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Characterization of integrated Marek’s disease virus genomes
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recombination and telomere-loop-driven excision

Michael L. Wood,' Rita Neumann,’ Poornima Roy,” Venugopal Nair,? Nicola J. Royle'
AUTHOR AFFILIATIONS See affiliation list on p. 14.

ABSTRACT Marek’s disease virus (MDV) is a lymphotropic alphaherpesvirus that readily
infects chickens and some other poultry, triggering complex disease phenotypes,
including paralysis, immunosuppression, and lymphoma leading to death. MDV infection
is partially controlled by extensive global vaccination programs but nevertheless,
it imposes a significant financial burden on commercial poultry farming. Following
infection, the MDV genome integrates into host telomeres, which is associated with the
virus entering a latent state. The mechanism of integration remains poorly understood
but it is contemporaneous with cellular transformation and lymphoma formation and
therefore requires investigation. Here we have developed droplet digital PCR assays to
quantify different regions of the MDV genome. We have also used long-range PCR and
single telomere amplification to establish the organization and relative orientation of
MDV genome regions in integrated MDV (iMDV). These analyses show that following
integration, the MDV genome is oriented with the unique short region (Us) internal to
the unique long region (U) and that an iMDV-associated telomere forms at the variable
repeat array (mTMR) in a terminal a-like sequence. The data also reveal a very wide range
of MDV copy numbers in cell lines, including unexpectedly, additional copies of specific
MDV genome regions.

IMPORTANCE Marek’s disease virus (MDV) is a ubiquitous chicken pathogen that
inflicts a large economic burden on the poultry industry, despite worldwide vaccination
programs. MDV is only partially controlled by available vaccines, and the virus retains the
ability to replicate and spread between vaccinated birds. Following an initial infection,
MDV enters a latent state and integrates into host telomeres and this may be a prerequi-
site for malignant transformation, which is usually fatal. To understand the mechanism
that underlies the dynamic relationship between integrated-latent and reactivated MDV,
we have characterized integrated MDV (iMDV) genomes and their associated telomeres.
This revealed a single orientation among iMDV genomes and the loss of some terminal
sequences that is consistent with integration by homology-directed recombination and
excision via a telomere-loop-mediated process.

KEYWORDS Marek's disease virus, chicken, telomere, latency, alphaherpesvirus,
integration, droplet digital PCR

M arek’s disease virus (MDV) is a widespread, lymphotropic alphaherpesvirus that
infects chickens and is a large economic burden to the poultry industry (1, 2). The
often complex symptoms of Marek’s disease (MD) include paralysis and immunosuppres-
sion (3-5). Current vaccines do not provide complete protection; therefore, MDV can
replicate and spread between vaccinated birds (2). Prevalent circulating strains of MDV
are reported to have become more virulent following widespread vaccination programs
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against MDV (2, 6). Primary infection by MDV is through inhalation of dander shed by
MDV-infected birds (7) and early viral replication occurs predominantly, although
not exclusively, in B lymphocytes. Infection strongly regulates gene expression in B cells
and decreases the rate of proliferation (8). Linear concatemers of MDV are generated
by rolling circle replication and replication peaks 3-7 days post-infection. Unusually,
the MDV genome integrates into telomeres of latently infected CD4* T cells that can
undergo cellular transformation prior to lymphoma development. The temporal overlap
between integration and transformation has led to the suggestion that integration and
latency may be prerequisites for lymphomagenesis (9, 10). Integrated MDV is found in
almost all MD lymphomas and where integration is inhibited, lymphoma development
was significantly reduced (11). Several viral transcripts and gene products have been
implicated in MD pathogenesis and lymphomagenesis. Deletion of meg, the major
oncogene of MDV through its interactions with p53 (12), has very little effect on viral
replication while completely disrupting tumorigenesis (13-15). Similarly, splice variants
of phosphoprotein 38 at different stages in the MDV life cycle have been shown to play
a role in tumor formation (16). VTR, a viral homolog of telomerase RNA, is also crucial for
lymphomagenesis (17, 18).

The MDV genome structure is typical of alphaherpesviruses with a long unique region
(UL, approximately 115 kb in length) and a short unique region (Us, approximately
12 kb), each flanked by inverted repeats (R, 15 kb and Rs, 12 kb) (Fig. 1A). Between the
repeats (R_ and Rg) is an “a-like” region that contains two telomere-like repeat arrays:
a shorter array containing exactly six (TTAGGG) repeats (sSTMR) and a longer array of
variable length (mTMR) that contains (TTAGGG) repeats interspersed with degenerate
repeats such as (TGAGGG). The a-like region also contains packaging motifs (PACT and
PAC2) as well as two copies of DR1, a short sequence downstream of the cleavage site
(11, 19-21). The mechanism of viral genome integration has not been fully resolved,
but the presence of telomere (TTAGGG) repeat arrays in the MDV genome, in particular
mTMR, has been shown to be essential for efficient integration, genome maintenance,
and reactivation in vivo and in vitro (11, 22-25).

