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TABLE 2. Frequency of G418 resistance

Frequency of G418 resistance by":
Cell line

pMLV.WT Fneo pMLV.WT/Fneo pMLV.WT pMLV.5 pMLV.WT/pMLV.5 pMLV.WT pMLV.4 pMLV.WT/pMLV.4

PC13 228 1 228 73 176 0.4 310 0.5 620
F9 550 0 473 1,208 0.4 550 0
C2 1,480 1,260 1.2 1,480 2,100 0.7 990 603 1.6
L 8,600 7,800 1.1 8,600 11,180 0.8 8,600 6,450 1.3

"Frequencies are per microgram ofDNA per 106 cells and represent an average from three transfected plates, and ratios were only determined from concurrent
transformation assays. DNA mixtures for the PC13, F9, and C2 transfection assays contained 1 ,ug of test plasmid plus 5 ,ug of pUC9 carrier plasmid per plate.
DNA mixtures for L-cell transfection assays contained 100 ng of test plasmid plus 5 ,ug of pUC9 carrier plasmid per plate. Fneo, FVXMneo.

of expression from the two templates differed only in EC
cells; and an element(s) within the proviral DNA, in addition
to the LTR regulatory elements, specifically restricted
expression in EC cells after DNA transfection.
Comparison of the MLV.WT and FVXMneo DNA tem-

plates revealed several apparent differences (Fig. 3). First,
FVXMneo DNA contained a 750-bp leader fragment that
included Ha-MSV-derived sequences and the M-MuLV se-
quences spanning the packaging signal that were located
between the 5' LTR and the neo sequences. Second,
pMLV.WT contained the SV40 small t splice and polyade-
nylation signals at the 3' terminus, whereas FVXMneo DNA
contained the 3' M-MuLV LTR that included the poly-
adenylation site and no known splicing signals. It is impor-
tant that we have no evidence on whether the small t splice
is or is not made in the MLV.WT transcript. To identify the
element responsible for specific inhibition of expression in
EC cells, two recombinants described in Fig. 3 were con-
structed. In pMLV.5, the SV40 sequences ofMLV.WT were
replaced with the M-MuLV 3' LTR sequences from
FVXMneo DNA, and this template should direct the syn-
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thesis of a 2.1-kb transcript. In pMLV.4, the 750-bp SmaI-
BgIII fragment from FVXMneo DNA containing both Ha-
MSV and M-MuLV sequences was inserted into a corre-
sponding position in pMLV-WT, and this recombinant
should encode a 2.95-kb transcript.

Results of transient expression analyses (Fig. 5A and B)
indicate that expression levels directed by pMLV.WT and
pMLV.5 were comparable in each of the four cell lines
assayed. The two templates also had similar transformation
frequencies in each cell line (Table 2). This indicates that the
presence of the 3' LTR sequences or the absence of the
SV40 splicing signals, polyadenylation signals, or both is not
responsible for the specific inhibition of FVXMneo expres-
sion in EC cells. The reason for the small but reproducible
increase in transformation efficiency of pMLV.5 over
pMLV.WT in EC cells (Table 2) is not clear. This effect is
not consistently reflected at the steady-state RNA level (Fig.
5), and may therefore be related to a greater translational
efficiency of the MLV.5 transcript in EC cells.
The transient expression data with pMLV.4 are shown in

