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Nucleotide sequences encoding gp7O, Prpl5E, and the U3 region of the long terminal repeat (LTR)
distinguish mink cell focus-forming (MCF) retroviruses that can induce leukemia in AKR mice from closely
related MCF and ecotropic murine retroviruses that are nonleukemogenic in all inbred mouse strains tested
(Lung et al., Cold Spring Harbor Symp. Quant. Biol. 44:1269-1274, 1979; Lung et al., J. Virol. 45:275-290,
1983). We used a set of recombinants constructed in vitro from molecular clones of leukemogenic MCF 247 and
nonleukemogenic ecotropic Akv to separate and thereby directly test the role of these genetic elements in
disease induction. Leukemogenicity tests of recombinants in AKR mice show that introduction of fragments
containing either an MCF LTR or MCF gp7O coding sequences can confer only a very low incidence of disease
induction on Akv virus, whereas an MCF type Prpl5E alone is completely ineffective. Recombinants with an

MCF 247 LTR in combination with MCF Prpl5E are moderately oncogenic, whereas those with an MCF 247
LTR plus MCF gp7O coding segment are quite highly leukemogenic. Mice infected with the latter virus show
a substantial increase in latent period of disease induction relative to MCF 247; this delay can be reduced when
Prpl5E, and hence the entire 3' half of the genome, is from MCF 247. Surprisingly, sequences in the 5' half
of the genome can also contribute to disease induction. We found a good correlation between oncogenicity and
recovery of MCF viruses from thymocytes of injected mice, with early recovery and high titers of MCF in the
thymus being correlated with high oncogenicity. This correlation held for recombinants with either an MCF or

ecotropic type gp7O. Together, these results (i) demonstrate that at least four genes contribute to the
oncogenicity of MCF viruses in AKR mice and (ii) suggest that recombinants with only some of the necessary
MCF type genes induce leukemia because they recombine to generate complete MCF genomes. Although
neither Akv nor MCF 247 is leukemogenic in NFS mice, recombinant viruses whose gp7O gene was derived
from Akv but whose LTRs were derived from MCF 247 induced a low incidence of leukemia in this mouse

strain.

Mink cell focus-forming (MCF) retroviruses are associ-
ated with a variety of leukemias and lymphomas and are
implicated as the proximal leukemogenic agents in certain
inbred strains of mice (18, 20, 39). MCF 247 is the prototype
of leukemogenic MCF viruses isolated from high-leukemic
AKR mice. It arose by recombination between the nonleu-
kemogenic endogenous ecotropic virus of AKR mice, Akv
virus, and sequences from one or more nonecotropic endo-
genous viruses (5, 14, 20, 38). The goal of this work was to
determine which of the genetic elements that distinguish
MCF 247 from its ecotropic progenitor, Akv, control the
ability of MCF 247 to induce T-cell lymphomas upon injec-
tion into AKR mice.

Previous studies from our laboratory (23, 25, 29, 30, 38)
and others (3, 4, 11, 34, 35, 42) have identified sequences
that distinguish the genomes of oncogenic MCF viruses such
as MCF 247 from closely related nononcogenic MCF or
ecotropic retroviruses. Nucleotide sequencing in combina-
tion with RNase T1 fingerprints showed that leukemogenic
MCF viruses of inbred mice differ from their ecotropic
parents in sequences encoding the amino-terminal two-thirds
of the viral envelope glycoprotein (gp70) and in the U3
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region of the long terminal repeat (LTR). In addition, the
sequences of Prpl5E, the precursor of virion pi5E which
anchors gp70 to the virus surface, are recombinant with
most of the protein derived from the ecotropic parent, but
the carboxy-terminal amino acids are invariably derived
from the nonecotropic parent (see Fig. 1) (4, 25, 30, 34).
Most (and maybe all) MCF viruses of inbred mice also have
limited sequence differences with their ecotropic parents in
the 5' half of their genomes, although neither RNase T1
fingerprints (29, 30) nor restriction endonuclease maps (3,
35, 36) have revealed 5'-end differences common to all
oncogenic MCF isolates. MCF 247 in particular possesses
two 5'-end large RNase T1-resistant oligonucleotides, desig-
nated 107 and 103, that are not present in Akv virus and that
lie in the gag and pol genes, respectively (29, 30, 38).
Furthermore, nucleotide sequences encoding the carboxy
terminus of the MCF 247 pol gene (C. A. Holland, unpub-
lished data) are only about 85% homologous with the corre-
sponding sequences of the Akv genome (Fig. 1).
To investigate which genetic elements of MCF viruses

