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Intronic Deletions That Disrupt mRNA Splicing of the tva Receptor
Gene Result in Decreased Susceptibility to Infection by Avian Sarcoma

and Leukosis Virus Subgroup A
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The group of closely related avian sarcoma and leukosis viruses (ASLVs) evolved from a common ancestor into multiple sub-
groups, A to J, with differential host range among galliform species and chicken lines. These subgroups differ in variable parts of
their envelope glycoproteins, the major determinants of virus interaction with specific receptor molecules. Three genetic loci,
tva, tvb, and tvc, code for single membrane-spanning receptors from diverse protein families that confer susceptibility to the
ASLYV subgroups. The host range expansion of the ancestral virus might have been driven by gradual evolution of resistance in
host cells, and the resistance alleles in all three receptor loci have been identified. Here, we characterized two alleles of the tva
receptor gene with similar intronic deletions comprising the deduced branch-point signal within the first intron and leading to
inefficient splicing of tva mRNA. As a result, we observed decreased susceptibility to subgroup A ASLV in vitro and in vivo.
These alleles were independently found in a close-bred line of domestic chicken and Indian red jungle fowl (Gallus gallus
murghi), suggesting that their prevalence might be much wider in outbred chicken breeds. We identified defective splicing to be
a mechanism of resistance to ASLV and conclude that such a type of mutation could play an important role in virus-host

coevolution.

Retroviruses enter the host cell through specific receptors, cell
surface proteins with high affinity to viral envelope glycopro-
teins. The interaction between receptors and viral glycoproteins is
very complex and includes the initial attachment of the virion,
profound conformational changes in the structure of the viral
glycoprotein, exposure of fusion peptides, and, ultimately, the fu-
sion of viral and cellular membranes (5, 47). Despite the strict
structural requirements for these interactions, hypervariability of
retroviral glycoproteins can change the receptor usage and
broaden the host range. Indeed, closely related families of retrovi-
ruses have evolved into multiple subgroups that utilize different
cellular surface proteins as receptors. For example, the group of
avian alpharetroviruses avian sarcoma and leukosis viruses
(ASLVs) comprise 10 related subgroups, A to J, which either do
not interfere at all with each other or interfere only nonrecipro-
cally in infecting chicken cells. The susceptibility of chicken cells
to highly related ASLV subgroups A to E is determined by three
geneticloci, tva, tvb, and tvc (5,41). The Tva protein belongs to the
family of low-density lipoprotein receptors (LDLRs) (6, 48) and
determines susceptibility to the subgroup A ASLVs. The tumor
necrosis factor receptor-related protein Tvb confers susceptibility
to subgroup B, D, and E ASLVs by three nonoverlapping binding
sites (2, 3, 8), and the Tvc protein, closely related to the mamma-
lian butyrophilins, serves as receptor for C subgroup ASLV (14).

The rapid evolution of novel retrovirus envelopes is compelled
by the appearance of host entry restrictions. Genetic alterations of
specific receptor loci can cause complete lack of the receptor pro-
tein or expression of an aberrant protein with decreased affinity
for the retroviral envelope protein. Resistance alleles have been
identified in all three tva, tvb, and tvc receptor loci, and premature
termination codons or frameshift mutations were found behind
these resistances (13, 14, 25). Even single-amino-acid substitu-
tions can cause the resistance when cysteine residues are affected
and the basic receptor structure is changed (13). In general, slight
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structural changes affecting the virus binding sites but keeping the
normal cellular functions of receptor molecules could be the start-
ing point for coevolution of the retrovirus and the host cell. De-
creased affinity for the respective envelope protein creates selec-
tive pressure against the retrovirus and favors its escape variants
that evolved toward at least low affinity to alternative cell surface
molecules. Subsequent accommodation of envelope proteins can
result in complete changes of receptor usage and cellular tropism.
Whereas escape mutants of ASLVs with expanded viral receptor
usage were already selected on cocultivated permissive and non-
permissive cells (34, 38) or exerted by the presence of soluble
competitor Tva (27), the natural occurrence of receptor variants
with decreased susceptibility to ASLV infection remains to be ex-
plored. As a proof of the principle, we have identified a single-
amino-acid substitution in the Tvb receptor that results in re-
duced susceptibility to ASLV subgroups B and D and resistance to
subgroup E (35).

In order to identify further alleles of ASLV receptors, we
screened a panel of chicken lines (33) for phenotypes of reduced
but not completely eliminated susceptibility to specific subgroups.
We describe here the decreased susceptibility to ASLV subgroup A
in a close-bred chicken line and respective molecular defects in the
tva locus. Two independent deletions comprising the branch
point within the first intron lead to inefficient splicing of tva
mRNA. The same intronic deletions were also found in a subspe-
cies of red jungle fowl, Gallus gallus murghi. The frequent disrup-
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tion of splicing signals resembles the situation in the low-density
lipoprotein receptor gene, a human homologue of chicken tva, in
patients with familial hypercholesterolemia (12, 40). We conclude
that ASLV receptor alleles determining the decreased sensitivity to
avian retroviruses are common in the population of domestic
chick as well as in wildfowl and could play an important role in
virus-host coevolution.

MATERIALS AND METHODS

Experimental animals. The close-bred chicken line P free of ev loci (18),
the inbred lines CC.R1, CB, and L15 (33), and the outbred chicken pop-
ulation Brown Leghorn (33) have been maintained at the Institute of
Molecular Genetics, Prague, Czech Republic. Hens and cockerels were
kept separately in individual cages with food and water provided ad libi-
tum. The photoperiod of 12 h light and 12 h dark was applied. Four
embryonated eggs of the red jungle fowl subspecies Gallus gallus murghi
were obtained from the zoological garden Ohrada u Hluboké, Czech Re-
public. Breeding pairs kept in this zoo are direct descendants of animals
introduced from a remote border area of Assam, India. A low probability
of interbreeding of free-ranging G. g. murghi birds with domestic chicks
was demonstrated (23). Incubation of embryonated eggs was performed
at 38°C and 60% relative humidity in a forced-air incubator with a tilting
motion through a 90° angle every 2 h.

