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ABSTRACT Marek’s disease virus (MDYV) causes
malignant lymphomas in chickens (Marek’s disease;
MD). Although MD has caused significant economic
losses to the poultry industry, currently, its occurrence
in the field is effectively controlled by vaccination.
However, the genetic characteristics of MDYV strains
have changed, and the poultry industry has experi-
enced MD outbreaks in vaccinated chickens because of
enhanced virulence. Meq, an oncoprotein of MDYV, is a
key transcription factor correlated with the tumorigen-
esis in MD. Animal experiments using recombinant
MDYV revealed that distinct polymorphisms in Meq
affect the virulence of MDYV strains. Meq containing an
insertion or deletion is present in some MDYV strains. In

the 2010s, field strains that encode Meq containing the
deletion (S-Meq) were reported. In this study, we
characterized the genetic features of S-Meq detected in
a Japanese MDYV strain and analyzed its transactiva-
tion activity to investigate S-Meq’s protein function. S-
Meq lacked 41 amino acids, and the deletion was at the
same position as those observed in other countries. In
addition, S-Meq exhibited higher transactivation activ-
ity than Meq from other MDYV strains circulating in
Japan. These results suggest that the deletion in the
transactivation domain may enhance the Meq protein’s
function. Further investigation is needed to clarify
whether the deletion in the transactivation domain of
Meq affects MDV’s virulence.
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INTRODUCTION

Marek’s disease (MD) is a lymphoproliferative disease
of chickens caused by Marek’s disease virus (MDV or
Gallid alphaherpesvirus 2 [GaHV-2|), a cell-associated
alphaherpesvirus which belongs to the Herpesviridae fam-
ily (subfamily: Alphaherpesvirinae, genus: Mardivirus)
(https://talk.ictvonline.org). Although MD previously
caused significant economic losses to the poultry industry,
its occurrence is well-controlled by applying live non-
pathogenic and attenuated vaccines (Osterrieder et al.,
2006). However, the field MDYV strains’ virulence tends to
increase over time, possibly due to the relationship
between the selection of highly virulent strains in the field
and the introduction of vaccines (Trimpert et al., 2017).
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Although MD cases have dramatically reduced since the
introduction of vaccines, several MD cases in vaccinated
chickens are sporadically reported, suggesting that a
highly virulent MDYV strains could potentially induce
future outbreaks (Osterrieder et al., 2006).

A distinct diversity has been observed in the megq
genes of MDYV strains, correlating with its virulence,
and animal experiments using recombinant MDV
(rMDV) revealed that the polymorphisms in meq could
affect the virulence of MDV in vivo (Conradie et al.,
2020). The meq gene product, Meq, can regulate the
expression of several host and virus genes as a basic leu-
cine zipper transcription factor and has 2 basic regions
(BR) and a leucine zipper (ZIP) at the N-terminal
and a transactivation domain at the C-terminal
(Osterrieder et al., 2006). Unique polymorphisms in
meq have been reported in MDYV strains in various
countries, and therefore, it may reflect on the evolution
of the pathogenicity of MDYV strains circulating in each
country (Renz et al., 2012; Murata et al., 2013;
Wajid et al., 2013; Zhuang et al., 2015; Mescolini et al.,
2019; Deng et al., 2020).
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Besides polymorphisms in meg, insertions and dele-
tions in Meq’s transactivation domain have been
detected in some MDYV strains (Renz et al., 2012;
Wajid et al., 2013; Mescolini et al., 2019). For example,
in addition to megq, at least 2 other meq variants namely
the long-meq (L-meq) and short-meq (S-meq) genes
containing a 180-bp-insertion and a 123-bp-deletion in
the transactivation domain respectively, were detected
in Rispens CVI988, an attenuated vaccine strain of
MDV. Since the L-meq gene was first detected in
CVI988 as L-Meq, the L-meq gene’s product, this possi-
bly contributed to CVI988’s low virulence. Subse-
quently, however, it was reported that the pathogenic
MDYV strains circulating in Australia encoded L-Meq
(Renz et al., 2012). Moreover, when the pathogenicity of
rMDYV encoding CVI988 Meq or CVI988 L-Meq was
compared, the L-Meg-encoding rMDV indicated a
higher pathogenicity (Conradie et al., 2019), suggesting
that the insertion in meq (or deletion in L-meq) contrib-
utes to the increase (or decrease) in virulence.

