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RNA polymerase III (pol III) transcripts of the highly repeated mouse B2 gene family are increased in many
oncogenically transformed murine cell lines. In cells transformed by simian virus 40, the small, cytoplasmic B2
RNAs are present at 20-fold-higher levels than in normal cells (M. R. D. Scott, K. Westphal, and P. W. J.
Rigby, Cell 34:557-567, 1983; K. Singh, M. Carey, S. Saragosti, and M. Botchan, Nature [London]
314:553-556). We found that transcripts of the highly repeated Bi gene family are also increased 20-fold upon
simian virus 40 transformation and showed that these RNAs result from pol III transcription. In contrast,
transcripts from less highly repeated pol III templates such as the 5S, 7SL, 7SK, 4.5SI, tRNAMet, and tRNApro
genes are unaffected. The expression of the B2 RNAs in isolated nuclei shows that the augmentation is due
mainly to an increased rate of transcription by pol III. There is thus specific transformation-inducible pol III
transcription. We developed an in vitro transcription assay which utilizes genomic DNA as a template to study
the transcription of all members of a repetitive gene family in their native context. This assay reproduces the
low cytoplasmic levels of Bi compared with B2 RNAs suggesting that this ratio is dictated by intrinsic signals
in the DNA.

While studying transformation-induced changes in cellular
gene expression, we found that the cytoplasmic levels of the
small B2 RNAs were significantly increased in cell lines
transformed by simian virus 40 (SV40), methylcholanthrene,
and bovine papilloma virus (34). Others have also reported
increased levels of B2 RNAs in a number of transformed cell
lines and tumors (12, 21, 25, 32), although there are excep-
tions (12, 32). These RNAs are also abundant in undifferen-
tiated embryonic carcinoma cells, but not in their differen-
tiated derivatives (2, 27), and in serum-stimulated quiescent
mouse Swiss 3T3 cells (7). Thus, the level of the small B2
RNAs is high not only in transformed cells but in other
situations in which the cells are actively proliferating. The
function of the small B2 RNAs and the mechanism by which
their levels are increased are unknown.
The B2 transcripts are encoded by a highly repetitive short

DNA sequence. A number of such repeat families are
interspersed throughout the vertebrate genome (for a re-
view, see reference 29); the prototype is the Alu sequence in
primates (16). There are approximately 100,000 genomic
copies of B2 genes, and the average size is 190 base pairs
(21). B2 repeats, like many short-gene families, contain
sequences homologous to the consensus RNA polymerase
III (pol III) split promoter. This promoter is contained within
the gene and consists of two conserved sequence elements,
the A- and B-boxes; each are approximately 10 base pairs in
size and separated by about 35 base pairs (for a review, see
reference 5). Initiation of transcription occurs 10 to 20
nucleotides upstream from the A-box (5). Previously, we
concluded that the B2 RNAs are transcribed by pol III
because the 5' ends of the cytoplasmic RNAs were located
12 and 13 nucleotides upstream from the A-box and the
transcription of cloned B2 templates in vitro required pol III
and the specific transcription factors for this enzyme (34).
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Kramerov et al. (19) reached similar conclusions from the
cx-amanitin sensitivity of B2 transcription in isolated nuclei.
We proposed the existence of a pol III expression system

whose activity is enhanced by oncogenic transformation
(34). We have now studied whether this system is operating
at the level of transcription and whether other pol III genes
respond similarly. We found that the system is operating
mainly at the level of transcription and is specific thus far to
just two highly repeated gene families.

MATERIALS AND METHODS
Cell culture. SVT-2 (1) and BALB/c 3T3 cells were grown

in Dulbecco modified Eagle minimal essential medium con-
taining 10% calf serum. Only early-passage BALB/c-3T3
cells were used.

Isolation of genomic DNA and cytoplasmic RNA. Genomic
DNA from the BALB/c 3T3 and SVT-2 cell lines was
prepared by standard procedures (26), based on a modifica-
tion of the method of Thomas et al. (36). The isolation of
cytoplasmic RNA and Northern blot analysis were as previ-
ously described (34).

Isolation of nuclei and transcription reactions. Nuclei were
prepared from confluent BALB/c 3T3 and SVT-2 cells as
described by Greenberg and Ziff (11). Nuclei (107) were
preincubated in 100 ,ul of 50 mM Tris (pH 8.3)-S5 mM
MgCl2-0.1 mM EDTA-40% glycerol and twice the indicated
concentrations of a-amanitin. After 5 min at 0°C, 100 p.l of 10
mM Tris (pH 8.0)-S5 mM MgCl2-0.15 M KCl-0.5 mM
ATP-0.5 mM CTP-0.5 mM GTP-100 p.Ci of [o-P2P]UTP (400
Ci mmol-1; Amersham Corp., Arlington Heights, Ill.) was
added, and the mixtures were incubated for 15 min at 30°C.
Pulse-chase studies were carried out exactly as described
above except that both the pulse and the chase were for 7
min and the chase reaction was in the presence of 0.5 mM
UTP.