contribute to the leukemogenic phenotype, we have studied
the oncogenicity of a set of recombinants constructed in
vitro between molecular clones of MCF 247 (22) and Akv
(28). We find that sequences throughout the 3' half of the
genome must be derived from MCF 247 for a recombinant
between MCF 247 and Akv to be as oncogenic as MCF 247
itself. We also find that sequences in the 5' half of the MCF
247 genome can contribute to oncogenicity.
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FIG. 1. Diagrammatic representation of the MCF 247 genome indicating which regions are derived from the ecotropic (like Akv [white])
and nonecotropic (different from Akv [grey]) parents. The regions that are (speckled) have not been sequenced and their parental origin has
not been determined. Two large MCF-specific T1 oligonucleotides (107 and 103) not present in Akv lie in this region, but the remainder of the
T1 oligonucleotides are shared with Akv. Conclusions based on DNA sequencing, T1 oligonucleotide maps, and restriction endonuclease
maps (3, 25, 29, 38). Restriction endonuclease sites in DNA clones of MCF 247 and Akv: Sst, SstII; Xo, XhoI; Xa, XbaI; P, PstI.

MATERIALS AND METHODS

Viruses. Virus stocks were prepared from TV
cells (21) which were transfected with cloned vi
described previously (19).
Mice and tumor induction. Newborn (<2 day

mice obtained from Jackson Laboratories or AIK
NFS mice supplied by the Small Animal Produ4
of the National Institutes of Health were ir
intrathymic injection of 0.02 ml of undiluted ti
grown virus prepared as described previousl
corresponds to 103-3 to 105.1 focus-forming un
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PFU for MCF, Akv, or recombinant viruses; although in the
4CT or SC-1 majority of cases, mice received about 103 to 103.8 PFU or

iTralDNAs as
FFU. In any case, no significant correlation between the

iral DNAs as input virus titers and leukemogenicity was seen in these
s old) AKRIJ studies. Mice were checked weekly for evidence of lym-
sRIN mice or

phoma and killed by ether or CO2 anesthesia when disease
ctiSction was far advanced. Only those with grossly enlarged lym-

tioun Section phoid organs were regarded as leukemic; histological exam-

soculated by ination of representative cases confirmed the presence of
ssu 22cultuhe lymphoid neoplasms. In AKR mice, lymphoma development
iY (22). IS before 6 months of age was considered an accelerated
its (FFU) or response. NFS mice were observed for 12 months after

inoculation. In both strains the overwhelming majority of
tumors were lymphoblastic lymphomas of thymic origin.

Kb Thymocyte antigen and virus assays. Single-cell suspen-
sions of thymocytes were prepared as previously described

U3R (24). Tests for amplification of MuLV cell surface antigens
1 RNA were carried out by immunofluorescence assays (40); tests
p for expression of MCF viruses were performed by infectious

center assays of mitomycin C-treated thymocytes on mink
lung cells (ATCC CCL 64) and SC-1 mouse cells as previ-

U 10 ously described (8).
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FIG. 2. RNA genomes of recombinants. Restriction sites in
DNA clones of MCF 247 and Akv that were used to generate
recombinants (P, PstI; S, SstII; Xo, XhoI; Xa, XbaI) are shown
relative to the viral RNA genome on the top line. Each line below
represents the predicted structure of the viral RNA produced after
transfection of the DNA clones shown in Fig. 2 of the accompanying
paper (22). Sequences are derived from Akv (lines) or from MCF
247 (solid areas). These diagrams are based on RNase T1 fingerprints
shown in Fig. 4 of the accompanying paper (22).