In the 2010s, S-Meg-encoding field strains were
reported in some countries (Wajid et al., 2013;
Mescolini et al., 2019). Therefore, the deletion in meq
could be involved in the MDYV strains’ evolution in the
field. However, whether the deletion in megq affects pro-
tein functions and the virulence of the MDYV strains is
yet to be determined. In Japan, most of the MDYV strains
encode Meq (Murata et al., 2013). However, in one
instance, an MDYV strain encoding S-Meq was detected
from diseased chickens on a poultry farm in Japan. In
this study, we determined the nucleotide sequence of the
MDYV strain Kgw-c2. In addition, we analyzed the trans-
activation activity of Kgw-c2 and compared it to that of
Meq, which is encoded for most of the MDYV strains dis-
tributed in Japan to examine whether the deletion in
Meq affects the protein functions.

MATERIALS AND METHODS
Background of the Specimen

Several chickens from a small-scale poultry farm in
Japan showed signs of depression and neurological
symptoms were diagnosed with MD at the livestock

hygiene service center. No vaccine against MD was used
at this poultry farm. During the diagnostic process at
the livestock hygiene service center, a PCR for the meq
gene was performed on kidney, liver, and spleen samples
sourced from the diseased chickens. Short fragments of
meq genes were detected in all of these samples, thus our
laboratory was requested to characterize them.

DNA Sequencing

Total cellular DNA samples were extracted from the
internal organs using SepaGene (Sankojunyaku, Tokyo,
Japan) according to the manufacturer’s protocol. The
latter were used as templates for PCR reactions using
meg-specific primer sets, and amplifications were per-
formed as outlined by Murata et al. (2013). Nucleotide
sequences of the amplified meq genes were determined
using the GenomeLab GeXP Genetic Analysis System
(Beckman Coulter Inc., Brea, CA). The accession num-
bers of the sequences used for the analysis are indicated
in Table 1.

Plasmids

The expression plasmid for S-Meq was construc-
ted according to the instructions set by
Murata et al. (2013). The open reading frame (ORF) of
the S-meq gene was amplified and cloned into the pCI-
neo vector (Promega, Madison, WI). In addition, we
introduced a cysteine-to-arginine substitution at posi-
tion 114 in S-Meq as previously exemplified by
Murata et al. (2013). To compare the transactivation
activity of S-Meq with that of the Meq protein, we con-
structed an expression plasmid for Meq from the MDV
strain, Nr-cl, which encodes the Meq sequence that is
most frequently detected in Japan (Murata et al., 2013).
In addition, the c-Jun expression plasmid was con-
structed to observe the difference in transactivation
activity (Murata et al., 2013). For the assay to measure
the transactivation activity, a reporter plasmid was pre-
pared by inserting the meq promoter region upstream of
the firefly-luciferase-coding region in the pGL3-Basic
vector (Promega) (Murata et al., 2013); pRL-TK

Table 1. Comparison of the S-Meq protein amino acid sequences among field isolates.

