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Enhanced B2 transcription in simian virus 40-transformed cells
is mediated through the formation of RNA polymerase III
transcription complexes on previously inactive genes
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ABSTRACT RNA polymerase III (pol III) transcribes the
highly repeated murine B2 elements. We showed previously
that the B2 RNAs are induced 4-fold in normal growing cells
and 20-fold in simian virus 40-transformed cells relative to the
levels in normal confluent cells. By employing chromatin as a
template in a partially purified pol III transcription system, we
now demonstrate that the augmented expression results from
the formation of polm transcription complexes on previously
inactive B2 genes. Extracts prepared from normal growing
cells and transformed cells transcribed cloned pol III templates
5-fold more efficiently than extracts from normal confluent
cells. This increase was attributed to 5-fold greater levels of
factor IIIC; the levels of pol Ill and factor IIIB were the same
in all extracts. We discuss how the levels of IIIC and differing
accessibility of this factor to repressed B2 genes mediate the
formation of polIHI transcription complexes in normal growing
and transformed cells.

The B2 elements are a highly repeated murine gene family
present at 105 copies per genome (1). RNA polymerase III
(pol III) transcribes these genes in vivo giving rise to a class
of small heterogeneous RNAs, 200-600 nucleotides long (2,
3). The cytoplasmic levels of these transcripts are increased
by a wide range of cellular conditions including oncogenic
transformation (2, 4), growth (5), and heat shock (6). These
RNAs are also induced during early mouse development (7)
and in undifferentiated embryonal carcinoma cells (4). Al-
though the function of the B2 RNAs is unknown, the
induction provides a useful system to analyze how diverse
phenomena effect similar changes in cellular gene expres-
sion.
We have demonstrated (2) that the B2 RNA levels are

increased 20-fold in simian virus 40 (SV40)-transformed
murine cell lines compared with normal confluent cells.
These transcripts are also induced 4-fold in normal growing
cells (2). We found that this enhanced expression was specific
to highly repeated pol III gene families and that it occurred
at the level of transcription (8).
B2 elements contain a split internal pol III promoter

consisting oftwo conserved sequence motifs called the A and
B boxes (for review, see ref. 9). Like the adenovirus VA and
cellular tRNA genes, which contain a similar promoter,
transcription of either cloned or genomic B2 elements in vitro
requires pol III and two partially purified accessory compo-
nents (2, 8), designated factor IIIB and factor IIIC (10). On
the tRNA and VAI genes factor IIIC binds specifically to the
A and B boxes forming the minimum isolable complex
observed in vitro. This binding permits factor IIIB to bind
that in turn allows pol III to affix and initiate transcription (9).

Stable transcription complexes containing the factors nec-
essary for specific initiation have been demonstrated on the

5S and tRNA genes in Xenopus chromatin (11). We wished
to establish whether such complexes were associated with
the B2 genes in murine chromatin and whether formation of
additional assemblies mediated the induction in normal
growing and in SV40-transformed cells. We demonstrate that
stable transcription complexes do exist on the B2 genes in
chromatin and that the amount of bound IIIC reflects the
transcription rates previously observed in nuclei from normal
confluent, normal growing, and SV40-transformed cells.
Although we observe that factor IIIC activity is elevated
5-fold in normal growing and in transformed cell extracts,
relative to normal confluent cell extracts, we find no evidence
for a B2-specific factor.

MATERIALS AND METHODS
Preparation of Chromatin. Nuclei were prepared from

SVT-2 and BALB/c 3T3 cell as described (8). Endogenous
B2 RNA was removed by treating the nuclei with RNase A.
Native and Bio-Rex 70-treated chromatin were prepared as
described (11). The DNA concentration and size of the
chromatin were monitored by absorbance at 260 nm and
agarose gel electrophoresis, respectively.

