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ABSTRACT Avian leukosis virus (ALV) induces B-cell lymphoma and other neoplasms in chickens by integrating within or near
cancer genes and perturbing their expression. Four genes—MYC, MYB, Mir-155, and TERT— have previously been identified as
common integration sites in these virus-induced lymphomas and are thought to play a causal role in tumorigenesis. In this
study, we employ high-throughput sequencing to identify additional genes driving tumorigenesis in ALV-induced B-cell lym-
phomas. In addition to the four genes implicated previously, we identify other genes as common integration sites, including
TNFRSF1A, MEF2C, CTDSPL, TAB2, RUNX1, MLL5, CXorf57, and BACH2. We also analyze the genome-wide ALV integration
landscape in vivo and find increased frequency of ALV integration near transcriptional start sites and within transcripts. Previ-
ous work has shown ALV prefers a weak consensus sequence for integration in cultured human cells. We confirm this consensus
sequence for ALV integration in vivo in the chicken genome.

IMPORTANCE Avian leukosis virus induces B-cell lymphomas in chickens. Earlier studies showed that ALV can induce tumors
through insertional mutagenesis, and several genes have been implicated in the development of these tumors. In this study, we
use high-throughput sequencing to reveal the genome-wide ALV integration landscape in ALV-induced B-cell lymphomas. We
find elevated levels of ALV integration near transcription start sites and use common integration site analysis to greatly expand
the number of genes implicated in the development of these tumors. Interestingly, we identify several genes targeted by viral in-
sertions that have not been previously shown to be involved in cancer.
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Avian leukosis virus (ALV) is a simple retrovirus that infects
chickens and some other avian species (1). Like all retrovi-

ruses, ALV reverse transcribes its RNA genome in the cytoplasm,
and then the proviral DNA enters the nucleus, where it integrates
into the genomic DNA of the host cell. Several studies have shown
ALV integration occurs in a quasi-random fashion in human and
chicken cells grown in culture, with only slight preference for ac-
tive transcription units (2–4). In addition, a weak consensus se-
quence for ALV integration was observed (5, 6).

Infection of chicken embryos or young chicks with ALV has
been shown to induce metastatic B-cell lymphoma and occasion-
ally other types of neoplasms. The latency of these tumors can vary
between 1.5 and 6 months and is dependent on the strain of ALV
injected and the age of the bird at the time of infection. The lym-
phomas typically begin in the bursa (an avian organ in which B
cells mature) and then metastasize to distant organs such as the
liver, kidney, and spleen (7).

Unlike the closely related Rous sarcoma virus (RSV), ALV does
not carry a transforming oncogene. Instead, ALV induces tumors
by insertional mutagenesis (8, 9). ALV is a potent insertional mu-
tagen because the provirus contains strong promoter and en-
hancer sequences in its viral long terminal repeats (LTRs). This
means that when ALV integrates into the genome, it can perturb

the expression of genes in the vicinity of the proviral integration
site. Hence, if the virus integrates near a cancer gene, the ALV-
induced misexpression of that gene may contribute to the trans-
formation of the cell and potentially tumorigenesis. Depending
on where ALV integrates and its relationship to the nearby
genes, the virus can have other effects as well. For example, the
virus could potentially reduce or eliminate the expression of a
gene, it could induce expression of a truncated gene product
(10), or it could potentially perturb splicing or polyadenylation
of a host transcript (9).

Much previous work has been done to identify genes that drive
ALV-induced oncogenesis by locating clusters of proviral integra-
tion in these tumors. MYC was the first gene shown to be affected
by ALV integrations in long-latency B-cell lymphomas (8, 9).
These birds were infected 2 to 7 days after hatching and developed
tumors by 4 to 6 months of age. Later c-bic was shown to be a
common integration site, and c-bic integrations often occurred in
the same tumors as MYC integrations (11). It turns out the c-bic
gene is not protein coding but instead is the precursor for an
oncogenic microRNA that was later given the name Mir-155 (12).
Later work showed that infection of 10-day embryos with a
different strain of ALV, strain EU-8, resulted in short-latency
tumors harboring integrations at the MYB locus (13). Recent
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work studying ALV subgroup J has shown that MYC, TERT,
and ZIC1 are targets of integration in ALV-J-induced myeloid
leukosis, and MET is a common target in ALV-J-induced hem-
angiomas (14, 15).

Both the viral strain and the time of infection are important in
determining how quickly tumors develop and what genes are af-
fected. EU-8, the strain that first caused a high incidence of rapid-
onset B-cell lymphomas, is a recombinant strain of ALV that con-
tains parts of ALV strain UR2AV and ring-necked pheasant virus
(13). Importantly, only embryonic EU-8 infections produced
rapid-onset B-cell lymphomas. Infection of birds early with a dif-
ferent virus (UR2AV) produced mainly long-latency MYC
tumors, as was the case if birds were infected with EU-8 after
hatching.

