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Moloney murine leukemia virus induces T cell lymphomas after injection into NFS mice, whereas the
nondefective Friend virus induces erythroleukemias. Previous studies showed that sequences encompassing the
viral transcriptional signals in U3 are the primary determinant of this phenotype in recombinants between
these two viruses. To more precisely identify the sequences responsible, we constructed additional recombi-
nants, within U3, between Friend and Moloney viruses and assayed these recombinants for their disease
specificity. We found that a fragment 191 bases long that included the direct repeat (enhancer) region plus 22
nucleotides to its 3' side from Friend virus was sufficient to convert Moloney virus to a virus that induced only
erythroleukemias. A 171-base-long fragment of Moloney virus, including just the direct repeat, converted
Friend virus to a virus that induced primarily lymphomas (about 85% of mice injected). We also constructed
Moloney and Friend virus variants with one rather than two copies of the enhancer element. These viruses
retained their disease specfficity, although they exhibited a marked increase in the latent period of disease
induction. Together the results suggest that 25 or fewer nucleotide differences, lying within and also just 3' of
the direct repeat, are the primary determinant of the distinct disease specificities of nondefective Friend and
Moloney viruses.

Replication-competent murine leukemia viruses (MuLVs)
that lack oncogenes exhibit strikingly different disease in-
duction spectra. For example, Moloney MuLV causes T-cell
lymphomas when injected into newborn NFS mice, whereas
the nondefective Friend MuLV usually induces erythro-
leukemia in this strain (35). Previously, studies from our
laboratories and others showed that sequences at the 3' end
of the viral genome are a potent determinant of disease
specificity (4, 5, 19, 34). In recombinants constructed be-
tween molecular clones of Moloney and Friend viruses,
sequences encompassing the transcriptional signals in the
U3 region of the long terminal repeat (LTR) were the
primary determinant of T-cell lymphoma induction versus
erythroleukemogenicity. Thus, a recombinant virus whose
genome is derived primarily from Friend but whose U3
region is derived from Moloney induces mostly T-cell
lymphomas, while a virus whose U3 region is derived from
Friend but whose remaining genes are derived from Moloney
induces mostly erythroleukemias. The smallest fragment
exchanged in these studies, 0.4 kilobase (kb), included the
direct repeat that possesses the properties of a transcrip-
tional enhancer (23, 25), as well as all promoter elements
lying between the repeat and the cap site (5). These include
TATA and CAT sequences, as well as a GC-rich element just
3' of the direct repeat defined by Laimins et al. (23) in the
Moloney sarcoma virus LTR.
While we had postulated that different tissue specificities

of the Friend and Moloney enhancer elements could explain
the results we had obtained, it is also possible that the viral
promoter elements contribute to this phenotype. In any
case, it was of interest to more precisely identify the
sequences within U3 that determine the distinct disease
specificities of Friend and Moloney viruses so that we might
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better understand the mechanisms that underlie this impor-
tant viral phenotype. To this end we constructed and ana-
lyzed the disease-inducing properties of additional recombi-
nants within U3 between Friend and Moloney viruses. We
also studied the disease specificity of Friend and Moloney
viruses from which we had deleted one of the two copies of
the enhancer element.

MATERIALS AND METHODS
Cells and parental viruses. NIH 3T3 (21) and BALB/3T3

(1) cells were used for DNA transfections of virus clones.
Infectivity was assayed by the XC plaque assay (32) and the
reverse transcriptase assay (2). Infectious DNA clones of
Moloney virus and nondefective ecotropic Friend virus
clone 57 were from S. Goff (13) (Columbia University) and
A. Oliff (30) (Merck, Sharp, and Dohme), respectively.