RESULTS
Structure of the recombinants. The RNA viral genomes of

the set of recombinants used to determine which viral genes
contribute to the leukemogenic phenotype of MCF 247 are

shown in Fig. 2. Four restriction endonuclease sites shared
by Akv and MCF 247 clones (3, 4, 23, 36) were used to
separate fragments that encode gp7O, the majority of Prpl5E
and the LTR as well as the other genetic elements shown in
Fig. 1 and 2 and in Fig. 3 of the accompanying paper (22).
We will refer to the 3.2-kilobase (kb) XhoI-to-XbaI fragment
as the gp7O-containing fragment even though it contains the
carboxy terminus of the pol gene which, as noted above,
differs between MCF 247 and Akv. Likewise, we have used
the 0.5-kb XbaI-to-PstI and the 2.4-kb PstI-to-HindIII frag-
ment to exchange the Prpl5E coding sequences and LTR
sequences, respectively, realizing that these fragments con-
tain other sequences as well. SstII was used to generate
derivatives of recombinants 1, 5, 10, and 12 (Fig. 2). It has
been noted previously and is demonstrated in the accompa-
nying paper (22) that recombinants with two different LTRs
yielded viruses whose U3 regions were derived from the 3'
LTR as shown in Fig. 2.
We have previously described three independent molecu-

lar clones of MCF 247 (22). Because minor biochemical and
biological differences between the clones had been noted, all
three were used to construct the entire set of recombinants
shown in Fig. 2. Two independent isolates of each recombi-
nant were cloned and transfected into SC-1 or MCT cells.
The tests to assure purity of the cloned recombinants and the
viruses produced after their transfection have been de-
scribed previously (22).

Leukemogenicity of recombinant viruses in AKR mice.
Virus stocks prepared from cells transfected with the cloned
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viral DNAs were injected into AKR mice to determine their
leukemogenicity. The number of independent molecular
clones of each recombinant that were tested and the number
of mice injected are shown in Table 1. The results of all the
tests are shown in Fig. 3 and 4. Since there were no
significant differences in disease induction between groups
of animals injected with independent isolates of the same
recombinant, data for each recombinant were pooled. Also,
Sst recombinants and the recombinants from which they
were derived (Fig. 3) gave indistinguishable results, so data
from animals injected with these pairs of viruses are plotted
together in Fig. 3 and 4. Since AKR mice begin to develop
thymic lymphomas spontaneously after 6 months of age, all
tests were terminated by 180 days.

Virus derived from the three molecular clones of MCF 247
all induced thymic lymphomas in AKR mice with a time
course and incidence essentially like that of MCF 247 virus
itself (Fig. 3A). Recombinants designated 10 and Sst 10, in
which the entire 3' half of the genome is derived from MCF
were as leukemogenic as MCF 247 (Fig. 3A and 4). The 3'
half of MCF 247 was divided into three fragments and used
to construct recombinants that contain just a gp7O coding
segment, just a segment carrying Prpl5E, or just the LTR of
MCF 247, or any two of these elements. Recombinants with
just the gp70 or LTR coding fragment from MCF 247
(recombinants 5 and 7, Fig. 3C) were weakly leukemogenic
with less than one third of the animals becoming diseased
after a fairly long latent period. Recombinant 8 with just
Prpl5E coding sequences from MCF 247 was not leukemo-
genic at all (Fig. 3C). When recombinants carried two of the
three elements, gp7O, Prpl5E, or the LTR from MCF 247
(recombinants 1, 11, and 12, Fig. 3B and 4), the incidence of
leukemia increased substantially when one of the two ele-
ments was the MCF 247 LTR (recombinants 1 and 12).
Recombinant 12 with a gp7O and LTR from MCF 247
induced almost as high an incidence of disease as MCF 247,
although with an increased latent period.

The results obtained with recombinant 16 (Fig. 3B and 4)
containing most of the genome of MCF 247 except for gp70
were surprising. This virus differs from recombinant 1
(Prpl5E and LTR from MCF 247) only in having the 5' half
of its genome derived from MCF 247 (Fig. 2). Compared
with recombinant 1, a significantly larger percentage of
animals injected with recombinant 16 got leukemia (Fig. 3B).
Thus, sequences in the 5' half of the genome can contribute
to leukemogenicity in conjunction with appropriate 3'-end
elements.