Follow-up studies showed that EU-8 is able to rapidly induce
tumors because it contains a 42-nucleotide deletion that disrupts
the viral negative regulator of splicing (NRS) (16). This NRS dis-
ruption reduces the efficiency of polyadenylation, increases the
rate of viral readthrough, and increases the efficiency of splicing to
downstream genes—factors that are thought to enable the virus to
induce tumors rapidly (16–19). Later, several modifications were
made to ALV strain LR-9, a strain incapable of inducing rapid-
onset B-cell tumors, and these changes were able to mimic the
NRS deficiency of EU-8. These LR-9 mutant strains, LR9-�42,
LR9-U916A, and LR9-G919A, were able to rapidly induce B-cell
tumors (18, 20).

In this study, we generated rapid-onset B-cell lymphomas by
infecting 5- and 10-day embryos with either ALV-A viral strain
LR-9, LR9-�42, LR9-U916A, or LR9-G919A (see Table S1 in the
supplemental material). A subset of these tumors were analyzed
previously by lower-throughput methods (18, 20, 21). Some tu-
mors were shown to harbor MYB integrations via locus-specific
nested PCR, and inverse PCR identified TERT as common inte-
gration site in some tumors (see Table S1). Southern blot analysis
showed several tumors appeared to be clonal or oligoclonal for
TERT integrations, while others were clonal for MYB (21). In this
study, we use high-throughput sequencing to identify proviral
integration sites. High-throughput sequencing enables a more
complete characterization of the integration landscape in these
tumors and the genes that are perturbed by ALV integration.

RESULTS

We sequenced 37 tissue samples from 27 different birds (see
Table S1 in the supplemental material) and obtained approxi-

mately 2.39 million reads originating from viral integrations in
tumor and non-tumor tissues. These reads mapped to 32,050
unique viral integration sites. Among these unique integration
sites, we identified 43,000 unique sonication breakpoints. The
average number of breakpoints per integration was 1.342, with
the vast majority of integrations (86.8%) showing only a single
sonication breakpoint and therefore no evidence of clonal ex-
pansion.

Increased clonality in metastatic tumors versus bursal tu-
mors. The bursa is believed to act as the primary organ of trans-
formation in cases of ALV-induced B-cell lymphoma. Laboratory-
infected chickens typically develop multiple primary neoplastic
follicles in the bursa, some of which may eventually form primary
tumors. Secondary tumors are also commonly found in the liver,
spleen, kidneys, and some other organs. These tumors are believed
to arise when a single cell within the bursa acquires a combination
of integrations and possibly other mutations that enable the cell to
proliferate and then metastasize to a distant organ. Once at the
distant location, the progenitor cell is thought to clonally expand
and form a tumor, which typically presents as a nodular or diffuse
tumor in the distant organ (7).

The extent to which the progenitor cell has clonally expanded
can be measured by determining the number of different sonica-
tion breakpoints observed for an integration (22, 23). Sonication
breakpoints are generated during library preparation by the shear-
ing of genomic DNA followed by ligation of adapters onto the
sheared ends. When an integration occurs in a cell that later di-
vides by clonal expansion, multiple sonication breakpoints can
potentially be observed for that integration. In this way, it is pos-
sible to obtain a metric of relative clonal expansion for each inte-
gration in a given sample.

Consistent with the clonal expansion hypothesis, we ob-
served that metastatic tumors often contained one or more
integrations that have a high number of breakpoints, whereas
bursal tumors only occasionally exhibited highly expanded in-
tegrations. This can be visualized via a pie chart, where the pie
represents a tumor, each slice represents a specific integration,
and the size of the slice corresponds to the number of sonica-
tion breakpoints observed for that integration. Pie charts for a
typical metastatic liver tumor, bursa with neoplastic follicles,
and liver exhibiting no tumor are shown in Fig. 1. The liver
tumor contains several integrations that show a high level of
clonal expansion. The bursa contains many different neoplastic
follicles, each with a unique complement of integrations and all

FIG 1 Metastatic tumors contain integrations within clonally expanded cells. Each pie represents a specific tissue that underwent high-throughput integration
site sequencing. Each slice represents a unique integration, and the size of each slice corresponds to the number of sonication breakpoints observed for that
integration. The integrations that exhibit the greatest clonal expansion (i.e., the most breakpoints) are shown. A total of 200 breakpoints are shown for each
sample. (Left) C3-B256 metastatic liver tumor exhibits extensive clonal expansion. (Middle) D1-G157 bursa with neoplastic follicles contains some integrations
in moderately expanded clones. (Right) D4-G163 non-tumor liver exhibits very few integrations in expanded clones.

Justice et al.

2 ® mbio.asm.org November/December 2015 Volume 6 Issue 6 e01863-15

mbio.asm.org


with low levels of clonal expansion. Lastly, a chart for a non-
tumor liver is shown for comparison, which as expected, ex-
hibits almost no clonally expanded integrations.