Isolation of labeled nuclear transcripts and hybridization
conditions. Two procedures were used to isolate 32P-labeled
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nuclear transcripts. The first was a modification of the
method of Vannice et al. (38). After the 15-min transcription
reaction, the nuclei were pelleted by centrifugation at 12,000
x g for 15 s, and the supernatant was decanted. The nuclei
were suspended in 1 ml of 10 mM Tris (pH 7.5)-i mM EDTA
(TE)-0.3% sodium dodecyl sulfate (SDS)-100 ,ug of carrier
tRNA per ml-100 ,ug of proteinase K. After 15 min at 37°C,
protein and high-molecular-weight DNA were removed by
extraction with 1 volume of H20-saturated phenol. The
interphase was reextracted with 500 pul of 0.1 M sodium
acetate-20 mM EDTA. The aqueous phases were combined,
and RNA was collected by precipitation with ethanol. Hy-
bridization reactions were performed essentially as de-
scribed by Greenberg and Ziff (11). Briefly, the 32P-labeled
RNA was suspended at a concentration of 2 x 106 cpm/ml in
10 mM TES [N-tris-(hydroxymethyl)methyl-2-aminoethane
sulfonic acid; pH 7.4]-0.2% SDS-10 mM EDTA. An equal
volume of 10 mM TES (pH 7.4)-0.2% SDS-10 mM
EDTA-0.6 M NaCl was added, and 1.5 ml of this solution
was incubated for 36 h at 65°C with the indicated DNAs
immobilized on nitrocellulose strips. The preparation of the
filters is described below. The filters were washed for 2 h
with 2x SSC (0.3 M NaCl plus 0.025 M sodium citrate, pH
7.0), followed by incubation with 10 ,ug of RNase A per ml in
2x SSC at 37°C for 30 min. The filters were washed again in
2x SSC at 65°C for 1 h, air dried, and autoradiographed by
exposure to Kodak XAR-5 film with a Du Pont Cronex
intensifying screen.
The results shown in Fig. 1 were obtained by this proce-

dure which has the advantage of rapidly removing most of
the unincorporated 32p immediately after the transcription
reactions. However, we were concerned that some of the
small B2 transcripts might diffuse into the supernatant and
would be lost upon pelleting of the nuclei.
We therefore used a modification of the procedure of

Linial et al. (23), which did not involve spinning out the
nuclei from the reaction mixture to isolate the labeled RNA.
After the 15-min transcription reaction, the mixture was

adjusted to 10 mM CaCl2 and incubated with 75 p.g of DNase
I for 15 min at 30°C. The mixture was then adjusted to 1%
SDS, 5 mM EDTA, 10 mM Tris (pH 7.5), and 200 jig of
proteinase K per ml, heated for 30 s at 65°C, and then
incubated at 37°C for 45 min. The solution was extracted
with an equal volume of phenol-chloroform, and the
interphase was back-extracted with 100 pul of TE. The
combined aqueous phases were adjusted to 2.3 M ammo-

nium acetate, and the RNAs were precipitated with an equal
volume of isopropyl alcohol. The RNA was suspended in 100
pI ofTE and centrifuged through a Sephadex G-25 (medium)
spin column. The eluate was adjusted to 0.3 M sodium
acetate, and the RNA was precipitated with ethanol. The
RNA was suspended in hybridization buffer (10 mM TES
[pH 7.4], 0.2% SDS, 10 mM EDTA, 0.3 M NaCl, 1 x
Denhardt solution [26], 250 ,ug of Escherichia coli RNA per

ml) to 106 cpm/ml, and 1.5 ml was hybridized at 65°C for 36
h to the indicated DNAs immobilized on nitrocellulose
strips. The filters were washed and autoradiographed as

described above. The data in Fig. 2 were obtained with this
procedure. We found the same increase in B2 transcription
with the two procedures.

Preparation of nitrocellulose filters. Plasmid DNAs were

linearized by restriction endonuclease digestion and dena-
tured in 0.3 M NaOH for 10 min at room temperature. After
neutralization with 1 volume of 2 M ammonium acetate, the
DNA was filtered onto nitrocellulose with a Schleicher &
Schuell dot-blot apparatus. Either 3 or 5 ,ug of DNA per dot

was used and gave the same increase in B2 transcription,
thus showing that our expefiments were in DNA excess. The
plasmid DNAs used were pBR322, a control plasmid; pDES,
a human 28S rDNA clone provided by R. Tjian; pJYM, an
SV40 clone (24); a rat 5S clone provided by R. Reddy; and
plOX5, a B2-containing clone (34).