Cell culture and virus propagation. Chicken embryo fibroblasts
(CEFs) were prepared from ten 10-day-old embryos from lines P, L15,
and CB and individually from four embryos of G. g murghi. The proce-
dure was described previously (15). CEFs as well as chicken permanent
cell line DF-1 (19) were grown in a mixture of two parts of Dulbecco’s
modified Eagle’s medium and one part of F-12 medium supplemented
with 5% calf serum (CS), 5% fetal calf serum, 1% chicken serum, and
penicillin/streptomycin (100 pg/ml each) in a 5% CO, atmosphere at
37°C. RCASBP(A)GFP and RCASBP(B)GFP subgroup A and B vi-
ruses, respectively (15, 21), transducing the green fluorescent protein
(GFP) reporter gene were prepared by plasmid DNA transfection into
DF-1 cells, which are free of avian leukosis virus (ALV)-related endogenous
retroviral loci. Infection and virus spread were observed as an increasing pro-
portion of GFP-positive cells, and virus stocks were obtained on day 4 or 5
posttransfection (p.t.). The cell supernatants were cleared of debris by centrif-
ugation at 2,000 X gfor 10 min at 10°C, and aliquoted viral stocks were stored
at —80°C. The titers were quantitated by terminal dilution and infection of
fresh DF-1 cells and reached 10° infection units (IU) per ml.

The transforming subgroup A and B ASLVs for in vivo sarcoma induction
were generated by the rescue of replication-defective and v-src-containing
Bryan high-titer Rous sarcoma virus, which is present in the transformed 16Q
quail cell line (28), by either A or B subgroup RCASBPGEFP. The rescue was
done by mixing the RCASBPGFP-infected DF-1 cells with 16Q cells as
described by Reini$ovi et al. (35). The titers of rescued transforming A
and B subgroup avian sarcoma viruses (ASVs) were estimated by a focus
assay in Brown Leghorn CEFs and reached titers of 10* and 4 X 103
focus-forming units (FFU) per ml, respectively.

Virus spread assayed by flow cytometry. CEFs of line P and G. &
murghi were seeded at a density of 5 X 10* per well in a 24-well plate and
infected with 5 X 10° IU of either RCASBP(A)GFP or RCASBP(B)GFP
virus 24 h after seeding. The virus was applied in 0.25 ml medium for 1 h.
The percentage of GFP-positive cells was quantitated by fluorescence-
activated cell sorting (FACS) using an LSRII analyzer (Beckton Dickin-
son) on days 1,2, 3, 4, and 7 postinfection. Each day, the cells of three wells
were trypsinized, washed in phosphate-buffered saline (PBS), and ana-
lyzed. For the analysis on the seventh day, the cells were passaged 1:4 on a
new plate on the fifth day and measured 48 h later.

In vivo sarcoma induction and monitoring. Ten-day-old chickens
from lines P and CC.R1 were inoculated with 100 FFU of transforming
subgroup A or B ASLV rescued from 16Q cells in 0.1 ml of Iscove’s Dul-
becco’s modified Eagle’s medium into the pectoral muscle. The growth of
tumors palpable at the site of inoculation was monitored either by weigh-
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ing the whole tumor after surgery or noninvasively by calculating the area
of prominent tumor. The contours of the tumor were traced on transpar-
ent foil, and the area of the tumor was calculated in mm? (36). Birds with
vast progressively growing tumors were sacrificed well before they reached
the terminal stage.

Amplification and analysis of tva alleles from line P and G. g
murghi. We prepared total RNA and genomic DNA from DF-1 cells,
cultured line P CEFs, and G. g. murghi CEFs using the Tri Reagent (Sigma)
and phenol-chloroform extraction, respectively. cDNA was obtained by
reverse transcription of 1 ug total RNA with Moloney murine leukemia
virus reverse transcriptase (RT) and oligo(dT), 5 primers (both from Pro-
mega). We amplified the whole tva coding sequence using the forward
TVA4 primer 5'-GCATGGTGCGGTTGTTGGAG-3', containing the tva
initiation codon, and reverse TVAS5 primer 5 -TCGTGTCCAAATTCAG
CCAG-3', complementary to the 3" untranslated region (UTR). PCR con-
ditions were the following: 98°C for 90 s; 34 cycles of 98°C for 10 s, 62°C
for 30 s, and 72°C for 45 s; and terminal extension at 72°C for 5 min with
Taq polymerase (TaKaRa). The DNA sequence of exon 1, intron 1, and
exon 2 was amplified from 100 ng chromosomal DNA using the forward
TVA4 primer and reverse TVA6 primer 5'-GGGATCGCGCGGCTCCG
AAC-3' in the left part of exon 2. PCR conditions were the following: 95°C
for 3 min; 34 cycles of 94°C for 20 s, 58°C for 40 s, and 72°C for 40 s; and
terminal extension at 72°C for 5 min with Taq polymerase (TaKaRa). The
final PCR product with an expected length of 331 bp was treated with
ExoSAP-IT (USB) and then sequenced using a BigDye Terminator (ver-
sion 3.1) cycle sequencing kit (PE Applied Biosystems).