Common integration sites. A total of 37 tissues, including 13
primary neoplasms and 17 metastatic tumors, were sequenced.
Analysis of the resulting integrations identified a diverse array of
genes as targets of ALV integration. A list of the top 48 targets of
integration is shown in Fig. 2. All of these common integration
sites exhibited at least 12 unique integrations within a single 50-kb
sliding window. Several of the most targeted genes have been iden-
tified in previous ALV insertional mutagenesis screens. For exam-
ple, the first gene identified as a common integration site in long-
latency ALV-induced lymphomas was MYC in 1981 (8). Although
MYC is not among the top 50 common targets of integration, we
did identify nine unique integrations into the MYC gene. In addi-
tion, the MYC cluster was among the most clonally expanded
clusters in our study, with 8.44 breakpoints per integration, sec-
ond only to TERT (Fig. 2). MYB, first seen as a common integra-
tion site in rapid-onset lymphomas in 1988 (13), is tied for the
fifth-most-targeted gene, with 28 unique integrations. Likewise,
Mir-155 was first seen as an ALV common integration site in 1989
(11), and we observe it in our tumors as well with 12 unique
integrations, making it tied for the 40th-most-common target of
integration.

TERT had the most clonally expanded integrations identified
in our study, with an average of 19.19 breakpoints per integration.
This is consistent with earlier work analyzing a subset of the same
tumors that identified 5 clonal or oligoclonal integrations up-
stream of the TERT transcription start site by inverse PCR (21).

The position and orientation of each of these previously charac-
terized integrations was successfully verified by high-throughput
sequencing. In addition, 20 integrations upstream of or within the
TERT promoter were identified that had not been seen previously
(Fig. 3). Like the integrations identified earlier, most of the novel
TERT integrations (16/20) were in the opposite orientation of the
TERT gene, and all but one occurred in birds infected at embry-
onic day 10 (see Table S2 in the supplemental material).

Although MYC, MYB, Mir-155, and TERT have been seen in
previous ALV insertional mutagenesis screens, most of the top
targets of integration that we identified have not been identified in
similar lower-throughput studies conducted previously. One such
gene is TNFRSF1a; it was the most frequent target of integration
that we observed, with a total of 117 unique viral integrations at
this locus. TNFRSF1a is a member of the tumor necrosis factor
(TNF) receptor superfamily and is one of the major receptors for
tumor necrosis factor alpha (TNF-�). TNFRSF1a can activate
NF-�B and has known roles mediating apoptosis and regulating
inflammation and cell proliferation (24). The vast majority of the
integrations (82.9%) are within TNFRSF1a intron 1, and most are
in the same orientation as the gene (92.3%) (Fig. 3; see Table S2 in
the supplemental material). The location and orientation of these
integrations suggest that the virus is promoting the transcription
of a TNFRSF1a transcript lacking exon 1. Exon 1 encodes part of
the protein’s extracellular domain, which is crucial for the binding
to its ligand TNF-� (25). Although this is a frequent target for ALV
integration, it was only identified in two highly expanded clones
(�10 breakpoints) and was almost always restricted to the bursa
(113/117, 96.6% bursa [see Table S2]). These results suggest that

FIG 2 Common sites of ALV proviral integration. The top 48 common integration sites are shown. Integration clusters were defined as any 50-kb region that
harbors 12 or more unique ALV integrations. If an integration cluster was within or near a gene, all integrations within that gene and �10 kb from the gene
transcript were also included. “Density” represents the number of integrations per kilobase in a given cluster. The average number of sonication breakpoints per
integration is shown for each gene. A higher number of breakpoints indicates increased clonal expansion of the cells carrying that integration. MYC did not
penetrate the 12-integration threshold but is shown for comparison.

Common Integration Sites in ALV-Induced B-Cell Lymphomas

November/December 2015 Volume 6 Issue 6 e01863-15 ® mbio.asm.org 3

mbio.asm.org


ALV may be inducing a truncated receptor that is unable to bind
TNF-� and mediate apoptosis. The fact that this integration is
rarely found outside the bursa suggests that this truncated gene
product does not contribute to metastasis of the neoplasm to dis-
tant organs.

MEF2C was the second-most-targeted gene for ALV integra-
tions, with a total of 43 unique integrations within 10 kb of this
gene. MEF2C belongs to a family of transcription factors that have
been shown to be important regulators of apoptosis, proliferation,
survival, differentiation, and cancer (26). MEF2C has been ob-
served as a common integration site in other retroviral insertional
mutagenesis screens conducted in mice. This work has observed
integrations most often within introns 1 and 2 and in the same
orientation as the gene (27–30). We observe a similar pattern of
MEF2C integrations, with 21 of the 43 MEF2C integrations occur-
ring in intron 1 or 2, although we observed no preference for
integration in the same orientation as the gene (see Table S2 in the
supplemental material).