In vitro transcription reactions with genomic DNA. HeLa
cell transcription factors IIIB and IIIC and RNA pol III were
purified as described previously (4). The 50-,u reaction
mixtures contained 20 mM HEPES (N-2-hydroxyethyl
piperazine-N'-2-ethanesulfonic acid) (pH 7.5), 65 mM KCl, 5
mM MgCI2, 0.1 mM EDTA, 0.5 mM dithiothreitol, 7%
glycerol, 20 ,ug of deproteinized genomic DNA per ml, 200
,uM each ATP, GTP, CTP, and UTP, 100 U of RNA pol III
per ml, and the indicated factors at 15 U/ml. (A unit of
transcription factor activity is the amount of protein required
to yield 50 fmol of transcript per h in a standard reaction with
other factors and DNA template in excess.) After 1 h at
25°C, the reaction was stopped by the addition of 150 ,u of a
solution containing 0.2% SDS, 0.4 M sodium acetate, 10 mM
EDTA, and 50 ,ug of carrier tRNA per ml. The products were
extracted with phenol, precipitated with ethanol, and
washed with 80% ethanol. The pellets were suspended in 10
,ul of TE and analyzed by primer extension.
Primer extension reactions. The 20-pI hybridization mix-

tures contained 10 mM Tris (pH 7.5), 1 mM EDTA, 0.3 M
NaCl, 0.1 pmol of 32P-labeled oligonucleotide primer, and
RNA. The mixtures were heated at 85°C for 10 min to
denature the RNA after which the primers were annealed for
2.5 h at 55°C. The hybridized primers were extended by the
addition of 80 pul of a mixture containing 12.5 mM Tris (pH
8.1), 10 mM MgCI2, 12.5 mM dithiothreitol, 1.25 mM each
dATP, dGTP, dCTP, and TTP, 62.5 pzg of actinomycin D per
ml, 125 U of RNasin per ml, and 125 U of avian reverse
transcriptase (Life Sciences Inc., St. Petersburg, Fla.) per
ml. After 1 h at 42°C, the products were extracted with
phenol, precipitated with ethanol along with S ,ug of carrier
tRNA, suspended in 95% formamide-0.1% xylene
cyanol-0.05% bromphenol blue, and fractionated by electro-
phoresis through 10% polyacrylamide gels (40-cm long,
0.4-mm thick) containing 7 M urea. The gels were autora-
diographed by exposure of Kodak XAR-5 film with a Du
Pont Cronex intensifying screen. Gels were also autoradio-
graphed in the absence of an intensifying screen for use in
quantitative laser densitometry. Titrations were performed
to assure that the primer was in excess and that the exten-
sion product label was linearly proportional to the input
RNA concentrations.
End labeling of primers with [y-32P]ATP. The 30-,u reac-

tion mixtures contained 50 mM Tris (pH 7.5), 10 mM MgCI2,
5 mM dithiothreitol, 0.1 mM spermidine, 0.1 mM EDTA, 10
pmol of oligonucleotide primer, 100 ,uCi of [y-32P]ATP (5,000
Ci/mmol; Amersham), and 3 U of T4 polynucleotide kinase.
After 30 min at 37°C, the mixtures were heated to 65°C for 10
min to inactivate the kinase; an equal volume of 5 M
ammonium acetate was then added, and the products were
precipitated with ethanol. The pellets were washed with 80%
ethanol, dried, and suspended in 100 pA of 10 mM Tris (pH
7.5)-i mM EDTA.

RESULTS

Transcription of B2 RNAs in isolated nuclei. To determine
whether the increased cytoplasmic levels of the B2 RNAs in
SV40-transformed cells were the result of increased tran-
scription, we performed nuclear run-on reactions with nuclei
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isolated from a normal BALB/c 3T3 cell line and its SV40-
transformed derivative, SVT-2 (1). In the nuclear run-on
assay, previously initiated RNA chains are elongated by
incubating the nuclei in the presence of 32P-labeled nucleo-
side triphosphates. This technique allows a quantitative
measure of the rate of initiation in vivo (6). In our experi-
ments, the labeled RNAs were then used to probe B2 DNA
and four other control DNA sequences immobilized on
nitrocellulose filters. We used cloned 28S rDNA and 5S
DNA as internal standards to normalize changes in B2
transcription. The 5S DNA clone is particularly well suited
for this because 5S RNA is a pol III transcript, and our
studies (see below) show that the cytoplasmic levels of 5S
RNA are identical in the BALB/c 3T3 and SVT-2 cells.
An important factor to consider when assaying for differ-

ences in pol III transcription of B2 elements is that many of
the 105 copies are in the introns and noncoding sequences of
genes transcribed by RNA polymerase II (pol II) (29).
Therefore, transcription of such genes gives rise to a signif-
icant amount of heterogeneous nuclear RNA containing B2
sequences (21). Because these RNAs might obscure changes
that are occurring in the pol III transcription of B2 genes, we
also performed nuclear run-on experiments in the presence
of low levels of oa-amanitin which selectively inhibit pol II
transcription (39).
The results of one such experiment are shown in Fig. 1.

