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We examined the frequency of occurrence of polytropic murine leukemia viruses (MuLVs) in the spleens and
thymuses of preleukemic AKR/J mice from 1 week to 6 months of age and analyzed the genomic RNAs of
several polytropic isolates by RNase T1 oligonucleotide fingerprinting. Polytropic MuLVs were first detected in
the spleens of 3-week-old mice and preceded the appearance of polytropic MuLVs in the thymus by over 1
month. At 4 months of age and older, nearly all mice expressed polytropic MuLVs in both organs. In contrast
to previous studies which have identified class I polytropic MuLVs in AKR/J mice, fingerprint analysis of
polytropic MuLVs from both young (3- to 4-week-old) and older (5- to 6-month-old) preleukemic mice indicated
that a large proportion of viruses at both ages were class II polytropic MuLVs. All polytropic viruses (five
isolates) analyzed from 3- to 4-week-old mice were recovered from spleen cells and were class II polytropic
MuLVs. In older preleukemic mice, five of seven isolates were class II polytropic MuLVs and two were class
I polytropic viruses. Class I and class II polytropic MuLVs were recovered from both the spleens and thymuses
of older preleukemic mice. A detailed comparison of the class I and class II polytropic MuLVs from 5- to
6-month-old mice revealed that the nonecotropic gp7O sequences of most of the class I and class II MuLVs were
identical, consistent with a common origin for these sequences. In contrast, the nonecotropic pl5E sequences
of class I MuLVs were clearly derived from different endogenous sequences than the nonecotropic pl5E
sequences of the class II MuLVs. The in vitro host ranges of class I and class II polytropic viruses were clearly
distinguishable. Examination of the in vitro host range of several isolates suggested that the predominant
polytropic viruses initially identified in the thymus (2 to 3 months of age) were class II polytropic viruses. The
order of appearance of the class I and class II polytropic MuLVs and the identity of the gp7O oligonucleotides
of these MuLVs suggested a model for the stepwise generation of class I polytropic MuLVs involving a class H
polytropic MuLV intermediate.

Polytropic murine leukemia viruses (MuLVs) arise by
recombination of ecotropic MuLVs with endogenous retro-
viral sequences of mice and are implicated in the etiology of
ecotropic MuLV-induced leukemias in several murine sys-
tems (6, 9, 14, 16, 18, 28, 31, 32, 37, 38, 43-46). The parental
ecotropic viruses are infectious only for murine cells; how-
ever, the recombinant polytropic MuLVs exhibit an altered
in vitro host range characterized by the ability to infect both
murine cells and certain heterologous cell lines (15, 18).
Many polytropic viruses induce cytopathic effects (CPE) on
mink cells and are thus frequently termed mink cell focus-
inducing viruses (18). Polytropic viruses were initially de-
tected as contaminants of ecotropic virus stocks (15) and
were soon afterwards detected in AKR mice which harbor
endogenous ecotropic MuLVs and exhibit a high incidence
of spontaneous leukemia (18).
The structures of the RNA genomes of polytropic MuLVs

from AKR mice have been extensively characterized (2, 3,
22, 26, 29, 30, 36, 42). The genomes of these recombinant
viruses exhibit closely related structural features with regard
to the regions of the genome in which ecotropic sequences
have been substituted with nonecotropic sequences, and the
sequence homology of the substituted sequences. Polytropic
MuLV isolates from AKR mice exhibit two substitutions of
ecotropic MuLV sequences with nonecotropic sequences
(29, 30). One substitution encompasses the 5' sequences of
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the env gene and sometimes includes most of the gp7O-
coding region. A second substitution includes 3' sequences
of the p1SE-coding region and extends in the 3' direction to
encompass the U3 region of the long terminal repeat (LTR).
The 5' region of the pl5E-coding sequences of these
polytropic MuLVs is derived from the ecotropic MuLV
parent. Viruses exhibiting the above-described structure
have been termed class I polytropic viruses (29, 30) and are
frequently oncogenic (9, 32, 37). Since no endogenous ret-
roviral species has been identified which contains both the 5'
gp7O and the 3' p15E/U3 nonecotropic sequences found in
class I polytropic MuLVs, it has been postulated that the
two nonecotropic substitutions are derived from different
endogenous sequences by a stepwise mechanism of recom-
bination (35, 42). In this model the 3' pl5E/U3 substitution is
derived by recombination of the ecotropic MuLV with an
endogenous xenotropic MuLV, while the 5' gp7O sequences
are derived by recombination with another endogenous
retroviral species. In support of this hypothesis, Thomas and
Coffin (42) have identified intermediate recombinant MuLVs
in the thymuses of preleukemic mice which contain the
nonecotropic 3' pl5E/U3 sequence but not the 5' gp7O
sequences of the class I polytropic MuLVs. Recombination
of this intermediate with an endogenous retroviral species
containing the nonecotropic 5' gp7O sequences would yield a
class I polytropic virus. Endogenous xenotropic viruses
which could contribute the 3' pl5E/U3 sequences have been
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identified (21, 35, 42); however, the source of the 5' gp7O
sequences is unknown.
A recent report from this laboratory described the occur-