The genomes of chickens, and other birds, have a large (TTAGGG) repeat component
(3-4%) compared to humans (0.3%). This includes interstitial telomere-like repeat arrays
and mega-telomeres, up to 2 Mb in length, found at the end of a small number of
chromosomes in birds (26, 27). The chicken karyotype is divided into macro-, intermedi-
ate-, and micro-chromosomes based on size, and mega-telomeres tend to be found on
micro-chromosomes. MDV integrates into many different chromosome ends, often
several different chromosome ends in each cell (26, 28, 29), and while there is no strong
evidence of integration hot-spots in particular telomeres, lymphomas from the same bird
have overlapping integration profiles suggesting clonal expansion (10).

To understand the relationship between MDV telomeric integration and excision, viral
latency and reactivation, we have investigated chromosomally integrated MDV (iMDV)
and the associated telomere. We used long-range PCR, telomere PCR amplification, and
chromatin capture to demonstrate that MDV consistently integrates with the Us region
closer to the centromere and that the iMDV-associated telomere forms at mTMR in the
terminal a-like region. These data support a model of iIMDV genome excision by a
telomere-loop (t-loop)-driven mechanism.

RESULTS

The MDV genome copy humber measured by ddPCR shows extreme variabil-
ity between cell lines

The copy number of the MDV genome has been shown to vary between tumors and
lymphoma-derived cell lines and to change over time in cell culture (26, 28, 29). The
approaches used, quantitative PCR, (qPCR) and fluorescent in situ hybridization (FISH),
have limitations. To measure the relative MDV copy number per chicken genome, we
developed several droplet digital PCR (ddPCR) assays (Fig. 1A) that facilitate sensitive and
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FIG 1 Assessing MDV copy number and genome organization using droplet digital PCR (ddPCR) assays. (A) Diagram of MDV genome showing the relative
positions of amplicons used in ddPCR assays. (B) Fluorescent in situ hybridization image showing that the QT35 cell line contains a single copy of the MDV
genome integrated into a terminal location of a micro-chromosome. The arrows indicate the location of the integrated MDV genome in two QT35 metaphase
cells. (C) One-dimensional ddPCR plots of duplexed hydrolysis probe assay for MDV057 (upper panel, blue) and AvGAPDH (lower panel, green). Each point of
the graph represents an individual droplet generated during the ddPCR setup. The fluorescence intensity within each droplet (MDV057 blue droplets; AvGAPDH
green droplets) is shown on the y-axis. Gray droplets show no amplification of either target. Each plot shows four ddPCR reactions with the following DNA input:
10 ng QT35 quail cell line DNA, 1 ng QT35 quail cell line DNA, 1 ng AVOL-1 MDV-negative cell line DNA, and water (no template control, NTC). (D) Replicates of the
MDV057-AvGAPDH duplex ddPCR assay for seven chicken cell lines and one quail cell line (QT35). (E) Graph showing MDV057 copy number per cell estimated
by ddPCR against AVGAPDH reference amplicon. Error bars are mean + SEM. (F) One-dimensional ddPCR plots of EvaGreen assays on QT35 DNA. Assays for
several amplicons across the MDV genome and the AvGAPDH and NOP2 reference amplicons are shown. (G) Graph showing copy number of each amplicon in
four MDV-positive cell lines. The copy number was estimated by ddPCR absolute quantification against two reference amplicons (AvGAPDH and TF for chicken;
AVGAPDH and NOP2 for quail). The means shown are the average copy number of both assays in each genome region relative to the average of two control
amplicons. Results of U hydrolysis probe ddPCR are shown (black) for comparison between methods. (H) One-dimensional ddPCR plots of EvaGreen assays
using DNA from HP8 indicate a complex organization of the MDV genome in this cell line.

precise MDV quantification over a wide dynamic range, without the need for comparison
to a standard curve (30). QT35, a quail cell line known to harbor a single copy of iMDV per
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cell (Fig. 1B), was used to establish and assess these assays. First, a duplexed hydrolysis
probe assay was used to quantify Uy copy number (U.-1 amplicon in ORF MDV057, Fig.
1A) relative to an amplicon in the avian GAPDH gene (amplicon name, AvGAPDH). Figure
1C shows one-dimensional ddPCR plots of U -1 and AvGAPDH assays as well as the
estimated MDV copy number per cell in the QT35 cell line, based on the proportion of
positive droplets in each assay. Notably, QT35 has chromosome 1 trisomy (31); conse-
quently, every cell has three copies of AVGAPDH. Therefore, the observed 1:3 ratio of U -1
to AVGAPDH was expected and consistent with one copy of iMDV per cell (Table 1). Using
the same duplexed assay, MDV U copy number was determined in six MD lymphoma-
derived chicken cell lines (226(0), 265(L), 4839(K), 4523(T), MSB-1, and HP8). In four of
these cell lines (226(0), 4839(K), 265(L), and HP8), the MDV copy number was measured
precisely and ranged from 5 to 10 copies per cell. The other two cell lines (4523(T) and
MSB-1) each had a very high copy number and showed greater variation between
replicates, particularly the 4523(T) cell line (Fig. 1D and E; Table 1).

