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We describe the molecular cloning of an anemogenic feline leukemia virus (FeLV), FeLV-C-Sarma, from the
productively infected human rhabdomyosarcoma cell line RD(FeLV-C-S). Molecularly cloned FeLV-C-S
proviral DNA yielded infectious virus (mcFeLV-C-S) after transfection of mammalian cells, and virus
interference studies using transfection-derived virus demonstrated that our clone encodes FeLV belonging to
the C subgroup. mcFeLV-C-S did not induce viremia in eight 8-week-old outbred specific-pathogen-free (SPF)
cats. It did, however, induce viremia and a rapid, fatal aplastic anemia due to profound suppression of
erythroid stem cell growth in 9 of 10 inoculated newborn, SPF cats within 3 to 8 weeks (21 to 58 days)
postinoculation. Thus, the genome of mcFeLV-C-S encodes the determinants responsible for the genetically
dominant induction of irreversible erythroid aplasia in outbred cats. A potential clue to the pathogenic
determinants of this virus comes from previous work indicating that all FeLV isolates belonging to the C
subgroup, an envelope-gene-determined property, and only those belonging to the C subgroup, are potent,
consistent inducers of aplastic anemia in cats. To approach the molecular mechanism underlying the induction
of this disease, we first determined the nucleotide sequence of the envelope genes and 3' long terminal repeat
of FeLV-C-S and compared it with that of FeLV-B-Gardner-Arnstein (mcFeLV-B-GA), a subgroup-B feline
leukemia virus that consistently induces a different disease, myelodysplastic anemia, in neonatal SPF cats. Our
analysis revealed that the pl5E genes and long terminal repeats of the two FeLV strains are highly homologous,
whereas there are major differences in the gp7O proteins, including five regions of significant amino acid
differences and apparent sequence substitution. Some of these changes are also reflected in predicted
glycosylation sites; the gp7O protein of FeLV-B-GA has 11 potential glycosylation sites, only 8 of which are
present in FeLV-C-S.

Feline leukemia viruses (FeLVs) are a group of horizon-
tally transmitted type C retroviruses capable of induction of
neoplastic and degenerative diseases of the feline lympho-
reticular system (16, 28, 31, 44). The FeLV family consists of
three known subgroups, FeLV-A, FeLV-B, and FeLV-C,
defined by virus interference and neutralization (60). Distri-
bution of the different subgroups within feline populations
differs markedly. All field isolates of FeLV contain FeLV-A
either alone or in a mixture of subgroups (60), whereas
FeLV-C has been isolated rarely in nature, and only in
animals with severe degenerative disease (23, 31, 48, 60).

Feline aplastic anemia (AA) is a naturally occurring dis-
ease known for over a decade to be caused by infection with
certain isolates of FeLV (26, 37). Feline AA is characterized
by erythroid aplasia manifested as severe nonregenerative
anemia, by lymphopenia, and in later stages by granulocy-
topenia, leukopenia, and myelosclerosis (26, 29). Only a few
naturally occurring isolates of FeLV, all of which belong to
the C subgroup, are known to be capable of consistent
induction of AA (26, 48). The anemogenic capacity of FeLV
isolates, therefore, is considered to be specific for subgroup
C viruses (30, 48). The pathology of feline AA is directly
analogous to that of human AA (12, 32). Since no other virus
is known to induce this type of anemia (30, 48), FeLV-C
viruses present a unique model for the study of this disease.
FeLV subgroups differ in their host range of infection in

vitro. FpLV-A isolates are usually restricted to feline cells,
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FeLV-B and FeLV-C isolates also replicate well in mink,
canine, and human cells, whereas only FeLV-C replicates in
guinea pig cells (23, 31, 58). Cell receptor recognition by the
gp7O envelope gene product is thought to be one component
determining the host range of the virus (20, 33, 61). In avian
retroviruses, host range variation correlates with variable
regions in the major envelope glycoprotein (13). In murine
retroviruses, differences between highly leukemogenic vi-
ruses and their more benign relatives cluster within the
envelope gene and the long terminal repeat (LTR) (8, 14, 20,
56). The murine mink cell focus-forming (MCF) virus gp7O
gene is thought to be derived by recombination between
endogenous xenotropic and ecotropic parental sequences,
resulting in a virus with a broader host range (4, 10, 14, 56).
Comparison of the FeLV-B-Gardner-Arnstein (FeLV-B-GA)
and MCF envelope gene sequences reveals regions of spe-
cific homology, which led to the hypothesis that FeLV-B-
GA might be derived by a mechanism similar to that of MCF
viruses, i.e., by somatic recombination between FeLV-A
and endogenous FeLV sequences present in the feline
ggnome (15, 63). A somatic recombination origin for FeLV-
C was suggested earlier by Russell and Jarrett (58), who
found FeLV-C arising in a cat persistently infected with
FeLV-A. Biologically cloned FeLV-C virus induces fatal
AA in newborn kittens, but by itself it is incapable of
inducing viremia or disease in weanling or adult cats (30). In
contrast, dual infection of weanling kittens with the
nonanemogenic FeLV-A and biologically cloned FeLV-C-
Sarma (FeLV-C-S) results in FeLV-C viremia and fatal AA
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FIG. 1. Restriction map of pFSC. The 8.7-kilobase proviral DNA is contained within a 13-kilobase EcoRI fragment. The env-LTR region
was subcloned as a 2.9-kilobase XhoI-BamHI fragment into the SaIl-BamHI sites of M13mpl8 (pFSC-ENV-LTR). P, PstI; H2, HincII; K,
KpnI; H3, HindlIl; B, BamHI; X, XhoI; B2, BglII; RI, EcoRI.