rence of polytropic MuLVs in spleens of very young (3-
week-old) AKR/J mice (11). Analyses of one of the
polytropic isolates from a young mouse revealed a structure
typical of a class II polytropic virus. Class II polytropic
viruses are characterized by a single substitution of
nonecotropic sequences which encompasses the 5' gp7O
sequences and frequently includes the entire env gene (29,
30). The LTR of class II polytropic viruses is of ecotropic
origin. Polytropic viruses had not been previously identified
in AKR mice younger than 5 to 6 months of age (2, 18, 37, 38,
39, 47), and class II polytropic MuLVs had previously only
been identified in other mouse strains (29, 30, 41). A class II
polytropic virus could potentially participate as the donor of
the gp7O sequences in a stepwise mechanism of class I
polytropic MuLV generation similar to that proposed by
Thomas and Coffin (42). However, it was unclear from our
previous analyses if the structure or the occurrence of class
II polytropic MuLVs in AKR/J mice was consistent with a
role as an intermediate in the generation of class I polytropic
MuLVs. In this study we examined the occurrence of
polytropic MuLVs in the spleens and thymuses of mice
throughout the preleukemic period (1 week to 6 months). We
identified class II as well as class I viruses in both the spleens
and thymuses of late preleukemic (5- to 6-month-old) mice
and determined that oligonucleotides of some class I and
class II viruses were identical in their 5' gp7O-coding se-
quences but differed in their 3' pl5E sequences. Further-
more, we determined that all our isolates from the spleens of
young mice were class II polytropic viruses and that the
predominant polytropic viruses initially identified in thy-
muses of mice between 2 and 3 months of age were also very
likely class II polytropic MuLVs. Our results suggest that
gp7O sequences of class I and class II polytropic MuLVs
from AKRIJ mice have a common origin and that class II
polytropic MuLVs are intermediates in the generation of
oncogenic class I polytropic MuLVs.

MATERIALS AND METHODS
Mice, assays, cells, and virus isolation. AKR/J mice were

obtained from Jackson Laboratory (Bar Harbor, Maine) and
maintained as breeding stocks at the Rocky Mountain Lab-
oratories. Mice were sacrificed at various ages, and their
spleen and thymus cells were assayed as infectious centers
(IC) by a focal immunofluorescence assay (FIA) on live cells
with a monoclonal antibody specifically reactive with
polytropic viruses, as described previously (40). IC assays,
as well as assays of cell-free viruses, were performed with
SC-1 cells (mouse) (17), Mus dunni cells (27), and mink lung
fibroblasts (19). Viruses were isolated by picking individual
foci of fluorescent cells from the initial IC assays at limiting
dilutions of spleen or thymus cells. The infected cells were
propagated, and viruses harvested from the growth media
were subsequently cloned by multiple (greater than 3)
endpoint dilutions by the FIA.