To investigate the composition of the MDV genomes within cell lines, absolute
quantification ddPCR assays were developed for the Uy, Us, R, and Rg regions; a
reference amplicon in GAPDH (AvGAPDH), common to both chicken and quail; and
reference amplicons in Ovotransferrin (TF, Chr 9) and NOP2 nuclear protein (NOP2, Chr 1),
specific to chicken and quail, respectively. These ddPCR assays, based on a double-stran-
ded DNA (dsDNA) intercalating dye, were used to measure the copy number of each
MDV genome region. For the QT35 cell line, the ratio of U and Us to the avian control
amplicons was approximately 1:3 (as expected due to chromosome 1 trisomy) and 2:3 for
Rs and Ry (Fig. 1F; Table 1). Assessment of the MDV genome content in the chicken cell
lines with a modest MDV copy number (5-10 copies per cell) was consistent with a 2:1
ratio between MDV repeat and unique regions and comparable with the copy number
determined with the hydrolysis probe assay (Fig. 1G; Table 1). The exception to this was
an unexpectedly high copy number of R and U in the HP8 cell line that revealed a 5:1
ratio of Ri:U| and a U :Ug ratio of approximately 2:1 (Fig. 1G and H; Table 1).

In summary, the ddPCR assays developed here have demonstrated very high
variability of MDV copy number among chicken and quail cell lines, and they extend the
range of accurate copy-number estimates without the need for standards. Furthermore,
by combining data from multiple ddPCR assays that target different regions in the
MDV genome, it is possible to explore MDV genomes that diverge from the expected
structure. However, when the MDV copy number per cell is very high, quantification
becomes less precise because of the large copy number difference between the MDV
target and the reference.

MDYV consistently integrates into the host telomere in the same orientation

As stated above, the MDV genome contains a-like regions that each contain two
telomere-like repeat arrays, the six (TTAGGG) repeat containing sTMR and the variable
length degenerate repeat array mTMR. The linear MDV genome has an a-like region at

TABLE 1 The copy number of MDV genome regions in one quail and six chicken cell lines

U, probe (triplicate)” U Mean + SEM’  Rs-1° Rs-2° R-1° R.-2° Us-1° Us-2° Up-1° UL-2°
MSB-1  101.1 95.4 90.1 95.5+3.18 1904 1938 1186 1527 803 1066 956 116.1
4523(T) 158.2 158.8 2205 179.2 +20.67 3427 3783 2873 3039 1354 197.8 1620 2012
226(0) ND 6.31 6.19 NA® 8.26 8.64 6.56 1142 3.31 4.90 2.81 3.80
4839(K) 5.50 5.72 5.80 5.67 +0.09 1144 1110 1390 975 5.08 6.03 438 4.99
265(L) 6.10 6.64 6.83 6.52+0.22 10.41 1085 1131 10.00  5.10 5.92 487 6.18
HP8 8.90 8.94 8.60 8.81+0.11 1000 1056 4405 4188 535 5.29 8.84 9.00
QT35 032 033 0.34 0.3+0.00 054° 067° 059  ND“ 034°  036° 030° 039°

“Copy number was measured with ddPCR using fluorescent hydrolysis probes relative to AvGAPDH amplicon.

®Copy number was measured with ddPCR using fluorescent dsDNA intercalating dye relative to the average of AVGAPDH and TF copy number.

“Copy number was measured with ddPCR using fluorescent dsDNA intercalating dye relative to the average of the AVGAPDH and NOP2 copy number.
ND: not done.

¢NA: not applicable.

'SEM: standard error of the mean.
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each end (in the same orientation) as well as at least one a-like region between Rs and
RL (in the opposing orientation, Fig. 2A) (21). When circularized, the MDV genome has
at least one a-like region at each Rs-R_ junction in opposing orientations. If integration
of the MDV genome is facilitated by an homology-directed recombination (HDR)-based
mechanism, it must integrate with telomere repeats in the same orientation as those in
the host, that is 5-(TTAGGG),-3’, to produce the essential G-rich overhang at the 3" ends.
Figure 2B shows potential integration points in the MDV linear and circularized genomes.
The polarity of the (TTAGGG), repeats at these potential integration points implies that
to ensure homology between the telomere array in MDV and the host telomere, MDV
will integrate such that Us is closer to the centromere and U located toward the end
of the chromosome, at the telomere (Fig. 2Q). If this prediction is correct, following HDR
integration the telomere will be present at the a-like region adjacent to Ry. Integration of
the MDV genome, such that U is more centromeric, would generate a telomere with a
C-rich 3" overhang and is therefore unlikely as the telomere would not be functional.