Normal and transformed nuclei were preincubated with 0, 2,
6, or 18 ,ug of a-amanitin per ml. After a 15-min incubation in
the presence of [a-32P]UTP, transcription was terminated,
and the labeled RNA transcripts were used to probe nitro-
cellulose-immobilized DNAs. A clone containing the SV40
early genes was used to show that 2 p.g of ox-amanitin per ml
inhibits pol II transcription in transformed nuclei (Fig. 1,
lanes 1 and 2); we infer that the same applies to the normal
nuclei. The transcription of the rDNA (pol l) and 5S (pol III)
genes was similar in the normal and transformed nuclei and
was not affected by low levels of ot-amanitin within experi-
mental error. Transcription of B2 RNA is more complicated.
In the absence of ox-amanitin we found only a small increase
in total B2 transcription (pol II and pol III) in the trans-
formed nuclei compared with normal (Fig. 1, lanes 1 and 5).
This augmentation was more pronounced when pol II tran-

SV40-transformed
SVT-2

u-amanitin. ig/ml 0 2 6 18

rDNA-

pBR322-
DNAs SV40-

5S- * "'

B2-* * * 0

Nuclei- 1 2 3 4

Normal
3T3

O 2 6 18

5 6 7 8

FIG. 1. B2 gene transcription in isolated nuclei from normal and
transformed cells. The 100-pLI preincubation mixtures contained
nuclei from 107 cells of either SV40-transformed SVT-2 (lanes 1 to 4)
or normal BALB/c 3T3 (lanes 5 to 8) cells and twice the indicated
concentrations of a-amanitin. After 5 min at 0°C, 100 ,ul of a mixture
containing 32P-labeled nucleoside triphosphates was added, and the
reactions were incubated for 15 min at 30°C. The 32P-labeled nuclear
transcripts (106 cpm) were then hybridized to 5 ,ug each of the
indicated DNAs immobilized on nitrocellulose strips. The rDNA
hybrids were exposed for less time than the others so the signal
intensity would be linearly proportional to the radioactivity.

SV40-
transformed

SVT-2
Normal
3T3
I

Pulse + + + +
Chase

DNAs

+ -

rDNA- * * .p

pBR322-
SV4Q-

5S-

_ B2- * 0
1 2 3 4

Nuclei t 2 /.g/ml a-amanitin
FIG. 2. Pulse-chase studies on B2 nuclear transcripts from nor-

mal and transformed cells. Two sets of transformed (lanes 1 and 2)
and normal (lanes 3 and 4) nuclei were preincubated for 5 min in the
presence of 2 ,ug of a-amanitin per ml. Nuclear transcription
reactions were then performed in the presence of [a-32P]UTP for 7
min. Transcription was terminated in nuclei 1 and 3 and continued in
nuclei 2 and 4 for 7 min more in the presence of a vast excess (0.5
mM) of unlabeled UTP. The 32P-labeled nuclear transcripts were
then isolated, and 106 cpm were used in each hybridization reaction
to 5 p.g of the indicated DNAs immobilized on nitrocellulose strips.

scription was inhibited (Fig. 1, lanes 2 to 4 and 6 to 8). From
the results of several different experiments, we estimate that
there is a 5- to 10-fold increase in the transcription of B2
elements by pol III in the transformed nuclei. We discuss
below possible explanations for why this is less than the
20-fold enhancement observed in the cytoplasmic levels of
these RNAs.
To assure that the differences we observed were at the

level of transcription and not due to differential stability of
the transcripts, we performed pulse-chase experiments. Two
sets of transformed and normal nuclei were incubated with
[kx-32P]UTP in the presence of 2 ,ug of a-amanitin per ml.
After 7 min, transcription in one set of nuclei was termi-
nated, a vast excess of unlabeled UTP was added to the
second set, and transcription was allowed to proceed for 7
min more. The labeled RNAs were then isolated and used to
probe identical filters. The results (Fig. 2) indicate that the
amount of labeled B2 RNA is not affected by the chase in
either the transformed or the normal nuclei. We conclude
that the increase of B2 RNAs occurs at the level of tran-
scription and is not due to differential stability of the nuclear
transcripts.