(30). The molecular mechanism for the induction of irrevers-
ible erythroid aplasia leading to fatal AA, therefore, lies in
the molecular analysis of the FeLV-C genome.
Here we describe the molecular cloning of an FeLV-C

provirus, demonstrate that it encodes a potent anemogenic
virus of predictable, acute pathology, present the nucleotide
sequences of its envelope gene and LTR, and compare them
with the envelope gene and LTR sequences of FeLV-B-GA,
a potent inducer of a distinctly different disease.

MATERIALS AND METHODS
Molecular cloning, transfection, and DNA sequence analy-

sis. The source of FeLV-C virus for these experiments was
the biologically cloned isolate of Sarma, FeLV-C-S (60),
introduced by infection into human rhabdomyosarcoma cells
(38). DNA from rhabdomyosarcoma cells infected with
FeLV-C-S was digested with EcoRI, an enzyme which does
not cleave the FeLV-C-S genome (data not shown), and
fractionated on a sucrose gradient (43). Fractions contaihing
8- to 25-kilobase (kb) DNA were identified by gel electro-
phoresis and subsequently ligated into the bacteriophage
vector Charon 4A (43). The resulting phage library was
screened with 32P-nick-translated pFGB, a probe containing
an entire FeLV-B-GA provirus (15). Several clones contain-
ing two LTRs were identified by hybridization with a probe
specific for exogenous LTR sequences (7) and used to
transfect AH927 feline (W. Nelson-Rees), D-17c-1 canine (J.
Riggs), rhabdomyosarcoma human (38), and GP104 guinea
pig fibroblasts (ATCC 158). Cells were tested for production
of reverse transcriptase 4 weeks after transfection (45).
The restriction map of a representative, reverse-transcrip-

tase-positive, and biologically active (see Fig. 1) clone
(XFSC5) was determined after subcloning of the entire
EcoRI fragment into the plasmid vector pK125 (D. Gold-
berg, personal communication). A XhoI-BamHI fragment
containing the entire envelope and LTR was subcloned into
the SalI-BamHI sites of M13mpl8 (46). Deletion clones were
then derived by using the double-strand exonuclease BAL 31
(51) and were sequenced by using the dideoxynucleotide
chain termination method (59).

Virus interference test. Subgroup determination with virus
derived from feline fibroblasts transfected with plasmid
clone pFSC was performed by 0. Jarrett according to
protocols described previously (30, 31, 57). In brief, FeLV-
producing feline embryo fibroblasts were used as initiators
and were challenged by FeLV pseudotypes of murine sar-
coma virus (MSV), MSV (FeLV), of subgroups A, B, or C
together with a concentration of homologous helper FeLV
sufficient to give about 500 foci in a 5-cm plate of uninfected
feline embryo fibroblasts. Cells infected with FeLV are
resistant to challenge with MSV(FeLV) of the same sub-
group, and no foci are observed (30, 31, 57).

Animal inoculation studies. Ten newborn specific-
pathogen-free cats from a breeding colony at Colorado State
University were inoculated intraperitoneally with either 5 x
104 or 1 x 106 infectious focus-forming units (clone 81 assay
[18]) of FeLV-C-S prepared as cell culture fluid from pro-
ductively transfected D17-cl cells. One kitten from each
litter served as an uninoculated control. At biweekly inter-
vals postinoculation, blood and bone marrow were collected
from each cat and methanol-fixed films were prepared for the
detection of FeLV viral structural antigen p27 in leukocytes,
platelets, and marrow cells by immunofluorescence by using
a procedure modified (27) from the original technique of
Hardy et al. (24). Complete automated hemograms and cell
size analysis were also performed at each sampling interval
to assess the presence of anemia or other hematologic
abnormality (29). In one litter of cats, clonogenic
methylcellulose colony-forming assays for erythroid and
granulocyte-macrophage progenitor cells in bone marrow
were performed at three intervals postinoculation by proce-
dures described by Abkowitz et al. (1) and modified by
Gasper (19) in FeLV-infected cats. All cats were euthanized
and necropsied when signs of severe, nonregenerative ane-
mia were apparent. Eight 8-week-old specific-pathogen-free
cats were inoculated with 2 x 106 focus-forming units in a

similar fashion, but none developed viremia or anemia.
Southern blot analysis. Isolation of DNA from feline tis-

sues and Southern blot analysis were performed as described
previously (42). DNAs derived from transfected cell lines
and from feline tissues were separated on 1% agarose gels
after digestion with KpnI or KpnI plus BglII, transferred to
nitrocellulose, and hybridized with a probe specific for
exogenous FeLV sequences (exU3 [42, 44; J. I. Mullins et
al., manuscript in preparation]). This analysis allows identi-
fication of FeLV-C-S-specific internal virus bands and was
performed to determine whether the virus injected into
animals had undergone gross viral gene rearrangements
within the animal.