Single telomere length analysis (STELA) is a PCR-based approach that can be used to
amplify telomeres and measure telomere length (32, 33). Here, STELA has been exploited
to amplify MDV-associated telomeres using primers that anneal to either Rg or R;. Figure
2D shows that MDV-associated telomeres were amplified from avian cell lines 265(L),
4839(K), and QT35 using the primer MD704R that anneals to R_ and is directed toward
the a-like region, but not by the MD363F primer that also anneals to R| but oriented in
the opposite direction. STELA products were not generated using either MD177273R or
MD176779F which anneal to Rs. These results demonstrate that, following telomeric
integration, the MDV genome is oriented such that Us, flanked by the two Rs regions, is
centromeric to the R -U;-R| region. Consequently, the MDV-associated telomere is
located within the a-like region adjacent to Ry.

STELA is typically used to measure the length of individual telomeres at specific
chromosome ends and estimate the average length of the specific telomere. However,
given the large range in chicken telomere lengths, including extremely long telomeres
that are well beyond the limits of PCR amplification, it was considered inappropriate to
present estimates of average iMDV-associated telomere lengths. Nevertheless, there is
preliminary evidence that the lengths of the iMDV-associated telomeres may vary
between cell lines, with the shortest telomeres amplified from cell lines with the highest
MDV copy number (4523(T) and MSB-1) (Fig. S1).

In addition to sTMR and mTMR, a-like regions contain packaging signals PAC1 and
PAC2, two copies of DR1, and some single-copy sequences (Fig. 2A). To investigate where
the iMDV-associated telomere forms within the a-like region, several short STELA
products (approximately 1 kb in length) were re-amplified in secondary semi-nested
PCRs using Telorette2B and MD671R. Sanger sequences from several such amplicons
(example shown in Fig. 2E) reveal that the MDV-associated telomere forms at mTMR, not
sTMR and that following integration, the terminal a-like region lacks PAC2 and one copy
of DR1. The sequences also showed that these MDV-associated telomeres were com-
posed primarily of perfect (TTAGGG), repeats with a small number of degenerate,
telomere-like repeats.

To investigate which chromosome end carries the iMDV in the QT35 cell line, tandem
locus amplification (TLA) analysis was conducted (34). TLA analysis is a chromatin-
structure capture technology that cross-links DNA in situ, enzymatically digests the
genome, and re-ligates DNA fragments that are in close spatial proximity. Subsequent
oligonucleotide-directed sequencing of re-ligated DNA reveals sequences that had been
close to each other in 3D space by the relative abundance of mapped reads. The whole-
genome coverage plot shows where reads from TLA mapped in the Quail genome (Fig.
3A). The depth of coverage was highest on chromosome 11, specifically at the end of the
long arm (11q), indicating that the MDV genome is integrated into the 11qg telomere in
the QT35 cell line. As part of the TLA analysis, the oligonucleotide-directed sequencing
was conducted with pairs of primers that anneal to the Us or the U regions far apart in
the MDV genome. The increased read depth toward the distal end of the 11q
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FIG 2 Exploring integrated MDV genome organization and content. (A) Structures of a-like regions in non-integrated, linear MDV highlighting relative positions
of DR1, packaging motifs PACT and PAC2, and telomere-repeat containing regions mTMR and sTMR. Arrows show the relative orientation of a-like regions.
(B) Diagram showing linear and circularized MDV genomes that each contain two inverted copies of R_ and Rs. R| and Rg are separated by a-like regions that
each contain two arrays of telomere-like repeats that could act as a substrate for integration via an HDR-based mechanism. (C) Diagrams showing the predicted
organization of the MDV genome following integration via an HDR-based mechanism between the telomere repeat arrays with the same polarity in the host
and the viral genome (upper diagram), or via a non-HDR-based mechanism (e.g., non-homologous end joining) between telomere repeat arrays of opposing
polarity (lower diagram). The latter is unlikely to lead to a functional telomere as it would produce a C-rich overhang. These diagrams also show the position and
orientation of primers used in single telomere amplification (STELA) to determine the location of the integrated MDV-associated telomere. (D) STELA—Southern
blots hybridized with a radiolabeled telomere-repeat probe. Shown are STELA reactions for three MDV-positive cell line DNAs (265(L), 4839(K), and QT35) and
an MDV-negative cell line (AVOL-1), carried out using four different primers that anneal to the MDV genome. Amplification of the MDV-associated telomere
only occurred when using the MD704R primer. (E) Sanger sequence trace obtained from an MDV-associated telomere amplicon, using primer Telorette2B. The
sequence shows many copies of (CCCTAA),, telomere repeats with interspersed degenerate telomere-like repeats (black boxes) and the absence of PAC2 and the
terminal DR1. The diagram shows the structure of a distal a-like region on an integrated copy of the MDV genome, expanded to show the absence of PAC2 and

the second copy of DR1.
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chromosome arm following TLA sequence analysis using Ug primers (Fig. 3B lower panel)
compared with the U primers (Fig. 3B upper panel), strongly suggests that Us is located
closer to the chromosome-11-specific sequences in the quail genome than U. This is
consistent with the results obtained from sequencing STELA amplicons, described above
(Fig. 2D and E). In summary, our analyses show that following MDV integration into an
avian genome, Ug is located closer to the centromere of the chromosome carrying the
integration, than Up. Consequently, one copy of R_ occupies a distal location and the
MDV-associated telomere is present at mMTMR on a terminal, truncated a-like region.