Two related phosphatase genes, CTDSPL (also known as
RBSP3 or HYA22) and CTDSPL2, were also common integration
sites, with 30 and 21 unique integrations, respectively. Both genes

belong to a gene family of RNA polymerase II C-terminal domain
phosphatases and contain a conserved Dullard-like phosphatase
domain (31). CTDSPL is a known tumor suppressor that can de-
phosphorylate RB1 and affect cell cycle progression (32). It is
downregulated in primary non-small-cell lung cancer and has
been shown to promote proliferation by modulating pRB/E2F1 in
acute myeloid leukemia (33, 34). CTDSPL2 is less studied and has
not been linked to cancer. Recent work has shown that CTDSPL2
directly interacts with and dephosphorylates SMAD 1/5/8, which
negatively regulates bone morphogenetic protein (BMP) signaling
(35). We observed a strong cluster of integrations for both genes.
Integrations were clustered within intron 2 in CTDSPL and within
introns 2 and 3 for CTDSPL2. A strong preference for integration
in the forward orientation was observed for both genes (Fig. 3).
This pattern suggests the virus may be producing a truncated pro-
tein product in both cases. The relatively high number of break-
points—5.87 on average for CTDSPL and 2.95 for CTDSPL2—
indicates that the cells harboring these integrations experienced a
moderate level of clonal expansion. Interestingly, liver tumors
from 2 different birds accounted for 16/30 of the CTDSPL inte-
grations and 17/21 of the CTDSPL2 integrations (see Fig. S1 in the

FIG 3 Selected common integration sites. Integration clusters for TERT, TNFRSF1a, CTDSPL, CTDSPL2, and CXorf57 are shown. The orientation of each
integrated provirus is indicated by the direction of the triangle, and the tip of the triangle corresponds to the exact location of integration. The extent of clonal
expansion is indicated by the color of the integration marker—integrations with 1 breakpoint are gray, those with 2 to 5 breakpoints are orange, and those with
greater than 5 breakpoints are red. TERT integrations marked with an asterisk (*) are the same integrations identified previously via inverse PCR (21).
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supplemental material). This suggests that these genes may coop-
erate in ALV-induced lymphomagenesis.

CXorf57 was the 10th-most-frequently targeted common inte-
gration site and is among the most enigmatic genes that we iden-
tified. CXorf57 is conserved in humans but has never been char-
acterized and hence has no known function. CXorf57 encodes a
protein that has a conserved putative replication factor A protein
1 domain. Genes with this domain that have been characterized
have been shown to be involved in recognition of DNA damage for
nucleotide excision repair (31, 36). CXorf57 contains 24 unique
integrations that are spaced throughout the gene and in no pre-
ferred orientation (Fig. 3). This integration pattern indicates that
these proviral integrations may be disrupting the normal tran-
scription of this gene, suggesting that it could be a novel tumor
suppressor. Interestingly, a strong preference for integration in

B-cell lymphomas in the liver was observed (18 of 24 integrations
[see Table S2 in the supplemental material]).

Functional annotation enrichment analysis of ALV common
integration sites. To determine whether these 48 major common
integration sites (Fig. 2) are enriched for genes of specific func-
tions or involved in specific pathways, we conducted gene anno-
tation enrichment analysis with DAVID (37). We identify six en-
riched KEGG pathways and processes, most of which are related to
cancer or are pathways active in immune cells (Fig. 4). Gene On-
tology (GO) term analysis revealed strong enrichment (P � 0.005)
for a number of different gene ontologies (see Fig. S2 in the sup-
plemental material). The most significant enrichment was seen for
regulators of transcription (both positive and negative). Addition-
ally, strong enrichment was observed for several types of positive
regulators of metabolic and biosynthetic processes, as well as sev-
eral antiapoptotic functional terms.

ALV integration has a weak palindromic consensus sequence
in vivo. It was shown in earlier work that ALV integration has a
weak palindromic consensus sequence when integrating into hu-
man DNA (5, 6). These analyses were performed in human cells in
culture that had been engineered to express the TVA receptor,
enabling them to be infected with ALV. To determine whether
ALV exhibits a similar preference in its canonical host in vivo, we
performed a similar analysis of our full data set of integrations in
chicken. We observed very similar results to those seen in human
cell culture (Fig. 5). For example, a strong preference for a T �3
nucleotides from the viral integration site was observed. In addi-
tion, strong preferences for G/C at position 1 and A at position 9

FIG 4 KEGG pathway analysis. KEGG pathways enriched among the top 48
common integration sites are shown. MAPK, mitogen-activated protein ki-
nase.