Amplification of MuLV antigens and MCF virus expression
in thymocytes. Amplification of murine leukemia virus
(MuLV)-related antigens on the surface of thymic lympho-
cytes occurs in AKR mice at 5 to 6 months of age and
appears in major part to represent enhanced expression of
env gene product related to dual tropic recombinant MuLVs
(17, 24, 32). Antigen amplification is correlated with the
emergence of MCF viruses and inoculation of AKR mice
with oncogenic MCF isolates results in the early expression
in thymus of large amounts of cell surface antigen and high
levels of MCF virus, and in development of thymic lym-
phomas within about 3 months (6, 20, 32). In contrast, in
mice inoculated with Akv, no early antigen amplification is
detected, and occurrence of leukemia is not accelerated.
Mice infected with nonlymphomagenic MCF viruses follow
a similar course, and in most instances, little or no replica-
tion of input virus in the thymus can be detected (6, 32).
Thymocytes of AKR mice injected with our set of recom-

binants were examined for amplified expression of cell
surface antigen and production of infectious MCF virus at
two time periods after inoculation. Tests positive at 4 to 7
weeks reflect either replication of input virus (for recombi-
nants with an MCF gp7O) or rapid generation of new MCF
viruses (for recombinants with an Akv gp7O and possibly
also for recombinants with an MCF type gp70 but lacking
other MCF genes needed for replication in thymocytes).
Tests at 10 weeks or later were included to detect less

TABLE 1. Leukemogenicity of recombinant viruses in AKR mice

Genome' No. of clones No. of Mean latent Leukemia'
Virus or tested mice Incidence

recombinant gag- gp7O pl5E LTR (fingerprinted)' injected (va)fperiodn+ Early Late

MCF 247 clones + + + + 3 (3) 33 91 103 23 ++

10 + + + 2(1) 8 88 96+16 ++
Sst 10 + + + + 2 (2) 25 96 96 16 ++

16 + + + 4 (1) 51 82 134 27 + ++
12 + + 3 (1) 14 79 129 25 + ++
Sst 12 + + + 1 (1) 18 94 125 23 + ++
1 + + 7 (2) 75 65 148 27 + ++
Sst 1 + + + 2 (1) 16 68 139 ± 32 + ++
11 + + 3 (2) 25 36 160 ± 24 - +

5 + 4 (3) 25 20 151.6 10 - +
Sst5 + + 2 (1) 18 28 151 21 - +
7 + 3 (1) 22 32 170 8 - +
8 + 3 (1) 32 0 - -

a +, Genetic element was derived from MCF 247.
b Independent clones were constructed with different molecular clones of MCF 247. Parentheses indicate the number of isolates that were analyzed by RNase

T1 fingerprinting.
' Percentage of animals injected with virus which were diagnosed at autopsy as having lymphoblastic lymphoma.
d Mean latent period, X = E X,JN, where Xi is the number of days from injection until death and N is the number of animals with advanced disease; variance,

Early leukemia occurred in less than 120 days; late leukemia occurred at 120 to 180 days. Leukemogenic potential for early or late leukemia: + +, high; ±
intermediate; -, negative.
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efficient replication and/or late generation of MCF viruses.
All animals were grossly normal at the time of sacrifice. In
general, there was remarkably good agreement between time
(early or late) and degree of both antigen amplification and
recovery of MCF virus, and the rate of lymphoma develop-
ment (Table 2). Thus, highly leukemogenic recombinant 10,
like parental MCF 247 virus, rapidly induced a high level of
antigen amplification and MCF virus, whereas the poorly or
nonleukemogenic recombinants (5 and 8), like Akv, induced
neither antigen amplification nor generation of MCF virus.
Recombinants with an MCF type gp7O that showed interme-
diate (recombinant 12) or low (recombinants 11 and 7)
oncogenicity replicated less well in thymocytes than did
recombinant 10, inducing only moderate antigen amplifica-
tion and achieving high levels of virus replication less
consistently and at later times. The moderately leukemo-
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genic recombinant 16 with an ecotropic gp7O induced signif-
icant early antigen amplification and new MCF virus produc-
tion in a few mice and high levels were detected in most
animals at the later time points. In contrast, recombinant 1
gave a low frequency of early display of antigens and MCF
virus correlating with the lower frequency and longer la-
tency of disease.
These results suggest that genes that contribute to onco-

genicity facilitate the replication of MCF viruses in the
thymus or contribute to the rapid appearance of MCF
viruses that replicate well in the thymus.