Propagation of virus isolates and RNase T1 oligonucleotide
fingerprinting. The viruses were propagated on M. dunni
cells and metabolically labeled with 32P as described previ-
ously (12). The procedures for fingerprinting, mapping, and
secondary analysis of T1 oligonucleotides after digestion
with RNase A have been described previously in detail (12).
The oligonucleotide maps of each virus isolate were deduced
from fingerprints of seven to nine different size classes of
poly(A)-containing fragments of virion RNA.
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FIG. 1. Frequency of detection of polytropic viruses in
preleukemic AKR/J mice of various ages. The spleen and thymus
cells of preleukemic mice from 1 week to 6 months of age were
assayed as ICs by the FIA with antibody Hy 7 on M. dunni, SC-1,
and mink cells. Spleen or thymus cells from mice which scored with
Hy 7 on any of the cell lines were considered positive. The
percentage of mice which expressed polytropic viruses in the spleen
or thymus was calculated for different intervals of age. The number
of mice tested in each age interval was: 1 to 3 weeks, 12 mice; 3 to
4 weeks, 12 mice; 1 to 2 months, 14 mice; 2 to 3 months, 18 mice; 3
to 4 months, 18 mice; 4 to 5 months, 14 mice; and 5 to 6 months, 16
mice. The youngest age in which polytropic MuLVs were detected
in the spleen was 21 days and in the thymus was 59 days.

RESULTS

Incidence of polytropic MuLVs in preleukemic AKR/J mice.
It was previously demonstrated that polytropic viruses can
be detected in the spleens, but not in the thymuses, of mice
less than 1 month of age (11). At 5 to 6 months of age
polytropic viruses were found in both organs. It was of
interest to determine the lag period between the initial
detection of polytropic MuLVs in the spleen and the subse-
quent appearance of polytropic viruses in the thymus. To
accomplish this, AKR/J mice of various ages were sacri-
ficed, and their spleens and thymus cells were assayed as IC
on in vitro cell lines by the FIA with antibody Hy 7 (8) (Fig.
1). Hy 7 is unreactive with ecotropic MuLVs but yields
intensely fluorescent foci with all polytropic MuLVs we
have isolated from AKR/J mice. Although Hy 7 is not as
broadly reactive as some of our polytropic-specific antibod-
ies (one of which reacts with virtually all polytropic isolates
tested) (4, 5), IC titers of AKR/J spleen and thymus cells
with this antibody equaled or exceeded titers obtained with
any other polytropic-specific antibody, indicating that Hy 7
reacts with the vast majority of detectable polytropic
MuLVs in these mice. The incidence of polytropic MuLVs
in the spleen preceded polytropic MuLVs in the thymus by
over 1 month (Fig. 1). The youngest mouse in which
polytropic MuLVs were detected in the spleen was 21 days
of age, whereas thymic polytropic viruses were first ob-
served in a mouse 59 days of age. After the initial detection
of polytropic MuLVs in the spleen or thymus, the percent-
age of mice exhibiting polytropic viruses in these organs
abruptly increased, approaching a 50% incidence within 2
weeks. By 3 to 4 months of age a large percentage of mice
expressed polytropic viruses in both organs.
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TABLE 1. Relative infectivity of in vitro cell lines by polytropic
MuLVs from 5 to 6-month-old AKR/J mice

Virus Relative infectivityb Induction of CPE
designation" M. dunni SC-1 Mink on mink cells

M60P-T 12 3 1 +'
M73P-S 2 0.3 1 +

M62P-S 1,260 16 1 -
M72P-S 2,000 25 1 -
M75P-S 1,990 31 1 -
M75P-T 830 10 1 -
M79P-T 2,510 32 1 -

a Designation of the viruses is as follows. The first three characters identify
the mouse from which the isolate was obtained. The fourth character (P)
indicates the virus class (polytropic), and the last character (S or T) identifies
the organ (spleen or thymus).

b Titers on M. dunni and SC-1 cells were normalized to the titers on mink
cells.

c CPE induced by M60P-T were much smaller than those induced by M73P-
S.