Construction of subclones recombinant in the U3 region. To
construct the desired recombinants, we began with the
subclones pFrCK, pMoCK, and pFrdrD (see Fig. 2A) (4).
Appropriate DNA fragments (see Fig. 2) were isolated by
stepwise restriction endonuclease digestion, separated by
agarose gel electrophoresis, electroeluted from the gel, and
concentrated by ethanol precipitation. Restriction endonu-
cleases were from New England Biolabs and Boehringer
Mannheim. DNA fragments to be ligated were ethanol
precipitated together in the presence of 1 mM MgCl2 and 0.3
M sodium acetate, dissolved in 10 ,ul of T4 ligase buffer, and
incubated with T4 DNA ligase (Collaborative Research) at
16°C overnight. The ligase was then heat inactivated at 70°C
for 15 min. The ligation mixture was then digested with ClaI
and KpnI, followed by heat inactivation of the enzyme for 15
min at 70°C. The resulting digestion mixture was ligated to
ClaI-KpnI-digested and phosphatase-treated pCDV-1 vector
at 16°C overnight (29). This ligation mixture was used to
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transform frozen competent Escherichia coli DH-1 cells (17).
Clones were identified by colony filter hybridization with
MoCK and FrCK probes.

Restriction endonuclease sites unique to the Friend or
Moloney LTR (see Fig. 2) were used to confirm the structure
of the recombinant subclones as follows. pModrA: the insert
was isolated following ClaI and KpnI digestion and then
digested with BglI or XbaI (both sites were missing) and PstI
or PvuII. The fragment sizes measured from a gel were
compatible with those predicted from published sequences
(22, 33). Nucleotide sequence analysis (28) was performed
from the 3' EcoRV site located approximately in the middle
of the direct repeat, about 150 nucleotides 3' to the KpnI
site. The sequence was identical to that of Moloney from the
EcoRV to AvaII site and identical to that of Friend from the
AvaII site on, except for a one-nucleotide difference in an
EcoRII site located 49 bases 5' of the CCAAT sequence.
pFrdrD: analysis was performed on whole plasmid DNA by
PstI, PvuII, BglI, or XbaI digestion. The clone lacked the
PstI site present in Friend and the PvuII sites present in the
direct repeat of Moloney, but it had the BglI site present in
the second copy of the Friend direct repeat and the XbaI site
found in the Moloney LTR. Further characterization of this
clone was done by double digestion of the plasmid with ClaI
plus XbaI and KpnI plus BgII. Fragment sizes measured
from the gel were consistent with those predicted from
published sequences (22, 33). The same mapping strategy
was applied to pMoP to confirm its structure, but in addition
a double digestion with KpnI plus PstI was done. Again,
digestions yielded fragment sizes consistent with published
sequence data (22, 33).

Construction of recombinant viruses. The three ClaI-KpnI
inserts shown in Fig. 2B were isolated by enzyme digestion,
gel electrophoresis, and ethanol precipitation. Complete
recombinant viruses, designated MFdrD, FMdrA, and
FMoPD, were assembled by stepwise ligation of the inserts
to appropriate fragments of Friend or Moloney (as indicated
in Fig. 2C), each of which had itself been molecularly cloned
in pCDV1. The product of each pairwise ligation step was
cloned before the next fragment was added. Fully assembled
viruses were cloned in pBR322 at either the EcoRI or
Hindlll site (see Fig. 2C). The structures of the molecular
clones of the fully assembled viruses were determined by
restriction endonuclease mapping, and in the case of FMdrA
and MFdrD, nucleotide sequencing of one clone of each
(clone A10 of FMdrA and clone Dl of MFdrD) was per-
formed from the ClaI site 3' to approximately the Sau3AI
site in U3.