Fig. SC and D. Similar to the results with FVXMneo and
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FIG. 5. Quantitation of neo transcripts in transient expression RNA. (A and C) RNA samples prepared from transfections of PC13, F9,
L, and C2 cells with pMLV.WT and pMLV.5 (A) or pMLV.4 (B) were resolved on a 6% formaldehyde-1% agarose gel, transferred to Gene
Screen (New England Nuclear; E. I. du Pont), and hybridized with a neo-specific single-stranded RNA probe. Amounts of test and carrier
plasmid DNA used for each transfection are the same as described in the legend to Fig. 4. Total cytoplasmic RNA was analyzed from
transfected L and C2 cells, and poly(A)+ RNA was analyzed from transfected PC13 and F9 cells. In panel A the arrows identify the positions
of the 2.3- and 2.1-kb transcripts, and in panel B the arrows identify the positions of the 2.3- and 2.95-kb transcripts. (13 and D) Ratios of the
neo transcript levels between pMLV.WT and pMLV.5 transfections (B) and pMLV.WT and pMLV.4 transfections (D). WT, MLV.WT; .4,
MLV.4; .5, MLV.5.
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pMLV.5 transfection assays, the MLV.4 transcript levels in
transfected C2 and L cells were nearly equivalent to the
levels of the MLV.WT transcript. The ratios of MLV.WT to
MLV.4 transcript levels, however, increased to 50-fold and
greater in transfected PC13 and F9 EC cells. The transfor-
mation frequencies for MLV.4 that appear in Table 2 directly
reflect the transient expression data. The frequency of G418
resistance conferred by pMLV.4 was similar to that of
pMLV.WT in C2 and L cells but was significantly reduced to
barely detectable levels in the EC cell lines. These data
closely mimic the pFVXMneo expression results and argue
that sequences within the 750-bp leader fragment specifically
inhibit expression of the FVXMneo genome in EC cells. In
addition, cotransfection experiments with MLV.WT and
MLV.4 in transient expression assays showed that the leader
fragment is a cis-acting inhibitory element (data not shown).
The absence of procaryotic sequences 5' to the BglII restric-
tion site in pMLV.4 and pFVXMneo that are present in
pMLV.WT, pMLV.1, pMLV.3, and pMLV.5 is known not
to be responsible for the EC cell-specific repression since
constructs comparable to pMLV.4 that contain these se-
quences display identical expression profiles (T. Loh, un-
published data).
To better define the inhibitory element, a series of recom-

binants were constructed that contained sequential 5' and 3'
deletions of the leader fragment. The parental plasmid was
pMLV.4, and a selected set of the deletion recombinants are
diagrammed in Fig. 6A. The 5' deletion endpoints were
linked to the 5' LTR at the SmaI restriction site at position
30 via Hindlll linkers. The 3' deletion endpoints were linked
to the neo structural gene at the BglII restriction site. The
deletions of pertinent recombinants were precisely deter-
mined by sequence analysis, and the map positions appear in
Fig. 6A. Transformation frequencies of each recombinant
were assayed in PC13 cells, and the values were standard-
ized to transformation frequencies obtained with MLV.WT
DNA in parallel transfection assays. The ratios appear at the
deletion endpoint map for each recombinant. In the 3'
deletion series (even-numbered recombinants) there was an
80-fold increase in transformation frequency between
pMLV.410 and pMLV.4A44. This suggests that the inhib-
itory sequences are localized between these two recombi-
nants, and this is supported by the data obtained with
pMLV.4A12. The 3' deletion border of pMLV.4A12 was
between pMLV.4A10 and pMLV.4A44 at position 166, and
this deletion recombinant had an intermediate transforma-
tion frequency that is 10-fold higher than that of pMLV.4A10
but 8-fold less than that of pMLV.4A44. For the 5' dele-
tion series (odd-numbered recombinants), a 100-fold in-
crease in transformation frequency was observed between
pMLV.4A25 and pMLV.4A19. This delimited an inhibitory
region that overlapped the region defined by the 3' deletion
recombinants. All of the recombinants in both the 5' and 3'
deletion series were found to give equivalent transformation
frequencies in C2 cells (data not shown). Therefore, the
sequences responsible for the EC cell-specific inhibition of
expression could be localized to a region within and/or
spanning the 29-bp fragment defined by the pMLV.4A44 and
pMLV.4A19 deletion endpoints. This fragment is illustrated
in Fig. 6B and was found to include the M-MuLV tRNA
primer binding site.