Basic region

Leucine zipper

Transactivation domain”

MDYV strain Country Accession number 71 77 80 110 114 115 119 150 168 -/176 176/217"° 177/218 180/221 285/326
Kgw-c2 Japan LC385874 A E Y C C A C H S - A P A T
CVI988(S-Meq) Netherlands AY243338 A E D C R V C H S - P P A I
855/17 Italy MK139678 A E Y S R V C H S - P S T T
MDV/2/SA Saudi Arabia KJ949618 A E Y S R V C P S - P P A T
Iraq3A Iraq KC243262 A E Y C R V R H P - A P A T
Iraql0A Iraq KC243264 S E D C R V C H P - A P A T
Iraq6F Iraq KC243263 s E D C R V C H S - A P A T
Nr-cl‘ Japan LC385871 A E Y C R A C H S S A P A T

“S-Meq has 41 aa-deletions in the transactivation domain.
bInterruptions at position 2 of the direct proline repeats.

“Meq amino acid sequence from a Japanese strain is indicated and its sequence is the most frequent among the field strains in Japan (Murata et al.,

2013).
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Renilla luciferase plasmid (Promega) was used as the
control plasmid.

Cell Lines and Transfection

Cells from DF-1—a chicken fibroblast cell line—were
seeded in 24-well plates at 2.0 x 10° cells per well in
0.5 mL of Dulbecco’s modified Eagle’s medium, contain-
ing 10% fetal bovine serum, and incubated at 39°C
under 5% CO,, for 24 h. The cells in each well were trans-
fected with plasmids, S-Meq or Meq (300 ng), c-Jun (200
ng), reporter (500 ng), and control pRL-TK (10 ng)
using Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s instruc-
tions.

Dual-Luciferase Reporter Assay

Dual-luciferase reporter assays were performed
according to the instructions set by Murata et al.
(2013). The lysates of transfected cells were prepared
24-h post-transfection with a 1 x Passive Lysis Buffer
(Promega). Luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega) and
a Luminescencer-JNR AB-2100 (Atto corp., Tokyo,
Japan). The luminescence intensity of firefly luciferase
was normalized to that of Renilla luciferase, and the
results were indicated as relative to the value of the
luciferase activity in cells transfected with the pCl-neo
vector.

Statistics

All values are expressed as mean =+ standard devia-
tion, and statistical comparisons were performed using
the Tukey—Kramer test using EZR (https://www.jichi.
ac.jp/saitama-sct /SaitamaHP.files /statmed EN.html).
Results with P < 0.05 were considered statistically
significant.

RESULTS AND DISCUSSION
Amino Acid Sequence Comparison of S-Meq

We determined the nucleotide sequence of Kgw-c2 S-
Meq, and compared its amino acid sequence with those
detected in other countries. S-Meq lacked 41 amino acids
in Meq’s transactivation domain, and its position was
the same as observed in previous reports (Wajid et al.,
2013; Mescolini et al., 2019). The cysteine residue at
position 114 was the unique feature observed in Kgw-c2
S-Meq (Table 1). Furthermore, Kgw-c2 S-Meq had a
PXPP sequence at position 176 (Table 1), which is a
proline-to-X substitution in the direct proline repeats in
the transactivation domain. The interruptions at posi-
tion 2 in the direct repeats of 4 prolines are found in
highly virulent MDYV strains (Conradie et al., 2020).
This proline-to-alanine substitution at position 176 was

also detected in MDV strains in Iraq (Wajid et al.,
2013).

An earlier report suggested that the reduced number
of PPPP sequences—direct repeats of 4 prolines—in
the transactivation domain in Meq correlated with the
high virulence of MDV strains in Australia
(Renz et al., 2012). Due to the deletion in the transacti-
vation domain, S-Meq had fewer PPPP sequences than
Meq, and L-Meq. Therefore, based on the hypothesis
that the number of PPPP sequences correlates with
virulence, S-Meg-encoding MDYV strains’ pathogenicity
is predicted to be high. However, the pathogenicity of
MDYV encoding CVI988 L-Meq was higher than that of
CVI988 Meq (Conradie et al., 2019), although L-Meq
has more PPPP sequences than Meq. Some amino acid
substitutions in PPPP sequences were observed in
L-Meg-encoding MDYV strains circulating in Australia,
resulting in fewer PPPP sequences than the other
L-Meg-encoding MDV strains (Renz et al., 2012).
Thus, MDV strains in Australia may have shown a
high virulence because of insertions in the transactiva-
tion domain with PPPP-to-PXPP substitutions. The
insertion (and perhaps deletion) in the transactivation
domain possibly affects virulence. Although the
reduced number of PPPP sequences may affect MDV’s
virulence, it cannot predict S-Meg-encoding MDYV
strains’ virulence or facilitate a comparison with those
encoding Meq or L-Meq, respectively.

