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ABSTRACT

The integration of retroviruses into the host genome following nonrandom genome-wide patterns may lead to the deregulation
of gene expression and oncogene activation near the integration sites. Slow-transforming retroviruses have been widely used to
perform genetic screens for the identification of genes involved in cancer. To investigate the involvement of avian leukosis virus
subgroup J (ALV-J) integration in myeloid leukosis (ML) in chickens, we utilized an ALV-J insertional identification platform
based on hybrid capture target enrichment and next-generation sequencing (NGS). Using high-definition mapping of the viral
integration sites in the chicken genome, 241 unique insertion sites were obtained from six different ALV-J-induced ML samples.
On the basis of previous statistical definitions, MYC, TERT, and ZIC1 genes were identified as common insertion sites (CIS) of
provirus integration in tumor cells; these three genes have previously been shown to be involved in the malignant transforma-
tion of different human cell types. Compared to control samples, the expression levels of all three CIS genes were significantly
upregulated in chicken ML samples. Furthermore, they were frequently, but not in all field ML cases, deregulated at the mRNA
level as a result of ALV-J infection. Our findings contribute to the understanding of the relationship between multipathotypes
associated with ALV-J infection and the molecular background of tumorigenesis.

IMPORTANCE ALV-Js have been successfully eradicated from chicken breeding flocks in the poultry industries of developed
countries, and the control and eradication of ALV-J in China are now progressing steadily. To further study the pathogenesis of
ALV-J infections, it will be necessary to elucidate the in vivo viral integration and tumorigenesis mechanism. In this study, 241
unique insertion sites were obtained from six different ALV-J-induced ML samples. In addition, MYC, TERT, and ZIC1 genes
were identified as the CIS of ALV-J in tumor cells, which might be a putative “driver” for the activation of the oncogene. In addi-
tion, the CIS genes showed deregulated expression compared to nontumor samples. These results have potentially important
implications for the mechanism of viral carcinogenesis.

Avian leukosis virus subgroup J (ALV-J) belongs to the
Alpharetrovirus genus of the Retroviridae family. It was first

isolated in commercial broiler breeder chickens with myeloid leu-
kosis (ML) in the United Kingdom in 1991 (1) and has since
spread to many other countries such as Japan, the United States,
and Israel (2–4). As the spread of the disease is associated with
diverse pathotypes and could result in enormous economic losses,
ALV-J-induced disease in layer-type chickens has become one of
the most important problems facing the global poultry industry.
In addition to the fact that the higher incidence of lymphoid leu-
kosis (LL) or erythroblastosis (EB) in susceptible chickens is in-
duced by the ALV subgroups A (ALV-A) and B (ALV-B) (5),
ALV-J was also found to be the main cause of ML and hemangi-
oma after a long latent period, as well as a wide variety of other
tumors at a lower incidence (6–9). Further studies have found that
virus- and/or cell lineage-specific determinants are also important
for tumor development, but the oncogenicity of ALV-J remains
unclear.

Knowledge of the chromatin conformation of genomic regions
targeted by retroviral integration is critical to understanding ret-
roviral replication and viral pathogenesis. Early studies investigat-
ing the oncogenicity of ALV have focused on viral integration
mechanisms and the activation of cellular proto-oncogenes by

retroviral promoters. Proviral integrations near host genes may
induce their deregulation as viral long terminal repeats (LTRs) can
activate genes through enhancer or promoter insertions and cre-
ate a virus-host gene fusion transcript (5, 10–12). The genomic
regions that have been repeatedly hit by viral insertions in multiple
independent tumors (defined as common insertion sites [CISs])
are likely to contain host genes involved in tumor development
(12–14). For instance, twist, bic, and c-erbB are CIS genes identi-
fied in ALV-induced nephroblastoma, lymphoid leucosis, and
erythroblastosis, respectively (5, 11, 15), and play a role in tumor-
igenesis. However, it has not been determined whether ALV-J-
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induced ML in chickens is associated with viral integration. The
mapping and analysis of ALV-J integration sites in ML tumors
could facilitate the identification of genomic regions or host genes
that are recurrently targeted by proviral insertion and, by exten-
sion, are likely to be involved in tumor progression.