Transcription of Chromatin in Vitro. Transcription factors
IIIB and IIIC from HeLa cells and pol III from Xenopus
laevis were fractionated as described (12). One unit of factor
activity is the amount required to synthesize 50 fmol of
specific RNA in a standard transcription reaction with the
other components in excess (8). One unit of polymerase
activity is the amount required to synthesize 1 pmol of RNA
in a 20-min reaction at 30'C by using poly[(dA-dT)] as a
template. The 20-,l reaction mixtures contained 20 mM
Hepes (pH 7.5), 65 mM KCI, 5 mM MgCl2, 0.1 mM EDTA,
1.0 mM dithiothreitol, 7% (vol/vol) glycerol, 5 units of
RNasin (Promega Biotec, Madison, WI), 200 ,M ATP, 200
,uM GTP, 200 ,uM CTP, 200 ,uM UTP, 1 ,ug of chromatin
(DNA concentration), 0.5 unit of the indicated factors, and 10
units of pol III. After 1 hr at 30°C, the reactions were
terminated and the RNA products were assayed by primer
extension as described (8).

Transcription by the Extracts. Extracts were prepared as
described by Manley et al. (13). BALB/c 3T3 cells were
harvested at 0.5 x 106 cells per 100-mm dish for the normal
growing cell extracts (3T3-G) or 3 x 10' cells per 100-mm
dish for the confluent cell extracts. SVT-2 cells were col-
lected between 1 and 3 x 107 cells per 100-mm dish. The
transformed cells are smaller, are not contact inhibited, and
thus grow to much higher densities than the normal cells.

Abbreviations: pol III, RNA polymerase III; SV40, simian virus 40;
TAg, tumor antigen.
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Protein was assayed with a Bio-Rad kit with bovine serum

albumin as a standard.
The 20-ttl transcription mixtures were incubated for 1 hr at

300C and contained extract, 20 mM Hepes (pH 7.5), 65 mM
KCl, 5 mM MgCl2, 6% (vol/vol) glycerol, 200 ttM ATP, 200
tkM CTP, 200 ,uM UTP, and 0.3 ptg of either pXltmet (14) or

A18CL. Reactions with pXltmet, a plasmid containing a

tlRNA~Iet gene, also contained 10 ,M GTP and 10 ,Ci of
[k-32P]GTP (1 Ci = 37 GBq). Reactions with A18CL, a

plasmid containing aB2 element, also contained 200 ,uM GTP.
The B2 element in A18CL is 95% similar to the B2 consensus

§equence. Transcription ofthe B2 element in A18CL proceeds
into M13 vector DNA and transcripts were measured by
primer extension analysis with the M13 reverse sequencing
primer. The 32P-labeled tRNA gene transcripts and the B2
primer extension products were fractionated by electropho-
resis through polyacrylamide sequencing gels and auto-
radiographed; the amount of specific product was quantitated
by measuring the radioactivity of excised bands.

RESULTS

B2 and tRNA Gene Transcription in Whole Cell Extracts. By
using a nuclear run-on assay we demonstrated (8) that the
induction ofB2 RNAs was due to increased transcription. To
determine if augmented levels of either a B2-specific factor or
a general pol III transcription component accompanied the
increase in transcription, we prepared whole cell extracts
from normal growing, confluent, and SV4O-transformed cells
and compared their ability to transcribe cloned pol III
terpplates. Transcription of cloned B2 and tRNA templates
were compared to distinguish B2-specific effects from those
on, the general pol III transcription apparatus. In vivo, the
levels of measured tRNAs do not change during growth or

upon SV40 transformation (8). We have used primer exten-
sion analysis to measure the products of in vitro transcription
Qf the B2 template; pol III, factor IIIB, and factor IIIC were

required and transcription was inhibited by a-amanitin at 200
but not at 2 ,g/ml (Fig. 1, lanes 10-14). The lower level of
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FIG. 2. In vitro transcription of a cloned tRNA1it gene with
extracts prepared from normal and transformed cells. The transcrip-
tion mixtures contained 0.3 ,ug of pXltmet and the indicated amounts
of extract from normal confluent (3T3-C) cells (lanes 1-3), normal
growing (3T3-G) cells (lanes 4-6), or SV40-transformed (SVT-2) cells
(lanes 7-9). The 32P-labeled RNAs were fractionated through 10%
polyacrylamide/urea gels.

drug inhibits RNA polymerase II whereas the higher level
also inhibits pol III.