Construction of viruses with one copy of the enhancer.
Viruses with one copy of the enhancer rather than a direct
repeat were constructed by schemes similar to that de-
scribed above for the recombinant viruses. Briefly, to con-
struct Fr(ARV), plasmid pFrCK (Fig. 2A; see also Fig. 1)
was digested with EcoRV, which cuts approximately in the
middle of the direct repeat in U3. It was then subjected to
agarose gel electrophoresis to remove the 65-base-pair
EcoRV-EcoRV fragment containing one complete but per-
muted copy of the enhancer, ethanol precipitated, and
suspended in TE buffer. It was then recircularized with T4
DNA ligase to yield subclone FrCK(ARV). This clone was
assembled into whole virus by stepwise ligation to subcloned
fragments of Friend virus, exactly as for recombinant
FMdrA described above.
To construct Mo(ARV), we began with a Sau3AI-KpnI

fragment of Moloney virus (see Fig. 1) cloned in the vector
pUC-CAT (14) so that the Sau3AI end inserted into and

destroyed the BamHI site and the KpnI end inserted into and
destroyed the SmaI site of the polylinker. This subclone was
digested with EcoRV to release one copy of the enhancer
and then subjected to gel electrophoresis and ethanol pre-
cipitation as above. It was then recircularized with T4 DNA
ligase to yield clone MoSK(ARV). The Sau3AI-KpnI frag-
ment was then isolated and, with the ClaI-Sau3AI fragment
described above in the construction of MFdrD, ligated to
pCDV-1 vector cut with ClaI and KpnI to create subclone
MoCK(ARV). The ClaI-KpnI fragment was then isolated
and ligated to the KpnI-XhoI fragment used for assembly of
MFdrD together with ClaI-XhoI-cut pCDV-1 vector to cre-
ate the subclone MoCX(ARV). From this point, complete
virus was obtained by two separate pathways. In one case,
the ClaI-XhoI fragment was cut out and ligated to the
subcloned 6.0-kb XhoI-ClaI fragment in the presence of
pCDV-1 vector. In the other case, the full-length molecular
clone of Moloney virus was digested to completion with ClaI
and partially with XhoI (to avoid an XhoI site on the vector),
and the 10.4-kb piece containing the XhoI-ClaI region on a
pBR322 vector was then isolated by gel electrophoresis,
ethanol precipitated, and ligated to the ClaI-XhoI fragment
of MoCX(ARV) described above. In both cases, the final
product was a clone of Moloney virus with a deletion of
sequences lying between the EcoRV sites in the direct repeat
in U3 (see Fig. 2C).
To confirm their structure, the Fr(ARV) subclones and the

complete virus were digested with EcoRV, with BglI plus
PstI, and with ClaI plus KpnI. The MoSK(ARV) subclone
was digested with HindIlI (which has a site in the pUC-CAT
polylinker) plus SacI and with EcoRV. The remaining
Mo(ARV) subclones and the complete virus were digested
with ClaI plus XbaI, with EcoRV, and with ClaI plus KpnI.
In addition, one complete clone of Mo(ARV) was sequenced
by the Maxam and Gilbert (28) procedure over the region of
the deletion from approximately AvaII to Sau3AI to confirm
its structure.

Transfection of virus clones. After assembly into complete
virus genomes, recombinants and single-enhancer virus
DNAs were excised from their vectors and ligated at high
concentration, and the DNA was transfected onto NIH/3T3
or BALB/3T3 cells by calcium phosphate precipitation (16).
The presence of infectious virus was confirmed by XC
plaque assay (32) and by the presence of reverse transcrip-
tase activity (2) in culture fluids. Virus obtained from one
recombinant, FMdrA clone A31, was further purified biolog-
ically by endpoint dilution to yield FMdrA clone A31LD
virus.
RNase T1 fingerprint analysis. FMdrA (clones A10, A31,

and A31LD), MFdrD (clone D1), and Fr(ARV) were ana-
lyzed by RNase T1 fingerprinting as descibed previously (10,
11).
Mice, tumor induction, and classification of disease. New-

born (<2-day-old) NFS mice, supplied by the Small Animal
Production Section of the National Institutes of Health, were
inoculated with 0.02 ml of tissue culture-grown virus, repre-
senting from 102 to i05 PFU per mouse, as described in
Results. Mice received viruses intraperitoneally or intraperi-
toneally and intrathymically and were sacrificed by CO2
anesthesia when disease was far advanced. Animals were
autopsied and examined for gross evidence of erythroleu-
kemia or lymphoma, and for most microscopic examination
of blood smears or of spleen imprints or histological prepa-
rations or both was done. Diagnosis of erythroleukemia,
lymphoma, or myelogenous leukemia was based on gross
pathology and histology as described previously (5).
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Cop
CAT Site