Determining the orientation of Ug in MDV

Studies of herpes simplex viruses 1 and 2 (HSV-1 and HSV-2), with similar genome
organizations to MDV, have shown that the orientation of Us and U, can change with
respect to one another. This results in four isomeric forms of the viral genomes thought
to be present in equal proportions (35-37). The MDV genome is also thought to undergo
isomerization facilitated by recombination between the inverted repeats of R or Rs.
Isomerization can potentially generate four MDV genome configurations where U and
Us are in the same orientation, directed away from each other, or directed toward
each other. Furthermore, each isomer could potentially integrate into a telomere as a
monomer or concatemer (see example in Fig. 4Ai). To determine the orientation of Ug in
the single copy of MDV in the QT35 cell line, long-range PCR anchored in R was used
to determine which end of Ug is closest to U (Fig. 4B). In brief, the MD164411F and
MD157430R primers anneal in opposite orientations toward one or the other end of Us,
and away from the center of Ug (Fig. 4B). If PCR is carried out with the Ug MD164411F
primer and the MD704R primer in U, Amplicon 1 will be generated if Ug is orientated
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FIG 3 Tandem locus amplification in the QT35 cell line identifies the MDV integration site. (A) Whole-
genome coverage plot obtained from MDV-TLA short read sequence data of QT35. The majority of
reads map to chromosome 11 with enrichment at the end of the long arm of chromosome 11, adjacent
to the 11q telomere. (B) Read depth across the distal end of chromosome 11 following tandem locus
amplification with only the U, primer pair (upper panel) or only Us primer pair (lower panel). The
increased read-depth toward the telomere following tandem locus amplification with Ug primer pair is
circled in red.
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The control amplicon (primers MD154069R and MD704R) for the long-range PCR should generate a product regardless of the Us-R; orientation. A secondary

amplicon (primers MD363F and MD671R) can be amplified from all three primary amplicons in a fully nested PCR. (C) Images of ethidium bromide-stained

agarose gels from the primary PCRs showing detection of the control amplicon (C), Amplicon 1 and Amplicon 2 in MDV-positive QT35, 4839(K) and 265(L), but

not in MDV-negative AVOL-1, and water negative controls. Indirect detection of Amplicons 1 and 2 by secondary nested PCR of diluted primary PCR products,

using primers MD363F and MD671R.
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away from U. By contrast, Amplicon 2 will be generated by amplification with the Ug
MD157430R and U MD704R primers if Us is orientated toward Uy. In addition, PCR of a
long control amplicon (R¢ MD154069R and R MD704R primers) was included as it should
amplify regardless of the orientation of Us. To detect the presence of these long ampli-
cons (if sub-visible in the primary PCRs), secondary nested reactions were set up using
primers MD363F and MD671R, which are common to all the predicted primary PCR
products. Amplicon 1 and the Control amplicon, but not Amplicon 2, were amplified
from QT35 DNA (Fig. 3C) thus demonstrating that the orientation of Ug in the single copy
of iMDV is stable and directed toward the interior of the quail chromosome (as shown in
Fig. 4A ii or iii). By contrast, Amplicon 1 and Amplicon 2 could both be amplified from
4839(K) and 265(L) DNA, suggesting that both orientations of Ug are present in different
copies of the integrated MDV genome; or that some copies of the viral genome are
circularized; or that the MDV genome is integrated as a concatemer; or a combination of
these are present in the cell lines.

DISCUSSION

The average copy number of MDV, as measured here by ddPCR, is highly variable across
tumor-derived and infected cell lines, consistent with previous studies that used FISH
and gPCR (26, 28, 29). ddPCR has advantages over these methods, for example, it is less
laborious than FISH, and it can quantify MDV copy per cell without the use of known
standards, unlike gPCR. Furthermore, the use of several ddPCR assays across the MDV
genome can reveal duplication or deletion events of different genome regions, as shown
in the HP8 cell line where more copies of R and U| are present than expected from the
Us copy number. These extra copies may have arisen from duplication events facilitated
by HDR between the inverted repeats of R.. The low MDV copy number in four chicken
cell lines likely represents latent iMDV, whereas the very high copy number in two cell
lines (4523(T) and MSB-1) may represent a mixture of iMDV and non-integrated, free
circular, or replicating virus (26, 38-40). This is consistent with observations that both
the 4523(T) and MSB-1 cell lines produce high numbers of infectious virus plaques when
co-cultivated on primary chicken embryo fibroblasts in contrast to the HP8 and 226(0)
cell lines [(16) and unpublished data]. As the ddPCR assays are reproducible and accurate
with low to moderate MDV copy number (particularly when using a hydrolysis probe),
they could be used effectively to monitor small changes in copy number to explore
viral reactivation in response to drug treatment (41, 42) and to measure the efficacy of
vaccines.