In vitro properties of polytropic MuLVs from 5- to 6-month-
old AKRIJ mice. Polytropic MuLVs isolated from young
mice (ca. 1 month old) were previously found to be approx-
imately 10-fold more infectious for SC-1 cells than for mink
cells and approximately 100-fold more infectious for an M.
dunni cell line than for SC-1 cells (11). None of the isolates
from young mice induced CPE on mink cells. In this study
we analyzed in detail seven polytropic MuLVs from 5- to
6-month-old mice. Five of these viruses exhibited an in vitro
host range similar to the host range of viruses from young
mice (Table 1) and did not induce CPE on mink cells.
However, two of the isolates (M60P-T and M73P-S) did
induce CPE on mink cells. The CPE-positive viruses exhib-
ited titers on mink cells which were approximately equal to
titers on SC-1 cells and were only moderately lower than
titers on M. dunni cells. Even though polytropic viruses with
distinctly different in vitro properties were identified, we
were unable to distinguish any of the polytropic viruses we
isolated from AKRIJ mice on the basis of their reactivities to
a panel of hybridoma antibodies (data not shown).
RNase Tl-resistant oligonucleotide analyses of polytropic

MuLVs from 5- to 6-month-old mice. Previous analyses of
polytropic MuLVs from older preleukemic or leukemic AKR
mice have revealed only class I polytropic MuLVs (2, 3, 29,
30, 36, 42). As noted earlier, we recently reported the
analysis of one polytropic isolate from a young AKR/J
mouse which revealed that it was a class II MuLV, charac-
terized by a single substitution of nonecotropic sequences
encompassing the entire env gene but not including the LTR
(11). Here we fingerprinted and mapped the oligonucleotides
of each of the seven isolates from 5- to 6-month-old mice.
These analyses were done to determine the occurrence and
approximate proportion of class II polytropic MuLVs in
older mice, the heterogeneity of class II isolates, and their
structural relationship to class I polytropic MuLVs. The
fingerprints of the viruses revealed that all the isolates were
unique. Although some viruses differed from others by only
a few oligonucleotides, all were distinguishable from one
another in both the residual ecotropic oligonucleotides and
the nonecotropic oligonucleotides contained in their
genomes (Fig. 2 to 4). Oligonucleotide maps of the viruses
revealed that five of the seven isolates from 5- to 6-month-
old mice were class II polytropic MuLVs and that the
remaining two were class I viruses (Fig. 5). The class II
viruses corresponded to those which exhibited in vitro
properties similar to those of polytropic isolates from young

mice, whereas the class I viruses corresponded to the two
CPE-positive MuLVs (M60P-T and M73P-S; Table 1). We
have also included a more complete analysis of the previ-
ously reported class II polytropic MuLV from the spleen of
a 3- to 4-week-old mouse (M81P-S) (11). Four additional
polytropic MuLVs from spleens of 3- to 4-week-old mice
were analyzed and found to be class II polytropic MuLVs
with only minor differences (e.g., different points of recom-
bination) from the class II viruses shown in Fig. 5 (data not
shown).

Several additional, more salient features were also sug-
gested by our analyses. It is apparent from the oligonucleo-
tide maps (Fig. 5) that much of the heterogeneity among the
isolates was a result of different points of recombination of
nonecotropic sequences with the ecotropic MuLV. Recom-
bination at the 3' end appeared very conserved and occurred
very near the 3' end of the env gene in five of six class II
isolates. One of the four additional class II isolates from
young mice exhibited recombination within the pl5E se-
quence similar to that of M72P-S (Fig. 5). In contrast, the 5'
ecotropic-nonecotropic sequence junctions varied greatly,
ranging from within the leader sequences of the env gene
(M62P-S) to within the 5' region of the pol gene (M72P-S).
The oligonucleotides of nearly all the class II polytropic
MuLVs were consistent with their derivation from a single
endogenous nonecotropic species. For the class II isolate
M79P-T, allelic differences in the 3' region of the pol gene
suggested that this recombinant originated from a different
endogenous sequence. With the exception of M79P-T, all the
class II viruses in which the nonecotropic sequence ex-
tended into the pol gene (M72P-S, M75P-T, and M75P-S and
two additional class II isolates from young mice) contained
the nonecotropic oligonucleotide 103. Our oligonucleotide
mapping data suggested that M79P-T was derived from an
endogenous sequence which did not contain oligonucleotide
103, but contained the oligonucleotides 13C and 19B as well
as a new oligonucleotide, X74.