GC TATA

DR DR Ii|

Sout3AI I Ddel
EcoRV Avai

t
Kpnl

Sou3AI EcoRV

MO GATCAAGGTCAAATCC0AACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGG0CCAAAACAG3GGACAGC103
* ** * ** ** *

FR GATCAAGGTCAGGTACACGAA-AACAGCTAACGTTGGGCCAAACAGGATATCTGTGGTAAGCAGTTTCGGCCCCGGCCCGGGGCCAA---------GAACAGA

EcoRV
DRR

AvaIl Ddel

-MO TGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCC --------- CGGCTCAGGGCCAAGAA26TCCCCAGATGCGGTCCAGCCTCAG206
* ~~~~** * *e * *E * *

F R T-,ACGCTGGGCCAAACAGGATATCTGTGGTAAGCAGTTTCGGCCCGGTCGGCCCCGGCCCGAGGCCAAGAACGGAT|GGTCCCCAGATATGGCCCAACCCTCAG
DR

FIG. 1. (Top) Schematic representation of the LTRs of MuLVs. U3 (the sequence unique to the 3' end of viral RNA) is about 450 bases
long and includes the tandem direct repeat (DR) with enhancer activity (arrows) and TATA, CAT, and GC-rich sequences believed to be
important components of the transcriptional promoter. R (the sequence repeated at both ends of the viral RNA genome) is 68 bases long and
begins with the cap site. U5 (the sequence unique to the 5' end of viral RNA) is 77 bases long. Restriction endonuclease sites shown define
regions exchanged in recombinants or, in the case of the EcoRV sites, the region deleted to make viruses with a single copy of the enhancer.
(Bottom) Comparison of nucleotide sequences (23, 33) of the direct repeats and most of the adjacent GC-rich region of Moloney (Mo) and
Friend (Fr) viruses: differences are indicated by asterisks. Brackets surround the direct repeats (DR) that possess enhancer activity. To
introduce the Friend virus direct repeat into Moloney, the 191-base-long Sau3AI-DdeI fragment was used. To introduce the Moloney virus
direct repeat into Friend, the 171-base-long Sau3AI-AvaII fragment was used. To construct viruses with a single copy of the enhancer instead
of a direct repeat, the sequences between the two EcoRV sites were deleted.

RESULTS

Disease specificity of recombinants. We wished to construct
recombinant viruses in which just the promoter or just the
enhancer regions of Friend and Moloney were exchanged.
The U3 regions of the two viruses are about 80% homolo-
gous and contain several moderately convenient restriction
endonuclease sites that can be used for this purpose. The
viral enhancers, which are present as a short direct repeat,
are located about 180 nucleotides upstream from the cap site
(Fig. 1). In Moloney virus the enhancer region has a
10-65-10-65-10 base repeat structure (33). The corresponding
region of Friend virus has extensive homology to Moloney
but its direct repeat is shorter. In contrast to Moloney, the
Friend virus repeat is imperfect, with the second copy
containing a 9-base insertion relative to the first.
To exchange direct repeat and promoter regions of the two

viruses, we first made recombinants within 0.63-kb sub-
clones that included the entire U3 region of the viral
genomes and were flanked by a convenient ClaI site (located
in sequences encoding the carboxy terminus of Prpl5E) and
the common KpnI site in R (Fig. 1) (4). To introduce the

Moloney virus direct repeat into Friend we used the 171-
base Sau3AI-AvaII fragment whose sequence is shown in
Fig. 1. To replace the Moloney virus direct repeat with that
of Friend we used the 191-base-pair Sau3AI-DdeI fragment
whose sequence is shown in Fig. 1. (The presence of
additional Avall restriction sites in the U3 region of Moloney
made it too difficult to construct a precisely reciprocal
Friend direct-repeat-only recombinant containing just the
Sau3A-AvaII fragment of Friend virus in the Moloney
genome.) To make a Friend virus in which most of the
promoter region was derived from Moloney, we used the
Moloney virus sequences between the DdeI and KpnI sites
shown in Fig. 1. The schemes used to construct the recom-
binant CIaI-KpnI subclones, which could then be used to
assemble the desired viruses, are shown in Fig. 2A and B.
The genome structures of the fully assembled recombinant

viruses are shown in Fig. 2C. The three recombinants we