Despite recent developments, much of the basic biology of MDV genome integration
and release from a telomere remains unknown. Here, we have shown that the MDV
genome integrates in such a way that a telomere forms at mTMR in an a-like region.
The MDV telomere-associated amplification data presented from six cell lines, together
with TLA analysis from the QT35 cell line, show that MDV consistently integrates in one
orientation, that is, with R at the most distal end of the chromosome and with Rg in
a more centromeric position. Sequencing of re-amplified STELA products showed that
the MDV-associated telomere forms at mTMR, the longer variable region of telomere-like
repeats within the MDV a-like region.

The potential presence of four different isomers of the MDV genome following
MDYV infection and rolling circle replication raises the possibility that different isoforms
may integrate into distinct telomeres during the transition to latency. We developed
long-range PCR assays to distinguish two of the isoforms (U in different orientations
with respect to R)) and identified the isomer present in the single copy of MDV
integrated into chromosome 11q in the quail QT35 cell line. Interpretation of similar
analysis in two chicken cell lines with modest MDV copy number [265(L) and 4839(K),
Table 1] is complicated by the possible presence of circularized or concatemeric forms of
the MDV genome, as these can give rise to both amplicons. Therefore, the Ug orientation
analysis (Fig. 4C) does not give definitive proof that these cell lines carry different MDV
isomers in individual telomeres. However, the 265(L) cell line, with six MDV copies per
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cell, is stable and not known to produce a virus. Furthermore, preliminary FISH analy-
sis indicates that the 265(L) cell line carries iMDV in multiple telomeres, as has been
shown in many other lymphoma-derived chicken cell lines (26, 29, 38). This supporting
evidence strengthens our provisional interpretation that the 265(L) cell line is likely to
carry different iMDV isomers in distinct telomeres.

These new observations support a model of MDV genome integration and excision,
that is similar but not identical to the model proposed for chromosomally integrated
HHV-6 (33, 43). The source of the MDV genome that integrates into a telomere could
include a cleaved and packaged MDV genome directly from a viral particle (21); a
circularized viral genome that is a substrate for rolling circle replication (44); or a
concatemeric form of the MDV genome. Homology-directed recombination between
the mTMR in an a-like region and an avian telomere would result in the integration of
MDV genome with Us positioned centromeric to Ui , as observed. We have also shown
that the iIMDV-associated telomere is present at mTMR in the terminal a-like region that
lacks PAC2 and one copy of DR1. In turn, we hypothesize that the internal a-like region
is ligated to the avian chromosome at mTMR, and is also truncated, lacking one copy of
DR1, sTMR, and PACT.

Full reactivation of MDV from latency, in a cell that only carries integrated copies of
the viral genome (38), requires the release of an iMDV genome (that lacks full-length
a-like regions at the ends of the genome) from a telomere and circularization prior
to rolling circle replication. Precise excision of the iMDV genome with simultaneous
circularization could be achieved via a telomere-loop (t-loop)-mediated mechanism (45,
46). This model is appealing as it also facilitates the reconstitution of a complete a-like
region. In this scenario, a t-loop that contains the entire MDV genome would form
following strand invasion of the telomeric single-strand overhang into mTMR in the
internal a-like region (Fig. 5). Then, as proposed in the chromosomally integrated HHV-6
excision model (33, 43, 47), the base of the t-loop could migrate and be resolved as
a double Holliday junction structure to release a “t-circle” containing the entire MDV
genome with a reconstituted a-like region. The excised circular MDV genome could then
become a template for rolling circle replication. While the telomere-like repeat arrays
(STMR and mTMR) in the centrally located a-like region of an iMDV genome are also
possible targets for invasion by the telomeric single-stranded overhang, these repeats
are in the opposite orientation (Fig. 2) and in this scenario, excision of a t-circle would
lead to an unviable 5’ C-rich overhang. This contrasts with the model of integrated HHV-6
release where partial excision of the integrated viral genome has been shown to occur
leaving a 3’ G-rich overhang (48).

In summary, MDV is an important avian pathogen that has been used to investigate
the role of viruses as oncogenic agents (6, 10, 49). As we have shown, MDV genome
analyses are also useful to understand mechanisms of telomere integration and excision
used by some herpesviruses. In the future, MDV integration and release have the
potential to emerge as a model to study telomere dynamics in chicken, and in birds more
widely.

MATERIALS AND METHODS
Avian cell lines, culture conditions, and DNA extraction

MDV-positive chicken cell lines 265(L), 4839(K), 4523(T), and 226(0) were established
from lymphomas from chickens infected with the RB-1B strain of MDV (50) (16). MDV-
positive chicken cell line HP8 (51) was from a GA strain-induced tumor and MSB-1 from a
spleen lymphoma induced by BC-1 strain (52). AVOL-1 is an MDV-negative T-cell line (53).
The MDV-positive quail cell line QT35 was derived from a methylcholanthrene-induced
tumor in Japanese quail (Coturni coturnix japonica) (31).
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FIG 5 Diagram showing t-loop mediated excision of an iMDV genome from a telomere. The organization of a monomeric iMDV genome is shown. The black

crosses in the distal a-like region show the absence of the terminal PAC2 and DR1. The iMDV-associated telomere that starts at the terminal mTMR is shown as

parallel yellow lines. The gray dashed crosses on the internal a-like region indicate the hypothetical loss of one copy of DR1, sTMR, and PAC1. The black arrow

shows the potential for t-loop formation by the single-strand invasion of the iMDV-associated telomere into the repeats at the junction between iMDV and the

host telomere (including mTMR). This would produce a t-loop containing the MDV genome that could be excised as a t-circle. The released, circularized MDV

genome would contain an a-like region between both pairs of Rs and R, one reconstituted by a t-loop mediated excision process.