In this study, we analyzed ALV-J provirus junctions to con-
struct a genome-wide map of integration sites in the genome of
ML tumors. We also identified recurrent genomic integration sites
in independent tumors. A simple, inexpensive, hybrid capture en-
richment method was optimized for DNA extracted from ALV-J-
positive tumor samples, and each enriched genomic library was
massively sequenced in parallel on an Illumina HiSeq2000 PEI101
sequencer. We also used gene expression profiling as a global assay
to analyze CIS genes directly linked to ML. CIS genes targeted by
integration were significantly upregulated compared with levels in
nontumor samples. Our work provides the first unbiased, ge-
nome-wide, single-base resolution ALV-J integration map for ML
and has identified three ML-associated genes that are prominent
in chicken ML.

MATERIALS AND METHODS
Sample selection. Autoptical analysis was used to identify gross masses in
the sternum and liver parenchyma, which were collected independently,
as well as nontumoral sternum and liver from commercial broiler breeder
chicken flocks in Guangdong Province, China, between November 2011
and March 2012. All chicken sampling procedures were approved by the
Animal Care and Use Committee of Guangdong Province, China. Our
sampling processes were assisted by local authorities and veterinarians. All
animal research was conducted under the guidance of the SCAU’s Insti-
tutional Animal Care and Use Committee. Diagnosis of tissue samples
was based on characteristic microscopic lesions and molecular analyses.
Microscopically, the tumor cells were observed as relatively uniform large
myeloid cells, and lymphoid cell hyperplasia was observed in the liver. The
results of PCR tests on the genomic DNA of tissues and viral isolation
assays, as described in a previous study, were ALV-J positive (16). Six
ALV-J-positive ML livers were arbitrarily selected for further proviral in-
tegration study (samples 001L to 006L). Considering the cell uniformity,
we selected the corresponding infected ML sternums and uninfected nor-
mal sternum samples for microarray expression profiling.

Preparation of sample DNA libraries and capture probes. Genomic
DNA was extracted from frozen tumor tissues using an EZNA SQ tissue
DNA kit (Omega Bio-Tek, Norcross, GA, USA). Sample genomic DNA
libraries were constructed according to the Illumina PE Sample Prepara-
tion Protocol (17). Capture probes were generated using a MyGenostics
Gencap Custom Enrichment Kit (MyGenostics, Baltimore, MD, USA)
and were based on a series of overlapping PCR products tiled across the
ALV-J genome (GenBank accession number Z46390).

Targeted capture and sequencing. Each library was hybridized with
target enrichment capture probes according to the MyGenostics GenCap
Enrichment standard protocol (http://www.mygenostics.com/mygenosti
cs-gencap-whole-exome-enrichment-protocol.pdf). The hybrid prod-
ucts were then purified and sequenced using an Illumina HiSeq2000
PEI101 sequencer according to the manufacturer’s instructions (Illumina,
San Diego, CA, USA).

Mapping and analysis of ALV-J integration sites. Crude sequence
reads were first aligned to a reference ALV-J genome (accession number
Z46390) using quality-weighted alignments within the Burrows-Wheeler
Aligner and Short Oligonucleotide Analysis software package (18, 19).
Further analysis to identify viral integration sites was performed using the
BLAT tool of the University of California, Santa Cruz (UCSC), Chicken
Genome Browser Gateway (http://genome.ucsc.edu/cgi-bin/hgGateway)
against the November 2011 version of the chicken genome sequence. In-
tegration site sequences were considered authentic only if they contained
the ALV-J LTR terminal sequence up to the 5=-CA-3= integration dinu-

cleotide and 20 bp or more of chicken genomic sequence. These sequences
also had to match the genome with �95% identity using default param-
eters in the BLAT ranking (galGal4 assembly of the chicken genome).
Sequences were discarded as mapping to multiple sites when they had
more than one match on the chicken genome. Genomic features were
annotated when their genomic coordinates overlapped for �1 nucleotide
with a �50-kb interval around each integration site. To validate the inte-
grated ALV-J sequence, primer pairs were designed to span both the
chicken and viral gene sequences at the insertion sites. PCR validation was
performed on both tumors and normal liver tissues using a Veriti 96-Well
Thermal Cycler (Life Technologies, Guangzhou, China). For each PCR
product, we used Applied Biosystems 3730 capillary DNA analyzers to
perform dye terminator Sanger sequencing (Applied Biosystems, Foster
City, CA, USA).

Identification of the CIS gene was performed by bioinformatic analy-
ses of the UCSC Chicken Genome Browser Gateway. For this analysis, a
CIS was defined as a genomic region of �100 kb targeted by at least four
different integrations from independent tumors, in accordance with the
statistical definition of CIS developed in previous studies (20, 21). The
closest gene to the CIS genomic region was considered a CIS gene.