RESULTS

Molecular cloning, transfection, and analysis of in vitro host
range of infection and subgroup. Proviruses from FeLV-C-
S-infected human rhabdomyosarcoma cells were cloned in
the bacteriophage vector Charon 4A (43), and eucaryotic
insert DNA was transferred to the plasmid vector pKi25. A
restriction enzytne site map of plasmid clone pFSC, contain-
ing an intact provirus, is shown in Fig. 1. Cloned pFSC DNA
as well as a molecular clone of FeLV-B-GA (43) was used to
transfect cell lines derived from feline, canine, human, and
guinea pig cells. Cell culture supernatants were monitored
after 4 weeks for reverse transcriptase activity, indicating
the production of infectious virus. pFSC produced virus
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TABLE 1. Pathogenicity of FeLV-C-S in neonatal specific-pathogen-free cats

Cat Age at Virus No. of Onset of Survival Terminal Terminalinoculation dose viremic cats/ viremia BFU-e (% Disease
no. (days) (FFU)' no. inoculated (days) control)

1180 None Control 58 28 100 None
1175 3 5 x 104a 4/5 23 58 5 5 AA
1176 3 5 x 104 23 58 14 5 AA
1177 3 5 x 104 4/5 23 58 7 0 AA
1179 3 5 x 104 4/5 None 58 23 ND None
1181 3 5 x 104 4/5 23 58 10 ND AA

61t5 None Control 27 16 100 None
617-2 1 1 x 106 3/3 19 27 16 43 AA
617-3 1 1 x 106 3/3 19 20 10 13 AA
617-4 1 1 x 106 3/3 19 27 10 0 AA

797-1 None Control 21 17 ND None
797-2 1 1 x 106 2/2 14 21 11 ND AA
797-3 1 1 x 106 2/2 14 21 10 ND AA

a FFU, Focus-forming units (clone 81 assay of Fischinger et al. [181).
b Produced by bone marrow cells in a clonogenic methylcellulose culture assay system. ND, Not done.

capable of growth in all cell lines tested, whereas molecular-
clone-derived FeLV-B-GA did not grow in guinea pig cells
(data not shown). These results are consistent with previous
studies using biologically cloned virus (58). Interference
studies conducted with virus derived from transfected feline
fibroblasts demonstrated that clone pFSC encodes a sub-
group C FeLV (data not shown).

In vivo pathogenesis of FeLV-C-S. Cell-free supernatants of
canine cells productively transfected with FeLV-C-S were
injected into neonatal (<3-day-old) or 8-week-old cats. None
of the 8-week-old animals developed viremia, whereas nine
of ten neonatal cats developed persistent viremia by 3 weeks
postinoculation and rapidly progressive nonregenerative
anemia, which was terminal between 3 and 8 weeks postin-
oculation (Table 1). In marrow clonogenic assays, these cats
demonstrated a precipitous decline in erythroid progenitor
colony-forming cells (burst-forming units, erythroid, BFU-e)
after the onset of viremia and before the onset of anemia,
which persisted throughout the disease course. Anemia was
defined as a decline in the hematocrit. For one litter, serial
assays of bone marrow BFU-e and CFU (erythroid and

40-
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granulocyte-macrophage) progenitor cells were performed
(Fig. 2). Marked decreases in BFU-e and erythroid CFU
were evident in each inoculated animal relative to an
uninoculated littermate control (Fig. 2). A parallel decrease
in marrow erythroid progenitor cells was evident in stained
films and in counts of total marrow nucleated cells (not
shown). In contrast, no significant decrease in granulocyte-
macrophage CFU was apparent at these same intervals (Fig.
2).

Restriction enzyme analysis of exogenous viral DNA
present in terminal-stage tissues of animals with AA re-
vealed a low level of proviral DNA (up to one copy per cell
in the bone marrow and spleen) with no evidence of gross
viral gene rearrangement or clonal expansion of FeLV-
infected cells (data not shown).
These results demonstrate that molecularly cloned FeLV-

C-S is a potent, reproducible inducer of erythroid-cell-
specific pathogenesis comparable in potency to biologically
passaged isolates of FeLV-C (5, 19, 26, 30, 48, 64).

In contrast, inoculation of neonatal cats with molecular-
clone-derived FeLV-B-GA virus specifically and reproduc-
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FIG. 2. Serial clonogenic assays of bone marrow progenitor growth in cats inoculated with molecular-clone-derived FeLV-C-S.
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ibly induces a distinctly different disease, myelodysplastic
anemia (E. A. Hoover et al., manuscript in preparation) in
animals derived from the same population of specific-
pathogen-free cats. Thus, the specific pathogenic outcome of
infection is a genetically dominant effect attributable to the
genetic differences between these two FeLV isolates. Elu-
cidation of these differences requires nucleotide sequence
analysis and comparison of their genomes.