With this template we found 5-fold greater levels of specific
transcription in extracts prepared from normal growing

(3T3-G) and transformed (SVT-2) cells than in those made
from normal confluent cells (3T3-C) (Fig. 1, lanes 1-9).
Transcription of a tRNA gene by the extracts gave similar
results (Fig. 2), demonstrating that the increase was not
specific for B2 genes but was instead a general effect on the
specific pol III transcription activity.
The increased transcription capacity of the normal growing

and transformed cell extracts could be due to increased levels
ofone ofthe pol III transcription components or the presence
of an inhibitor in the normal confluent cell extracts. Tran-
scription experiments in which the normal confluent cell

0 0 0 2 200 :a-amanitin, pg/mi
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FIG. 1. In vitro transcription of a cloned B2 element with extracts prepared from normal and transformed cells. The transcription mixtures
contained 0.3 tkg of a cloned B2 element and the indicated amounts of extract prepared from normal confluent (3T3-C) cells (lanes 1-3), normal
growing (3T3-G) cells (lanes 4-6), or SV40-transformed (SVT-2) cells (lanes 7-9), or 0.5 unit of the designated factors, 10 units of pol I1I, and
the specified concentrations of a-amanitin (lanes 10-15). The RNAs were measured by primer-extension analysis.

Proc. Natl. Acad. Sci. USA 85 (1988)



Proc. Natl. Acad. Sci. USA 85 (1988) 7061

extract was mixed with the other extracts failed to reveal the
presence of an inhibitor. We, therefore, measured the levels
of pol III, factor IIIB, and factor IIIC. When the levels of pol
III were measured by a nonspecific template assay, we found
less than a 2-fold difference between the three extracts (data
not shown). We next measured factors IIIB and IIIC by
complementation. In this assay, the levels of one factor were
measured by placing the other factor and pol III in excess
with a tRNA gene as template. Titrations with partially
purified components were performed to ensure that the factor
being measured was limiting. Transcription was assayed in
the range in which the tRNA synthesized was roughly linear
with the protein concentration in the extracts. We found
nearly equivalent levels of factor IIIB in all three extracts
(Fig. 3A). In contrast, with 22.5 pug of protein, for example,
the levels of factor IIIC were 5-fold greater in the normal
growing and transformed cell extracts than in the normal
confluent extracts (Fig. 3B). Quantitatively similar results
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FIG. 3. (A) Complementation of extracts with pol III and factor
IIIC. The transcription mixtures contained 0.3 4g of pXltmet, 10
units of Xenopus pol III, 0.5 unit of HeLa factor IIIC, and the
indicated amounts of extract from normal confluent (3T3-C) cells
(lanes 1-3), normal growing (3T3-G) cells (lanes 4-6), or SV40-
transformed (SVT-2) cells (lanes 7-9). (B) Complementation of
extracts with pol III and factor IIIB. The transcription mixtures
contained 0.3 gg of pXltmet, 10 units of Xenopus pol III, 0.5 unit of
HeLa factor IIIB, and the indicated amounts of extract from normal
confluent (3T3-C) cells (lanes 1-3), normal growing (3T3-G) cells
(lanes 4-6), or SV40-transformed cells (lanes 7-9).

were observed with two other extracts prepared from each of
the cell types.
B2 Gene Transcription in Chromatin. We wished to deter-

mine if stable transcription complexes existed on the B2
genes, and if so, how these assemblies mediated the induc-
tion. Particularly interesting is the amount of IHIC bound to
the B2 genes in chromatin because of the elevated levels of
this factor in normal growing and transformed cell extracts.
The amount of IIIC bound to the B2 genes was measured by
complementing chromatin from normal confluent (3T3-C),
normal growing (3T3-G), and SV40-transformed (SVT-2)
cells with factor IIIB and pol III and quantitating the B2 RNA
products by primer extension analysis (Fig. 4). Under these
conditions, we measure the relative number of complexes
containing either IHIC alone or paired with TIuB. We found
that the relative levels of B2 RNA synthesized in vitro among
the three chromatin preparations matched those observed in
the cytoplasm (compare lanes 1-3 with lanes 7-9) and those
produced in the nuclear transcription reactions (ref. 8 and
unpublished data). In contrast, transcription of total tRNA
genes in the chromatin was identical among all three prepa-
rations (unpublished data). Similar data were obtained with
several preparations ofchromatin. These results demonstrate
that stable complexes exist on the B2 genes and suggest that
binding of IHIC mediates the transcriptional induction. If the
levels of bound IHIC were identical among the preparations,
then complementation with excess pol III and factor IIIB
would have produced similar amounts of B2 RNA.
A crucial aspect ofthe IHIC binding model is that genes that