In our depiction of the class II viruses we assumed that a
single substitution of nonecotropic sequences occurred. In
some instances oligonucleotides identified in the ecotropic
virus RNA (no. 13C, 19B, 22, 27, and 36) were flanked by
nonecotropic oligonucleotides and were thus included in the
nonecotropic region. The same pattern of ecotropic and
nonecotropic oligonucleotides was repeated in several iso-
lates (e.g., oligonucleotides 22 and 27 were flanked by the
same nonecotropic oligonucleotides in four class II isolates).
It is unlikely that this pattern of oligonucleotides was gener-
ated independently in several viruses by a similar series of
smaller recombinations. Furthermore, four of the five eco-
tropic oligonucleotides (no. 13C, 22, 27, and 36) which we
assigned to the nonecotropic regions of some viruses have
previously been identified in polytropic viruses derived after
inoculation of ecotropic viruses that do not contain these
oligonucleotides (12, 13). Those results indicate that these
oligonucleotides are sequence elements contained in ecotro-
pic viruses of AKR mice (AKV) and in endogenous
nonecotropic sequences.
The nonecotropic oligonucleotides contained in the 5'

gp7O substitution of the class I polytropic MuLV M73P-S
were identical to the corresponding oligonucleotides of the
class II viruses (Fig. 5). The other class I MuLV (M60P-T)
varied in only one oligonucleotide (X85) in this region. The
RNase A digestion products of X85 and its electrophoretic
migration suggested that it differed from X10 by a single base
change (data not shown). Thus, our data suggested a com-
mon origin for the nonecotropic gp7O sequences of the class
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FIG. 2. RNase Tl-resistant oligonucleotide fingerprint of the ecotropic MuLV AKR 2A. 70S -P-labeled virion RNA was digested with
RNase T1 and fingerprinted. Electrophoresis was from left to right, and homochromatography was ascending. Large oligonucleotides resolved
in the fingerprint were analyzed by secondary digestion with RNase A, and the products were compared with the predicted products of large
oligonucleotides identified in the sequence of an ecotropic MuLV from AKR mice (AKV) (10, 20). A schematic of the fingerprint is displayed
immediately below it. Only those oligonucleotides previously identified in fingerprints ofAKV were assigned numbers. The numbering system

used was that of Etzerodt et al. (10).

II polytropic viruses and at least one, and perhaps both, of
the class I viruses. In contrast, the 3' nonecotropic se-

quences of the class I viruses encompassing the 3' region of
the piSE gene were clearly of a different origin from those of
the class II polytropic viruses. Since the precise positions of
the ecotropic oligonucleotides (and many of the
nonecotropic oligonucleotides) are known from nucleotide
sequencing data (10, 20, 22, 23, 26), it was clear that the
nonecotropic substitution of most of the class II polytropic
viruses overlapped with the 3' pl5E/U3 substitution of the

class I polytropic MuLVs. Two oligonucleotides (X62 and
114) of the class II MuLVs were identified in the 3' pl5E
sequences of all isolates which contained nonecotropic se-

quences in this region. The corresponding region of both of
the class I polytropic MuLVs contained the oligonucleotides
X73 and 119. In this regard, oligonucleotides which very
likely correspond to X73 and X62 have been identified as

alternative sequences in two molecularly cloned
polytropiclike genomic sequences from HRS mice (J. Stoye,
personal communication). X73 differs from X62 by a
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FIG. 4. RNase T1-resistant oligonucleotide fingerprints of class I polytropic MuLVs from AKR mice. 70S 32P-labeled virion RNA was
digested with RNase T1 and fingerprinted as described in the legend to Fig. 2. The identities of the isolates are indicated in the bottom
right-hand corner of the fingerprints and also in the schematics of the fingerprints located directly below each autoradiogram. Numbering of
nonecotropic oligonucleotides was as described in the legend to Fig. 3.

single base (G versus A) resulting in a truncated oligo-
nucleotide.