Isolation of total RNA and microarray expression profiling. Total
RNA from four ALV-J-positive ML sternums and three uninfected non-
tumor sternum samples was extracted using TRIzol according to the man-
ufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The Chicken
4-by-44K Gene Expression Array, version 2, Agilent Array platform, an
oligonucleotide-based array containing 43,803 Gallus gallus probe sets,
was used for gene expression analysis. Sample preparation and microarray
hybridization were performed using the manufacturer’s standard proto-
cols. We performed a single microarray for each sample as this is the
widely accepted standard when Agilent commercial microarrays that con-
tain internal quality controls are used (22). Quantile normalization and
subsequent data processing were performed using the GeneSpring GX,
version 11.5.1, software package (Agilent Technologies, Santa Clara, CA,
USA). Fold change expression values refer to the mean � standard devi-
ation (SD) for each group. Differential gene expression in tumors relative
to their expression in normal tissues was analyzed by a pairwise two-tailed
t test. We performed clustering analysis with unsupervised hierarchical
methods using a Euclidean distance metric in Multiple Experiment
Viewer (MEV), version 4.8, software (23). Gene set enrichment analysis
(GSEA [http://www.broadinstitute.org/gsea/index.jsp]) was used to ana-
lyze the microarray data (24) to evaluate sets of gene differences between
four ML masses and three nontumor sternum samples.

To validate the microarray data, the expression of three CIS genes was
determined by quantitative real-time PCR (qRT-PCR) analysis of three
independent biological replicates. We prepared the cDNA of ML and
nontumor sternum samples using random decamer primers and Moloney
murine leukemia virus (M-MLV) reverse transcriptase (Promega, Beijing,
China). Primers used for qRT-PCR were designed using primer3 software
(http://primer3.wi.mit.edu/). Primer pairs (see Table S1 in the supple-
mental material) were selected based on specificity as determined by dis-
sociation curves. qRT-PCR was performed using a 7500 Fast Real-Time
PCR system (Applied Biosystems) with SYBR green PCR Master Mix (Ap-
plied Biosystems) according to the manufacturer’s guidelines. For assay
validation, purified products were sequenced to verify correct target am-
plification. We calculated the relative expression level of each gene using
the formula 2���CT, where CT is threshold cycle, normalized to the
chicken housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH; GenBank no. NM_204305), and represented it as fold change
relative to the mean of nontumor samples. Standard deviations were cal-
culated using the relative expression ratios of three replicates for each gene
measured. Statistical analyses were performed using GraphPad Prism,
version 5, software (GraphPad Software, San Diego, CA, USA). A P value
of �0.05 was considered significant.

Western blotting. To validate the differences in protein levels between
normal and tumor tissue samples, Western blotting was performed on
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three representative ALV-J-positive ML sternums and three uninfected
nontumor sternum samples. Total cellular proteins were extracted from
all samples using radioimmunoprecipitation assay (RIPA) buffer (20 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100) sup-
plemented with protease inhibitor cocktail (GenStar, Beijing, China) (25).
Total protein (20 mg) was subjected to SDS-PAGE analysis and trans-
ferred onto nitrocellulose membranes (Roche, Dassel, Germany) using an
iBlot dry blotting system (Invitrogen). Membranes were blocked with 5%
skimmed milk for 1 h at 37°C and then incubated overnight at 4°C with
specific mouse anti-c-Myc antibody (Novus Biologicals, Littleton, CO,
USA), rabbit anti-ZIC1 antibody (Epitomics, Burlingame, CA, USA), and
rabbit anti-GADPH antibody (Santa Cruz Biotechnology, Dallas, TX,
USA). Membranes were washed three times in phosphate-buffered saline
with 0.1% Tween 20, pH 7.4 (PBST), and then incubated at 37°C for 1 h
with IRDye 700DX-conjugated anti-rabbit IgG or IRDye 800-conjugated
anti-mouse IgG (1:8,000 in PBST; Rockland Immunochemicals, Gilberts-
ville, PA, USA) as a secondary antibody. Membranes were washed a fur-
ther three times in PBST; then the signal was visualized and analyzed with
an Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE,
USA).