are activated in normal growing and transformed cells must
be repressed in normal confluent cells. A precedent for this
type of regulation exists in the Xenopus 5S RNA gene system
where the oocyte-type 5S genes are repressed by histone H1
in somatic cells (11). Treatment of the Xenopus chromatin
with either high salt concentrations or the cation-exchange
resin Bio-Rex 70 removes this repression and allows subse-
quent transcription of the oocyte genes by pol III and a full
complement of transcription factors. To ascertain whether
the B2 genes in normal confluent cells are similarly repressed,
we treated the three chromatin preparations with Bio-Rex 70
and employed them as templates in the fractionated pol III
transcription system. We refer to these preparations as
derepressed chromatin. Transcription with pol III and factor
IIIB was used to determine the relative number of transcrip-
tion complexes containing factor IIIC, and transcription with
pol III, factor IIIB, and factor IIIC was used to assess the
number of available but previously silent or repressed B2
templates (Fig. 5). Although transcription from the com-
plexes containing IIIC was reduced compared with native
chromatin (Fig. 5, compare lane 8 with lane 2) the ratio of the
B2 RNA products among the three derepressed preparations
remained the same (compare Fig. 4, lanes 7-9 with Fig. 5,
lanes 4, 6, and 8). Thus, treatment of chromatin with Bio-Rex
70 reduces the number of active transcription assemblies but
affects each of the preparations similarly. When the dere-
pressed chromatin was transcribed with pol III, factor IIIB,
and factor IIIC, similar amounts of B2 gene transcription
were observed among all three preparations (Fig. 5, lanes 5,
7, and 9). This transcription was greatly increased relative to
that observed with native chromatin as template (compare
lane 3 with lane 9). No increase in the level of tRNA gene
transcription was observed (unpublished results). Surpris-
ingly, even in transformed cells, where we observe the largest
induction, only 5% of the transcriptionally competent B2
genes are active (compare lane 2 with lane 9). These data
suggest that in all of the cells, the majority of B2 genes are
repressed; however, fewer are repressed in normal growing
and transformed cells than in normal confluent cells. The
results are consistent with the hypothesis that the increased
transcription in normal growing and transformed cells is due
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FIG. 4. In vitro transcription of B2 genes in native chromatin.
The transcription mixtures contained 1 ,ug of native chromatin (lanes
4-9) from normal confluent (3T3-C) cells (lanes 4 and 7), normal
growing (3T3-G) cells (lanes 5 and 8), or SV40-transformed (SVT-2)
cells (lanes 6 and 9) and either no factors (lanes 4-6) or 10 units of
pol III and 0.5 unit offactor IIIB (lanes 7-9). The product RNAs were
analyzed by primer extension. The primer extension mixtures
contained a 32P-labeled B2 synthetic oligonucleotide primer and
either RNA synthesized in vitro (lanes 4-9) or 50 ng of cytoplasmic
RNA (lanes 1-3) from normal confluent (3T3-C) cells (lane 1), normal
growing (3T3-G) cells (lane 2), or SV40-transformed (SVT-2) cells
(lane 3). The bands between the primer and the B2 RNA extension
products appear to be due to extension of degraded endogenous B2
RNA resulting from pretreatment of the nuclei with RNase A.

to the formation of transcription complexes on previously
repressed B2 genes but only a fraction ofthe transcriptionally
competent genes become activated.

DISCUSSION

We have analyzed the induction of B2 gene expression in
normal growing and SV40-transformed cells. We found (8)
that the relative amounts of B2 RNA synthesized in nuclear
transcription reactions paralleled the levels observed in the
cytoplasm, demonstrating that the induction was due to
increased transcription. We observed the same result when
we transcribed native chromatin in the presence of saturating
amounts of pol III and factor IIIB, suggesting that these
components are normally in excess in the cell and that
binding of factor IHIC to the B2 genes is the limiting step in

1 2 3 4 5 6 7 8 9
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FIG. 5. In vitro transcription of B2 genes in derepressed
chromatin. The transcription reactions contained pol III, the indi-
cated factors, and 1 Ag of native transformed (SVT-2) cell chromatin
(lanes 1-3) or Bio-Rex 70-derepressed chromatin (lanes 4-9) from
normal confluent (3T3-C) cells (lanes 4 and 5), normal growing
(3T3-G) cells (lanes 6 and 7), or SV40-transformed (SVT-2) cells
(lanes 8 and 9). RNAs were analyzed by primer extension.