In vitro properties of polytropic MuLVs from thymuses of 2-
to 3-month-old AKR/J mice. In the analyses presented above,
we determined that all our polytropic isolates from the
spleens of young mice and many of our polytropic isolates
from both the spleens and thymuses of older preleukemic
mice were class II polytropic MuLVs. Furthermore, the
detection of polytropic MuLVs in the spleen at 3 to 4 weeks
of age preceded their detection in the thymus by over 1
month. These results were consistent with the generation of
class II polytropic MuLVs in the spleen and the subsequent
spread of the virus to the thymus. Thus, it was of interest to
determine the predominant type of polytropic virus initially
detected in the thymuses of mice 2 to 3 months of age. As
described earlier, the class I and class II polytropic MuLVs
were easily distinguished by their in vitro host range (Table
1). The class I polytropic MuLVs exhibited approximately
equal titers on SC-1 and mink cells and slightly higher titers
on M. dunni cells. In contrast, the class II polytropic MuLVs
exhibited higher titers (ca. 10-fold) on SC-1 cells than on
mink cells and 100-fold-higher titers on M. dunni cells than
on SC-1 cells. Using their in vitro host range as an indication

of the polytropic MuLV class, we examined six polytropic
isolates obtained from the thymuses of different 2- to 3-
month-old mice (Table 2). Five of the six isolates exhibited
in vitro tropisms characteristic of class II polytropic
MuLVs. The remaining isolate (M11OP-T; Table 2) exhibited
an in vitro tropism similar to the class I polytropic MuLVs
but did not induce obvious CPE on mink cells. These
analyses suggested that class II polytropic MuLVs are the
predominant polytropic viruses in the thymuses of most
mice of this age.

DISCUSSION

In this report we described the appearance of class II
polytropic MuLVs in the spleens of young mice and their
subsequent expression in the spleens and thymuses of older
preleukemic mice. Only class II polytropic viruses were
identified among five isolates from the spleens of 3- to
4-week-old mice. Similarly, the in vitro host ranges of
polytropic isolates initially detected in the thymuses of 2- to
3-month-old mice were consistent with the predominant
expression of class II polytropic MuLVs in the thymuses of
most (five of six) mice of that age. In older preleukemic mice
(5 to 6 months of age) class I and class II polytropic MuLVs

FIG. 3. RNase T1-resistant oligonucleotide fingerprints of class II polytropic MuLVs from AKR mice. 70S 32P-labeled virion RNA was
digested with RNase T, and fingerprinted as described in the legend to Fig. 2. The identities of the isolates are indicated in the bottom
right-hand corner of the fingerprints and also in the schematics of the fingerprints located directly below each autoradiogram. Five class II
polytropic MuLVs isolated from 5- to 6-month-old mice (M62P-S, M72P-S, M75P-T, M75P-S, and M79P-T) and one isolated from a 26-day-old
mouse (M81P-S) are shown. Only the nonecotropic oligonucleotides (black circles) were numbered in the schematic of each fingerprint. In
some cases oligonucleotides identified in the ecotropic virus were believed also to be elements of endogenous nonecotropic sequences
(oligonucleotides 22 and 27 of M72P-S, M75P-T, M75P-S, and M79P-T; oligonucleotides 13C and 19B of M79P-T; and oligonucleotide 36 of
M72P-S). All but one of these oligonucleotides (19B) have been previously identified in other polytropic MuLVs unrelated to AKV. The
nonecotropic designations previously assigned to these oligonucleotides are included in parentheses to the right of the ecotropic
oligonucleotide designation. Other oligonucleotides not found in the ecotropic virus were believed to be the result of point mutations in
ecotropic-derived sequences, based on RNase A digestion products and electrophoretic mobility. In those instances the related ecotropic
oligonucleotide is indicated with a preceding delta (A) in parentheses to the right of the nonecotropic oligonucleotide designation.
Nonecotropic oligonucleotides which had previously been identified in other polytropic isolates were numbered according to their original
designations (12, 13). Oligonucleotides not previously identified in other polytropic isolates (X60 to X85) were assigned numbers prefixed with
an X in accordance with our previous convention (12, 13).
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were identified in both the spleens and thymuses. These
results are consistent with the expression of class II
polytropic MuLVs in the spleen and their subsequent spread
to the thymus, before the expression of class I polytropic
MuLVs. Cloyd and Chattopadhyay (7) have also described
the isolation from young AKR/J mice of MuLVs which have
a class II genotype; however, their isolates were reported to