Construction of tva expression plasmids and transfection experi-
ments. Expression forms of tva from L15 and P chicken lines were cloned
by PCRin a 50-pul reaction mixture of 1 X GC buffer (Finnzymes) and 3%
dimethyl sulfoxide with 1 U of Phusion Hot Start high-fidelity DNA poly-
merase (Finnzymes), 200 ng of chromosomal DNA from either L15 or P
line CEFs, and forward TVAK2L primer 5'-CAGCTCGAGGTCGTCCA
T-3" in the tva 5" UTR and reverse TVAK3R primer 5'-GGAAGGCCCT
GTCCTATTTC-3' in the tva 3" UTR, which amplify the entire tva coding
sequence. Cycling conditions were the following: 98°C for 60 s; 30 cycles of
98°C for 7 s, 64°C for 15 s, and 72°C for 105 s; and terminal extension at
72°C for 7 min. PCR products of 3.4 kbp in length were purified using a
QIAquick PCR purification kit (Qiagen), 3'-terminal AA dinucleotides
were added, and products were ligated into the pPGEM-T Easy vector (Pro-
mega). Specific clones of tva from the P line (tva-P) and tva-L15 were
selected by EcoRI and Kpnl digestion. The tva fragments were cut out
using EcoRI and ligated into the digested and dephosphorylated pcDNA3/
EcoRI vector. Resulting clones with the proper orientation of tva-P and
tva-L15 inserts were used for the transfer of coding sequences as Xhol
fragments into the pVITROtdTomato expression vector, and pcDNA3-
tva-P was also used as a quantitative PCR (qPCR) external standard. The
pVITROtdTomato vector was created from the pVitro expression con-
struct (InvivoGene) by replacement of the GFP coding sequence with the
tdTomato fluorescence marker in the first expression cassette. The final
expression constructs, pVITROtdTomato-tvaP and pVITROtdTomato-
tvaL15, were used in transfection experiments. CEFs (4 X 10°) from the
CB, P, and L15 lines were seeded onto 6-well plates in the medium without
antibiotics. Transfection was done 12 h later using a mix of 6 ul FuGENE
HD transfection reagent (Roche) and 2 ug of plasmid in Opti-MEM
medium (Gibco BRL) in a total volume of 100 wl. In low-dose transfection
experiments, the small amounts of pVITROtdTomato-tvaP and
pVITROtdTomato-tvaLl5 plasmids were supplemented to up to 2 ug
with the empty vector pcDNA3. At 12 h p.t., the medium was changed,
and at 24 h p.t,, the cells were used for infection and subsequent FACS.
Only cells expressing the red tdTomato fluorescent protein marker were
gated for GFP analysis to normalize the transfection efficiency.

Splice-specific quantitative RT-PCR. Total RNAs from L15 and P line
CEFs were isolated by RNAzol RT (Molecular Research Center) according
to the manufacturer’s instructions. Two micrograms of total RNA was
DNase treated for 15 min and reverse transcribed in a total volume of 25
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pl with Moloney murine leukemia virus reverse transcriptase (Gibco) and
random hexamers for priming. One microliter of the resulting cDNA was
then used for the quantitative PCR based on the MESA GREEN qPCR
MasterMix Plus for SYBR assay kit (Eurogentec) and a Chromo4 system
for real-time PCR detection (Bio-Rad). Quantifications were performed
for the tva transcript with retained intron 1, the tva transcript with
spliced intron 1, and the chicken GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) gene as a housekeeping reference gene. The
volume of the reaction mixture was 20 wl with a 400 nM final concen-
tration of each primer: tva-E1-FW (5'-GGTTGTTGGAGCTGCTGGT-
3’), tva-E2-RV (5'-CACTCCAGCGGGTAGCAGTC-3"), tva-I1-RV (5'-
ATCCAACGTGGGGAGAGGAC-3"), chGAPDH-FW (5'-CATCGTGC
ACCACCAACTG-3"), and chGAPDH-RV (5'-CGCTGGGATGATGTT
CTGG-3"). An expression plasmid containing tva-P cloned into the
pcDNA3 vector was used as an external standard for the tva transcript
with retained intron 1. The external standard for tva with spliced intron 1
was constructed by PCR using L15 cDNA and transcript-specific primer
sets (tva-E1-FW, tva-E2-RV). Resulting PCR fragments of tva with spliced
intron 1 were cloned into pGEM-T Easy (Promega) and verified by se-
quencing. Tenfold serial dilutions of plasmids containing the retained or
spliced intron 1 of tva ranging from 10 to 10° copies per reaction mixture
were used for construction of the calibration curves. Tenfold serial dilu-
tions of plasmid containing the fragment of GAPDH gene cloned into the
pGEM-T Easy plasmid (Promega) ranging from 10 to 10° copies per re-
action mixture were used for construction of the calibration curve with
GAPDH. We normalized the numbers of RNA molecules placed in the
reaction mixture according to the number of GAPDH transcripts. Cycling
conditions for tva fragments with retained intron (primers tva-E1-FW
and tva-11-RV) and GAPDH were 95°C for 15 s, 55°C for 30 s, and 72°C for
30 s for 40 cycles; cycling conditions for tva fragments with spliced intron
(primers tva-E1-FW and tva-E2-RV) and GAPDH were 95°C for 15 s,
63°C for 30 s, and 72°C for 30 s for 40 cycles. The negative controls
included water as a template. All quantitative RT-PCRs were performed in
triplicate. The specificity of the PCR products amplified was confirmed by
melting curve analysis and by sequencing the PCR products. To assess the
amount of contaminating exogenous DNA, either genomic or plasmid,
we included reactions run in the absence of RT as negative controls. The
background values of these negative controls were subtracted from the
results of respective reactions with RT.

Quantitation of Tva display by secreted immunoadhesin SU(A)-
rIgG. The immunoadhesin SU(A)-rIgG (49), which combines the
receptor-binding parts of the subgroup A SU glycoprotein with the IgG
heavy chain, cloned as the SUATEVrIgG sequence into the Clal site of
RCASBP(B), was obtained from Mark J. Federspiel (Molecular Medicine
Program, Mayo Clinic, Rochester, MN). The immunoadhesin was pro-
duced asa crude supernatant of SUATEVrIgG-transfected DF-1 cells (20).
CEFs of the chicken lines CB, L15, and P were harvested by 0.25% trypsin—
EDTA solution and washed with PBS. Cells (2 X 10°) in 0.1 ml of PBS
supplemented with 2% calf serum (PBS-2% CS) were mixed with 0.9 ml
of supernatant from SUATEVrIgG-transfected DF-1 cells, and the mix-
ture was incubated on ice for 60 min. CEFs were then washed with
PBS—2% CS and incubated with 1 ul of goat anti-rabbit IgG linked to
Alexa Fluor 488 (Invitrogen) in PBS—4% CS in a total volume of 1 ml on
ice for 30 min. The complexes of cells with immunoadhesins were washed
with PBS-2% CS, resuspended in 150 ul PBS-2% CS, and quantitated by
FACS using an LSRII analyzer (Becton Dickinson).

