001). The distinct interactomes of Meq isoforms reported in our 

study provide functional insight into the divergent paths of MDV evolution, through 

which preferred mechanisms are leveraged for oncogenesis. For instance, the 

substitutions in the CTD of vv+MDV Meq may counter the consequential loss for RB 

binding due to the C119R substitution in the RB binding pocket (LxCxE). While the 

significance of this role is not yet fully understood, it is tempting to speculate that 

recruitment of BRG1 by vv+MDV Meq isoforms could, by a gain-of-function 

mechanism, endow transactivation properties to regulate cellular malignant 

reprogramming or viral dynamics. 

Although our results indicate that the interaction with BRG1 is not present in 

the context of latent infection, we suspect that the interaction is at the level of lytic 

infection. This hypothesis is supported by recent work in our lab, in which uptake of 

different virulence level MDVs by the T-cell line CU91 showed distinct quanta of 
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genomic expression (J. Miller, unpublished results). The increased expression did not 

correlate with increased MDV replication, suggesting a difference in the level of 

infection versus the level of genome replication among MDVs during lytic replication, 

with higher virulence genomes being expressed to higher levels while not replicating 

to as high a level as v and vvMDVs. With the control of its own promoter at a MERE I 

site (Qian et al., 1996), the transactivation properties of the vv+Meq may have a direct 

effect on vv+MDV genome expression by recruitment of chromatin remodeler 

enzymes to the Meq promoter. 

We found that UD31 cells are deficient in BRG1, and this may indicate a 

collateral effect acquired during the establishment of this cell line to prevent virus 

reactivation from latency. Maintenance of MDV latency and lymphoma progression is 

regulated by Meq and Meq splice variants by the sequential recruitment of polycomb 

repressive complexes (PRC) 1 and 2 to silence the MDV genome (Dr. Parcells, 

personal communication). The chromatin topology is differentially modulated by the 

opposing functions of BAF and PRC complexes, whereby BAF mediates the eviction 

of polycomb complexes to reprogram the epigenome (Kadoch et al., 2017). It is 

certainly possible that in this sequence of events, the interaction of Meq with BRG1-

containing complexes could subsequently reactivate the virus by evicting the co-

occupancy of Meq/vIL8-PRC at repressed loci.  

In addition to regulation of the MDV genome during the phases of infection, 

BRG1 and Meq complexes can regulate effector T cell activation, exhaustion, and 

differentiation (Kharel et al., 2023; Gamble et al., 2024; Battistello et al., 2023). 

Additional studies are needed to assess whether the cooperation of vv+MDV Meq 

with BRG1 mediates the interaction of PBAF and/or BAF complexes. In doing so, this 
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will provide mechanistic insight into the selection of BRG1-dependent SWI/SNF 

complexes to overcome vaccine-induced innate immune responses and their role in 

pathogenesis. 

In our in situ colocalization analysis, we did not observe a notable difference in 

colocalized fractions of v, vv, vv+MDV Meq isoforms with BRG1, and the 

colocalization in the nucleolus was not apparent. Nor did we observe cells with Meq 

localized to the nucleolus as indicated in our in vitro overexpression analysis. 

However, the localization of Meq was consistent with initial localization studies where 

Meq was predominately localized to the coiled bodies and the nucleolar periphery (Liu 

et al., 1999). In the colocalized fractions, Meq and BRG1 coalesced in nuclear foci, 

which closely resembles the localization properties of BRG1 into liquid-liquid phase 

condensates (Wang et al., 2020).  

In summary, our study provides the first mechanistic basis for how mutations 

in the PRR common to the CTD of Meq proteins encoded by vv+MDVs mediate 

increased transcriptional activation. This is the first evidence of a virus-encoded bZIP 

protein mediating changes in transcriptional activation via this mechanism (Alasiri et 

al., 2019).  

4.4.1 Future Directions 

The Meq transactivation domain is mapped to the last 33 aa residues in the C-

terminus and is dependent on the PRRs to reach complete transactivation potential 

(Qian et al., 1995). The cooperation of these domains is also evident by our 

transactivation assays of the v, vv, and vv+MDV Meq CTD constructs, where 

although the last 33 aa are identical, their activities are not. Particularly, the low 

virulence isoforms demonstrate restricted activity compared to that of the vv+MDV 
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Meq (Figure 4.11). This suggests that the adjacent PRRs participate in transactivation 

and that the genetic heterogeneity within the corresponding coding sequence has a role 

in regulating the differences in activity. To exploit the complete activation potential 

conferred by the transactivation domain, especially at condensed loci in the nucleolar 

periphery and perinuclear regions where Meq-BRG1 complexes co-localize with 

heterochromatin, we hypothesize that Meq-mediated nucleolar recruitment of BRG1 

and their cooperation involve the biochemical displacement of nucleosomes in an 

ATP-dependent mechanism. Thereby, this mechanism does not increase 

transactivation potential but rather promotes an open chromatin state for Meq 

occupancy that is required to actuate gene expression. 

To test the direct role of BRG1 in regulating the chromosome topology as a 

biochemical mechanism for increased efficiency of transcriptional activity, we have 

generated a CRISPR knockout (KO) chicken fibroblast DF1 cell line that has a 

deleterious disruption in the BRG1 locus to use for follow-up transcriptional activation 

assays with our Gal4-DBD-Meq CTD constructs and dual reporter luciferase system. 

For these experiments, we will examine the activity of the v, vv, and vv+MDV Meq 

CTDs in wild-type DF1 cells with endogenous BRG1 present and in the BRG1 KO 

DF1 cells, determine whether BRG1 is required for the transactivation properties of 

vv+Meq.  