Gene expression in chicken livers. Fifty individual chicken samples
(25 ALV-free normal livers and 25 ALV-J-infected ML-affected livers)
were collected and used for gene expression analysis. Total RNA isolation,
cDNA preparation, and gene expression assays for each CIS gene (MYC,
TERT, and ZIC1) were performed as previously described. We calculated
the relative expression level of each gene using the 2���CT method as
described above.

Microarray data accession number. Data sets for the microarray
analysis of the whole transcriptome of four ALV-J-positive ML sternums
and three uninfected nontumor sternum samples were deposited in the
Gene Expression Omnibus (GEO) database under accession number
GSE48674.

RESULTS
High-definition mapping of ALV-J proviral integrations in ML
cases. We performed the targeted capture and sequencing of tu-
mor genomes for six ALV-J-positive ML livers (designated 001L to
006L). DNA was extracted, and virus-genome junctions were en-
riched by MyGenostics GenCap Target Enrichment technology.
Enriched target sequences were massively sequenced in parallel on
an Illumina HiSeq2000 sequencer, yielding 51.79 Mb of raw se-
quence reads from all ML samples. Preliminary statistical analysis
of the sequencing results showed that up to 20% of the total se-
quence mapped to the ALV-J genome (see Table S2 in the supple-
mental material).

As previously described, we relied on off-target coverage flank-
ing the capture regions to identify viral integration sites (26, 27).
Raw sequence reads containing a complete retroviral terminal se-
quence were processed through an automated bioinformatic
pipeline that eliminated short and disqualified sequences from
each tumor and were mapped on the UCSC galGal4 chicken ge-
nome. This resulted in more than 2,000 putative viral junction
fragments being isolated, sequenced, and mapped from six indi-
vidual liver tumors. Following elimination of the duplicate se-
quences from each tumor, 241 unique retroviral integration sites
were identified (see Table S3 in the supplemental material). Local
features at each integration site were also determined. The 241
unique ALV-J insertion sites were randomly distributed across the
whole chicken genome, with a few common integrations (Fig. 1).
To confirm the validity of the viral insertion sites, we randomly
selected 23 integration sites in the six affected genes (ZIC1, EGFR,
HGF, TERT, MYC, and NDUFS6) for PCR analysis. Sanger se-
quencing of the PCR products successfully validated 73.9% of

these integration sites and demonstrated that viral insertion sites
were identical to those identified using data from next-generation
sequencing (NGS) (see Table S4).

Common insertion site genes. Proviral tagging analysis has
previously been used as a powerful way to uncover genes involved
in oncogenesis, where tumors were induced by proviral integra-
tions and the genomic loci of these proviruses were identified (28,
29). We hypothesized that putative ML causal genes would be
repeatedly targeted by ALV-J proviral integrations at a higher fre-
quency than expected in a random distribution. Comparing inser-
tions retrieved from ML livers induced by ALV-J infection, we
observed few common genes affected by this virus. A summary of
the 13 genes targeted more than once is shown in Table 1.

Based on previously reported statistical definitions (20, 21), at
least four different integrations from independent tumors are nec-
essary to define a CIS. Therefore, although several of the genes
listed in Table 1 with two or three integrations are validated hu-
man cancer genes, they were not analyzed further in this study as
fewer than four integrations could have occurred by chance. We
therefore identified three putative CIS genes: MYC (targeted by
seven integrations), TERT (four integrations), and ZIC1 (five in-
tegrations). The genomic locations of the tumor-specific ALV-J
integration sites in these three genes are shown in Fig. 2 and Table
S3 in the supplemental material. In addition, none of the CISs
found in ML tumors were targeted by ALV-J integrations re-
trieved from tumor-free infected livers (n � 10) (data not shown).
However, as so many insertions were reported, our study suggests
that there are a large number of “passenger” integration events,
indicating that the ALV-J multiplicity of infection (MOI) in ML
may be high.

Gene expression profiling. Integrations targeting MYC,
TERT, and ZIC1 were repeatedly found in independent liver ML
samples. For whole-transcriptome studies, we performed mi-
croarray analysis to examine the whole transcriptome of four
ALV-J-positive ML sternums and three uninfected nontumor
sternum samples (data deposited in GEO database under acces-
sion number GSE48674). Over 3,000 genes and expressed se-
quence tags (ESTs) were shown to be expressed at significantly
different levels between the two groups (P � 0.05; estimated false-
discovery rate, 0.007). Hierarchical unsupervised clustering iden-
tified five main clusters (Fig. 3a), of which clusters 1, 3, and 4
consisted of genes or ESTs that were mainly underexpressed in ML
samples compared with nontumor tissues. Among these were
genes for molecule metabolic processes (PTGS2), the extracellular
matrix (ECM) and ECM-receptor status (CD36 and CD44), cell
adhesion (ACTN2 and FN1), and glycolysis/gluconeogenesis
(ACSS1 and ALDH1A3).