RESULTS

Reduced susceptibility to subgroup A ASLV in inbred chicken
lines and wild jungle fowl. We previously identified a single-
amino-acid substitution in the Tvb receptor that resulted in re-
duced susceptibility to ASLV subgroups B and D and resistance to
subgroup E (35). This finding implies the existence of similar ge-
netic variations within other ASLV receptor loci, and inbred lines
of domestic chicken can manifest the phenotype of such recessive
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alleles. We therefore analyzed the susceptibility to the subgroup A
ASLYV in the panel of 12 inbred and close-bred chicken lines avail-
able at the Institute of Molecular Genetics in Prague (33) and, for
comparison, the Indian red jungle fowl (G. g murghi) in an in vitro
kinetic assay (35). CEFs of defined origin were infected with
replication-competent reporter ASLV vector RCASBP(A)GEFP,
and the percentage of GFP-positive cells was quantified by flow
cytometry on seven subsequent days. Line P was analyzed in more
detail because of the decreased susceptibility to the subgroup A
ASLV (Fig. 1A). RCASBP(A)GFP infected line P CEFs ineffi-
ciently, with only ca. 2% of the cells being infected on day 1, and
the virus spread slowly, reaching 20% of infected cells on day 4 and
40% on day 7. The GFP-negative and GFP-positive cells are clearly
distinct, as shown by the presence of two separated peaks in the
FACS histogram (Fig. 1C). Line P is susceptible to subgroup B,
and the GFP reporter virus RCASBP(B)GFP was used as a positive
control. As expected, this virus infected line P CEFs very effi-
ciently, with more than 70% of the cells being infected on day 1,
and spread quickly, reaching virtually complete infection of cells
by day 2 (Fig. 1A and C). CEFs prepared from four individual G. g.
murghi embryos were even less susceptible to subgroup A ASLV
than line P. RCASBP(A)GFP infected only 2% of G. g. murghi
CEFs on day 1, and the percentage of GFP-positive cells reached
the maximum of 8% on day 3. RCASBP(B)GFP infected 33% of G.
g murghi CEFs on day 1 and then spread quickly, infecting up to
86% on day 3 and remaining at between 80% and 90% on days 4 to
7 (Fig. 1B). In conclusion, we demonstrated inefficient infection
and slow spread of the ALV A subgroup in line P and G. g. murghi
in vitro. This resembles the decreased susceptibility for the ALV B
subgroup in line M (35).

Inefficient sarcoma induction by subgroup A ASV in line P
chickens. To confirm the in vitro reduced susceptibility of line P
CEFs to the subgroup A ALV, we infected line P chickens with
transforming subgroup A and B ASVs and monitored the induc-
tion and growth of sarcomas. Subgroup A and B ASVs transducing
the v-src oncogene were generated and produced by complemen-
tation of an env-defective and v-src-containing virus from the 16Q
cell line with either the A or B subgroup of RCASBPGFP virus.
Ten-day-old line P chicks were inoculated with 100 FFU into the
pectoral muscle, and the incidence and weight of the sarcoma at
the site of inoculation were quantitated. In accordance with the in
vitro experiment, line P was fully susceptible to sarcoma induction
by subgroup B ASV, and in a cohort of eight chicks, all birds
developed sarcomas growing progressively and requiring termi-
nation of six birds by days 21 to 28 postinoculation (p.i.) and one
bird on day 35 p.i. One bird with sarcoma died prematurely of
nonspecific causes (Table 1). The susceptibility to subgroup A
ASV was decreased, as in a cohort of eight chicks, two birds did not
develop sarcomas at all and six birds developed slowly growing
tumors tending to regression during the experiment. Only four
birds kept small tumors on days 35 to 42 p.i., when the experiment
was terminated. As a control, we inoculated five chicks of the line
CC.R1 with subgroup A ASV. No infected CC.R1 chicken pro-
duced detectable sarcoma (Table 1), confirming the purity of the
subgroup A ASV stock because line CC.R1 is resistant to the A
subgroup (13) and sensitive to the B, C, and D subgroups (35).

In a subsequent experiment, we compared the kinetics of tu-
mor growth over time by noninvasive estimation of tumor size.
Again, line P was fully susceptible to sarcoma induction by sub-
group B ASV. In a cohort of six chicks, all birds developed sarco-
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FIG 1 Time course of infection of line P (A) and G. g murghi (B) CEFs with ASLVs. CEFs were infected at a multiplicity of infection of 10 with replication-
competent ASLVs encoding the GFP reporter proteins RCASBP(A)GFP and RCASBP(B)GFP. The percentage of GFP-positive cells was determined by FACS on
the indicated day postinfection as a mean of three parallel dishes. (C) FACS histograms of line P CEFs infected with RCASBP(A)GFP (left) and RCASBP(B)GFP
(right) at 7 days postinfection. Line P CEFs were prepared as a mix from 10 embryos, G. g. murghi CEFs were prepared from 4 individual embryos, and
representative results from 1 embryo are shown. The relative GFP fluorescence is plotted against the cell count, and the percentage of GFP-positive cells is
indicated as a mean of three parallel dishes. Error bars show standard deviations wherever they are large enough to be visible.

mas within 14 days p.i., and the sarcomas grew progressively in all
but one chick, so that three birds were terminated by day 28 and
one was terminated by day 35 p.i. (Fig. 2). In contrast, subgroup A
ASV induced slowly growing sarcomas in just two birds on day 14,
and these tumors completely disappeared by day 28 p.i. The re-
maining four birds did not develop detectable sarcomas even after
42 days p.i. (Fig. 2). Taken together, the in vivo tumor growth
corresponds with the spread of the virus in vitro and confirms the
decreased susceptibility of line P to subgroup A ASLV.
Identification of new tva™ and tva™ alleles with affected
splicing of the first intron. In order to characterize the molecular

TABLE 1 Incidence and growth of tumors induced by subgroup
A and B ASVs

Mean tumor wt (g) on

1. days:
Chicken ASV Tumor p-1. Gays
line subgroup incidence® 21-28 29-34 35-42
CC.R1 A 0/5 0 0 0
P A 6/80 — — 31.8 (n=4)
P B 8/84 5625(n=6) — 152.4 (n = 1)

@ Data represent number of chicks with tumors/total number of chicks tested.
b Two tumors regressed in this group.