MSB-1 and AVOL-1 cell lines were cultured in RPMI 1640 + Glutamax | (Gibco-Thermo
Fisher Scientific) supplement with 10% heat-inactivated fetal bovine serum (FBS; Sigma-
Aldrich), 10% tryptose phosphate broth (Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-
Aldrich), and 50 uM 2-mercaptoethanol (Gibco-Thermo Fisher Scientific). The same media
supplemented with 15% heat-inactivated chicken serum (Life Science Production) was
used to culture the 265(L), 4839(K), 4523(T) and 226(0), and HP8 cell lines. The QT35 cell
line was cultured in M199 media with 0.1% glutamine and Earle’s salts (Thermo Fisher
Scientific) supplemented with 5% heat- inactivated FBS (Sigma-Aldrich), 10% tryptose
phosphate broth (Sigma-Aldrich), and 10% heat-inactivated chicken serum (Life Science
Production). All cell lines were cultured at 38.5°C in a 5% CO2, humidified atmosphere.

Harvested cells were pelleted at 1,200 rpm for 8 min, washed twice with phosphate-
buffered saline, and snap-frozen on dry ice. High molecular weight DNA was extracted
using a standard phenol-chloroform method and precipitated using ethanol. The DNA
pellet was washed with 80% ethanol, briefly air-dried and dissolved in sterile pure water.
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Fluorescent in situ hybridization

Chromosomal integration of the MDV genome on metaphase spreads from Avian cell
lines was detected with full-length MDV genome generated from infectious bacterial
artificial chromosome (BAC) clones as hybridization probes using full standard FISH
protocols as described previously (54).

Droplet digital PCR assays for quantification of regions of the MDV genome

Hydrolysis probe ddPCR reactions (20 pL volume) consisted of 1x ddPCR Supermix
for Probes (Bio-Rad Laboratories Ltd), 300 nM of each forward and reverse primer
(Sigma-Aldrich), 200 nM of each hydrolysis probe (Eurogentec), 0.25 U Xhol restriction
enzyme (New England Biolabs), 0.05x NEB buffer 2.1 (New England Biolabs), and 1 uL of
DNA at appropriate concentration. Each 20 pL PCR was partitioned into nanolitre-sized
droplets with 70 pL Droplet Generating Oil (Bio-Rad Laboratories Ltd) using QX200
Droplet Generator (Bio-Rad Laboratories Ltd). Thermocycling was carried out in a Veriti
96 cell thermocycler (Applied Biosystems) as follows: 95°C, 10 min; 40 cycles 94°C 30 s,
60°C 1 min; 98°C 10 min. dsDNA intercalating dye (EvaGreen) probe ddPCR reactions
(20 pL volume) were set up as above but using 1x ddPCR EvaGreen Supermix (Bio-Rad
Laboratories) and with no hydrolysis probe. Thermocycling conditions were as follows:
95°C, 5 min; 45 cycles of 94°C 30 s, 60-62°C 1 min; 4°C 5 min; 90°C 5 min. Droplet
fluorescence was measured in one or two channels using QX200 Droplet Reader (Bio-Rad
Laboratories Ltd). All data were analyzed using QuantaSoft software (v1.4.0, Bio-Rad
Laboratories Ltd), which was also used to generate 1D droplet plots. Primer and probe
sequences are shown in Table 2.

Tandem locus amplification analysis of iMDV genome

QT35 cells, 24 h after subculturing, were harvested in fresh media by centrifugation at
1,100 rpm for 8 min with two phosphate-buffered saline washes. Aliquots of 107 cells
were resuspended in QT35 culture medium with 10% dimethyl sulfoxide and used for
TLA analysis by Cergentis. Sample preparation and data analysis were carried out by
Cergentis (34). In brief, genomic DNA was cross-linked in cells resulting in sequences
that were in close proximity becoming cross-linked to interacting proteins. The DNA was
then digested, ligated to promote circularization, and decross-linked. The ligated DNA
fragments and two sets of primers (UL-Fw and UL-Rv, and US-Fw and US-Rv) were used to
amplify the DNA. Amplified DNA was then sequenced on an lllumina HiSeq platform and
reads were mapped to the quail genome [Corturnix japonica, GCA_001577835.2 (55)] and
to the MDV genome (Md5, AF243438) using BWA-SW.