Nucleotide sequence analysis and comparison with FeLV-B-
GA. The FeLV-C-S sequence (Fig. 3) comprises 2,520
nucleotides from the PstI site immediately 5' to the envelope
gene to the end of the 3' LTR. The nucleotide sequence of
the envelope genes and the beginning of the 3' LTR of an
independent isolate of FeLV-C-S was recently determined
by Luciw et al. (36a). The two sequences are identical in
gp7O but differ by two changes (A to C at position 1536 and
A to G at position 1886) in plSE and by an insertion of a C
at position 1988 of the sequence shown in Fig. 3. A compar-
ison of the FeLV-C-S LTR with the LTR of FeLV-B-GA is
shown in Fig. 3B (15, 47, 66). The FeLV-B-GA LTR
sequence used for comparative studies was taken from Elder
and Mullins (15). The FeLV-B-GA LTR sequence published
by Nunberg et al. (47) is identical, and the LTR sequence
determined by Wuensch et al. (66) differs by a single A to T
change at position 2287.
The envelope polypeptides of FeLV-C-S and FeLV-B-GA.

The amino acid sequences of the envelope proteins of FeLV
have not been determined. However, we assume that they
are derived by a mechanism analogous to that in other
retroviruses, i.e., by translation of a spliced mRNA with
coding sequences derived from the 3' end of the viral
genome (39). A splice acceptor consensus sequence is lo-
cated approximately 200 base pairs 5' to the start point of the
deduced amino acid sequence shown in Fig. 4A (D. Doggett,
A. L. Drake, M. E. Rowe, V. Stallard, V. Hirsch, J. C. Neil,
J. H. Elder, and J. I. Mullins, submitted for publication).
Elder and Mullins (15) assigned the tentative location for the
N terminus of the envelope polyprotein of FeLV-B-GA by
aligning the large open reading frame present in their se-
quence with the coding sequences of murine leukemia virus
envelope genes (15, 49). The first start codon of the FeLV-
C-S envelope gene was positioned in an analogous manner
(Fig. 3A, position 1). There are, however, two methionine
codons positioned two triplets apart in the region of the
presumed start codon, and we do not know which one
determines the beginning of the gp7O precursor. The first
methionine residue is followed by 16 hydrophilic amino acids
(positions 1 to 16) and a hydrophobic region spanning 16
amino acids (positions 17 to 32), a pattern characteristic for
signal peptides of membrane proteins (3). We believe this
region encodes the leader sequence of the envelope precur-
sor.

It was proposed that cleavage of the envelope precursor
into gp7O and pl5E molecules is mediated by a trypsin-like
protease recognizing a doublet of two basic amino acids (50),
and two arginine residues are positioned immediately pre-
ceding the presumed plSE N terminus of FeLV-C-S (posi-
tions 441 and 442).
A comparison between deduced FeLV-C-S and FeLV-B-

GA envelope proteins is shown in Fig. 4. The envelope gene
of FeLV-C-S has an open reading frame of 1,917 nucleo-
tides, beginning with the leader sequence (Fig. 3A, nucleo-
tide 1). The total coding capacity is 639 amino acids, of
which 33 constitute the N-terminal signal peptide (nucleo-
tides 1 to 99), 409 constitute gp7O (nucleotides 100 to 1,326),
and 197 constitute plSE (nucleotides 1,327 to 1,917). The

gp7O of FeLV-C-S is 23 amino acids shorter than that of
FeLV-B-GA. Most major differences between the gp70s of
FeLV-C-S and FeLV-B-GA lie in the N-terminal half of the
sequence and can be summarized as follows. Five blocks of
apparent substitution, characterized by significant amino
acid differences and in four cases by deletions or insertions
or both, were identified (Fig. 4A, boxed areas). The first
block comprises 32 amino acids in FeLV-C-S and 25 amino
acids in FeLV-B-GA. Depending on the alignment chosen,
approximately 21 of 25 amino acids differ, of which 15
represent nonconservative changes. Both regions are
hydrophilic; 10 of 32 amino acids are charged in FeLV-C-S
and 6 of 25 are charged in FeLV-B-GA, and approximately
50% of all amino acids in both sequences have uncharged
polar side chains. The second block spans 9 amino acids in
FeLV-C-S (positions 127 to 135) and 4 amino acids in
FeLV-B-GA. The FeLV-C-S sequence contains two
prolines, whereas there is no proline in FeLV-B-GA; the
importance of this observation is that introduction of
prolines interrupts what might otherwise be a ot-helical
structure, creating a rigid kink or bend (55). The third block
has a length of 12 amino acids in FeLV-C-S (beginning at
position 170) which are distinct in sequence from the 36
amino acid segment in FeLV-B-GA. The FeLV-C-S block is
strongly hydrophilic with 4 charged and 8 uncharged polar
amino acids, whereas the sequence in FeLV-B-GA contains
6 charged, 23 uncharged polar, and 7 hydrophobic amino
acids. The FeLV-C-S block contains no prolines, whereas
the FeLV-B-GA block has one. The fourth block begins at
amino acid 252 in FeLV-C-S and comprises 26 amino acids
in FeLV-C-S and 37 amino acids in FeLV-B-GA. Depending
on the alignment chosen, at least 11 of 26 amino acids differ,
including seven nonconservative changes. The sequence in
FeLV-B-GA contains five prolines compared with two in
FeLV-C-S. In FeLV-B-GA, the first 16 amino acids consti-
tute a hydrophilic region (4 charged amino acids), whereas
the next 16 amino acids form a hydrophobic region (10
hydrophobic amino acids). In constrast, the FeLV-C-S se-