FIG 5 Consensus target integration site. (A) Sequence logo displaying the consensus sequence surrounding ALV integration sites in this study. The vertical black
line represents the viral integration site, and the 6 nucleotides of sequence duplicated during viral integration are boxed. The arrow indicates the axis of symmetry.
(B) Base frequencies in the chicken genome at ALV integration sites are shown.
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were also observed. Notably, the nucleotide frequencies that we
observe are nearly exactly what were seen in cultured human cells.
For example, we calculated the frequency of T at position �3 to be
47%, which is exactly the same frequency reported in human cells
(5). The preference for G/C at position 1 was 68.8% in our study
and 71% in human cells, and the preference for A at position 9 was
39.8% in our study and 43% in human cells. These results show
that the consensus sequence observed in human cells infected with
ALV is the same as that seen in vivo in the virus’ natural host.

Interestingly, as with previous studies (5, 6), we observed that
the ALV consensus sequence is slightly asymmetric. This contrasts
with other retroviruses such as HIV and murine leukemia virus
(MLV) that have perfectly symmetric consensus sequences (5, 6).
Although it has been shown that ALV integrase typically generates
6-base duplications, there are indications that 5-base duplications
are possible under certain circumstances (38, 39). If a 5-base du-
plication is generated by ALV integrase at sufficient frequency,
this could reduce the nucleotide preferences that we observe to the
right of the duplication (Fig. 5) but not to its left, which could
explain the asymmetry that we observe.

ALV prefers integration near promoters and within genes in
vivo. To determine whether ALV prefers integration near certain
features in vivo, we employed the HOMER software suite (40). A
total of 27,770 unique ALV integrations and an equal number of
random, computer-generated integrations were annotated with
the nearest genomic feature. This analysis revealed a preference
for integration near transcription start sites (TSSs) (Fig. 6). To
better understand the pattern of integrations surrounding TSSs,
we plotted all integrations with respect to the nearest TSS (Fig. 7).
We observed enrichment for ALV integration extending 30 kb on
either side of the TSS. In addition, we observed a sharp drop in
integration frequency in the immediate vicinity of the TSS
(Fig. 7B). This pattern is similar to that seen in studies of murine
leukemia virus (MLV) and is believed to be due to the occupancy

of this area by basal transcriptional machinery such as transcrip-
tion factor IID (TFIID) (41).

Earlier work on ALV integration in cell culture has shown that
the virus has a slight preference for integration near transcribed
elements, but a preference for integration centered on transcrip-
tion start sites was not seen in these earlier studies (2–4). There are
several ways to explain this inconsistency with earlier reports.
First, this pattern may be explained by the fact that we sequenced
integrations that occurred in vivo. Hence, many of the integrations
have been subject to selection, especially those found in clonally
expanded cells. To determine the extent to which integrations in
clonally expanded cells are affecting observed enrichment for in-
tegrations near TSSs, integrations that show evidence of clonal
expansion were analyzed separately from those for which only a
single sonication breakpoint was observed. This analysis shows
that even integrations that show no evidence of clonal expansion
show enrichment for integration near TSSs (Fig. 7C). It is possible
that selection is still at work in the cases of integrations that are not
clonally expanded: if, for example, the gene near the integration
promotes cell survival but not proliferation.

This analysis also revealed preference for integration near
other genomic features as well (Fig. 6). Integration near promot-
ers (�1 kb to �100 bp from transcription start sites) was the most
enriched compared to the control, with a 1.75-fold increase. Other
features for which enrichment was observed include exons (1.72-
fold), 3= untranslated regions (3=UTRs) (1.57-fold), transcription
termination sites (�100 bp to �1 kb, 1.55-fold), and introns
(1.36-fold). 5= UTRs exhibited no increase in ALV integration
versus the control, while intergenic regions were less likely to har-
bor ALV integrations than random (0.91-fold).

DISCUSSION

In this study, we characterized the integration of proviruses in
ALV-A-induced B-cell lymphomas with high-throughput se-
quencing. This method allows for a much more detailed analysis
of integration sites than was possible in earlier studies of these
types of neoplasms.

We observed that promoters and TSSs are the most preferred
sites of ALV integration in vivo (Fig. 6 and 7). This preference had
not been seen in previous studies of ALV integration. Analyses of
other retroviruses such as HIV and murine leukemia virus (MLV)
have shown that MLV but not HIV prefers integration near TSSs
and CpG islands (41, 42). MLV’s integration site preference is
mediated by the binding of bromodomain and extraterminal do-
main (BET) proteins to the MLV integrase, although a slight pref-
erence for TSSs and CpG islands persists in the absence of this
interaction (43–45). MLV is also known to prefer integration
within 2.5 kb of TSSs, and a strong decrease in MLV integration
frequency has been shown within 100 bp of TSSs (41).