Levels of other pol III transcripts in transformed cells. To
determine whether the augmented levels of B2 RNA are a
specific or general feature of pol III transcription in SV40-
transformed cells, we measured the amounts of the pol III
transcripts encoded by the 5S, 7SL, tRNAMet, tRNAPrO,
7SK, 4.5S,, and Bi genes. The 5S, 7SL, and tRNA genes
encode well-characterized RNAs of known function that are
present in all eucaryotic cells. The 7SK gene gives rise to a
330-nucleotide RNA of unknown function, but it is present in
all species tested from insects to humans (28). The 4.5SI gene
family is found only in rodents and encodes abundant 98- or
99-nucleotide RNAs of unknown function that are localized
primarily but not exclusively in the nucleus (30). The Bi
gene family is another short, highly repeated sequence found
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RNA

7SK 5'4 - -

7SL .4- -------

Extension
Primers products

5' 3' (nt)

3' RUA GGCTrOG1GGOGACGCCAGCTTCTCCTGC 150

LA GCACAGGCGTGATTCAAG CCXGTAGTTAT 130

GTWOGTTGTGTACAGAGITGGT 96

TOGGAAGTCTCACTCAA3GTCCTG 103

B2 *--RNA
O= C

5S RNA

tRNAMet 4- A

tRNAPro RNA
O=

C1TTXGATTOGTCCOAGCCOGTACCAA

oGcCTTOGACAOOLOGGGTATTGG

TCCCCATACTAAGAGOAAG C

0 100 200
nucleotides

300

FIG. 3. Schematic representation of the reverse transcriptase primer extension procedure. The short bold segment is the 32P-labeled
primer hybridized to the indicated RNAs. The primer is elongated (dashed line) with reverse transcriptase and terminates at the 5' end of the
RNA; the arrow tips denote the 3' end of the extension product. The open boxes below the Bi, B2, and tRNAs are the 5'- and 3'-proximal
conserved promoter elements designated the A- and B-boxes, respectively. The sequence of the primers and the sizes of the extension
products are shown on the right. The primers are complementary to the published sequences of either the RNAs (7SK [28], 7SL [22]) or the
cloned genes (B2 consensus [29], Bi consensus [17], 5S gene [8], tRNAMet [13], and tRNANO [15]). We detected only one significant homology
of a primer to a different pol III-transcribed gene. The Bi primer was 82% homologous to nucleotides 75 to 92 of 4.5S RNA (distinct from
4.5S,). The 4.5S genes are greater than 75% homologous to Bi and are considered members of the B1 superfamily (29). We did not attempt
to distinguish between these two RNAs and therefore may be detecting both. nt, Nucleotides.

in rodent cells (18, 20). It is present at approximately 100,000
copies per genome and has an average size of 140 base pairs.
Sequence analysis strongly suggests that Bi genes are de-
rived from a 7SL gene (37). Our studies (see below) show
that the Bi genes are also transcribed by pol III, but their
function is unknown.
We employed primer extension analysis to measure the

relative cytoplasmic levels of all the transcripts except 4.5S,
RNA. The sequences of the primers and their complemen-
tary positions on their respective RNAs are shown in Fig. 3.
Because there is considerable homology among several of
the transcripts, we chose primers corresponding to unique
regions in each RNA. In Fig. 4 we present the results on the
expression of the 5S, B2, 7SL, and 7SK RNAs. We com-
pared cytoplasmic RNAs from normal and transformed cells
grown to five different cell densities, each representative of
various stages of confluency. This permitted us to measure

the effects of both growth and transformation on the
amounts of each RNA species. Each set of RNAs was
annealed to a mixture of four 32P-labeled primers comple-
mentary to the 5S, B2, 7SK, and 7SL transcripts. Lanes 1 to
4 are controls in which the individual primers are annealed to
RNA. The hybridized primers were then extended with
reverse transcriptase, and the products were analyzed by
polyacrylamide gel electrophoresis and autoradiography.
The 7SL and 5S primers gave rise to extension products
whose corresponding RNA levels were the same in the
normal and transformed cells. In contrast, the B2 primer
gave rise to extension products whose RNA levels were

20-fold enhanced in the transformed cells. In the normal
BALB/c 3T3 cells, we also found a fourfold enhancement in
B2 RNA levels in the low-density, actively growing cells
compared with those in the high-density, growth-arrested
cells (lanes 1 to 5).

Extension of the 7SK primer gave rise to two similarly
sized products with transformed cell RNA. The RNA corre-

sponding to the larger product was present at comparable
levels in the normal cell. However, the RNA corresponding
to the smaller extension product appeared to be present only
in the transformed cell. Our sequence analysis of the two
extension products revealed that their 5' ends are the same.
This suggests that they did not arise from differential initia-
tion or processing of a single 7SK gene product but more
likely were derived from two closely related 7SK genes. We
looked to see whether the 7SK RNA corresponding to the
smaller extension product is present in other normal or
transformed mouse cell lines but were unable to detect it
even in other cell lines transformed by SV40 (data not
shown). This RNA species appears to be specific to SVT-2
cells. We have previously documented how various murine
cell lines can show strikingly different expression patterns
for certain genes (35); the 7SK gene family appears to be
another example of this phenomenon.
We also measured the cytoplasmic levels of two different