quence is weakly hydrophilic overall (4 positively charged,
18 polar, and 8 hydrophobic amino acids).
An additional cluster of nonconservative amino acid

changes not involving deletions or insertions occurs within
the N-terminal half of these proteins (beginning at position
155 of FeLV-C-S). Here, three amino acid changes, two
nonconservative, occur over a span of five amino acids.
The C-terminal regions of gp7O show a high degree of

homology between the two viruses examined, with the
exception of a stretch of 10 amino acids (Fig. 4A, fifth boxed
area, positions 371 to 380 in FeLV-C-S). Both sequences are

hydrophilic, however; four positively charged lysine resi-
dues appear in FeLV-C-S, whereas no lysines and a single
negatively charged glutamic acid residue occur in the FeLV-
B-GA sequence.
The gp7O molecules of FeLV-B-GA and FeLV-C-S share

eight potential glycosylation signals (Asn-X-Thr/Ser) (41)
(Fig. 4A, overlined). However, three additional glycosyla-
tion sites were found in FeLV-B-GA, each within a block of
evident sequence substitution (Fig. 4A, double underlined).
As mentioned previously, the gp7O of FeLV-B-GA was

shown to share three regions of significant homology with
murine MCF viruses, regions which are not shared with
murine ecotropic virus gp70s (15). Three of these four
regions (Fig. 4A, underlined) are also conserved in FeLV-
C-S.
The piSE proteins of FeLV-C-S and FeLV-B-GA show

95% homology at the DNA level and 97.5% homology at the
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A -50 1,1> LEADER
CTGCAGGACCAACCACCGATCAGGACCTCCCGAACGACCCTAGCTCAGACGATCCATCAAGATGGAAMGTCCAACGCACCCAAMACCCTCTAAAGATAAGACTTTCCCGTGGAACTTAM E S P T H P K P S K D K T F P W N L

1-> gp7O 120GTGTTTCTGGTGGGGATCTTATTCCAAMTAGATATGGGAATGGCCAATCCTAGCCCACACCAAGTATATMATGTAACTTGGGTAATAACCAATGTACAAACCAACTCCCGAGCTAATGCC
V F L V G I L F Q I D M G M A N P S P H Q V Y N V T W V I T N V Q T N S R A N A

200ACTTCTATGTTAGGAACCTTAACCGATGCCTACCCTACCCTATATGTTGATTTATGTGACCTAGTGGGAGACACCTGGGAACCTATAGCCCCAGACCCAAGATCTTGGGCACGTTATTCC
T S M L G T L T D A Y P T L Y V D L C D L V G D T W E P I A P D P R S W A R Y S

300 400
TCCTCAACACATGGATGCAAAACTACAGATAGMAAAAACAGCcAACACATACCCCTTTTATGTCTGCCCAGGGCATGCCCCCTCGATGGGGCCTAAGGGAACATATTGTGGAGGGGCA
S S T H G C K T T D R K K Q Q Q T Y P F Y V C P G H A P S M G P K G T Y C G G A

500
CAAGATGGGTTTTGTGCCGCATGGGGATGTGAAACCACCGGAGAGGCTTGGTGGAAGCCCACCTCCTCATGGGACTATATCACAGTAAAAAGAGGAAGTAATCAGGACAATAGCTGTAAG
Q D G F C A A W G C E T T G E A W W K P T S S W D Y I T V K R G S N Q D N S C K

600
GGCAAATGTAACCCCCTGGTCTTGCAGTTCACCCAGAAGGGAAGACAAGCCTCTTGGGACAGACCTAAAATGTGGGGGCTACGACTATACCGTTCAGGATATGACCCTATAGCCCTGTTC
G K C N P L V L Q F T Q K G R Q A S W D R P K M W G L R L Y R S G Y D P I A L F

700
TCGGTATCCCGGCAAGTAATGACCATTACGCCGCCTCAGGCGATGGGACCCAACTTAGTCTTACCTGATCAAMACCCCCATCCCGACAATCTCAAACAAAGTCCAAGGTGACAACCCAG
S V S R Q V M T I T P P Q A M G P N L V L P D Q K P P S R Q S Q T K S K V T T Q

800AGGCCCCAAATAACTAGCAGCACCCCAAGGTCTGTCGCCTCCGCTACCATGGGTCCCAAACGGATAGGGACCGGAGATAGATTAATAAMTTTAGTGCAAGGGACATACCTAGCCTTAAAT
R P Q I T S S T P R S V A S A T M G P K R I G T G D R L I N L V Q G T Y L A L N