The pattern of ALV integration that we report is very similar to
MLV but not identical. For example, while we observed a strong
preference for integration on both sides of TSSs and a sharp drop-
off within 100 bp of TSSs (Fig. 7), we did not observe a narrow
peak of increased integration frequency �2.5 kb from the TSS.
Instead, we saw a broader peak of elevated integration frequency
that stretches as far as 30 kb on either side of the TSS (Fig. 7C).
Also, we observed a weaker preference for ALV integration in the
immediate vicinity of TSSs than has been seen for MLV. Previous
work calculated a 4.7-fold increase in the frequency of MLV inte-
grations within 5 kb of the TSS, although recent work has shown

FIG 6 Preference for integration near genomic features. Enrichment for
integration near genomic features was calculated with HOMER (40). Fold
enrichment was calculated by comparing ALV integrations to a randomly
generated integration data set. Promoters are defined as the region from �1 kb
to �100 bp from transcription start sites, while transcription termination sites
(TTS) are defined as the region from �100 bp to �1 kb flanking the transcrip-
tion termination site.
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this can vary by cell type (42, 46). In contrast, we observed only a
2.3-fold increase for ALV over that range (Fig. 6). Because our
experiments were conducted in vivo, where cells are subject to
selection and clonal expansion, the preference for ALV integration
that we observe may be partially due to these additional variables.
This may explain why a preference for integration centered on
TSSs was not observed in earlier studies in cell culture.

To date, only four genes had been shown to be common inte-
gration sites in ALV-A-induced B-cell lymphoma: MYC, MYB,
Mir-155, and TERT. Here we identify all four of these genes as
common integration sites, as well as a host of new genes that had
not been previously implicated in ALV-induced lymphomagen-
esis.

Three reports had been published previously that partially
characterize 8 of the 28 tumors that we analyzed in this study (see
Table S1 in the supplemental material). Two of these publications
utilized nested PCR to map proviral integrations at the MYB pro-
moter and showed some tumors contained one or more integra-
tions into the MYB locus (18, 20). A third report used inverse PCR
to map proviral integrations (which is not biased to a specific
locus) and showed multiple integrations in the TERT promoter in
the opposite orientation (21).

By reanalyzing these tumors, we were able to verify many of the
integrations seen in previous studies. First, with regard to TERT,

we verified by deep sequencing all 5 TERT promoter integrations
that were described previously and identified an additional 21
integrations at the TERT locus in both newly analyzed and rean-
alyzed tumors. Previous work also showed that these integrations
were clonal or oligoclonal by Southern blotting, meaning that the
integrations were present in a large fraction of cells in the tumor
(21). Deep-sequencing results confirm this finding; all of these
integrations exhibited extensive clonal expansion by breakpoint
analysis. Overall, TERT was the eighth-most frequent target of
integration, with 26 unique integration sites identified by deep
sequencing. Although it was not the most frequent target of inte-
gration, TERT integrations were often highly expanded, with an
average of 19.19 sonication breakpoints observed per integration,
which may explain why it was identified so readily by inverse PCR
in previous work. The extensive expansion of clones containing
TERT integrations is consistent with the hypothesis that TERT
activation is an early event in tumorigenesis.

MYB was the fifth-most-targeted gene, with 28 unique integra-
tions. Only one of these integrations was described in previous
work (see A2-R588, liver, in Table S1 in the supplemental mate-
rial), suggesting that many of the MYB integrations identified in
earlier work were not clonal and were possibly only present in a
small number of cells (18, 20).

Historically, MYC and Mir-155 were often seen in ALV-

FIG 7 ALV integrations mapped with respect to transcription start sites. (A) Integrations within 10 kb of transcription start sites are shown placed into 100-bp
bins. The red line represents ALV-A integrations, and the black line represents randomly simulated integrations. A preference for integration flanking TSSs is
observed. (B) Integrations within 1 kb of TSSs are shown in 10-bp bins. A striking lack of integrations was observed in the immediate vicinity of TSSs. (C)
Integration frequency was calculated for expanded clones (red), nonexpanded clones (blue), and randomly generated integrations (black), and integrations are
presented in 500-bp bins. Integration frequency is the fraction of total integrations that fall into each 500-bp bin. Integrations near the TSS are shown to be slightly
more likely to result in clonal expansion.
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induced B-cell lymphomas. Both genes were prominent integra-
tion clusters in this study (Fig. 2). As for Mir-155, we identified 12
unique Mir-155 integrations. Earlier studies have shown that Mir-
155 integrations are often seen in metastatic tumors, which led to
the hypothesis that Mir-155 is a late event in ALV tumor induction
and may play a role in metastasis (8). Eleven of the 12 Mir-155
integrations we observed occurred in metastatic liver tumors, with
only one seen in the primary bursa in our study (see Table S2 in the
supplemental material), which is consistent with this hypothesis.

In this study, we identified only 9 integrations in the MYC locus
(Fig. 2). MYC was the first gene ever identified as a common integra-
tion site in ALV-induced lymphomas, and MYC integrations have
since been seen in many studies of these neoplasms (8, 9, 47). The
time of infection is thought to be an important factor in the develop-
ment of MYC-associated tumors, with later infections (especially af-
ter hatching) more likely to induce tumors with MYC integrations. In
contrast, we infected birds much earlier, at embryonic day 5 or day 10.
Interestingly, all 9 of the MYC integrations occurred in birds that were
infected at day 10, while no MYC integrations were observed at day 5
(see Table S2 in the supplemental material). This supports the idea
that the early timing of injections may explain why we see fewer MYC
integrations than in earlier work.