constructed were designated MFdrD (primarily Moloney
virus but with the Friend direct repeat), FMdrA (Friend
virus but with the Moloney direct repeat), and FMoPD
(Friend with most of its promoter region from Moloney). The
procedures for generating these viruses and the restriction
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FIG. 2. Strategy for constructing recombinants between molecular clones of nondefective Friend and Moloney viruses. (A) Isolation of
DNA fragments used to construct recombinant subclones in the ClaI-KpnI regions of Moloney and Friend viruses. pMoCK is a subclone of
the ClaI-KpnI fragment isolated from the molecular clone of Moloney. pFrCK is a subclone of the corresponding fragment of Friend virus
clone 57. pFrdrD is a Moloney-Friend virus recombinant in the ClaI-KpnI region, constructed as indicated in the figure. Heavy lines represent
Moloney sequences, with the solid boxed regions representing Moloney LTR sequences. Thin lines and boxes (LTR region) represent Friend
virus sequences. Dashed lines represent the vector pCDV-1. The figure is drawn to scale, and sizes (in base pairs) are given for fragments
that were used in constructions. (B) Schematic representation of the assembly of recombinant subclones. Restriction endonuclease sites
unique to the Friend or Moloney LTRs and hence useful for confirming the structure of recombinant clones are indicated in the circular
diagrams. (C) Schematic representation of the structures of molecular clones of three Friend-Moloney recombinants and the two viruses
possessing one rather than two copies of the enhancer. Heavy lines indicate portions of the genome derived from Moloney, thin lines and open
boxes in the LTR represent portions derived from Friend. The direct repeat (enhancer) is indicated by arrows. Abbreviations: C, ClaI; K,
KpnI; S, Sau3AI; Sc, SacI; A, AvaII; D, DdeI; P, PstI; Pv, PvuII; X, XbaI (A and B) and XhoI (C); Bg, BglI; E, EcoRI; H, HindlIl; bp, base
pairs.
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DISEASE SPECIFICITY OF FRIEND AND MOLONEY MuLVs

TABLE 1. Type of leukemia induced by Moloney, Friend, and recombinant viruses after injection into newborn NFS mice

Source of: No. dead or Diagnosis (no. of tumors)
Virus strain sciie/o enltn
andclone ~~Direct sarpcdn eano ldatent Myelogenous Megakaryocyticand clone Genome repeat inoculateda perod (days) Lymphoma Erythroleukemia leukemia leukemia

Moloney 35/35 81 34
Friend 61/61 55 59
MFdrD Moloney Friend 54/57 76 54
FMdrAb Friend Moloney 64/70 92 54 7c 2 3
A31 18/18 90 11 5 1 1
A31LD 19/22 87 18 2c
A10 12/13 123 10 1 1
A35 15/17 79 15 ld

FMoPD Friend Friend 10/10 44 le 10

a Mice were sacrificed when they showed evidence of advanced disease. In several cases animals died and autopsy was not possible, so the number of mice
in this column can exceed the number with diagnosed disease.

b Data for FMdrA are a summary of data for all three molecular clones of FMdrA and for the biologically purified derivative of clone A31 designated A31LD,
shown separately below.

c One mouse with thymic-origin lymphoma also had erythroleukemia.
d One mouse with nonthymic lymphoblastic lymphoma also had megakaryocytic leukemia.
One mouse with erythroleukemia also had lymphoblastic lymphoma in one mediastinal lymph node.

endonuclease digestions and other methods used to confirm
their structures are described in Materials and Methods.
Four independent molecular clones of MFdrD, three of
FMdrA, and one of FMoPD were selected for further
studies. Recombinants were excised from their pBR322
vectors and ligated, and the DNA was transfected onto
NIH/3T3 cells by calcium phosphate precipitation (16). The
presence of infectious virus was confirmed by XC plaque
assay and reverse transcriptase activity in culture fluids (2,
33). Virus obtained from one recombinant, FMdrA clone
A31, was further purified biologically by endpoint dilution to
yield FMdrA clone A31LD virus. FMdrA (clones A10, A31,
and A31LD) and MFdrD (clone D1) viral RNAs were