900 1000
GCCACCGACCCCAACAAAACTAAAGACTGTTGGCTCTGCCTGGTTTCTCGACCACCTTATTACGAAGGGATTGCAGTCTTAGGTAACTACAGCAACCAAACAAACCCCCCCCCATCCTGC
A T D P N K T K D C W L C L V S R P P Y Y E G I A V L G N Y S N Q T N P P P S C

1100CTATCTACCCCGCAACATAAACTGACTATATCAGAAGTGTCCGGGCAAGGTTTGTGCATAGGGACTGTTCCTAAGACCCACCAAGCTTTGTGCAAMMGACACMAAMAGGACATAAAGGG
L S T P Q H K L T I S E V S G Q G L C I G T V P K T H Q A L C K K T Q K G H K G

1200ACTCACTACCTGGCAGCCCCCAACGGCACCTATTGGGCCTGTAACACTGGACTCACCCCATGCATTTCCATGGCAGTGCTCAATTGGACCTCTGATTTTTGTGTCTTAATCGAATTATGG
T H Y L A A P N G T Y W A C N T G L T P C I S M A V L N W T S D F C V L I E L W

1300 1-> p15ECCCAGAGTAACCTACCATCAACCCGAATATATTTACACACATTTCGACAAAGCTGTCAGGTTCCGAAGAGAACCTATATCACTAACCGTTGCCCTTATGTTGGGAGGACTCACCGTAGGG
P R V T Y H Q P E Y I Y T H F D K A V R F R R E P I S L T V A L M L G G L T V G

1400GGCATAGCCGCGGGGGTCGGAACAGGGACTAAMGCCCTCCTTGAAACAGCCCAGTTCAGACAACTACAAATAGCCATGCACACAGACATCCAGGCCCTGGAAGAGTCAATTAGTGCCTTA
G I A A G V G T G T K A L L E T A Q F R Q L Q I A M H T D I Q A L E E S I S A L

1500 1600GAAAAMTCCCTGACCTCCCTCTCTGAGGTAGTCCTACAAAMTAGGCGGGGCCTAGATATTCTGTTCTTACAAGAGGGAGGGCTCTGTGCCGCATTAAAMGAAGAATGCTGCTTCTATGCA
E K S L T S L S E V V L Q N R R G L D I L F L Q E G G L C A A L K E E C C F Y A

1700
GATCACACCGGACTCGTCCGAGACAATATGGCTAAATTAAGAGAAAGACTAAACAGCGGCAACAACTGTTTGATTCCCAACAGGGATGGTTTGAAGGATGGTTCAACAAGTCCCCCTGG
D H T G L V R D N M A K L R E R L K Q R Q Q L F D S Q Q G W F E G W F N K S P W

1800TTTACAACCCTAATTTCCTCCATCATGGGCCCCTTACTAATCCTACTCCTAATTCTCCTCCTCGGCCCATGCATCCTTMACCGATTAGTGCAATTCGTAAAMGACAGAATATCTGTGGTA
F T T L I S S I M G P L L I L L L I L L L G P C I L N R L V Q F V K D R I S V V

1900CAAGCCTTAATTTTAACCCAACAGTACCAACAGATACAACAATACGATTCGGACCGACCATGATTTCCAATTAMTGTATGATTCCATTTAGTCCCTAGAAGAAGGGGGGMAA
Q A L I L T Q Q Y Q Q I Q Q Y D S D R P

B
-> U3 2000TGAAAGACCCCCCCCCCCACCCCAAACTTAGCCAGCTACTGCAGCAATGCCATTTCACAAGGAATGGAMAATTACCCMAACATGTTCCCATGAGATATAAGGAAGTTAGGGGCTGAAA

-----T T T TGG C T GT C A
2100 2200

CAGGATATCTGTGGTTAAGCACCTGGGCCCCGGCTTAGCCAAGAACAGTTAAGCCTCGGATATAGCTGAACAGCAGAAGTTTCAAGGCCACTGCCAGCAGTCTCCAGGCTCCCCAGT
A G G A C -C G

2300 U3<-I->R
TGACCAGAGTTCAACCTTCCGCCTCATTTAAACTAACCAATCCCCACGCTTCTCGCTTCTGTACGCGCGCTTTCTGCTATAAATGAGCCATCAGCCCCCA-CCGGCGCGCAAGTCTTTG

G G C G C C AG
R<-I->U5 2400

CTGAGACTTGACCGCCCCGGGTACCCGTGTACCGAATAAACCTCTTGCTGTTTGCATCTGACTCGTGGTCTCGGTGTTCCGTGGGCACGGGGTCTCATCGCCGAGGAAGACCTAGTTCGGT
U5<-I