BRG1 has ATP-dependent properties to remodel the chromosome topology but 

has also demonstrated a function independent of its remodeling activity to regulate 

early T cell development and in a role for regulatory T cells to suppress autoimmunity 

(Jani et al., 2008; Chaiyachati et al., 2013). To examine whether the BRG1 ATPase 

activity is required for vv+Meq function, we plan to generate a BRG1 ATPase-dead 
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mutant and co-express the Meq CTD constructs with either the wild-type chicken 

BRG1 or the ATPase-dead mutant in the BRG1 KO cell line to determine whether the 

ATPase-dead mutant can rescue the transactivation activity of Meq to levels 

comparable to that of WT BRG1. This will allow us to validate that the BRG1 

ATPase-dependent remodeling has a direct role in promoting Meq occupancy at 

otherwise repressed loci as a mechanism for efficient transcriptional activity. 

To test whether Meq isoforms differ in their affinity and specificity for BRG1 

or BRG1-dependent complexes, we will perform co-immunoprecipitation (co-IP) 

experiments. For these experiments, rabbit anti-Meq and mouse anti-BRG1 antibodies 

will be used for reciprocal pull-downs of Meq and BRG1. Both anti-BRG1 (Figure 

4.13b) and anti-Meq (data not shown) have been validated for immunoblotting 

analysis. The functions and specific roles of SWI/SNF complexes are defined by their 

composition of subunits. Therefore, the identification of the complex type that is 

specified by the vv+Meq CTD can be examined by pulling down Meq by co-IP and 

immunoblotting with antibodies directed against BAF250A/B for the BAF complex or 

BAF180 and BAF200 for the PBAF complex, which are unique subunits of these 

complexes (Singh et al., 2023). BRG1 has ATPase activity that is higher than BRM 

(Xu et al., 2007). Thus, preference for BRG1-dependent complexes may have been 

selected by vv+MDVs for enhanced Meq activity due to the ATPase-dependent 

mechanism of BRG1. BAF and PBAF have redundant roles, while PBAF, which 

exclusively contains BRG1, has unique roles involved in controlling gene regulatory 

networks (Kadam and Emerson, 2003; Yan et al., 2005).  

Furthermore, these co-IP experiments can be extended on ex vivo splenocytes 

isolated at weeks 1-4 post-infection with v, vv, vv+MDV strains to determine the 
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functional context for the vv+Meq-BRG1 complex and whether this interaction is 

important for lytic replication, latency, or transformation phases of infection.  

Finally, we will follow up on the in situ co-localization analysis of endogenous 

Meq and BRG1 in the MDV-associated lymphoblastoid cell lines by using Pearsonôs 

correlation to quantify their co-localization.  

 

Figure 4.1: SWI/SNF complex subunits are overrepresented in the proteome of 

CD30HI  MDV -transformed T-reg-like lymphoma cells. SWI/SNF 

complex cellular component enrichment of (A) all subunits in the 

proteomic data set and of (B) the enriched SWI/SNF subunits that are 

significantly differentially regulated. 

A

B



 157 

 

Figure 4.2: Subcellular localization of SWI/SNF components. HD11 cells were 

transfected with the chicken (A) SMARCC1-EYFP (BAF155) or (B) 

SMARCA4-EYFP (BRG1) fusion expression construct and were 

counter-stained with DAPI to visualize the nuclei. The FP-labeled 

BAF155 and BRG1 localizes to the nucleus and are excluded from the 

nucleolus, remaining in the nucleoplasm. Total magnification = X300. 

Scale bars represent 10 ɛm. 
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B
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Figure 4.3: Retention of BAF155 in the nucleoplasm in the presence of Meq. In 

HD11 cells co-transfected with the chicken BAF155-ECFP fusion 

expression construct and the pEYFP-N1 vector, the FP-labeled BAF155 

localizes in the nucleoplasm and is excluded from subnuclear 

compartments. When co-expressed with the Meq-EYFP fusion 

constructs, BAF155 retains localization in the nucleoplasm, whereas Meq 

is abundantly localized in the nucleolus. Cells were counter-stained with 

DAPI to visualize the nuclei. Total magnification = X300. Scale bars 

represent 10 ɛm. 
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Figure 4.4: Schematic representation of the full-length Meq, Meq splice variants, 

and Meq bZIP-NTD domain mutants used for mapping essential 

binding domains. The diagrams (above) show the domain organization 

of the different Meq proteins. (Pro/Gln: proline/glutamine-rich region, 

BR: basic region, ZIP: leucine zipper motif). 
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Figure 4.5: The Meq-CTD mediates the re-localization of BRG1 (SMARCA4) to 

nuclear and subnuclear compartments. HD11 cells were co-

transfected with the chicken BRG1-ECFP and EYFP-tagged full-length 

Meq, splice variants, or bZIP domain mutants. The full-length Meq re-

localized BRG1 into the nucleolus. However, when co-expressed with 

the Meq/vIL8 splice variants and bZIP domain mutant constructs, lacking 

the PRR-CTD of Meq, BRG1 remained localized in the nucleoplasm. 

Cells were counter-stained with DAPI to visualize the nuclei. Total 

magnification = X300. Scale bars represent 10 ɛm. 
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Figure 4.6: Schematic representation of full-length Meq isoforms and their 

respective CTD substitutions used in co-localization studies. The 

diagrams (above) show domain organization of the different Meq 

proteins and the amino acid substitutions in those domains that are 

associated with low (blue) and high (red) virulence strains. (P/Q: 

proline/glutamine-rich region, BR: basic region, ZIP: leucine zipper 

motif). 
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