¢ —, the weight of tumors was not measured at that time interval.

4 One chick with a tumor died prematurely of nonspecific causes.
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defects accounting for the decreased sensitivity to subgroup A
ASLVinline P and G. g. murghi, we amplified the whole tva coding
sequence from line P and G. g. murghi CEFs and from L15 CEFs as
a control by RT-PCR using the primers complementary to the 5’
end of the coding sequence and 3" untranslated regions. Whereas
the cDNA products from L15 CEFs were of the expected sizes
corresponding to the shorter and longer tva forms (13), the prod-
ucts from line P were longer by ca. 200 bp (Fig. 3A), suggesting
retention of the first intron, i.e., nucleotides 337 to 530, according
to the numbering by Elleder et al. (13). We therefore amplified
and sequenced the genomic tva DNA from line P CEFs using
primers localized in the 5" end of the coding sequence and in the
second exon. The sequence revealed a 10-nucleotide deletion
within the first tva intron, either the sequence CACCCCGCCC,
nucleotides 506 to 515, or the sequence ACCCCGCCC, nucleo-
tides 507 to 516 (Fig. 3B). In any case, this deletion comprises the
A, nucleotide 507, of the CTCAC, the consensus sequence of the
branch-point signal (16). Because this putative branch-point sig-
nal is in optimal distance from the intron-exon boundary, we
suggest that it is used in splicing out the first intron from the tva
mRNA and its deletion abrogates the splicing. Retention of the
first intron changes the translational reading frame of both forms
of the tva mRNAs immediately after the end of exon 1 and intro-
duces premature TGA stop codons in exon 4 or 5 of the longer or
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FIG 2 Growth of sarcomas induced after infection with 100 FFU of ASV in line P 10-day-old chicks. Tumor sizes (mm?) induced in chicks infected with ASV(A)
(left) or ASV(B) (right) were measured on the days indicated. The tumor size in each bird is indicated by an individual dot, with the average tumor size for the
group shown with a horizontal bar. Note the different y-axis scales. Only two tumors were induced by ASV(A); the results for the remaining four chicks without
tumors overlap on the x axis. Only three and two chicks survived on days 35 and 42, respectively; the rest of the chicks were sacrificed before they reached the

terminal stage.

shorter mRNA, respectively. These nonspliced mRNAs should be
translated into proteins of 196 and 177 amino acids, respectively,
with only 36 N-terminal amino acids being identical with func-
tional Tva protein. Because two different tva alleles, tva and tva'?,
conferring resistance to ASLV subgroup A have already been de-
scribed (13), we have named this new allele in line P tva™.

Based on this finding, we analyzed the same intronic region of
tva in G. g murghi. The same 5’ part of genomic tva DNA was
amplified and sequenced from four CEF cultures prepared indi-
vidually from four G. g murghi embryos. In two G. g. murghi
embryos, we found the same 10-nucleotide deletion previously
identified in line P. In the remaining two G. g. murghi embryos, we
identified a new type of intronic deletion abrogating the putative
branch-point signal. Instead of the deleted ACCCCGCCCC se-
quence, there was deletion of a pentanucleotide, ACCCC, nucle-

A M

500 bp

otides 507 to 511 (Fig. 3B). We have denoted this allele tva™.
Although different in sequence, both tva™ and tva™ lack the puta-
tive branch-point signal of intron 1, which could be the cause of
defective splicing and decreased susceptibility to subgroup A
ASLVinline Pand G. g murghi. In contrast to tva’, the tva™ allele
should retain the intronic sequence of 189 nucleotides, which
means that the 40-amino-acid LDLR homologous cysteine-rich
sequence encoded by exon 2 would be translated in a correct
frame. The receptor function of the Tva™ product is obviously
hampered by the presence of a 63-amino-acid stretch immediately
upstream of the cysteine-rich sequence.

In order to confirm the retention of intron 1 in tva™ and tva™
transcripts, we amplified the whole tva coding sequence using the
primers complementary to the 5’ end of the coding sequence and
3" untranslated region from cDNA of individually prepared line P

GGM L15 P

«— 753bp

<—— 604 bp
<+ 569 bp

<«— 420 bp

B cccceaereec cacceecacce Teeeececce GCAACGBTGA GTGCAGGCGG 350
CCGCGGCTCC CGCCGTCCTC TCCCCACGTT GGATCCCTGC GCACGCCCTT 400
CGCTCTICATT GGCCGGCGCC GCTCGCGGCT CTCTCGCTCT _CATTGGCCGG 450
CGCTGAGCCG CGCGCACCCC GCGTTCCCCG TTGCGGGGTT CCGCTCCGCT 500