GGGTCTTTCA

FIG. 3. Nucleotide and deduced amino acid sequence of the envelope gene (A) and the 3' LTR (B) of FeLV-C-S. (A) The sequence begins
at the PstIl site immediately 5' to the envelope gene (position -61). Position 1 indicates the beginning of the envelope gene leader sequence,
and the mature gp7O begins at position 100. The beginning of the pl5E gene is indicated at position 1,327. (B) The LTR sequence of FeLV-C-S
and a comparison with the LTR sequence of FeLV-B-GA. The beginnings of the U3, R, and U5 regions are indicated. The palindromic
sequence (see text), regulatory and signal sequences such as the inverted repeats and the CCAAT (21) and Goldberg-Hogness (TATAAAA)
(11, 17, 53) boxes, the presumed polyadenylation recognition signal (AATAAA) (54), and the polyadenylation addition site (CA) (54) are
underlined. Nucleotides of FeLV-B-GA not shared with FeLV-C-S are indicated below the FeLV-C-S sequence. Dashes are introduced to
maintain maximum alignment.
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A 51
FeLV-C-S MESPTHPKPSKDKTFPWNLVFLVGILFQIDMGMANPSPHQVYNVTWVITNVQTNSRANATSMLGTLTDAYPTLYVDLCDLVGDT EPIAPDPRSWARYSSSTHGCK 106
FeLV-B-GA LS T I T LV GTK F M F II N SDQE FPGYGCDQPMRRW- 105

127 155 170
FeLV-C-S TTDRKKQQQTY FYVCPGH SMGPKGTY GGAQDGFCAAWGCETTGEAWWKPTSSWDYITV RGSNQDNS-CKGK-----N----------tPLVLQ 188
FeLV-B-GA ------ RNVTI--NR Q-- P V TY R |K VT GIYQ S GGWCGPCYDKAVHSSTTGASEG;Ri I 200

FeLV-C-S FTQKGRQASWDRPKMWGLRLYRSGYDPIALFSVSRQVMTITPPQAMGPNLVLPDQKPPSRQS4KSKVTTQRPQ-------ITS--------STPRSVASATMG K 279
FeLV-B-GA T G S IE R PHHS GNGGTPG LVNASIAPL VTP ----[ 302

FeLV-C-S RIGTGDRLINLVQGTYLALNATDPWNTKDCWLCLVSRPPYYEGIAVLGNYSNQTNPPPSCLSTPQHKLTISEVSGQGLCIGTVPKTHQAL KKQKGHKTYLAA 385
FeLV-B-GA R I I NEQTA 408

FeLV-C-S PNGTYWACNTGLTPCISMAVLNWTSDFCVLIELWPRVTYHQPEYIYTHFDKAVRFRR 442
FeLV-B-GA V A A 465

B 31 41
FeLV-C-S EPISLTVALMLGGLTVGGIAAGVGTGTKALLETAQFRQLQIAMHTDIQALEESISALEKSLTSLSEVVLQNRRGLDILFLQEGGLCAALKEECCFYADHTGLVRDN 106
FeLV-B-GA I M

158 190 194
FeLV-C-S MAKLRERLKQRQQLFDSQQGWFEGWFNKSPWFTTLISSIMGPLLILLLILLLGPCILNRLVQFVKDRISVVQALILTQQYQQIQQYDSDRP 197
FeLV-B-GA F K P

FIG. 4. Deduced amino acid sequence comparison of the proposed env polypeptides (gp7O [A] and plSE [B] proteins) of FeLV-C-S and
FeLV-B-GA. Gaps introduced to allow maximum alignment of the two sequences are indicated by dashed lines. Underlined sequences show
regions of high homology between FeLV-B-GA and murine MCF virus gp7O, as described earlier (15). Boxed areas represent blocks of
sequence substitution, and numbers above the sequence indicate the beginnings of regions discussed in the text. Common potential
glycosylation sites are overlined; those unique for FeLV-B-GA are double underlined.

amino acid level. Only two of five amino acid changes are
nonconservative; glutamine to lysine at position 190 and
serine to proline at position 194. Processing of the murine
piSE is accompanied by removal of a 16-amino-acid C-
terminal sequence called R, recognized in Moloney murine
leukemia virus by Green et al. (20). The analogous region
would span 17 amino acids in both FeLV proteins. Thus, if
FeLV proteins are similarly processed, only 15 amino acids
of the C terminus are expected to face the cytoplasmic side
of the plasma and virus membrane. Both nonconservative
amino acid changes between deduced FeLV-C-S and FeLV-
B-GA piSE proteins are found within the C-terminal R
region and are presumably not present in the mature protein.

Structure of the 3' LTR. Retroviral LTRs contain regula-
tory sequences typical for eucaryotic genes (17). These
include the CCAAT box (21) and the Goldberg-Hogness box
(11, 17, 53) in the U3 region of the LTR, which play roles in
the promotion of transcription. The U3 regions also contain
enhancerlike sequences (36), and the FeSV-B-GA LTR was
previously shown to have promoter and enhancer activity
(9). Several regions of the FeLV-B-GA and FeLV-C-S LTR
show strong homology to a 72-base-pair repeat in MSV, the
latter of which was shown to enhance transcription of
papovavirus early genes when substituted for the 72-base-
pair repeat of simian virus 40 (34).
An LTR sequence comparison between FeLV-C-S and

FeLV-B-GA is shown in Fig. 3B. The 12-base inverted
repeats found at the ends of the LTRs are identical, whereas
the inverted repeat of FeLV-C-S is immediately followed by
five cytosine residues not found in FeLV-B-GA. The FeLV-
C-S LTR encompasses the following 489 nucleotides (482 for
FeLV-B-GA): 346 nucleotides in U3 (340 for FeLV-B-GA,
over which the homology is 92.5%); 68 nucleotides in the R
region (67 for FeLV-B-GA, with no base substitutions); and
75 nucleotides in both U5 regions, in which there is 98.7%
homology. A palindromic sequence within the R region (Fig.
3B, underlined) was proposed to function as a termination
sequence of transcription due to the formation of a

hairpinlike structure (2, 15, 25); 35 of 36 bases in this region
are conserved between the two LTRs.