tRNA gene transcripts. The amounts of tRNAMet were
similar in the normal and transformed cells (Fig. 5), and we
also found the same to be true for tRNAPro (data not shown).
When Bi gene expression was measured we obtained a

very different result (Fig. 6). The Bi RNAs were present at
50- to 100-fold-lower levels than the B2 RNAs. However,
like the B2 RNAs, Bi RNAs were increased 20-fold in the
SVT-2 compared with the BALB/c cells. Moreover, the Bi
RNAs were also increased fourfold in the growing BALB/c
3T3 cells compared with the confluent cells (lanes 1 to 5). It
appears that the Bi and B2 families are coordinately affected
by both the growth and transformation-inducible pol III
expression system. Because the Bi transcripts are expressed
so poorly, we did not show that the Bi induction like the B2
induction occurs mainly at the level of transcription, but we
assume that this is the case.
To see whether other munne repeated-gene families tran-

scribed by pol III are affected by SV40 transformation, we
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measured the levels of 4.5S1 RNA. The moderately repeated
4.5SI genes are present at 104 copies per genome (30), an
order of magnitude less than the Bi and B2 gene families.
We used a mouse genomic clone containing a 4.5S, gene (30)
as a probe in Northern analysis to show that the cytoplasmic
levels of 4.5S, transcripts are the same in the normal and
transformed cells (Fig. 7). It appears therefore that only the
very highly repeated pol III gene families are affected by the
transformation-inducible transcription system.

Studies employing total genomic DNA as a template for in
vitro transcription of Bi and B2 genes. We developed an
assay for the study of Bi and B2 gene transcription in vitro.

Norrmal SV40-transformed
Controls 3T3 SVT-2

Cell density

Extension
products

7SK ->
7SL -

Low - High Low - High
P. B C D 1 2 3 4 5 6 7 8 9 10 M

=mow-m inw--
*

- 150
- 130

S0
5S-

Primers [

IIu n I
FIG. 4. Primer extension analysis of 5S, B2, 7SL, and 7SK

RNAs in normal and transformed cells. The 20-,ul hybridization
mixtures contained 250 ng of total cytoplasmic RNA from BALB/c
3T3 or SVT-2 cells and 32P-labeled primers complementary to 5S
RNA (lane A), B2 RNA (lane B), 7SL RNA (lane C), 7SK RNA
(lane D), or all four RNAs (lanes 1 to 10). The densities and
approximate confluencies of the cell cultures were as follows: lane 1,
106 cells per 100-mm plate, 30 to 40% confluent; lane 2, 2.6 x 106, 80
to 90% confluent; lane 3, 3.0 x 106, 100 % confluent; lane 4, 2.9 x

106, 100% confluent for 1 day; lane 5, 2.5 x 106, 100% confluent for
3 days; lane 6, 5 x 106, 40 to 50% confluent; lane 7, 1.2 x 107, 80 to
90% confluent; lane 8, 1.8 x 107, 100% confluent; lanes 9 and A
through D, 3.0 x 107, 100% confluent for 1 day; lane 10, 2.8 x 107,
100% confluent for 3 days. After 10 min at 85°C and 2.5 h at 55°C, the
hybridized primers were extended by the addition of 80 ,ul of a

reverse transcriptase synthesis mixture. The reactions were termi-
nated after 1 h at 42°C. The products were fractionated by electro-
phoresis through polyacrylamide-urea gels and visualized by auto-
radiography. The DNA band between the 5S and B2 RNA extension
products in lane 8 is an artifact of 5S RNA extension that we

occasionally observe. It is represented in lesser amounts in lanes A,
1 to 7, and 9 and 10. We believe that it arises as a result of snapback
synthesis from 5S RNA. The sizes of the extension products in
nucleotides are indicated to the right of the autoradiograph. These
were determined by electrophoresis alongside a sequencing ladder
of known composition or alongside 32P-labeled restriction fragments
derived from a digest of pUC19 with HpalI.

Normal SV40-transformned
3T3 SVT-2

Cell density Low - High Low - High
1 2 3 4 5 6 7 8 9 10 M

tRNA:
Extension [I mw V- v

products

Primer -) a

-39

-25

FIG. 5. Primer extension analysis of tRNAMet in normal and
transformed cells. Hybridization mixtures contained 250 ng of the
indicated cytoplasmic RNAs and a 32P-labeled primer homologous
to tRNAMeI. The procedure was as described in the legend to Fig. 4.
The DNA bands between the primer and the completely extended
product represent positions at which reverse transcriptase extension
was blocked. The strong secondary structure of tRNA prevented
quantitative extension of the primers to the 5' end of the RNA.