analyzed by RNase T1 fingerprinting (10, 11). As expected,
the T1 fingerprints of MFdrD looked like the T1 fingerprints
of Moloney virus itself, while the fingerprints of FMdrA
looked like the T1 fingerprints of the Friend virus genome
(not shown).

Viruses obtained from transfection of the molecularly
cloned parental and recombinant viruses and the biologically
cloned derivative of FMdrA were injected into newborn
NFS mice. All were capable of inducing neoplasms of the
hematopoietic system (Table 1). Strikingly, the type of
disease induced by the recombinant viruses correlated
strongly with the source of the direct repeat sequences. The
recombinant MFdrD, whose genome was almost entirely
derived from Moloney but whose direct repeat region plus 22
nucleotides 3' of the direct repeat was derived from Friend,
induced only erythroleukemias (54 mice). The recombinant
FMdrA, whose genome was derived from Friend except for
the Moloney direct repeat region, induced lymphoblastic
lymphomas in more than 80% of injected mice. The recom-
binant FMoPD, whose genome (including direct repeat) was
derived primarily from Friend, but whose promoter region
was taken from Moloney, induced erythroleukemias in all 10
of the mice injected (although 1 of the 10 also had evidence
of a lymphoblastic lymphoma).

It is interesting that recombinant FMdrA, whose direct
repeat came from Moloney but the remainder of whose
genome was from Friend, induced a number of nonlymphoid
neoplasms (12 of 64 mice, including 6 who died of
erythroleukemia). In previous studies, a recombinant whose
enhancer and promoter (Sau3A-KpnI) were both derived
from Moloney induced only one erythroleukemia and 19

lymphomas. Together, these results, as well as the clear-cut
disease specificity of recombinant MFdrD in the present
study, suggest that the GC-rich element in the promoter
region may contribute to disease specificity. However, the
data in Table 1 are somewhat ambiguous on this point. Of the
three independent molecular clones of FMdrA (A10, A31,
and A35), only one, A31, gave a substantial number of
erythroleukemias. It is unlikely that the ability of clone A31
to induce erythroleukemias was due to viral contamination
for two reasons. First, A31LD, the biologically purified
derivative of virus obtained from clone A31, also induced
some erythroleukemias, and second, virus isolated from one
of the erythroleukemias induced by clone A31 virus induced
lymphoblastic lymphomas in four mice that were injected.
Further studies would be needed, however, to confirm that
FMdrA recombinants have a less sharply defined disease
specificity than viruses in which the promoter and enhancer
region are both derived from the same parent.

Disease induction by viruses with one versus two copies of
the enhancer element. Having established that the viral direct
repeat regions contain a potent determinant of disease spec-
ificity, we wished to further identify which of the nucleotide
differences between Friend and Moloney in this region are
important in contributing to their distinct specificities. To
this end, we wished to determine whether Moloney and
Friend viruses with just one copy of the enhancer element,
as opposed to a direct repeat sequence, would retain their
target cell specificity.

It was possible to construct single-enhancer viruses quite
easily from the molecular clones of Friend and Moloney by
using the EcoRV sites within their direct repeats (Fig. 1).
The schemes used to generate these virus clones, which are
designated Mo(ARV) and Fr(ARV), and the restriction di-
gests used to confirm their structures are described in
Materials and Methods. The structures of the viral genomes
are shown schematically in Fig. 2C.

Viruses obtained from transfection of one Friend and
three Moloney single-enhancer virus clones were injected
into newborn NFS mice. These viruses were capable of
inducing leukemia. Mo(ARV) induced lymphoblastic lym-
phomas, while Fr(ARV) induced primarily erythroleuke-