DISCUSSION
We described molecular cloning of FeLV-C-S and dem-

onstrated that it alone is sufficient to induce rapid, fatal AA
in neonatal kittens associated with ablation of bone marrow
BFU-e. Since subgroup C FeLVs are the only known
inducers of nonregenerative AA, studies with this prototype
virus should permit us to examine mechanisms and path-
ways of stem cell suppression. The relevance of retroviruses
as agents of aplasia is amplified by the increasing body of
evidence indicating that naturally occurring human retrovi-
ruses are responsible for both cytosuppressive and cytopro-
liferative hemolymphatic human diseases (35, 40, 52, 65).
Analogy to the pathogenic spectrum of feline retroviruses
suggests that human hemolymphotropic viruses may be
implicated in marrow aplasias of humans.
A comparison of the gp7O, p1SE, and LTR sequences of

FeLV-C-S and FeLV-B-GA revealed substantial sequence
differences only in the gp7O regions, including five blocks of
apparent substitution. DNA sequence analysis revealed that
the unique, FeLV-B-specific gp7O sequences originate by
recombination between a subgroup A-like virus and a mem-
ber of the major family of endogenous FeLV provirus-like
sequences (J. I. Mullins et al., manuscript in preparation).
The deduced amino acid sequences in four of these blocks
differ in length, pattern of charged and uncharged polar side
chains, and number of proline residues and in general display
a high number of nonconservative amino acid changes. The
sequences of FeLV-C-S and FeLV-B-GA in each block were
found to be hydrophilic, suggesting that they are likely
antigens by being exposed to the protein surface (55). The
gp7O of FeLV-B-GA is 23 amino acids longer than that of
FeLV-C-S and has three additional glycosylation signals.
The differences noted probably play a role in generating the
distinct subgroup-specific structural domains of these pro-
teins.
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In nature, FeLV-B and FeLV-C are found only in mix-
tures with FeLV-A, which is thought to function as an in
vivo helper virus, and under experimental conditions only,
can grow in weanling and adult cats that are already viremic
for FeLV-A (30). The supportive effect of FeLV-A on
subgroups B and C growth might be attributed to an im-
munosuppressive effect of FeLV-A on its host, thus allowing
FeLV-B and FeLV-C to escape the host immune system
(30), or to the fact that many more cells in the cat may be
susceptible to FeLV-A compared with FeLV-B and FeLV-
C, thus allowing rapid spread and growth of subgroups B and
C in weanling and adult cats by phenotypic mixing (30). The
gp70 protein might therefore play an important role in
target-cell specificity for pathogenesis. However, growth of
FeLV-C-S in kittens is not restricted to cells of the
hemopoietic system (26), indicating that additional factors,
coded for by the FeLV-C genome, may play a crucial role in
the rapid depletion of early erythroid progenitor cells.
Comparison of the piSE proteins and LTRs of FeLV

subgroups B and C revealed a high degree of homology. The
few changes in the putative enhancerlike regions of the
FeLV-B-GA ahd FeLV-C-S LTRs are mostly transition
mutations, which may not be sufficient to account for the
described differences in pathogenesis, but the importance of
single nucleotide changes to the function of this region has
not been adequately explored. The five cytosines positioned
immediately downstream of the inverted repeat at the 5' end
of the FeLV-C-S U3 region are not unique to this strain of
FeLV; four cytosines are present in the same position of the
FeLV-B-Snyder-Theilen LTR (22). Previous studies of
murine viruses reported that substitution of the LTR of a
leukemogenic virus (SL3-3) into a nonleukemogenic virus
(Akv) results in the formation of a potent leukemogenic virus
in mice (8). However, the role of other regions of the viral
genome during induction of leukemia by SL3-3 viruses was
not examined, and recent data (C. Y. Thomas, personal
communication) show that induction of leukemia by the
SL3-3 virus is associated with the formation of envelope
gene recombinant murine leukemia viruses.

Additional regulatory processes on the level of provirus
integration, the requirement of a certain cellular environ-
ment for activity, and possibly provirus-encoded trans-
acting transcription activators (6, 62) could contribute to
host range, tissue tropism, and viral pathogenesis. We are
therefore constructing recombinant viruses between a mini-
mally pathogenic FeLV-A (J. Overbaugh, E. A. Hoover, and
J. I. Mullins, unpublished data) and FeLV-C-S to investigate
the role of individual viral genes in pathogenic specificity.
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