Cluster 2 genes were highly upregulated in most ML samples
and were either directly or indirectly linked to the actin cytoskel-
eton in cancer cell migration/invasion (BRAF and PAK1) or the
epidermal growth factor receptor (erbB2 and erbB3). Cluster 5
genes were also upregulated in ML samples. These included HGF,
MYC oncogene, and CLDN15. GSEA was used to compare the
expression profiles of ML samples with nontumor tissues, and we
observed the common downregulation of genes involved in oxi-
dative phosphorylation, ECM-receptor interaction, focal adhe-
sion, and apoptosis (Fig. 3b; see also Fig. S2a to c in the supple-
mental material). We also observed the upregulation of genes
involved in cancer, cell cycle, and growth (see Table S5). Several
erythroblastic leukemia viral oncogene homolog (ErbB) signaling
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pathway genes and Janus kinase/signal transducers and activators
of transcription (JAK-STAT) signaling pathway genes were up-
regulated exclusively in ALV-J-induced ML tumors (Fig. 3c; see
also Fig. S2d in the supplemental material).

The newly identified cancer genes are relevant to the chicken
ML phenotype. Regardless of the distribution of ALV-J insertion
sites, all three CIS genes showed a significant upregulation of ex-

pression in tumor samples compared to control samples (Fig. 4).
qRT-PCR analysis of representative samples validated the gene
expression data obtained by microarray analysis (Fig. 4b to d).
Comparative analysis of gene transcription levels indicated that
RNA levels of MYC, TERT, and ZIC1 were significantly higher in
ML sternum samples than in uninfected nontumor sternums (P �
0.0037, P � 0.0008, and P � 0.0191, respectively, for qRT-PCR;

FIG 1 ALV-J integration sites in the chicken genome. The chicken chromosomes are shown numbered at both sides of the linear chromosomes. Note that due
to the incomplete status of the draft chicken genome sequence, gene-dense regions are not represented. Each integration site is shown as a lollipop above the linear
chromosomes. For each chromosome, the color of the lollipop and the dashes on the bar indicate integration within the gene TSS-proximal region, inside genes
(intragenic), and outside genes (intergenic). The annotation of ALV-J integration sites can be found in Fig. S1 in the supplemental material. The software used
to draw the ideogram was an R implementation for extending the Grammar of Graphics for Genomic Data (50).

TABLE 1 Summary of genes represented more than once in a library of 241 insertion sites from ML samples

Gene symbol Gene name or description
No. of
hits Reported function relevant to cancera

MYC V-myc myelocytomatosis viral oncogene homolog 7 Cell cycle, apoptosis, and cellular transformation
TERT Telomerase reverse transcriptase 4 Cellular senescence
ZIC1 Zic family member 1 5 Proliferation, invasion, and survival
NDUFS6 NADH dehydrogenase Fe-S protein 6 3 Oxidative phosphorylation
PARK2 Parkinson protein 2, E3 ubiquitin protein ligase 2 Tumor suppressor
PXDN Peroxidasin homolog 2 Tumor cell adhesion
LOC100858325 Protein Shroom1-like 2 NA
LOC100858243 Exostosin-1-like 2 NA
LOC100858205 Exostosin-1-like 2 NA
HGF Hepatocyte growth factor 2 Cancer cell migration and invasion
FAM49A Family with sequence similarity 49, member A 2 NA
EGFR Epidermal growth factor receptor 2 Cell proliferation, survival, migration, and differentiation
DCLK1 Doublecortin-like kinase 1 2 Candidate CSC marker, radioresistance, and tumor aggressiveness
a CSC, cancer stem cell; NA, not available.
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P � 0.0001, P � 0.0006, and P � 0.0001, respectively, for microar-
ray analysis; unpaired t test). The significant recurrence of inte-
gration in the three ALV-J-affected genes and resultant expression
level changes indicate that they may play important roles in ML.
Furthermore, Western blot analysis revealed that MYC proto-on-
cogene and ZIC1 protein levels were upregulated only in ML tu-
mors induced by ALV-J integration and not in normal samples
(Fig. 4e). We did not determine the protein level of the TERT
protein because of the absence of a specific anti-chicken-TERT
antibody.

