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FIG. 3. M-MuLV RBS binding factors. The double-stranded (ds)

wt or mutant (m) 28-bp probes below were labeled and isolated as

described in Materials and Methods.

wt5'GGGGG CTCGT CCGGG ATCGG GAGCA CCC3'
3' CCCCC GAGCA GGCCC TAGCC CTCGT GGG 5'

m 5' GGGGG CTCGT CCGaG ATCGG GAGCA CCC 3'
3' CCCCC GAGCA GGCtC TAGCC CTCGT GGG5'

We used 20,000 cpm of wt (lanes 1 to 9) or mutant (lanes 10 to 15)
probe in each binding assay. The probes were incubated in 20 ,ul
reactions with no extract (lanes 1 and 10), with 50 ,ug of PCC4 EC
cell nuclear extract per ml (lanes 2 to 5 and 11 to 14) or with 250 ,ug
of PCC4EC cell cytoplasmic extract per ml (lanes 6 to 9 and 15). In
the following lanes, 4 ng of unlabeled competitor DNA was added:
M13 ssDNA, lanes 3, 7, and 12; ssDNA wt probe, lanes 4, 8, and 13;
dsDNA wt probe, lanes 5, 9, and 14. Incubations of 15 min at 25°C
were performed by using standard binding conditions (37) plus 100
ng of dI-dC, 5 mM KCI, and 5 mM NaCl. Reactions were terminated
by addition of loading dye, and free and complexed probes were
separated by electrophoresis on a 6% acrylamide-Tris-glycine gel.
Bands visualized after autoradiography with intensifying screes are
complexes A, B, C, D, and E, as well as free probe, F. Band A is
specifically detected with the wt but not the mutant probe. Similar
results are obtained when probes are labeled on the opposite strand.
Note that band B is variable in our hands and is not detected in all
gels.

ylases, respectively (Fig. 5, lanes 4 and 7 [HpaII] and 5 and
8 [MspI] versus lanes 2 and 3 [unmethylated] and 6 and 9
[mock methylated]). Interestingly, although methylation in-
terfered with factor A binding, we also observed a new

DNA-binding factor (designated Hp) that is detected with
the HpaII methylated probe (Fig. 5, lanes 4 and 7).

FIG. 4. Binding-factor competition studies. Wt probe, prepared
as described in the legend to Fig. 3, was incubated under standard
conditions with 50 ,ug of PCC4EC cell extract per ml. In lanes 2 to
6, 4 ng of unlabeled competitor DNA was added; in lanes 8 to 12, 10
ng of competitor DNA was added. Competitor DNAs were as
follows: wt dsDNA probe, lanes 2 and 8; mutant dsDNA, lanes 3
and 9; wt sense strand ssDNA, lanes 4 and 10; wt antisense strand
ssDNA, lanes 5 and 11; M13 ssDNA, lanes 6 and 12. Bands A and
C correspond to bands A and C in Fig. 3. Free probe is indicated (F)
at the bottom of the gel.

To identify specific nucleotides involved in binding, we
also performed band shift assays with hemimethylated forms
of the wt probe. For these experiments, labeled wt probes
were methylated; denatured; renatured with an excess of
unmethylated, unlabeled complementary strand; and reiso-
lated. Factor A binding was unaffected when the sense
strand was methylated with HpaII (Fig. 5, lane 10) or MspI
(lane 11) methylases, but was drastically diminished when
the antisense strand was methylated with HpaII (lane 12) or
MspI (lane 13) methylases. (Note that the reduction of factor
A complex with hemimethylated probes in lanes 12 and 13
was comparable to the effect of total methylation in lanes 4,
5, 7, and 8.) Surprisingly, formation of the factor Hp
complex, which requires CpG methylation (lanes 4 and 7),
was dependent on methylation on the wt probe sense strand
(lane 10) and did not occur when only the antisense CpG was

cytosine methylated (lane 12). Thus, both Hp and A factors
bind to the sense strand hemimethylated probes, but neither
bind probe which is antisense hemimethylated. To verify
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FIG. 5. Factor binding to methylated and hemimethylated

probes. Probes were labeled as described in Materials and Methods

and incubated, as described in the legend to Fig. 3, with 175 p.g of

PCC4 extract per ml prior to electrophoretic separation. Probes

were as follows: lane 1, mutant probe; lane 2, wt sense strand

labeled; lane 3, wt antisense strand labeled; lane 4, wt fully HpaII

methylated, sense strand labeled; lane 5, wt fully Mspl methylated,

sense strand labeled; lane 6, wt mock methylated, sense strand

labeled; lane 7, wt fully Hpall methylated, antisense strand labeled;

lane 8, wt fully MspI methylated, antisense strand labeled; lane 9, wt

mock methylated, antisense strand labeled; lanes 10 to 13, wt probes

labeled on the sense (lanes 10 and 11) or antisense (lanes 12 and 13)

strands and hemimethylated on the lowercase nucleotide as shown

below:

lane 10, sense strand Hpall hemimethylated:

5' GGGGG CTCGT CcGGG ATCGG GAGAC CCC 3'

3' CCCCC GAGCA GGCCC TAGCC CTCTG GGG 5'

lanell, sense strand Mspl hemimethylated:

5' GGGGG CTCGT cCGGG ATCGG GAGAC CCC 3'

3' CCCCC GAGCA GGCCC TAGCCO CTCTG GGG 5'

lane 12, antisense strand Hpall hemimethylated:

5' GGGGG CTCGT CCGGG ATCGG GAGAC CCCY3
3' CCCCC GACCA GGcCC TAGCC CTCTG GGG 5'

lane 13, antisense strand MspI hemimethylated:

5' GGGGG CTCGT CCGGG ATCGG GAGAC CCCY3
3'COCCOC GAGCA GGCcC TAGCCO CTCTG GGG 5'

Methylation was checked as described in Materials and Methods.

Band A indicates binding factor A, and Hp designates the factor

which binds to the HpaII methylated wt probe. Only a portion of the

gel is shown.

this, we have excluded the trivial possibility that our an-

tisense HpalI probe contained nonspecific inhibitors of Hp

and A binding by performing a gel shift assay with combi-

nations of mixed probes (data not shown).

DISCUSSION

M-MuLV expression is restricted in EC cells. Although

virus integration occurs at normal levels (12, 35) steady-state

levels of RNA are decreased up to 100-fold in EC cells

relative to differentiated cell types. The retrovirus LTR

promoter functions poorly in EC cells, at least partly be-

cause EC cells appear to lack a positive trans-acting factor(s)

(20). Also, at least two cis-acting negative regulatory ele-
ments participate in the EC repression phenomena, one of
which is in the vicinity of the primer-binding site (5, 11, 13,
21, 22, 38).
Some retroviral integrants are able to circumvent the EC

cell restriction by inserting downstream of strong cellular
promoters (5, 30), whereas others do so by mutation of one
of the cis-acting negative regulatory domains (5, 38). Our
evidence, and the evidence of others (21, 22), suggests that
the M-MuLV RBS element mediates stem cell viral restric-
tion by binding to an EC cell-specific trans-acting factor
which interferes with expression. PBSQ, a recombinant
retroviral construct containing mutations in the RBS region,
is expressed at 100-fold-higher levels in undifferentiated EC
cells than in wt M-MuLV constructs such as MP10, indicat-
ing that repression is not simply a consequence of perfect
PBS matching to a cellular tRNA. We have inserted wt and
B2 host range mutant RBS sequences downstream of the
viral LTR promoter in recombinant PBSQ constructs. Our
results indicate that this 28-bp sequence can mediate repres-
sion from the LTR promoter when placed in an intron in
either orientation (Fig. 1; Table 1).
To analyze the effect of the RBS on heterologous promot-

ers, we placed our wt and mutant RBS elements upstream of
the SV40 early promoter or the AdMLP driving neo expres-
sion. In the constructs LJ-P, LJ-PEnh-, and LJ-PAdML
PEnh- (Fig. 1), the wt M-MuLV RBS sequence repressed
EC cell expression from the SV40 early promoter and
AdMLP (Table 1). In contrast, the variant RBS in LJ-Q,
LJ-QEnh-, and LJ-QAdMLPEnh- did not repress expres-
sion in EC cells. The enhancer-deleted constructs showed
little or no neo expression from the viral LTR promoter as

assayed by Northern (RNA) blot analysis (Fig. 2). There-
fore, we can conclude that the RBS effect observed for these
constructs is on the SV40 early promoter and the AdMLP.
Because we (5) and others (21) have observed RBS-

mediated EC cell-specific restriction of gene expression in
transfections and have shown that such repression involves
the regulation of RNA levels (22, 38), our evidence suggests
that repression is mediated by an EC cell-specific regulatory
factor which binds to the RBS at the DNA level. Our band
shift studies have identified a DNA-binding factor, factor A,
which specifically binds to the wt RBS sequence and not to
the single-base-pair mutant sequence (Fig. 3 to 5). Loh et al.
(23) also have reported the identification, by exonuclease III
protection analysis, of a factor which specifically binds to
the wt RBS sequence. The extreme sensitivity of factor A
has precluded ready complex isolation for standard DNase I
protection and methylation interference assays: it is hoped
that partial purification of the factor will facilitate such
studies. Nevertheless, our analyses with methylated probes
(Fig. 5) indicate several contact sites of factor A with the wt
RBS. dam methylation at adenine nucleotides (M-MuLV
sense nt 162 and antisense nt 163) did not impair factor
binding (data not shown), nor did cytosine methylation on