DISCUSSION

To begin understanding the mechanisms responsible for
suppression of retrovirus expression in mouse EC cells, we
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FIG. 6. Localization of EC cell-specific inhibitory sequences in
the FVXMneo leader fragment. (A) Map of the pMLV.4 deletion
recombinants. Constructions are described in the text. The single
solid lines represent portions of the leader fragment that remain in
each recombinant. The numbers with plus signs at the termini of the
deletion maps refer to the precise positions of the deletions deter-
mined by sequence analysis. The boldface numbers appearing with
each deletion map represent ratios of the transformation frequencies
for the deletion recombinants to the frequencies for MLV.WT.
These values were obtained in assays performed exactly as de-
scribed for Table 1. (B) Nucleotide sequence of the leader region
(56) defined as inhibitory by deletion analysis. The 29-bp fragment is
represented by boldface letters. Arrows mark the deletion endpoints
of the indicated recombinants. IRS, inverted repeat sequence at the
3' border of the LTR; PBS, tRNA pfimer binding site.

examined the activity of a specific retroviral recombinant,
FVXMneo, and derived plasmid recombinants. Two meth-
ods, transient expression and transformation frequencies of
drug resistance, were used to address this question. Both
assays measured expression after DNA-mediated gene
transfer but differed in that one measured expression at the
RNA level from nuclear plasmid DNA that was propagated
in bacteria, while the other measured expression at the
protein level from integrated replicating templates. Although
in several instances there were quantitative differences, both
methods led to similar qualitative findings. Certainly, full
biological significance from assays in which DNA transfer
techniques are used, with regard to the retrovirus life cycle,
must await construction, propagation, and analysis of de-
fined recombinant virus stocks.
A block in retrovirus gene expression in murine EC cells

has been reported to occur at the level of enhancer function
(19, 28). When the M-MuLV LTR was isolated from other
viral elements. such as in pMLV.WT, pMLV.1, and
pMLV.3, viral promoter activity could be detected in EC
cells; but it was not induced by the enhancer sequences (Fig.
2 and Table 1). This supports the conclusion that the
M-MuLV promoter is inefficient in EC cells because the
enhancer sequences are not recognized as functional ele-
ments. Enhancer binding factors for several viral (11, 33, 39)
and cellular (9, 14, 35, 43, 51) genes have been identified, and
there is evidence for cellular factors that positively regulate
enhancer activity (30, 38, 40). The simplest interpretation of
our results is that EC cells lack positive regulatory factor(s)

VOL. 7, 1987
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that activate the M-MuLV enhancer. Furthermore, the re-
sults presented in Fig. 2 suggest that there may be limiting
amounts of a positive regulatory factor in F9 and PC13 cells
since the ratios of expression from pMLV.WT to pMLV.1
increase with decreasing DNA concentrations. The differ-
ence in the ratio values are subtle, however, and their
significance is uncertain because in vivo competition assays
that would address this issue have been inconclusive in our
laboratory to date.

In contrast to results of a previous report (19), we were
unable to detect any repressor activity in F9 and PC13 EC
cells associated with the retroviral LTR. There may be
several reasons to explain this apparent contradiction. One
trivial explanation is vector differences. Another is that our
EC cell lines may not be truly stemlike. This is unlikely since
similar expression results were obtained with the F9 and
PC13 cell lines. PC13 EC cells have been reported to be
more stemlike than F9 EC cells (1), and this has been
confirmed with the cell lines propagated in our laboratory by
analysis of differentiation markers (data not shown). A third
reason is that the EC cell-specific repressor activity may
recognize the MSV but not the M-MuLV LTR. Comparison
of the MSV and M-MuLV LTR sequences (56) reveals
several base pair differences in the enhancer regions which
may be responsible for any difference in activity. If the last
explanation is correct, repressor activity is not essential for
restricting expression in EC cells since M-MuLV expression
is restricted as well. One possibility that cannot be excluded
is that the M-MuLV enhancer is silenced by a repressor but,
in contrast to what was found with the MSV enhancer (19),
binding and action of the repressor did not affect enhancer-
independent expression directed by the M-MuLV promoter.
This model was not supported by the data in Fig. 2A and B,
in which the relative levels of expression between MLV.WT
and MLV.1 increased with decreasing template concentra-
tions.