mias. [Several megakaryocytic and one myeloid tumor were
also induced by Fr(ARV). These types of tumors have not
been seen with the parental Friend virus in these studies

VOL. 61, 1987 697

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
06

 N
ov

em
be

r 
20

23
 b

y 
15

5.
24

7.
23

.1
08

.



TABLE 2. Latent period and disease specificity of viruses with one or two copies of the enhancer and relationship
to input titer of virusa

Diagnosis (no. of tumors)
Virus Approx. inoculum No. dead or Mean latent period Myelogenous Megakaryocytic(loglO PFU/mouse) sacrificed/no. inoculated (days) Lymphoma Erythroleukemia leukemia leukemia

Friend 4.3 61/61 55 59
3.3 21/21 61 21
2.3 14/14 65 14

Fr(ARV) 3.3 20/24 151 16 1 3b
Moloney 5.0 35/35 81 34

4.0 5/5 90 4
Mo(ARV) 5.0 8/15 137 8

4.0 5/15 150 5
a See Table 1, footnote a.
b One mouse with erythroleukemia also had megakaryocytic leukemia.

(Table 2) (4, 5). While the significance of this is unknown,
conceivably it could be related to the longer latent period of
disease induction by Fr(ARV) relative to Friend virus itself.]
Although viruses with one instead of two copies of the

enhancer element essentially retained their disease speci-
ficity, they had a significantly longer latent period for disease
induction (Fig. 3). When tests of Fr(ARV) were terminated at
218 days, the average latent period for disease induction was
151 days instead of the 60 days seen with Friend virus. In
tests of Mo(ARV), by 162 days only 38% of the mice had
contracted disease, with an average latent period of 122
days, compared with the 100% incidence and 81-day latent
period found for a similar dose of Moloney virus with a
direct repeat (Table 2). By 194 days, 53% of the Mo(ARV)-
infected mice had developed lymphomas, with a mean latent
period of 137 days.
The difference in latent period of single- versus two-

enhancer viruses is not due to differences in the amount of
virus injected, since all mice for whom data are shown in
Fig. 3 received the same input dose (103.3 PFU per mouse for
Friend viruses, i05 PFU per mouse for Moloney viruses). In
fact, the input dose of virus had a remarkably small effect on
the latent period of disease induction by Friend and probably
also Moloney viruses. A 100-fold difference in input titer of
Friend virus increased the mean latent period for eryth-
roleukemia induction by only 10 days (from 55 to 65 days)
(Table 2).

DISCUSSION

The results described above demonstrate that the direct
repeat in U3, which in the case of Moloney has been shown
to have the properties of a transcriptional enhancer, is a
determinant of disease specificity in nondefective MuLVs.
In at least some recombinants between Friend and Moloney
viruses this element is the most potent determinant of this
phenotype. The studies, as well as previous analysis of
Friend-Moloney virus recombinants, indicate that this ele-
ment is not the sole determinant of specificity (4, 5). Studies
by Oliff and Ruscetti (31) had indicated that the viral env

gene may contain a determinant of erythroleukemogenicity.
The present studies suggest that the promoter region, in
particular the GC-rich segment defined by Laimins et al.
(23), may also contribute to this phenotype.

In addition to a role in determining disease specificity,
direct repeat elements (enhancers) have been shown to be
important determinants of the ability of mouse retroviruses
to induce leukemia (9, 18, 24, 27). The analysis here of
viruses with one and two copies of the enhancer shows that

these transcriptional elements also have a dramatic effect on
the latent period of disease induction by nondefective retro-
viruses.
The direct repeat regions of Friend and Moloney viruses

are highly homologous, having 121 of 160 nucleotides in
common. They are distinct, however, in that the Moloney
virus enhancer has a 10-65-10-65-10 base structure, with the
10-base element having the sequence of a glucocorticoid
receptor (GRE)-binding site (Fig. 1) (7). The first of these