CGCTCACCC CGCCCCGCCG CGCCCCGCAG| GTTCTTTGGC GCAGTGCTCA 550
yAG

tvas CCQECTCA(QCC cGceceeceacece

tva® CCECTC--|-- ------ GCCC

tva® CCQCTC--|-- -GCCCCGCCC
yTnAy

FIG 3 The tva™ and tva™ alleles in chicken line P and G. g murghi contain deletions in the first intron. (A) PCR amplification of the whole tva coding sequence
from G. g. murghi (GGM), L15, and line P CEFs. Two forms of normal tva transcripts in L15 420 bp and 569 bp in length and two forms with retained intron 1
in G. g. murghi and line P 604 bp and 753 bp in length are shown. Lane M, DNA marker 100-bp ladder. (B) Partial sequence of the chicken tva intron 1 and
junctions with exons 1 and 2. The region of the branch point with respective deletions in tva™ and tva alleles are highlighted below, and deleted bases are
indicated with dashes. The deduced branch-point signal is boxed, and the 3’ splice signal (yAG) is indicated. The putative alternative branch-point signals are
underlined. The intron-exon junctions are indicated by vertical bars; exon sequences are in italics.
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FIG 4 Expression of the cloned tva® and tva™ confers susceptibility to the subgroup A ASLV. (A) CEFs of the CB (left), P (middle), and L15 (right) lines were
transfected with a tva® expression vector, infected at a multiplicity of infection of 1 with RCASBP(A)GFP at 1 day p.t., and analyzed by FACS at 2 days
postinfection as a mean of three parallel dishes. Open curves of FACS histograms represent cells transfected with fvas; shaded curves represent mock-transfected
cells. The relative fluorescence is plotted against the cell count, and the percentages of GFP-positive tvas-transfected cells (top) and GFP-positive mock-
transfected cells (bottom) are given. (B) CEFs of the CB line transfected with a low dose of either tva* and tva™, i.e., 0.02 ug of either pVITROtdTomato-tvaL15
or pVITROtdTomato-tvaP plasmids per 5 X 10 cells in a 3.8-cm? well, infected at a multiplicity of infection of 1 with RCASBP(A)GFP at 1 day p.t., and analyzed
by FACS at 2 days postinfection. Percentages of GFP-positive cells from FACS are shown as means and standard deviations from two parallel dishes.

and G. g murghi CEFs and sequenced the 753-bp RT-PCR prod-
ucts. We obtained the correct tva sequences with retained intron 1
in all cases analyzed. We observed a 10-nucleotide deletion corre-
sponding to the tva’? allele in two G. g. murghi embryos and a
5-nucleotide deletion corresponding to the tva™ allele in two
other G. g murghi embryos. Interestingly, in line P CEFs, we de-
tected not only the tva™ allele but also, in 2 out of 10 embryos, the
tva™ allele. We thus conclude that both alleles are present in the
population of red jungle fowl as well as in the close-bred P line.

Intronic deletion in the tva’3 allele is responsible for the de-
creased susceptibility to subgroup A ASLV. Lines P and L15 are
genetically unrelated, and we can assume that they differ in mul-
tiple loci, in addition to the two tva alleles. To exclude the effect of
different genetic backgrounds on the susceptibility to subgroup A
ASLV, we cloned tva’ and tva'® alleles and reproduced their effects
in overexpression experiments. First, we overexpressed the tva®
allele cloned from the fully susceptible line L15 in CEFs of the CB,
P, and L15 lines and estimated the susceptibility to subgroup A
ASLV. CEFs of the inbred line CB, which are resistant to the sub-
group A ASLV because of a C40W substitution in its tva allele
(13), become susceptible after overexpression of tva, as evidenced
by 67% of infected GFP-positive cells at 2 days postinfection (Fig.
4A, left). Even in the susceptible L15 line, tvas overexpression in-
creases the percentage of infected GFP-positive cells (Fig. 4A,
right). Similarly, for CEFs of line P, the susceptibility increases
from 2.85% to 69.1% of infected cells (Fig. 4A, middle). This
clearly shows that complementation of the tva defect alone confers
full susceptibility to the subgroup A ASLV.
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In order to reproduce the decreased efficiency of subgroup A
ASLV infection in an independent genetic background, we trans-
fected the resistant CB CEFs with low doses of cloned tva*and tva
alleles and compared the resulting susceptibility to the virus. We
observed roughly 2-fold higher infectivity in the cells expressing
tva® than in the cells transfected with tva™ (Fig. 4B), which con-
firms again that the molecular defect found in the tva’ allele is the
cause of decreased susceptibility observed in line P. It is of note
that the difference in susceptibility to subgroup A ASLV in CB
CEFs expressing tva® and tva’ was obtained after transfection of
low doses of plasmid DNA, i.e., 0.02 ug per 5 X 10* cells in a
3.8-cm? well. Transfection of 0.2 ug led to a less striking differ-
ence, and transfection of 2 ug did not exhibit any significant dif-
ference at all (data not shown). Therefore, overexpression of tva™?
transcripts from the transfected construct leads to the display of at
least a small amount of functioning Tva receptor molecules.
Highly effective virus entry together with sensitive detection of
virus infection in the GFP-based RCAS system can thus elicit only
weak differences between the tvas and tva’ alleles.

Quantitative analysis of tva™ splicing. Complete abrogation
of intron 1 splicing from the tva”> mRNA due to the deletion of a
likely branch-point signal does not correspond with the weak re-
sidual susceptibility of line P and G. g. murghi to subgroup A ASLV
observed in vitro and in vivo. We therefore suggest that an alter-
native, probably suboptimal intronic sequence could replace the
branch-point signal so that at least a small part of tva™ transcripts
can be correctly spliced. In fact, faint bands of amplified normal
short and long tva cDNAs, 420 and 569 bp, are visible together
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FIG 5 Transcription and splicing of the tva’® allele in line P and wild-type tva® allele in the L15 line. Schematic representation of intron 1 retention (A) and
splicing (B), together with positions of primers for the splice-specific PCR (arrows) and the sizes of diagnostic PCR products. The position of the intronic deletion
is denoted by a vertical bar. (C) The levels of nonspliced (black columns) and spliced (open columns) transcripts of the tva™ allele in line P and tva* allele in line
L15 were estimated by qQRT-PCR and are shown as the average percentage of the GAPDH expression * SD from three triplicates. (D) The molecular sizes of the
RT-PCR products of nonspliced tva mRNA are shown. Lane 1, marker of molecular size (indicated on the left, in base pairs); lane 2, nonspliced tva”> mRNA, RT
positive; lane 3, nonspliced tvas mRNA, RT positive. (E) The molecular sizes of the RT-PCR product of spliced tva mRNA are shown. Lane 1, marker of molecular
size; lane 2, spliced tva® mRNA, RT positive; lane 3, spliced tva* mRNA, RT positive.

with the major bands amplified in line P (Fig. 3A). There are
several intronic sequences upstream of the 10-nucleotide deletion,
e.g., CTCAT, nucleotides 405 to 409 and 439 to 443, that could
serve as an alternative branch-point signal.