Interestingly, the most frequent target of integration was
TNFRSF1a. This gene codes for a receptor for tumor necrosis
factor alpha (TNF-�). TNFRSF1a can activate NF-kappaB and has
known roles mediating apoptosis and regulating inflammation
and cell proliferation (24). Although TNFRSF1a harbored 117
unique integrations, it was only highly clonally expanded (�10
breakpoints) in two cases. This lack of highly expanded clones
may explain why this gene was not identified in previous experi-
ments mapping ALV integration sites. The vast majority of the
integrations occurred in the first intron of the gene and in the
same orientation as the gene, and integrations were almost exclu-
sively found in bursal tissues and not in metastatic tumors (see
Table S2 in the supplemental material). These data suggest that the
integration may be producing a truncated protein product and
that this product does not contribute to metastasis or proliferation
but gives the cell a survival advantage in the bursa.

Although we identified many clusters of integration that
appear to be driving ALV-induced lymphomagenesis, it is im-
portant to note that integration clusters do not necessarily have
to arise by selection postintegration. It is possible, for example,
that some clusters could form due to preferential ALV integrase
targeting in the chicken genome, although this has not previ-
ously been seen. Clearly, in some cases, selection appears to be
driving clustering. For example, when bias for integration in a
specific orientation or location within a gene is observed, se-
lection is likely involved.

While ALV-A induces lymphoid neoplasms, ALV-J is known
to induce myeloid neoplasms and hemangiomas. We recently re-
ported integrations in ALV-J-induced hemangiomas, and inter-
estingly we see very little overlap between the common integration
sites in ALV-A-induced lymphoid tumors and ALV-J-induced
hemangiomas. The only gene that appears to be shared as a com-
mon integration site between the two studies is ELF1, which was
the second-most-frequently targeted gene in ALV-J hemangiomas
and the 13th-most-frequent target of integration in ALV-A lym-
phoid tumors. The striking lack of overlap between these data sets
is likely due to the biological differences between the types of cells

affected and the genes involved in inducing lymphomas versus
hemangiomas.

Recent work characterizing HIV integrations identified
BACH2 and MKL2 as common integration sites in individuals on
suppressive combination antiretroviral therapy (cART) (48, 49).
We identify BACH2 but not MKL2 as a common integration site
in this study. In one earlier study, BACH2 integrations showed a
strong preference for integration in the forward orientation
(15/15 integrations), and 6 of 15 integrations were found in ex-
panded clones. In ALV-induced lymphomas, we see a weaker
preference for integration in the forward orientation (17/24
[70.8%]), with 5 of 24 present in clonally expanded cells. Although
MKL2 was not a common integration site in our study, we did
identify the related gene MKL1 as a common integration site. Both
MKL1 and -2 are coactivators of the transcription factor serum
response factor (SRF), which regulates genes involved in many
biological processes, including cell growth and migration (50).

In conclusion, this study greatly expands the number of genes
known to be common integration sites in ALV-induced B-cell
lymphoma. As one might expect, many of the genes we identified
have well-characterized roles in cancer and related processes.
These genes include RUNX1, Mir-221, Mir-222, IKZF1, CCNA2,
ZEB1, CBLB, and HMGB1, as well as many others. In addition to
canonical cancer genes, we identified a number of genes as com-
mon integration sites that are conserved in humans but have
never been linked to cancer. These include CXorf57, CTDSPL2,
TMEM135, ZCCHC10, FAM49B, and MGARP. In fact, three of
these six genes, CXorf57, ZCCHC10, and FAM49B, have never
undergone any characterization and have no known functions.
We think these genes as well as others that we identify in this study
are interesting targets for further research.

MATERIALS AND METHODS
Tumor induction. Five- and 10-day-old chicken embryos were injected
with either ALV-LR9, ALV-�LR9, ALV-G919A, or ALV-U916A. The
chickens injected at 5 days were SPAFAS embryos (Charles River) and
were injected via the yolk sac route. The chickens injected at 10 days
were inbred SC White Leghorn line embryos (Hy-Line International,
Dallas Center, IA), and viruses were injected into the chorioallantoic
veins as described previously (18). A total of 10 birds were infected on
embryonic day 5, and 15 birds were infected on day 10. Chickens were
observed daily and were euthanized when apparently ill or at 12 weeks
(for the day-5-injected cohort) or 10 weeks (for the day-10-injected
cohort). IACUC approval was obtained. A total of 37 tissues were
selected for characterization by high-throughput sequencing (see Ta-
ble S1 in the supplemental material). Two uninfected tissues and sev-
eral non-tumor tissues from infected birds were sequenced to serve as
controls (see Table S1). Additional birds were infected, but not all
birds were analyzed in this study.