Upregulation of MYC, TERT, and ZIC1 expression has previ-
ously been observed in human cancers (30–32), suggesting that
their activation is required for tumor initiation and/or progres-
sion. To survey these CIS genes in ALV-J-induced tumors, we
performed qRT-PCR on ALV-J-positive ML livers and uninfected
nontumor livers from a tissue collection available at our institu-
tion. MYC was found to be upregulated in 60 to 70% of all ML
samples and was significantly upregulated in ML samples with
respect to nontumor livers (P � 0.05, unpaired t test) (Fig. 5a). In
the limited collection, TERT and ZIC1 expression was also signif-
icantly higher in ML samples than in nontumor livers (P � 0.001
and P � 0.001, respectively, unpaired t test) (Fig. 5b and c).

DISCUSSION

Since retroviral integration is not, in principle, site specific (33),
the common sites of repeated viral integration in independent
tumors could represent the tumor selection process in which cells
that have had their gene(s) targeted by a provirus give rise to a

tumor (13). Mapping integration sites in tumors provides power-
ful molecular tags to discover the potential genotoxicity of retro-
virus integration in a specific genome region or disease context. By
focusing on these insertions, target enrichment methods in which
genomic regions are selectively captured from a DNA sample be-
fore sequencing can more effectively achieve a higher sensitivity
with much less sequence and will be a valuable strategy for the
detailed interrogation of retrovirus integration (34, 35).

To further understand the full spectrum of ALV-J integration
distribution in avian ML tumors and to define this role in tumor
pathogenesis, we used an ALV-J-specific targeted sequencing
strategy involving hybrid capture coupled with Illumina HiSeq
2000 sequencing to produce a catalog of insertion sites from six
ML samples. Several high-throughput techniques for the identifi-
cation of retroviral integration sites have been established since
2007 (36). Here, we report on a simpler and less expensive method
than the existing ones, which mapped over 20% of the total se-
quence back to the ALV-J genome. However, this level of effi-
ciency is far from optimal, being slightly less than that of more
expensive methods (37). Interestingly, the length of the target cap-
ture region was shown to be inversely proportional to the capture
efficiency (38), so we plan to replicate our study with the 3= ter-
minal LTR sequence of ALV-J-specific targeted enrichment,
which is shorter than the region examined in the present study, to
improve our capture efficiency.

Ultimately, we retrieved more than 2,000 ALV-J insertions
from six tumors, from which 241 unique viral integration sites
were identified and mapped on the draft chicken genome se-