D0 exhibit an ecotropic host range. We have not identified
recombinant viruses with an ecotropic host range, and the
relationship of their viruses to those described here is

S currently unclear.
0 In previous studies we have successfully differentiated

polytropic isolates derived from different endogenous se-
quences on the basis of oligonucleotide differences in the 5'
gp7O region (12, 13). However, in this study the 5' gp7O
oligonucleotides of most polytropic MuLVs examined (class

0 I and class II) were identical. Only one oligonucleotide
o difference was identified in this region and it was found in a

class I isolate (X85 in M60P-T). This oligonucleotide was
likely the result of a single base change in oligonucleotide

.0 X10, which resides in the leader sequence of the env gene
(Fig. 4), and may have occurred subsequent to the genera-
tion of this recombinant virus. The other class I isolate

S (M73P-S) contained oligonucleotides in the 5' gp7O se-
quences which were identical to those of the class II
polytropic MuLVs. In contrast to the close correspondence
of oligonucleotides in the 5' gp7O sequences of the polytropic
viruses, the 3' pl5E sequences of the class I and class II
viruses were obviously derived from different endogenous

2o sequences.
Our results demonstrating the early appearance of class II

polytropic MuLVs in spleens, the subsequent appearance of
Wo class II and class I polytropic MuLVs in thymuses, and the

structural relationships between the class I and class II
polytropic MuLVs of AKR/J mice suggest that the class II

.5 polytropic MuLVs are intermediates in the generation of
oncogenic class I polytropic MuLVs in a stepwise mecha-

E nism of recombination (Fig. 6). In this model, endogenous
ecotropic MuLVs in the spleen would undergo recombina-
tion with a nonecotropic endogenous species giving rise to
the class II polytropic viruses. For reasons discussed below,
we suggest that the nonecotropic endogenous species in the
spleen is an endogenous polytropiclike provirus which con-
tains functional gene sequences encoding retroviral proteins,
but is defective in its LTR with respect to its ability to infect

o and replicate in in vitro cell lines. In the thymus the
E3 endogenous ecotropic MuLV would undergo recombination

with a xenotropic MuLV containing the p15E/U3
nonecotropic sequences found in class I polytropic MuLVs

r to generate the ecotropic recombinant intermediate, as pro-
> posed by Thomas and Coffin (42). Infection of thymocytes

harboring the ecotropic recombinant virus with the class II
polytropic viruses would result in secondary recombination
between the two intermediates to generate the class I
polytropic viruses.

si>There are a number of alternative possibilities, in addition
to the model presented in Fig. 6, for the generation of class

< .= I polytropic MuLVs. It is possible that the spread of class II
polytropic MuLVs from the spleen to the thymus is not
necessary but that class II viruses are generated indepen-
dently in the spleen and, somewhat later, in the thymus.
Furthermore, although our data suggest that class II
polytropic MuLVs precede the appearance of class I
polytropic MuLVs in both the spleen and thymus, it is
difficult to exclude the possibility that some or all class I
polytropic MuLVs arise independently by recombination
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Class 11 Polytropic
SPLEEN Virion THYMUS

FIG. 6. Proposed model for the generation of class I polytropic MuLVs in AKR/J mice. The proposed model includes three recombination
steps (1, 2, and 3) involving three endogenous proviruses and two intermediate recombinant MuLVs. The mouse ages at which the
recombination steps and infection of the thymus occur are indicated below and refer to the earliest detection of the resulting recombinant
MuLVs (Fig. 1) (40). Although the recombination may proceed via the formation of virion RNA heterodimers and secondary infection, in the
interest of clarity those steps have not been included. In the spleen the endogenous ecotropic MuLV (open bar) and an endogenous
polytropiclike MuLV (slashed bar) are expressed soon after birth. The polytropiclike MuLV is presumed to contain an LTR sequence which
precludes the productive infection of in vitro cell lines (see Discussion). Recombination between the ecotropic MuLV and the polytropiclike
MuLV proceeds in the spleen (step 1, 3 weeks of age) to yield an infectious recombinant class II polytropic MuLV. In the thymus the
ecotropic MuLV and a xenotropic MuLV (black bar) containing the 3' P15E/U3 sequence of class I polytropic MuLVs are expressed at an
early age. Recombination between the ecotropic and xenotropic viruses proceeds in the thymus (step 2, 6 weeks of age) to yield recombinant
ecotropic MuLVs containing the xenotropic p15E/U3 sequence. Superinfection of thymocytes with a spleen-derived class II polytropic MuLV
(2 months of age) ultimately results in recombination of the recombinant ecotropic MuLV with the class II polytropic MuLV (step 3, 3 months
of age) to yield a class I polytropic MuLV.