This assay employs deproteinized genomic DNA as a tem-
plate in a cell-free transcription system. A similar assay has
recently been devised (9). This approach has two chief
advantages over the use of cloned templates: first, each
member of the genomic Bi and B2 population is represented
in a reaction and second, the physiological ratio is main-
tained between both Bi and B2 genes and other genes
transcribed by pol III.
We developed the assay with a well-characterized tran-

scription system. HeLa cell extracts have been chromato-
graphically fractionated into two components designated
transcription factors IIIB and IIIC which are necessary and
sufficient for transcription of the tRNA and VA genes by pol
III (33). We have shown previously that transcription of
cloned B2 elements by pol III requires these two compo-
nents (34). Transcription of genomic B2 elements also re-
quires these components and is inhibited by the same levels
of a-amanitin as are other pol III transcripts (Fig. 8, lanes 10
to 14). Furthermore, the 5' ends of the RNAs aligned
precisely with those observed in cytoplasmic RNA (Fig. 8,
compare lanes 12 and 13 with lanes 15 to 18). This genomic
assay therefore avoids the predicament observed in our
previous study in which the 5' ends of the RNAs transcribed
from individual cloned B2 templates, although similar, were
not identical to those found in vivo.

Using the genomic assay, we found that Bi transcription
has the same factor requirements and a-amanitin sensitivity
as the B2 genes (Fig. 8, lanes 1 to 5). Moreover, the 5' ends
of the Bi RNAs are 12 to 13 nucleotides upstream of the
A-box in the Bi consensus sequence, a characteristic of all
pol III transcripts except 5S RNA. Our studies, therefore,
provide the first proof that the Bi RNAs are transcribed by
pol III. We also observed cytoplasmic Bi transcripts whose
5' ends are 6 nucleotides shorter than those observed in
vitro; these are approximately 50% of the Bi RNA and may
result from processing. The background bands in Fig. 8 are
described in the figure legend.
Our genomic in vitro transcription studies also clarify why
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Normal SV40-transformed
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FIG. 6. Primer extension analysis of Bi RNAs in normal and
transformed cells. Hybridization mixtures contained 2.5 F±g of the
indicated cytoplasmic RNAs and a 32P-labeled primer homologous
to the Bi consensus sequence. The procedure was as described in
the legend to Fig. 4.

the cytoplasmic levels of B2 transcripts are approximately
50- to 100-fold greater than the levels of Bi transcripts, even
though there are roughly equal numbers of both elements in
the genome. We found that the ratio of B2 to Bi transcripts
observed in vitro is almost equal (within a factor of 3) to that
seen in cytoplasmic RNA, demonstrating that this ratio is a
reflection of their nuclear transcription rates. One possibility
is that B2 genes per se contain a much stronger promoter
than the Bi genes and that this difference in promoter
strength is maintained in our in vitro genomic transcription
assay. Alternatively, there may be more transcriptionally
competent B2 genes than Bi genes in the cell.

than the 20-fold enhancement in the cytoplasmic levels of B2
RNAs in transformed cells. This difference may be the result
of a technical artifact; it has been suggested that nuclear
run-on assays are quantitatively less sensitive than tech-
niques which measure the steady-state levels of RNA (11).
Alternatively, posttranscriptional events such as cytoplas-
mic stability may also contribute to the enhanced expression
of B2 genes in transformed cells.

In this context it is interesting that Edwards et al. (7) found
no difference in B2 transcription between quiescent and
serum-stimulated Swiss NIH 3T3 cells, even though they
observed a 10-fold increase in the cytoplasmic levels of B2
RNAs in the serum-stimulated cells. The sensitivity of B2
cytoplasmic RNA levels to growth conditions, which we also
observed, may be occurring posttranscriptionally. However,
these workers may have missed a transcriptional component
of this induction because they only studied total transcrip-
tion (pol II and pol III) of B2 genes in the isolated nuclei. Our
studies showed that in such nuclei the enhanced pol III
transcription of B2 genes is in part masked by pol II
transcription of B2-containing heterogeneous nuclear RNA
(Fig. 1, lane 1 versus lane 5).
To study the specificity of this system, we measured the

cytoplasmic levels of transcripts of a representative number
of pol III genes in BALB/c 3T3 and SVT-2 cells. Transcripts
of the highly repeated Bi and B2 gene families were specif-
ically increased. In contrast, transcripts of less highly reit-
erated pol III genes such as 5S, 7SL, 7SK, tRNAMet,
tRNApro, and 4.5S, were not affected by this transformation-
sensitive system. Our study was not an exhaustive one, and
it is still possible that other pol III gene families are sub-
strates for the system.
There are several models which could account for the

specific induction of Bi and B2 gene transcription. We rule
out the possibility of a serendipitous genetic change leading
to increased Bi and B2 transcription because almost all
transformed mouse cell lines show this induction (12, 21, 25,
32, 34) and cell lines harboring temperature-sensitive T
antigen do not express augmented levels of the B2 tran-
scripts at the restrictive temperature (32). Our models there-
fore focus on the trans-acting factors involved in the regu-
lation of these pol III genes. Our preliminary observations
are that the pol III transcription activities of extracts derived
from SVT-2 cells are significantly greater than those pre-