Expression assays with pMLV.WT and the cloned
FVXMneo provirus were done to determine if inefficient
enhancer activity was the sole factor in restricting expres-
sion in EC cells. Similarity in pMLV.WT and pFVXMneo
expression in C2 and L cells contrasts sharply with the
dramatic inhibition of pFVXMneo expression in F9 and
PC13 cells (Fig. 4 and Table 2). This indicates that an
element(s) within the provirus, in addition to the LTR
enhancer and promoter sequences, is responsible for EC
cell-specific down regulation. Assays with pMLV.4 and
pMLV.5 (Fig. 5 and Table 2) identified the inhibitory region
to be within the 750-bp SmaI-BglII fragment of pFVXMneo
that encodes the RNA leader sequence of the genomic
transcript. This fragment contained sequences derived from
Ha-MSV and M-MuLV and included the U5 region of the 5'
LTR, the tRNA primer binding site, and the RNA packaging
signal.
To localize the negative regulatory activity, the leader

fragment was dissected by sequential 5' and 3' deletion
analysis. A 29-bp fragment that included the tRNA primer
binding site was found to be responsible for the EC cell-
specific repression. During preparation of this manuscript,
Barklis et al. (4) reported the isolation of a M-MuLV mutant,
termed B2, that had an increased capacity to replicate in F9
cells. Although they were unable to define at what level
repression in F9 cells was relieved, a single-base-pair change
from a guanine nucleotide at position 160 (Fig. 6B) to an
adenine nucleotide was identified in the B2 genome within
the tRNA primer binding site domain. The coincidence of
the domains identified as inhibitory in EC cells by the B2

mutation and our deletion analysis suggests that the same
regulatory process is being studied. We also do not know at
what level repression occurs since the region is intragenic
and could be transcriptional, posttranscriptional, or both.
We have shown, however, that steady-state mRNA levels
are significantly reduced in EC cells when the leader frag-
ment is present. Therefore, the element either blocks tran-
scription by inhibiting initiation, elongation, or both or
signals a rapid turnover of transcripts in which it is found.
Results of nuclear run-on experiments with transiently
transfected plasmids to assay transcription rates have been
inconclusive because levels of transcription promoted by the
M-MuLV LTR are too low to distinguish from the apparent
nonspecific transcription promoted by the pBR322 vector
sequences. Whether the inhibitory process is operative on
the proviral DNA, the RNA, or both, it is likely that the
tRNA primer binding site is not solely involved. The deletion
recombinant pMLV.4A12 contained an intact primer binding
site but had an intermediate expression level. Analysis of
steady-state mRNA levels following transient expression
confirmed the intermediate expression level of MLV.4A12 in
comparison with those of MLV.4A&10 and MLV.4A44 (data
not shown). Therefore, the inhibitory domain appears to
include not only tRNA primer binding site sequences but
downstream sequences as well.
Assuming that the suppression identified in the transfec-

tion assays pertains to expression from integrated proviral
DNA introduced by infection, it is apparently restricted to
upstream viral promoter activity, turnover of the genomic
transcript, or both since efficient expression from internal
promoters of recombinant retroviral vectors in EC cells has
been observed (37, 54). The leader RNA segment of avian
sarcoma virus (ASV) has also been implicated in the control
of viral expression because regions upstream from the initi-
ator AUG codon have been found to affect translational
efficiency (22). The ASV regulatory mechanism appears to
be distinct from the one that is responsible for the phenom-
ena reported here since the locations of the regulatory
domains differed and ASV regulation was studied in permis-
sive cells. Furthermore, deletion of the ASV leader element
did not affect mRNA levels.
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