Transactivation Activity of Kgw-c2 S-Meq

To examine the transactivation activity of Kgw-c2
S-Meq, we compared it with Nr-c1 Meq which is

6 |
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C114R

Figure 1. Transactivation activity of Kgw-c2 S-Meq. The transac-
tivation activity of Kgw-c2 S-Meq on the Meq promoter-driven lucifer-
ase activities was compared with those of Nr-c1 Meq and Kgw-c2
C114R, which were introduced to a cysteine-to-arginine substitution at
position 114. DF-1 cells were transfected with S-Meq or Meq-expression
plasmids (300 ng), c-Jun-expression plasmid (200 ng), reporter plasmid
(500 ng), and pRL-TK internal control plasmid (10 ng). Luciferase
activities were analyzed 24 h post-transfection. Firefly luciferase activ-
ity is expressed relative to the mean basal activity in the presence of
pCl-neo after normalization to Renilla luciferase activity. Error bars
indicate standard deviations. * P < 0.05.
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observed in most of the MDYV strains circulating in
Japan (Murata et al., 2013). The transactivation
activity of Kgw-c2 S-Meq was higher than that of Nr-
cl Meq (Figure 1). There was an amino acid difference
at position 114 between Kgw-c2 S-Meq and Nr-cl
Meq, including the differences in the transactivation
domain (Table 1). Therefore, we introduced a cyste-
ine-to-arginine substitution at position 114 in Kgw-c2
S-Meq, and compared the transactivation of the
mutant, Kgw-c2 S-Meq C114R, with those of Kgw-c2
S-Meq and Nr-c1 Meq. The transactivation activity of
the mutant was lower than that of wild-type Kgw-c2
S-Meq, however it was still higher than that of Nr-cl
Meq (Figure 1). These data suggest that the deletion
in Meq, in addition to the amino acid substitution at
position 114, affects the transactivation activity of
Meq. Thus, Kgw-c2 S-Meq seems to have a higher
transactivation activity than the Meq predominantly
found in MDYV strains circulating in Japan. Based on
the transactivation activity, Kgw-c2’s protein function
seems higher than Nr-c1 and could be a factor affecting
variation among their virulence.

In the 2010s, some MDYV strains whose Meq contains a
41 aa-deletion in the transactivation domain have
emerged in the field (Wajid et al., 2013; Mescolini et al.,
2019). The current study suggests that the position of
the deletion in S-Meq of Kgw-c2, which caused the dis-
ease on a poultry farm in Japan, was similar to those
reported in other countries. In addition, we clarified that
the transactivation activity of Kgw-c2 S-Meq was higher
than that of Meq predominantly found in MDYV strains
circulating in Japan. These data suggest that the dele-
tion in the transactivation domain could be a factor con-
tributing to the virulence of MDV strains and may
support the possibility that the deletion in Meq is an
aspect of MDYV strains’ evolution. However, Kgw-c2 was
detected in unvaccinated chickens; therefore, Kgw-c2’s
potential to break the vaccination-induced immunity
requires further investigation. In addition, the pathoge-
nicity of S-Meg-encoding MDYV strains in other countries
is unclear. Thus, we have limited information regarding
S-Meq-encoding MDYV strains’ potential to cause MD
outbreaks. Therefore, animal experiments using rMDV
encoding Kgw-c2 S-Meq should be conducted to decide
whether the deletion in meq affects MD pathogenicity.
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