In order to analyze the splicing efficiency, we quantified the
transcripts with spliced and nonspliced intron 1 in P and L15
chicken lines using the splice-specific qRT-PCR technique (39).
Transcripts with nonspliced intron 1 were detected asa PCR prod-
uct amplified with primers in exon 1 and intron 1 (Fig. 5A), and
the spliced transcripts were detected using primers spanning exon
1 and exon 2 (Fig. 5B). In three independent experiments, the
mean level of spliced tva™ reached 44% of the total tva' transcript
in P line CEFs, whereas the tvas allele produced 84% of the spliced
transcripts in L15 CEFs. The total endogenous tva transcription
was rather low in these experiments and varied between 0.2%
and 0.6% of GAPDH expression in P line CEFs and L15 line
CEFs, respectively (Fig. 5C). Under these conditions, the per-
centages of spliced tva™ transcripts could have been overesti-
mated because the short intron 1 can be read through from
primers spanning exons 1 and 2. The presence of alonger read-
through transcript in the PCR product of the spliced tva is
shown in Fig. 5E. In any case, we have demonstrated that the
10-nucleotide deletion of the branch-point signal strongly de-
creased but did not completely abrogate the splicing of the first
tva intron, which explains the decreased susceptibility of line P
to the subgroup A ASLVs.

Different display of Tva on the surface of cells with normal
and decreased susceptibility to subgroup A ASLV. Retention of
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the tva™ intron should lead to transcripts with decreased stability,
affected mRNA transport, and inefficient translation of soluble
product without any affinity for virus glycoproteins. Thus, the
decreased efficiency of tva'? splicing should be accompanied by a
changed display of functional Tva receptor on the cells of line P.
We compared the presence of the Tva receptor on CEFs of line P
and fully susceptible line L15 using soluble immunoadhesin
SU(A)-rIgG, which combines the receptor-binding parts of the
subgroup A SU glycoprotein with the 1gG heavy chain. We ob-
served that SU(A)-rIgG specifically bound to L15 cells, whereas
the relative cell surface level of Tva was the same in CEFs of line P
and negative-control line CB (Fig. 6). This confirms the tva™ ex-
pression defect at the protein level, and we suggest that the com-
bination of very low endogenous tva transcription (Fig. 5C) with
inefficient splicing decreases the receptor expression to the back-
ground level. On the other hand, virus entry is highly efficient, at
least for the transmembrane form of Tva (17), and can occur in
cells with extremely small amounts of Tva that are undetectable
using the SU(A)-rIgG immunoadhesin.

DISCUSSION

The prevalence of ASLV in chicken populations might have im-
posed strong selection pressure toward resistance or at least de-
creased susceptibility to ASLV infection. Little is known about the
infestation and in vivo pathogenicity of ASLV in wild jungle fowl.
We can, however, infer from domestic chickens that natural ASLV
infection has a substantial negative impact on the health, fitness,
reproduction, and life span of free-ranging poultry. Under these
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FIG 6 Comparison of the Tva display on the surface of CEFs from CB, L15,
and P chicken lines. Cells were incubated with crude extracellular supernatants
containing the SU(A)-rIgG immunoadhesin and with goat-anti-rabbit IgG
conjugated with Alexa Fluor 488. The relative fluorescence is plotted against
the cell count: open bold peak, L15 CEFs; overlapping open thin and shaded
peaks, CB and P CEFs, respectively.

conditions, we can expect a wide prevalence of resistance alleles in
loci encoding the receptors for ASLVs. In fact, only the tvb* allele
conferring the full resistance to subgroup E ALSV is present in
most lines of domestic chickens, which correlates with the expo-
sure to endogenous ASLVs and selective advantage provided to
homozygous tvb*? carriers (1, 3). The C62S substitution in the
TvbS3 product of this allele can cause severe structural alterations;
nevertheless, it does not abrogate the ability to bind subgroup B
and D ASLVs.

The remaining resistance alleles in tva, tvb, and tvc loci were
found in particular inbred lines of chickens, and the resistance is
caused by premature termination codons, frameshift mutations,
and substitution of critical cysteine residues (13, 14, 25). Such
alleles definitely cannot code for any product carrying out the
normal cellular functions, but we do not know what their natural
ligands are or what their detrimental impact on either homozy-
gous or heterozygous chickens is. These proteins are not abso-
lutely vital, and no striking phenotype was observed in inbred
chicken lines established decades ago and kept in captivity under
artificial conditions. We, however, admit that the absence of these
receptor proteins can harm feral chickens and impose a selection
pressure in favor of the wild-type alleles. Provided such counter-
selection and rapid evolution of retrovirus envelope glycopro-
teins, we assume that complete resistance to ASLV entry can ap-
pear but cannot prevail and be fixed in the population. We suggest
that mutations with modest effects on both virus entry and natural
receptor functions represent the pool of genetic variability re-
quired for ASLV-chicken coevolution. As an example, we can cite
our previous identification of the tvb? allele with a single-amino-
acid substitution and decreased susceptibility to subgroups B and
D and complete resistance to subgroup E (35). The subgroup J
ALV receptor was identified to be Na*/H™ exchanger type 1 (10),
a housekeeping protein widely expressed in multiple cell types.
Accordingly, all chicken lines analyzed so far are susceptible to
ALV subgroup J (32), and we expect stronger counterselection of
the resistance alleles.