DNA extraction and deep sequencing. DNA was isolated, and se-
quencing libraries were prepared as described previously (15). Briefly,
5 �g of purified genomic DNA was sonicated with a Bioruptor UCD-200.
End repair, A-tailing, and adapter ligation were performed as described by
Gillet et al. (22) (adapter short arm, P-GATCGGAAGAGCAAAAAAAAA
AAAAAAA, and adapter long arm, CAAGCAGAAGACGGCATACGAG
ATXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T,
where “X’s” denote the barcode sequence, “P” denotes phosphoryla-
tion, and “*” denotes a phosphorothioate bond). Nested PCR was
performed to enrich the library for proviral junctions. The first PCR
was 23 cycles and employed an ALV-A-specific primer (CGCGAGGA
GCGTAAGAAATTTCAGG) between the 3= LTR and env and a primer
(CAAGCAGAAGACGGCATACGAGAT) within the adapter that was
attached by ligation in the previous step. In the second round of PCR,
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a primer (AATGATACGGCGACCACCGAGATCTACACTCGACGA
CTACGAGCACATGCATGAAG) at the 3= end of the LTR was used. This
primer ended 12 nucleotides short of the junction between virus and
genomic DNA. This primer was paired with an adapter-specific primer on
the opposite side of the fragment, which overlapped the adaptor’s bar
code sequence (CAAGCAGAAGACGGCATACGAGATXXXXXX). Li-
braries were quantified by quantitative PCR (qPCR) and then under-
went single-end 75- or 100-bp multiplexed sequencing on the Illumina
Hi-Seq 2000. A custom sequencing primer (ACGACTACGAGCACAT
GCATGAAGCAGAAGG) was used which hybridized near the end of
the viral 3= LTR, 5 nucleotides short of the proviral/genomic DNA
junction. The resulting reads could be validated as genuine integra-
tions by verifying that they began with the last 5 nucleotides of the
proviral DNA, CTTCA. The last two nucleotides of the unintegrated
proviral DNA, TT, are cleaved by ALV integrase upon integration, so
the lack of these 2 nucleotides in the read acted as further validation of
a true viral integration.

Sequence analysis. Reads were first filtered with a custom Python
script to remove sequences that did not begin with the last 5 nucleotides of
viral DNA, CTTCA. Files were then uploaded to Galaxy (51–53), which
was used to perform some downstream analyses. In Galaxy, the quality
scores were first converted to Sanger format with FastQ Groomer v1.0.4
(54). Adapters were trimmed using the Galaxy Clip tool v1.0.1. This tool
also removed reads containing an N and reads less than 20 nucleotides in
length after adapter removal. The remaining reads were mapped with
Bowtie (55), using the Gallus gallus 4.0 genome (November 2011). A total
of 100,000 random mapped reads were selected from each sample to be
used for further analysis. If less than 100,000 reads were present for a
sample, all available reads were used.

A custom Perl pipeline was developed to analyze the aligned reads’
output from Bowtie. Briefly, reads containing sequencing errors were fil-
tered, and read counts and sonication breakpoints were quantified. Inte-
grations found in multiple samples were assigned to the sample with the
highest number of breakpoints. Files were annotated with refseq features,
and the orientation and distance to the nearest gene were calculated for
each integration. Integrations into repetitive regions were then manually
removed from the data set. In all, 32,050 unique ALV integrations were
obtained. Integration clusters were identified via a sliding window ap-
proach. If 12 or more integrations were observed within a 50-kb window,
they were considered a cluster of viral integration. If the cluster was lo-
cated in or near a gene, all additional integrations in that gene were also
counted, as were any integrations within 10 kb upstream or downstream
of that gene. If the cluster encompassed two genes, both genes were re-
corded and any integrations between the two genes and within 10 kb of
either end were included in the cluster. The source code for this pipeline is
available upon request.

Consensus sequence, feature, and Gene Ontology analysis. Reads
were mapped with Bowtie (55). Only reads that mapped uniquely to the
genome were kept, and any reads that mapped equally well to two loca-
tions were discarded. This step filtered out reads that originate from re-
petitive elements. Mapped reads from all samples were then combined
into a single file and analyzed with HOMER (40). HOMER calculates the
nucleotide composition and enriched features at each integration locus. A
random integration control data set was generated with Bedtools Random
(56). The genomic DNA sequences corresponding to the genomic coor-
dinates obtained from Bedtools Random were extracted from the Gallus
gallus 4 genome using the Galaxy tool Extract Genomic DNA (51–53).
Control sequences were mapped with Bowtie and analyzed with HOMER
using the same conditions as above. A consensus Logo plot was con-
structed with Seq2Logo (57). Gene Ontology analysis for the top 48 clus-
ters of integration was conducted with DAVID (37, 58).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01863-15/-/DCSupplemental.
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