sense strand nt 157 and 158 (Fig. 5). However, cytosine C-5
methylation on the M-MuLV antisense strand at nt 159 and
160 drastically reduced complex A formation (Fig. 5). This
result implies that factor A binding involves major groove
contacts at these nucleotides. That factor A might mediate
RBS repression is supported by the fact that MspI interfer-
ence and RBS mutant studies indicate the importance of
M-MuLV nt 160 in their effects.
Although the binding characteristics of factor A suggest

that it may be the RBS repressor, several observations are

problematic. We observe factor A binding in both nuclear
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and cytoplasmic extracts from undifferentiated EC cells,
which may be the result of nuclear contamination of our
cytoplasmic extracts or may reflect the natural distribution
of this factor. Although there is precedent for localization of
transcriptional factors in the cytoplasm (2, 3, 19), our
observations are complicated by the fact that the half-life of
binding factor A is 15 min in nuclear extracts but more than
60 min in cytoplasmic extracts. Another observation which
requires explanation is the identification of binding factor A
activity in differentiated NIH 3T3 cells (data not shown).
Because the RBS effect is not observed in NIH 3T3 cells, our
results with factor A are not compatible with a simple
explanatory model. One possibility is that RBS repression
does not involve factor A at all. However, it should be noted
that factor binding may be the first in a series of steps leading
to regulation.
One last complication concerning factor A binding to the

RBS is the identification of factor Hp binding to the HpaII
methylated wt probe (Fig. 5). DNA methylation has been
shown to play a significant role in controlling gene expres-
sion (35), yet the control of DNA methylation is very poorly
understood. Because EC cells demonstrate high levels of
CpG methylation (28, 35), it is possible that the Hp factor is
the functional RBS repressor and acts on methylated DNA,
rather than repression mediated by factor A at unmethylated
sequences. In support of this scenario is the fact that Hp is
unlike nonspecific CpG-binding proteins (1, 26), as demon-
strated by its requirement for RBS sense strand methylation
(Fig. 5). However, global methylation of M-MuLV in EC
cells appears to take more than 7 days (28), and we have
observed RBS repression at 2 days postinfection by using
luciferase reporter vectors (data not shown). Thus, unless
the RBS CpG is methylated much more rapidly than the bulk
of the M-MuLV DNA (a possibility that we are testing), it
seems unlikely that initial M-MuLV repression in EC cells
involves the Hp factor. Nevertheless, we consider it possible
that factors A and Hp participate together in RBS regulation,
with A and Hp repressing expression from unmethylated and
methylated sequences, respectively. With this in mind, it is
of interest that although neither Hp nor factor A binds to
antisense HpaII hemimethylated probes, both factors bind
to the wt sense hemimethylated probe. Therefore, immedi-
ately after replication of fully methylated DNA, daughter
strands may differentially bind Hp and/or A factors. This
feature could be used to give daughter cells different devel-
opmental potentials.
We do not know whether RBS homologs are used in the

normal regulation of cellular genes in EC cells. The
M-MuLV RBS sequence contains no obvious identities with
other nuclear-binding factor sites (16). However, in addition
to the expected homologies with a variety of retrovirus
PBSs, the M-MuLV RBS contains an unexpected homology
to the 3'-noncoding region of the alpha chain of the T-cell
receptor (TCR) (31):

M-MuLV repressor site:
5'GGGGG CTCGT CCGGG ATCGG GAGAC CCC 3'

TCR 3' non-coding region:
5'cGGGG CTtcT CCtGG ATCtG aAGAC CCC 3'

This homology is interesting because it maps to the TCR-
alpha region that has been implicated in silencing TCR-alpha
gene expression in immature T cells (39). We do not know
the significance, if any, of this similarity, because we have
not examined whether the above sequence differences affect
RBS function. Nevertheless, since M-MuLV is a T-cell

leukemia virus, it is possible that the M-MuLV RBS plays a
role in the regulation of the virus gene expression during
T-cell differentiation. We are studying the expression of the
wt and m viral constructs in immature and mature T cells to
ascertain the functional significance of this homology.
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