In the present work, we identified two new tva alleles with
reduced susceptibility to subgroup A ASLV due to intronic dele-
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tions of the branch point that affect the splicing and decrease the
display of the Tva receptor on the cell surface. Both tva’® and tva™
might be quite prevalent in chickens, as was detected in one close-
bred line as well as in a subspecies of the red jungle fowl. We have
also shown a new molecular mechanism leading to the decreased
susceptibility to virus entry. Thus, our work points to the impor-
tance of analyzing not only the coding sequences but also the
introns and 5’ and 3" UTRs of the receptor genes. Intronic dele-
tion has already been shown in the mouse CecamI gene encoding
a receptor for multiple pathogens, including mouse hepatitis vi-
rus. A short deletion in the first intron was found, and the changed
pattern of splice variants was described here (7). The same or
similar effects could also be exerted by epigenetic changes of the
receptor gene expression, which might decrease the display of
functional receptors on the cell surface. This was demonstrated in
the case of the Pit2 receptor for murine amphotropic leukemia
virus and gibbon ape leukemia virus in CHO cells and the FLVCR
receptor for feline leukemia virus subgroup C in Mus dunni cells
(37).

Alterations of splicing caused by point mutations or deletions
in both splice sites and auxiliary cis-regulatory elements are more
prevalent than thought previously. The mechanism of mRNA
splicing is highly complex, requiring multiple interactions be-
tween pre-mRNA, small nuclear ribonucleoproteins, and splicing
factor proteins. Regulation of this process is even more compli-
cated, relying on loosely defined cis-acting regulatory sequence
elements, trans-acting protein factors, and epigenetic marks of
DNA and histones. Many different human diseases can be caused
by errors in mRNA splicing or its regulation. Interestingly, in-
tronic deletions causing exon skipping or intron retention in the
human LDLR gene were identified in patients with familial hyper-
cholesterolemia (4, 9, 12, 22, 40). Because the human LDLR gene is
homologous to the chicken tva gene, it is tempting to speculate
that this is a common mechanism of mutagenesis within this gene
family.

Quantitative analysis of tva'® splicing detected a high preva-
lence of the nonspliced over the spliced transcript (Fig. 4C). The
actual display of translated Tva®™ product on the surface of P line
CEFs was shown to be at the level of the resistant CB line (Fig. 6),
which could be explained by nonsense-mediated mRNA decay of
the tva™ transcript with retained intron 1 (reviewed in reference
27). This kind of mRNA decay generally requires that translation
terminate sufficiently upstream of an exon-exon junction (29, 30),
and the premature stop codon in the longer transcript positioned
76 nucleotides upstream of the exon 4-exon 5 junction can be a
proper target. Sometimes, in retroviral full-length transcripts, the
stop codon can be masked by highly structured stability elements
(42). On the other hand, the presence of a low level of nonspliced
tva* mRNA (Fig. 5C) could indicate some leakage of the tva splic-
ing process. In any case, weak splicing of tva™ and tva™ alleles
occurs, and putative alternative branch-point signals must be em-
ployed. The low efficiency of the alternative branch-point signal in
the tva™® and tva™ alleles can be explained by either the nucleotide
sequence or the distance to the 3’ splicing signal. The sequence of
the branch-point signal is quite variable, with the exception of the
fixed T and A positions of the yTnAy consensus determined both
experimentally (16) and bioinformatically (11) in the human ge-
nome. From this point of view, two CTCAT sequences, nt 405 to
409 or 439 to 443, could serve as optimal alternative branch-point
signals. However, their position relative to the 3’ splice signal is far
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from the usual 21 to 34 nucleotides upstream of the 3’ end of the
intron. In a representative set of introns with multiple potential
branch-point signals, the most downstream signals were four to
eight times more frequently employed than their upstream coun-
terparts (16). Furthermore, alignment of the branch-point signal
with a downstream polypyrimidine tract is crucial for branch-
point recognition. These rules weaken in a gradual manner as
intron length increases, and the distance between the branch-
point signal and 3’ splicing signal positively correlates with alter-
native splicing. Skipped exons tend to be preceded by introns con-
taining distant branch-point signals rather than constitutive
exons (11), which might be the case for tva intron 3. Altogether,
the branch-point signal deletion in the first intron of tva® and
tva™ can be compensated by upstream alternative branch-point
signals; however, these are suboptimal and do not ensure efficient
splicing. Lariat RT-PCR could identify the currently used branch
point.

There are few examples of retrovirus receptor mutations in-
ducing resistance or decreased susceptibility to virus entry in pop-
ulations of wild animals. As a parallel to the chicken tvb™ and tvb™
alleles, restrictive variants of XPR1, the receptor for xenotropic
and polytropic mouse leukemia viruses, evolved in wild mouse
species carrying endogenous variants of respective infectious vi-
ruses (44, 46). Furthermore, six naturally occurring XPR1 alleles
with distinct host ranges and specific amino acid substitutions in
two extracellular loops of the receptor have been described (45).
On the other hand, the discovery of a mutant allele of the CCR5
receptor gene bearing a 32-bp deletion and preventing infection
with M-tropic human immunodeficiency virus type 1 (26) was
not matched with the finding of restrictive coreceptor variants in
apes or monkeys (43), despite the pathogenic outcome of simian
immunodeficiency virus (SIV) infection in chimpanzees (24).
Epigenetic mechanisms might play a role in SIV-infected sooty
mangabeys, where low expression of CCR5 prevents virus infec-
tion of CD4* central memory T cells and the animals avoid AIDS,
despite continuous virus replication (31).

Our analysis addresses two important points of virus-host co-
evolution: (i) how polymorphisms in receptor genes help in ad-
aptation of natural populations to exposure to pathogenic retro-
viruses and (ii) what type of receptor mutations represents the
outcome of antagonistic interactions between the host and the
retrovirus. Further investigation of all tvloci in other chicken lines
and outbred populations would help in understanding the evolu-
tionary mechanisms driving the development of host resistance to
retroviral infection.
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