FIG 2 Mapping of ALV-J common insertion sites. The ALV-J insertion sites in the recurrently affected genes, MYC, TERT, and ZIC1, were mapped to the UCSC
galGal4 chicken genome. Each blue arrow represents the location of an ALV integration site identified from one clinical sample in this study. The forward and
reverse orientations of proviruses in CISs are shown by the up and down blue arrows. Chr, chromosome. Boxes and EX represent exons, and the open arrows
show the orientation of the genes.
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FIG 3 Transcriptome deregulations in ALV-J-induced ML tumors. (a) Heat map and dendrogram showing hierarchical unsupervised clustering analysis of
ALV-J-induced ML tumors and nontumor samples. Expression levels in the heat maps are color coded from blue (low) to red (high). (b) Expression profile of
ALV-J-induced ML samples (T, in black) compared to three nontumor samples (N, in white) by GSEA. Heat map representations of the most upregulated (top)
and downregulated (bottom) genes of oxidative phosphorylation between the two groups (from blue, low expression, to red, high expression) are shown. GSEA
statistics: NES, normalized enrichment score; FDR q value, false discovery rate; FWER P value, family-wise error rate. The enrichment plot at bottom shows the
overrepresentation at the top and bottom of the ranked gene set. (c) Expression profile of ALV-J-induced ML samples (T, in black) compared to three nontumor
samples (N, in white) by GSEA. Heat map representations of the most upregulated (top) and downregulated (bottom) genes of the ErbB signaling pathway in
tumors versus expression in nontumor samples are shown. The enrichment plot is as described for panel b (see also Table S5 and Note S1 in the supplemental
material).
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FIG 4 ALV-J integrations at CISs upregulate the targeted genes. (a) Heat map showing expression levels of recurrent ALV-J integrated genes in ML samples and
nontumor samples. Magenta, low expression; cyan, high expression. (b to d) Expression fold changes for MYC (b), TERT (c), and ZIC1 (d) for nontumor samples
(non-tum) and ML samples from the qRT-PCR and Agilent microarray collections. In the box plots, the middle line represents the median (50th percentile), with
the bottom and top of the box representing the 25th and 75th percentiles of the data, respectively. The ends of the whiskers represent the lowest and highest data
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quence. Thus, the percentage of duplicates (88%) is unexpectedly
high. Considering the sources and characteristics of the samples,
this may result from tumor cell clonality or biological selection of
viral integrations. As ALV-J is a group of chronic RNA tumor
viruses that typically cause mono- or oligoclonal tumors with a
long latency of 3 to 12 months, tumorigenesis caused by nonde-
fective ALV-J is not induced by the presence of a virally modified
proto-oncogene in the virus genome but rather from mutations
caused by insertion of the proviral retrovirus into the host genome
(29). The malignant ML cell therefore arises when several of its
specific regulatory pathways have been distorted by ALV integra-
tion with a long latency. Since these pathways consist of cascades
of functionally connected genes, the provirus has to integrate into
one particular gene to deregulate the entire pathway and lead to
malignant transformation. This integration is more likely to result
from the selective expansion of tumor cells carrying insertions at
this locus than chance alone. Moreover, most tumor cells derive
from a single infected cell and may carry a large number of inser-
tions of varying clonality (39). In our ongoing study, we hope to
identify a more efficient sample-processing method without
artificial bias to further explore these viral integration events
while reflecting the relative proportions of insertions from the
starting DNA.

CIS analysis is a classical way to discover genes involved in
oncogenesis. The fundamental assumption made in this analysis is
that finding proviral integrations in close proximity more fre-
quently in multiple independent tumors than would be predicted
randomly provides evidence that the genes near the integrations
are involved in tumor formation (21). Tumorigenesis induced by
ALV insertional mutagenesis in the gene promoter has also been
reported in past decades (40). Taking into account the integration
preferences of the retroviruses, the evidence suggests both a natu-
ral tendency to generate CISs and to integrate into genes that are
potentially relevant to tumor. We therefore used a much more
stringent criterion for our analysis (20, 21) by taking a CIS of four
or more ALV-J integrations into tumors to denote statistical sig-
nificance. Although we found that MYC, TERT, and ZIC1 genes

were CIS genes in independent chicken ML samples, which might
be a putative “driver” for oncogene activation, why and how these
regions were targeted remain unknown. Furthermore, all three
genes showed elevated expression in ML samples relative to non-
tumor samples. As the transcriptional deregulation of other host
genes is likely to result from the secondary effects of overexpres-
sion of CIS genes such as MYC, these data suggest that the muta-
tion represented by CIS gene integration may have important
roles in tumor phenotype, ML development, and transcriptome
alteration.

The functions of the three CIS genes in ML development are
not well known. However, MYC and TERT are common onco-
genes that are mutated in retrovirally induced, usually hematopoi-
etic, tumors (31, 41). MYC, the gene with the maximum number
of ALV-J integrations in our study, is one of the most highly am-
plified oncogenes in many different cancers. It also plays a pivotal
role in cell proliferation, growth, apoptosis, differentiation, and
stem cell self-renewal (30, 42). MYC expression is highly regu-
lated, so its deregulated expression is sufficient to drive oncogen-
esis in some transgenic mouse tissues (43). In particular, the
observation of fusion transcript ALV-J Gag-Myc in ALV-J-trans-
formed bone marrow cells demonstrated effective retroviral inte-
gration into the regulatory region of MYC, leading to the loss of
the first exon and the activation of this oncogene (44). In our
study, the ALV-J provirus mostly integrated into the region prox-
imal to the MYC transcription start site (TSS) in the forward tran-
scriptional orientation, where many transcriptional regulatory
motifs are located. Moreover, the ErbB signaling pathway was
specifically deregulated in ML samples. These results suggest that
the aberrantly elevated expression of MYC in chicken ML samples
is caused by the insertional mutation of ALV-J, which in turn
induces myelocytomatosis transformation.