the induction. Treatment of the chromatin with Bio-Rex 70
and subsequent transcription with pol III, factor IIIB, and
factor IIIC reveals the presence of a large pool of transcrip-
tionally competent genes among all three chromatin prepa-
rations that were not active in the absence of factor IIIC. The
total number of transcriptionally competent B2 genes was the
same for normal confluent, normal growing, and SV40-
transformed cells. However, even in transformed cells,
where we observe the largest induction, only 5% of these
genes contain transcription complexes. The other 95% are
repressed either by histone H1 or some other component of
the chromatin removed by Bio-Rex 70.
By using a complementation assay, we found a 5-fold

increase in factor IIIC activity in extracts from normal
growing compared with normal confluent cells. This corre-
lates well with the B2 RNA induction in the growing cells and
suggests that the increased levels of ITIC cause the augmen-
tation. In contrast, the levels of factor IIIC alone cannot
explain the induction in transformed cells because the in-
crease in B2 RNA is 5-fold greater than in normal growing
cells. This result suggests that there is a distinct effect of
oncogenic transformation superimposed on the induction in
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normal growing cells. It is possible that transformation
results in a further increase in factor IIIC activity in vivo,
perhaps by increasing its affinity for B2 genes, but that this
activity does not function in vitro. Alternatively, transfor-
mation increases the number of accessible B2 genes, thereby
driving the formation of additional transcription complexes in
transformed cells. It is conceivable that large tumor antigen
(TAg), the transforming protein of SV40, plays an active role
in this process. TAg binds to specific sequences in cellular
DNA that are similar to those present in the SV40 genome (S.
Conrad and M. Botchan, personal communication) and has
DNA helicase activity (15). Once bound, the helicase activity
might allow TAg to proceed along the DNA disrupting
inactive chromatin, thereby exposing previously repressed
B2 genes to the factors.

Other viral transforming genes have also been found to
increase pol III transcription. Exogenous pol III templates
transfected into cells harboring the adenovirus ElA or the
pseudorabies IE protein are transcribed at much greater
efficiencies than in control cells (16, 17). Extracts prepared
from these cells also appear to contain greater levels of factor
IIIC than those obtained from parental cell lines (17, 18).
Unlike the adenovirus and pseudorabies systems, the levels
of IIIC observed in cells harboring large TAg are no higher
than those observed in normal growing cells.

It is surprising that only the B2 genes and one other highly
repeated gene family, designated B1, are affected by growth
conditions and transformation. The 5-fold increase in the
levels offactor IIIC in growing and transformed cells does not
alter the steady-state levels ofother pol III products including
the 5S, 7SL, 7SK, tRNAM t, tRNAPrO, or 4.5S, RNAs, nor
does it affect the nuclear transcription rates of 5S RNA (8).
These data suggest that even in the normal confluent cell,
these genes are always being transcribed at their maximum
rates. It is possible that these pol III templates contain
stronger promoters than the B) and B2 genes and are thus less
sensitive to changes in the concentration of factor IIIC
because they are already saturated. For example, the 7SL
and tRNA genes are known to contain 5' flanking elements
that contribute significantly to their transcription efficiency
(19, 20). In contrast, B1 and B2 genes have transposed
throughout the genome by an RNA intermediate and, there-
fore, carry only their internal promoters (for review, see ref.
21). Thus, the increased levels of factor IIIC might be
necessary for efficient transcription complex formation on

the B1 and B2 genes.
The highly repetitive and interspersed nature of these

elements might also contribute to the specificity of the
system. One can envision a model whereby a variety of
diverse stimuli unveil different regions of the genome for
specific transcription by RNA polymerase II and that acti-
vation of nearby B2 and Bl genes is a fortuitous event.

The B2 gene system shows many similarities with the
Xenopus 5S gene system (for review, see ref. 22). Changes in
the concentration of a limiting factor and accessibility of this
factor to its target genes appear to be common strategies
employed in the differential regulation of transcription in both
systems. However, normal growing and transformed cells,
which contain the same amounts of factor IIIC, show
significant differences in B2 gene transcription. This demon-
strates that determinants of accessibility can operate inde-
pendent of changes in the concentration of a limiting tran-
scription factor.
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