Leukemogenicity of recombinants in NFS mice. MCF 247
does not cause leukemia when injected into ecotropic MuLV
negative NFS mice, and only rarely are tumors induced in
low virus inbred mouse strains (8). Studies have shown that
endogenous ecotropic virus expression is needed to help

MCF 247 virus
. gp70-pl5E-LTR(1O)

MCF 247 clones
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FIG. 3. Induction of T-cell lymphomas in AKR mice (A) by MCF 247 virus (-), recombinant 10 (0), and MCF 247 virus obtained by
transfection of molecular clones of MCF 247 (G); (B) by recombinants containing two or more genes from MCF 247, recombinant 12 (-),
recombinant 16 (0), recombinant 1 (0), or recombinant 11 (El]); (C) by recombinants containing one gene from MCF 247, recombinant 7 (0),
recombinant 5 (0), or recombinant 8 (O). Genes derived from MCF 247 in each recombinant are indicated next to the disease induction
curves; the recombinant number is in parentheses.
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FIG. 4. Composite figure showing induction of T-cell lymphomas in AKR mice by all the viruses tested in this study. The figure is a

redrawing of Fig. 3A, B, and C.

MCF viruses replicate efficiently and thus to cause lym-
phoma (7, 8). We were interested to determine that, if freed
from the MCF gp7O, other MCF genetic elements could
confer oncogenicity on the Akv genome in conjunction with
an Akv coded gp7O. Recombinants 1, 5, 8, and 16, whose
gp70s are derived from ecotropic Akv, but whose LTR
(recombinant 5), Prpl5E (recombinant 8), Prpl5E and LTR
(recombinant 1), or Prpl5E, LTR, and 5' half of the genome
(recombinant 16) are derived from MCF 247 were injected
into newborn NFS mice. The majority of mice were moni-
tored for disease for 1 year. The results of the study are
shown in Table 3. Both recombinants 1, 5, and 16 induced a
number of T cell lymphomas in NFS mice (incidence of ca.
30%). Recombinant 8 containing Prpl5E from MCF 247

failed to induce T-cell leukemias; however only five mice
were injected with this virus. The significance of a case of
B-cell lymphoma in one mouse each injected with recombi-
nants 1 and 8 is unknown. These results show that the MCF
247 LTR contributes to leukemogenicity in NFS mice, but
the numbers of mice studied are too small to allow determi-
nation of the importance of other genetic elements.

DISCUSSION

Although previous studies have shown that the genomes
of leukemogenic MCF viruses of inbred mice differ from
those of their nonleukemogenic ecotropic parents in se-

TABLE 2. Antigen amplification and MCF virus expression in thymocytes of preleukemic AKR mice inoculated with recombinant
viruses

Time after No. mice Thymocytes

Virus Origin of injection tested (no. Cell surface antigen" MCF Virus recoveryb
gp70 in (wk) of clones) 0-tr 0+02.7 >iO3

MCF 247 MCF 5 2 0 0 2 0 0 2
Akv 623 Eco 10-11 6 6 0 0 6 0 0
Recombinants

10 MCF 4-5 5 (2) 0 0 5 0 0 5
11 2(1) 0 0 2 0 0 2

16 Eco 6 6 (2) 4 2 0 3 3 0
10-11 7 (3) 1 2 4 1 3 3

12 MCF 6-7 6 (3) 6 0 0 3 2 1
10 2(1) 1 1 0 0 1 1

1 Eco 4-7 19 (7) 18 1 0 16 2 0
10 4(2) 1 2 1 0 2 2

11 MCF 4 2 (1) 2 0 0 0 2 0
12 3 (1) 0 2 1 0 0 3

5 Eco 5 5 (2) 5 0 0 4 0 0
10-18 5 (3) 4 0 0 5 0 0

7 MCF 5 4 (2) 4 0 0 2 2 0
10-11 4 (2) 3 1 0 1 3 0

8 Eco 8-11 6 (2) 6 0 0 6 0 0
a Surface fluorescence was detected after exposure of cells to fluorescein-conjugated goat serum against Tween-ether-disrupted Moloney MuLV and was

scored by estimating the percentage of positive cells and intensity of staining. 0-tr, <5%, dull; +, 5-20%, moderate; + +, 20-50%. moderate to bright; +++,
>50%, bright.