with the same, or very similar, endogenous polytropiclike
retroviral species which give rise to the class II polytropic
MuLVs. In this regard, our model suggests that the latency
of the onset of leukemia in AKR/J mice (approximately 6
months) would be due not only to the multiple
recombinational events required, but also due to compart-
mentalization of the recombinational events giving rise to the

TABLE 2. Relative infectivity of in vitro cell lines by polytropic
MuLVs from thymuses of 2 to 3-month-old AKR/J mice

Virus Relative infectivityb Induction of CPE
designation" M. dunni SC-1 Mink on mink cells

M31P-T 1,510 10 1 -
M35P-T 1,870 13 1 -
M103P-T 650 14 1 -
M108P-T 1,300 12 1 -
M109P-T 1,050 21 1 -
M11OP-T 9 3 1 -

a Designation of the viruses is as follows. The first three or four characters
identify the mouse from which the isolate was obtained. The letter before the
hyphen (P) indicates the virus class (polytropic), and the last character (T)
identifies the organ (thymus).

b Titers on M. dunni and SC-1 cells were normalized to the titers on mink
cells.

two penultimate intermediates in the generation of the class
I polytropic viruses. Since we observed a substantial lag in
the detection of class II MuLVs in the thymus compared
with the spleen (Fig. 1), some degree of disease acceleration
might be expected upon intrathymic inoculation of class II
polytropic viruses in neonatal mice. We are currently inves-
tigating this possibility.

Several studies have addressed the genomic origin of the
5' gp7O sequences found in the class I polytropic MuLVs (2,
3, 16, 23, 25, 33, 42). Numerous endogenous sequences
homologous to polytropic MuLVs exist in a variety of inbred
mouse strains which could give rise to the 5' sequences of
the polytropic env genes (1, 2, 23, 25, 33). Most or all of the
endogenous polytropic proviruslike sequences examined to
date are thought to be defective, owing to deletions or
terminations within the protein-coding regions (25) or to a
190-base insertion identified in their LTRs (24, 34). In this
regard we have previously reported the isolation of several
polytropic viruses from NFS mice after inoculation with the
Friend erythroleukemia virus (F-MuLV) (12). All these
isolates were competent for replication even though some
retained very few, if any, protein-coding sequences derived
from the ecotropic parent. Of 36 oligonucleotides identified
in the coding sequences of one of the isolates, 30 were of
endogenous origin, and 5 of the remaining 6 oligonucleotides
were identified in a polytropic virus unrelated to F-MuLV

J. VIROL.
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(12). Our present analyses of the class II polytropic MuLVs
of AKR/J mice defined functional endogenous nonecotropic
sequences extending well into the 5' region of the pol gene,
and it is likely that analyses of additional recombinants
would define even more extensive nonecotropic substitu-
tions. Moreover, with the exception of the class I viruses
described in this study, we have never encountered, among
the many polytropic viruses we have isolated and character-
ized, an isolate with nonecotropic LTR oligonucleotides (12,
13). In consideration of these findings we have postulated
that the parental source(s) of the gp7O sequences of
polytropic MuLVs may be an endogenous provirus(es) with
competent structural genes, but containing an LTR which
does not favor replication in currently employed in vitro
detection systems. Alternatively, the absence of noneco-
tropic LTRs in the class II isolates may reflect the mecha-
nism of recombination giving rise to those viruses, irrespec-
tive of the LTR function in in vitro cell lines.
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