TERT encodes the reverse transcriptase catalytic subunit of the
enzyme telomerase, which adds telomeric repeats to the ends of
chromosomes. Genome-wide association studies have previously
implicated the TERT-CLPTM1L locus in susceptibility to a variety
of human cancers, suggesting that TERT is a “pan-cancer suscep-

within the 1.5 interquartile range. The interquartile range was defined as the distance between the lower and upper quartiles of the data. Their associated P values
were calculated by an unpaired t test: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (e) Western blot analysis detected high expression of the MYC and ZIC1 proteins
only in ML samples, not in the normal samples. Sample identification numbers are indicated above the panel as follows: T, tumor samples; N, nontumor samples.
The results are representative of three independent experiments.

FIG 5 Expression analysis of newly identified CIS genes. (a to c) Expression fold changes for MYC, TERT, and ZIC1 for nontumor samples (non-tum) and ML
samples from the collection. qRT-PCR was performed to detect the expression level of CIS genes. Black lines, mean; colored whiskers, SD. P values were
determined by unpaired t test as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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tibility locus” (45). In addition, Yang et al. showed that telomerase
is frequently activated by ALV-A integration in chicken rapid-
onset B cell lymphomas, which indicated that retroviral upregu-
lation of cellular TERT by insertional activation is important to
initiate or enhance tumor progression (12). Consistent with
known reports (31), our present study identified repeated ALV-J
integrations into TERT in a region 0.2 to 10 kb upstream of the
TERT transcriptional promoter region and mainly in the opposite
transcriptional orientation to TERT. This indicates that TERT is
an ALV-J CIS in ML. Moreover, human TERT is thought to be
expressed in stem cells and cancer cells (31), so the significantly
higher TERT mRNA level observed in ML tissues harboring viral
integrations suggests that ALV-J proviral integration in TERT may
have a significant impact on tumorigenesis.

Another major finding in our study is that ZIC1 was identified
as a novel ALV-J CIS gene in ML samples. Indeed, the retroviral
integration appeared to contribute to abnormal ZIC1 expression.
ZIC1 encodes a transcription factor that is an important member
of the ZIC family of C2H2-type zinc finger proteins and is specif-
ically expressed in cerebellar granule cells and their precursors,
where it is involved in neurogenesis developmental processes.
ZIC1 overexpression in chickens has been shown to block neural
tube differentiation (46), while its elevated expression in humans
has been reported in endometrial cancer and desmoid tumors (32,
47). These findings suggest that ZIC1 overexpression may be as-
sociated with ML formation in chicken. It is important to note,
however, that its overexpression also results in the inactivation of
Shh, phosphatidylinositol 3-kinase (PI3K), and mitogen-acti-
vated protein kinase (MAPK) signaling pathways, as well as the
regulation of multiple downstream targets that are essential for
the development and progression of gastric cancer, as reported by
Zhong et al. (48). Therefore, the oncogenic role of ZIC1 in cancer
remains obscure.

A high level of CIS gene mRNA was also found in some field
ALV-J-induced ML samples. This might result from insertional
activation of CIS genes or other gene(s) that directly or indirectly
control(s) CIS gene expression. It is important to note that al-
though proto-oncogene MYC plays a critical role in tumor devel-
opment in birds and mammals (30), its activation alone is insuf-
ficient for full malignancy to develop and that cooperation with
other proto-oncogenes is required to induce lymphomas in both
murine and avian systems (5, 49). In the context of the present
study, this suggests that TERT, ZIC1, or other genes are likely to
have a cooperative interaction with MYC in oncogenesis.

ALV-Js have been successfully eradicated from chicken breed-
ing flocks in the poultry industries of developed countries, and the
control and eradication of ALV-J in China are now progressing
steadily. To further study the pathogenesis of ALV-J infections, it
will be necessary to elucidate the in vivo viral integration and
tumorigenesis mechanism. Unlike previous studies that reported
the distribution or targeting bias of ALV integration in the ge-
nomes of different cell lines, we focused on such integrations in
chicken tumor samples and the targeting of regions that resulted
in the overexpression of CIS genes. We hypothesize that the recur-
rent integration of ALV-J into specific regions of the host genome
acts as an early cancer-driving event as CIS genes showed deregu-
lated expression compared to nontumor samples. However, our
findings found no direct evidence to confirm the functional effects
of CIS gene expression levels on ML development. Therefore, to
validate the oncogenic potential of all identified genes in vivo and

to uncover their molecular mechanisms behind ALV-J infection,
further extensive experiments are currently in progress.
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