11 a,-al tr:nSform
.T SVT-2

C ensy -Hig LOw-High
2

DISCUSSION

Analysis of transformation-mediated changes in cellular
gene expression that result directly or indirectly from the
action of a single viral gene product should provide insight
into how such a gene brings about the large number of
changes that accompany oncogenesis. We characterized a
pol III expression system which is induced by SV40 trans-
formation (34). Nuclear run-on transcription reactions dem-
onstrated that a significant portion of this system is operating
at the level of transcription. There was a 5- to 10-fold
increase in the pol III transcription of B2 genes in SV40-
transformed cells compared with that in the parental cells.
Pulse-chase studies showed that this difference is not the
result of differential stability of the B2 nuclear transcripts.
However, this 5- to 10-fold increase in transcription is less

FIG. 7. Northern blot analysis of 4.5S, cytoplasmic RNA in
normal and transformed cells. The indicated cytoplasmic RNAs (10
,Lg of each) were analyzed by Northern blotting with a 32P-labeled
4.5S, DNA clone (30) as a hybridization probe. The cell densities of
the cultures were as follows: lane 1, 106 cells per 100-mm plate, 30
to 40%7c confluent; lane 2, 3.0 x 106, 100o confluent for 1 day; lane
3, 2.6 x 106, 100% confluent for 3 days; lane 4, 5 x 106, 40 to 50%
confluent; lane 5, 3 x 107, 100%g confluent for 1 day; lane 6, 2.8 x
107, 100%g confluent for 3 days. An autoradiograph of the blot is
shown.

VOL. 6, 1986



3074 CAREY ET AL.
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FIG. 8. In vitro transcription of genomic DNA. The S0-lI in vitro transcription mixtures contained the indicated components and genomic

DNA as a template. After 1 h at 23°C, the products were isolated and analyzed by primer extension. The 20-,ul hybridization mixtures
contained the RNAs transcribed in vitro (lanes 1 to 5, 10 to 14) or the indicated cytoplasmic RNAs (lanes 6 to 9, 15 to 18) and 0.1 pmol of
32P-labeled Bi primer (lanes 1 to 9) or B2 primer (lanes 10 to 18). The hybridized primers were extended with reverse transcriptase, and the
products were analyzed as described in the legend to Fig. 4. An autoradiograph of the polyacrylamide gel is shown. The high-molecular-weight
smear at the top of the gel is due to extension of Bi and B2 primers which annealed to their complementary sites in the genomic DNA. Some
of the low-molecular-weight bands are derived from contaminants of the labeled primers; additional bands present only in the genomic assay
result from degraded RNA contaminating the genomic DNA preparations. Genomic DNA incubated with the labeled B2 primer produces all
the background bands seen in lanies 10 to 14. The background bands are considerably more pronounced than usual because the autoradiogram
was heavily overexposed so the weakly expressed Bi gene family could be compared side by side with the B2 family.

pared from confluent BALB/c 3T3 cells, although this effect
is not specific for B2 genes. One possibility is that an
increase in general pol III transcription factors is responsible
for enhanced Bi and B2 expression but that other pol III
templates such as 5S, 7SL, and tRNAs are transcribed at
maximal rates and are therefore unaffected by such changes.
Alterations in chromatin structure might also contribute to
this enhanced expression by exposing previously silent Bi
and B2 genes to the factors. This is not unprecedented;
changes in both chromatin structure and transcription factor

IIIA concentration regulate the differential expression of
Xenopus 5S RNA genes during development (3, 31).
An increase in general pol III transcription factors has

been observed in other systems involving viral transforming
genes. Exogenous pol III templates transfected into cells
harboring the adenovirus ElA or the pseudorabies IE pro-
tein are transcribed at much greater efficiences than in
control cells, whereas transcription of the endogenous 5S
and tRNA genes is unaltered (10). This stimulation was
attributed to a fivefold-greater activity of partially purified
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transcription factor IIIC from the adenovirus-infected cell
extracts compared with that prepared from uninfected cells
(14).

Finally, we are interested in understanding the role of T
antigen in the increased Bi and B2 gene transcription. We
believe that this effect is indirect because purified T antigen
has no effect on in vitro transcription of cloned or genomic
B2 elements (unpublished observations). Further studies are
needed to elucidate exactly how T antigen initiates a series
of events that culminate in increased Bi and B2 transcrip-
tion.
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