b Logl0 MCF virus-producing thymus cells per 107.
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TABLE 3. Induction of leukemia in NFS mice
Incidence (%) at":

Virus
6 mo 12 mo

Recombinants
1 6/41 (15) 13/41 (32)"
16 5/22 (23) 6/22 (27)
8 0/6 1/5b
5 4/14 (29)'

MCF 247 0/13 0/13
a Incidence was the number of mice (found dead or killed) with lymphomal

number of mice inoculated.
bIncludes one B-cell lymphoma of follicular center-cell type, occurring at

11 months.
C These were only monitored through 8 months, at which time incidence

was unchanged.

quences encoding gp70, Prpl5E, the U3 portion of the LTR,
and sometimes also in sequences 5' of env (4, 23, 25, 29, 30,
38), it remained to be shown whether eac4 of these genetic
elements contributes directly to the leukemogenicity ofMCF
viruses. The present study indicates that'they do and clearly
demonstrates that no single gene or any subset of fragments
we used contains the determinants of the full oncogenic
potential of MCF 247. While an MCF type LTR or gp7O
coding segment alone confers only very low oncogenicity on
Akv virus, recombinants with an MCF 247 LTR in combi-
nation with either the MCF gp70 segment or Prpl5E are
quite highly leukemogenic in AKR mice. However, the
entire 3' half of the genome must be derived from MCF 247
for a virus to induce the' high incidence of lymphoma with a
latent period indistinguishable from MCF 247 itself (Fig. 2).
In addition, the 5' half of the MCF 247 viral genome can
enhance oncogenicity in combination with an MCF type
Prpl5E and LTR.

In AKR mice inoculated with the recombinant viruses, the
time and degree of amplification of MuLV antigens was
generally concordant with expression of MCF virus, and
both measures were correlated with the incidence and la-
tency of lymphoma. The patterns obtained suggest that
when recombinants with just one or two genetic elements
derived from MCF 247 induce leukemia in'AKR mice, they
do so by recombining with endogenous retrovirus sequences
to generate a complete MCF-type genome. Thus, recombi-
nants with more of their genome derived from MCF 247
would be more leukemogenic because they would need to
acquire fewer genetic elements to achieve full oncogenic
potential. For example, recombinant 10, containing the
entire 3' half of the MCF 247 genome, is itself most likely the
proximal leukemogen which led to rapid and high frequency
lymphoma, whereas in mice inoculated with the other less
active recombinants, new oncogenic MCF viruses were
generated with different degrees of efficiency. It will be
noted that recombinants 1, 7, and 11, although of low
oncogenicity by the assay used in this study, did induce in
the majority of recipients both antigen amplification and
moderate- to high-titer replication of MCF virus by 10 to 12
weeks. It is possible that an acceleration of lymphomagen-
esis compared with that in uninoculated controls, would
have been seen if the mice had been observed for more than
180 days. Other studies have indicated that although repli-
cation of virus in cells of the thymus is required for leukemo-
genesis, not all mice in which virus production is demonstra-
ble develop thymic lymphomas (8, 32).

Although it is clear from these studies that several genetic
elements of the oncogenic MCF viral genome contribute to

leukemogenesis, the specific roles of the different MCF viral
genes are still in large part undefined.
LTR. Given recent findings that MCF proviruses integrate

adjacent to protooncogenes c-myc (9; Y. Li, C. A. Holland,
J. W. Hartley, and N. Hopkins, Proc. Natl. Acad. Sci.
U.S.A., in press) and pim-l (10) in some spontaneous and
MCF-induced AKR thymic lymphomas, it seems that retro-
viral genes must, in part, function to direct the MCF genome
toward this end. Recent studies (22) showing that the MCF
247 LTR encodes an in vitro host range property that is
correlated with the thymotropism of class I MCFs, and that
other retroviral LTRs encode disease specificity and tissue
tropism, probably within their transcriptional enhancers (1,
2, 12, 13), suggests a role for the MCF LTR in leukemoge-
nesis. The ability ofMCF 247 to replicate well in the thymus
and to activate protooncogenes efficiently in T cells probably
resides in part within the LTR. Certain MCF viral enhancer
elements may have a specific functional association with a
particular target cell population, perhaps immature lympho-
cytes of the thymic cortex (6).