STELA to detect iMDV-associated telomeres

The telomere at the end of the iMDV genome was amplified by STELA using the MD704R
primer and Telorette2B/Teltail as described previously (32, 33, 56). 10 pL STELA reactions
contained 1x buffer (57), 0.3 uM flanking primers, 0.225 uM Telorette2B, 0.05 uM Teltail,
0.4 U Tag polymerase (Kapa Biosystems Ltd), 0.25 U Pwo (Genaxxon Bioscience), and
1 pL DNA diluted to 10-250 pg. Thermocycling was as follows: 94°C, 1.5 min; 25 cycles
94°C 15 s, 61°C 30 5, 68°C 12 min; 68°C 2 min. STELA products were size separated by
agarose gel electrophoresis and amplified telomeres were detected by Southern blot
hybridization to a radiolabeled (TTAGGG),, probe. Selected reactions were diluted 1:10
with water and re-amplified in semi-nested secondary PCR with primers Telorette2B and
MD671R with the following thermocycling conditions: 94°C, 1.5 min; 25 cycles 94°C 15 s,
61°C 30 s, 68°C 4 min; 68°C 2 min. The reamplified products were sequenced (Source
Bioscience) using the Sanger chain termination method.
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TABLE 2 Primer and probe sequences

Amplicon name Primer name 5-3 sequence Tm\C

AVGAPDH AVGAPDH-F1 AAGCAGGACCCTTTGTTGGA 60
AVGAPDH-R1 TCTATCAGCCTCTCCCACCT
AVGAPDH-Pr HEX-TGTCTCCCCCACTCCTCCTC-BHQ

Ovotransferrin (TF) OvoTF-F CACTGCCACTGGGCTCTGT 60
OvoTF-R GCAATGGCAATAAACCTCCAA

NOP2 Q-NOP2-F1 CTTATGGTTAGAAGCCCGGA 60
Q-NOP2-R1 CGAAGAACAGAAGAAGCCAC

Up-1 UL-F1 CATGCAAGTCATTATGCGTGA 60
UL-R1 TGTTTCCATTCTGTCTCCAAGA
UL-probe FAM-TACGTGTGTGTCAACGACCT-BHQ

Up-2 MDVprF4 TCCATTCATCGGCTGCTTTGTG 60
MDVprR3 ATTGTGAAATCCTCCACCGC

RL-1 MDV93F AGACACTTTCCCACTCATAC 60
Md5-PACTF GTCGAGAAACAGGGGGGGTCTA

R.-2 MDVprRLR2 GAGCTGTTGACACCTCTGAT 62
MDVprRLF3 GCCAACATTTTCAGACTTTGCC

Us-1 MDVprUSF2 CCTGCAAGTCCATCCGTTG 60
MDVprUSR1 CGTCAGCGGGTTCTTTAGTA

Us-2 US-II-F CCATGAAGGGGCGTGTCAAA 60
US-II-R ATTTGCGCCGTAGAGACCAC

Rs-1 MD154069R TGCAAGCTCTGAGAACTTCC 60
MD153927F AGCTAACCACAGCGTGTCTC

Rs-2 MDVprRSR1 TCCGTAAGTGCTTGTCGATG 60
RS-III-F GTGACATCCTCCTCTGGCCT

TLA primers UL-Fw TTGCGTACAACCGTGGGATA
UL-Rv GAGGTGGTTCGGCGCATC
US-Fw CCAGTTTCGGTAAGATCAGT
US-Rv ACAAGGGTTATGATCGACAC

Us orientation MD164411F AACGTGCAAGTTCGTCACGA 57

primers MD154069R TGCAAGCTCTGAGAACTTCC 57

MD157430R ATATCCAAGGACAGTGGACA 57
MD671R CCTATTGGCCGGGCTGTAC 57°/61°

STELA primers MD363F ACTACATCCGGTTCGTAGAC 61
MD704R CTTGTAGCTTCCTCCGCCT 57°/61°
MD176779F CTGTCATTTCGCAGGGATCT 61
MD177273R GAGTCAGGCATTGCGGAGT 61
Telorette2B TGCTCCGTGCATCTGGCATCTAACCCT
Teltail TGCTCCGTGCATCTGGCATC

“Primer annealing temperature in Us-R orientation assays.

®Primer annealing temperature in STELA.

Us orientation determining PCR

Ten microliters of primary PCRs contained 1x buffer (57), 0.3 uM forward and reverse
primers, 0.5 U Tag polymerase (Kapa Biosystems Ltd), 0.25 U Pfu polymerase (Thermo
Fisher Scientific), and 10 ng DNA. Primary amplicons were amplified using MD704R and
MD164411F (Amplicon 1), MD157430R (Amplicon 2), or MD154069R (Control amplicon)
with the following conditions: 94°C, 1.5 min; 27 cycles 94°C 15 s, 57°C 30 s, 68°C 14 min;
68°C 2 min. One microliter 1:10 dilutions of primary PCR were used as input for secondary
PCR using primer MD363F and MD671R with the following conditions: 94°C, 1.5 min; 25

cycles 94°C 155,61°C30s,68°C 1 min; 68°C 2 min.
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