GRE sites is absent, and the third has a nucleotide alteration
in the shorter Friend direct repeat, which can be drawn as an
approximately 65-base direct repeat. The direct repeat in
Friend clone 57 is not perfect since the second copy has a
9-base insert relative to the first and also differs at one other
nucleotide.
Both Moloney and Friend viruses with one instead of two

copies of the enhancer replicate efficiently in vitro and in
vivo, although the single-enhancer viruses achieve slightly
lower titers than their progenitors (unpublished results).
Since efficient replication plays an important role in disease
induction by murine retrovirusus, it is presumably these
small differences in titer that underlie the delay in disease
induction by the single-enhancer viruses. Differences in
input did not account for the longer latent period of the

100 a(21/21)-
6 °(21/21) -(35/35)

,o'8 (20/24)1

Friend° A

t ~~~1 / oAR60k- Fr/a M(RV)

0 20 40 60 80 100 120 140 160 180 200

Days from Inoculation to Death or Advanced Disease

FIG. 3. Incidence of tumors induced in NFS mice by Friend,
Fr(ARV), Moloney, and Mo(ARV) viruses. Numbers in parentheses
indicate the number of mice deceased or with advanced
disease/number injected. Data for Mo(AvRV) viruses was collected
for 162 days. Data plotted here are also included in Table 2 and
correspond to data for Friend and Fr(ARV) viruses at an input titer
of approximatelyV03- and for Moloney and Mo(ARV) viruses at an
input titer of approximately 105.
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single-enhancer viruses. Indeed, a 10- to 100-fold difference
in input multiplicity had only a small effect on the latent
period of disease induced by Friend and possibly also
Moloney viruses (Table 2). Finally, because the two copies
of the Friend virus enhancer in clone 57 are not identical, we
cannot be certain that the increased latent period of the
Friend single-enhancer virus is due to the lack of two copies
of the enhancer rather than to the particular sequence of the
one copy it possesses.

Different transcriptional activity in different cell types
presumably explains the different disease specificities con-
ferred by Friend and Moloney enhancers. Moloney virus and
recombinants that have the Moloney virus direct repeat
replicate more efficiently in the thymus than do recombi-
nants with the Friend virus direct repeat or Friend virus
itself (unpublished results). This observation could explain
why Moloney virus induces T-cell lymphomas in NFS mice
while Friend virus does not. It is doubtful that this result
reflects a strict T-cell tropism of the Moloney virus enhancer
region, as suggested for certain other leukemogenic, thy-
motropic mouse retroviruses (3, 8, 36). In fact, it has been
thought that Moloney virus transcriptional signals lack sig-
nificant tissue specificity and are efficient in many different
cell types with the possible exception of embryonal carci-
noma cells (12, 15, 26). Evidence has suggested that the
developmental stage of the mouse at the time of injection
restricts Moloney virus replication to lymphatic cells rather
than an intrinsic target tropism of the virus (6, 20). More
recently, however, Cone et al. (6) reported that Moloney
virus transcription is depressed in the mouse erythroleu-
kemia cell line MEL, a result that suggests a possible
explanation for why Moloney virus fails to induce
erythroleukemias.
Our studies define a small number of nucleotide differ-

ences that underlie the different types of leukemia induced
by the nondefective Friend and Moloney leukemia viruses.
These differences lie within transcriptional signals that are
thought to function by interacting with nuclear, sequence-
specific DNA binding proteins. Current studies involving in
vitro mutagenesis of these sites and analysis of cellular
proteins that interact with them may ultimately provide a
more detailed molecular description of the specificity of a
retrovirus-induced disease.
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