gp7O. Because the gp70 coding fragment we used to
construct recombinants between MCF 247 and Akv contains
sequences encoding the carboxy-terminal portion ofpol, it is
possible that the determinant of leukemogenicity contained
in this fragment is in either the MCF type gp70 or pol gene or
both. Recently, the murine retrovirus pol gene has been
shown to encode three proteins, the most carboxy-terminal
of which probably functions as an integrase for proviral
DNA (27, 41). We noted that the carboxy-terminal portion of
pol, which was present on the fragment we used to exchange
gp7O coding sequences, is only about 85% homologous
between Akv and MCF 247. Conceivably, the MCF and Akv
integrase proteins could have different specificities and effi-
ciencies and might also function more efficiently in conjunc-
tion with their respective LTRs. (It must be emphasized
again that we do not know from these studies whether the
carboxy-terminal segment ofpol contributes to leukemogen-
icity.) Extensive data already support a role for MCF gp7O in
leukemogenesis (16). Whether, as has been suggested, this
protein is specifically mitogenic for mouse thymocytes (31)
and thereby contributes to oncogenesis remains unknown.
Other possibilities are that MCF envelope proteins facilitate
infection of thymic target cells, presumably at a postattach-
ment replicative step (6), or that an MCF type gp70 can, by
utilization of different cell surface receptors, bypass the
interference resulting from ecotropic virus infection in high-
virus mice such as AKR and thereby facilitate virus spread
in the thymus and replication in target cells. An MCF
247-type gp7O thus might indirectly increase viral enhancer
activity or cellular oncogene activation, or might directly
alter the sensitivity of target cells to mitogenic stimuli.
Prpl5E. According to nucleotide sequence data, the

Prpl5E proteins of MCF 247 and Akv differ primarily in their
carboxy-termini and share 192 of 201 amino acids. It is
striking that the presence of the fragment carrying an MCF-
type Prpl5E can substantially shorten the latent period of
disease induction (recombinants 10 versus 12; Figure 3A and
B and Fig. 4), and also increase the incidence of disease
(recombinants 1 versus 5; Fig. 3B and C and Fig. 4) although
only in combination with an MCF LTR. Other groups have
reported similar effects of Prpl5E on latent period of retro-
viral induced lymphomogenesis (13, 26, 33). Our analysis of
MCF expression in thymocytes of injected AKR mice sug-
gests that the Prpl5E coding fragment of MCF is needed for
efficient replication of MCF viruses in thymocytes (compare
recombinants 10 and 12 in Table 2).
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pol and gag. Because recombinant 16 (Fig. 2), whose
Prpl5E, LTR, and 5' half are derived from MCF 247, was
more leukemogenic than recombinant 1 with just Prpl5E
and the LTR of MCF 247, sequences in gag or pol (5' of
XhoI) must contribute to oncogenicity. Since SstII recombi-
nants (see Fig. 2) were not more leukemogenic than their
progenitors, the sequences that contribute to leukemogeni-
city may lie between SstII and XhoI, a gag-pol coding
region. To determine which gene or genes in this region
might be important will require further study. It is interesting
that Robinson et al. (37) have identified a determinant of
osteopetrosis in this region of the genome of certain nonde-
fective avian leukosis viruses and have also suggested that
accumulation of unintegrated proviral DNA plays a role in
the development of this disease (H. Robinson, personal
communication). Interestingly, unintegrated MCF proviral
DNA has also been observed in AKR thymuses. Also AKR
thymic lymphomas contain multiple insertions of MCF pro-
viruses (Li et al, in press). Conceivably the pol genes
(reverse transcriptase or integrase) may affect proviral DNA
accumulation which in turn could play a role in disease
induction.
Cancer has long been recognized as a multistep phenom-

enon. In the AKR mouse, among these steps is the genera-
tion of MCF viruses, which after acquiring a unique combi-
nation of genes, rapidly induce T cell lymphomas (42). The
mechanisms of accelerated lymphomagenesis are gradually
being clarified through identification of viral genome seg-
ments affecting induction of leukemias and lymphomas and
analysis of their function.
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