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ABSTRACT We have previously reported that the sub-
group C adenovirus E2 early (E2E) RNA polymerase II pro-
moter can specify efficient in vitro transcription by RNA
polymerase III. We now show that promoter proximal se-
quences of the E2E transcription unit are also transcribed by
RNA polymerase III in nuclei isolated from adenovirus-
infected cells. Small E2E RNA species that possessed the same
properties as in vitro synthesized RNA polymerase III E2E
transcripts were detected in cytoplasmic RNA populations
from infected cells by using blotting, primer extension, and
RNase protection assays. The 3’ termini of these RNAs were
mapped to thymidine-rich sequences typical of RNA polymer-
ase ITI termination sites. These results demonstrate that a single
gene can be transcribed by both RNA polymerase II and RNA
polymerase III in vivo.

The ubiquitous function of the TATA-binding protein (TBP;
see ref. 1) in initiation of eukaryotic transcription (refs. 2 and
3; see also refs. 4 and 5) suggests that the three eukaryotic
RNA polymerases employ fundamentally similar mecha-
nisms of initiation (4, 5). Certain RNA polymerase (pol) III
promoters, moreover, closely resemble typical pol II pro-
moters (6-8): for example, vertebrate U6 promoters com-
prise a set of upstream elements, including a TATA sequence
essential for recognition by pol III (6-8). These properties
suggest that some promoters might be transcribed by both
enzymes. Although pol II transcription from the Xenopus U6
promoter and pol III transcription from several pol II pro-
moters (9-12, 27) have been observed in experimental situ-
ations, such dual transcription has not been demonstrated in
vivo. A pol III promoter which shares upstream elements
with the well-characterized adenovirus type 2 (Ad2) E2E pol
II promoter, is active in vitro (11). The comparable in vitro
activities of the pol II and pol III E2E promoters prompted
us to search adenovirus-infected cells for analogues of prod-
ucts of in vitro pol III transcription (Fig. 1).

MATERIALS AND METHODS

Cells and Virus. HeLa cells were maintained in suspension
culture and infected with Ad2 (20-25 plaque-forming units
per cell) as described (13).

Synthesis and Labeling of Complementary E2E RNAs and
Oligonucleotides. Antisense RNAs complementary to posi-
tions —17 to +120 or +3 to +199 of the Ad2 E2E gene were
synthesized with SP6 RNA polymerase. The latter RNA was
synthesized in reaction mixtures containing PHJUTP (40
Ci/mmol, New England Nuclear/DuPont; 1 Ci = 37 GBq),
and 1-2 pmol of the product was then 3’ end-labeled with
[32P]pCp (3000 Ci/mmol, Amersham) and T4 RNA ligase
(14). The full-length RN A was electrophoretically purified.
Oligonucleotides complementary to E2E positions —15 to
+45 (exon 1) and +68 to +89 (intron 1) and to positions 10-36
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of the coding, third exon (see Fig. 1A) were synthesized,
purified, and 5’ end-labeled as described (11).

Run-On Transcription Assays. RN A labeled in run-on tran-
scription mixtures containing 10® nuclei from Ad2-infected
cells was purified and hybridized (15) to dot blots carrying the
E2E —17 to +120 antisense RNA (2 ug per dot) or linearized
plasmids containing either the Ad2 major late (ML) L2 plus
tripartite leader sequences (2.5 ug per dot) or the viral
VA-RNA| gene (2.5 ug per dot). Membranes were exposed
for autoradiography, or the hybridized RNA was eluted by
heating at 95°C for 10 min in 5 mM EDTA prior to electro-
phoresis in 6% polyacrylamide sequencing gels (16).

In Vitro Transcription. pol III transcripts of the Ad2 E2E
promoter were synthesized in the presence of a-amanitin (2
pg/ml) (17).

Preparation and Analysis of RNA from Ad2-Infected Cells.
Cytoplasmic RNA was purified from uninfected or Ad2-
infected HeLa cells (18) and separated into poly(A)-
containing and poly(A)-lacking populations (17), or into pop-
ulations precipitable or soluble in 2.5 M LiCl. Small RNAs
were separated by electrophoresis in 10% polyacrylamide
gels containing 7 M urea and were electrophoretically trans-
ferred to nylon membranes. mRNA and pre-mRNA were
electrophoresed in 1.2% agarose gels containing 0.5 M form-
aldehyde and transferred to 0.4-um nitrocellulose mem-
branes. Wet membranes were UV irradiated for 90 sec and
baked at 80°C for 1 hr in a vacuum oven. Prehybridization and
hybridization to 5-10 fmol of 5'-end-labeled oligonucleotides,
at appropriate temperatures, were as described by Church
and Gilbert (19). In protection assays, RNA samples were
coprecipitated with 5-10 fmol of the E2E antisense RNA 3’
end-labeled at position +2, prior to hybridization and diges-
tion with RNase T1 (Calbiochem, 15-30 units) as described
(11). Primer extension using 10 fmol of 5’-end-labeled intron
1 oligonucleotide per reaction was performed as described
(20).

RESULTS

Transcription of the Adenoviral E2E Gene by pol III in
Isolated Nuclei. To determine whether the adenovirus E2E
pol III promoter identified in vitro (see Introduction) oper-
ated in infected cells, we examined the sensitivity of E2E
transcription in isolated nuclei to increasing concentrations
of a-amanitin. The RNA labeled during run-on transcription
in nuclei isolated 18 hr after Ad2 infection was hybridized to
an E2E antisense RNA (+120 to —17), as well as to adeno-
viral ML and VA-RNA| DNAs, which are transcribed by pol
II and pol III, respectively (21). Transcription of VA-RNA,
and E2E RNAs was refractory to a-amanitin at 1 ug/ml but
sensitive to 150 ug/ml (Fig. 2A), suggesting that the E2E gene
can be transcribed by pol III in isolated nuclei. To compare
the putative E2E pol III transcripts synthesized in infected

Abbreviations: Ad2, adenovirus type 2; ML, major late; pol, RNA
polymerase.
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FiG. 1. E2 transcription units of subgroup C adenovirus. (A) Exons are represented by boxes and introns by lines. All E2E mRNAs include

exons 2 and 3 shown in gray, but those expressed from the early (E2E) and late (E2L) promoters carry unique 5'-terminal exons, shown in black
and white, respectively. The 5’ end of the viral genome is represented below by the solid line, and the major (+1) and minor (—26) sites of pol
II initiation by the solid and dashed arrows, respectively. The vertical arrowhead at position +68 represents the 5’ splice site between exon 1
and intron 1 of E2E pre-mRNA ATF and E2F binding sites and the TATA-like sequence are shown by the open and striped boxes and the circle,
respectively, and termination sites for pol IlI transcription in vitro (11) by octagons. The pre-mRNA and mRNA products of pol II transcription
and small RNA species transcribed by pol III in vitro are drawn in the direction of transcription. (B) The sequence of this segment of the Ad2
E2E transcription unit, with upstream promoter elements indicated in open-face type, and the in vitro sites of pol III termination in bold type.

cell nuclei with those made by this enzyme in vitro, labeled
RNA was selected by hybridization to E2E antisense RNA
and analyzed by electrophoresis. Viral ML and VA-RNA;
transcripts were examined in the same way. No ML RNA
was detected among products of run-on transcription reac-
tions containing a-amanitin at 1 or 150 ug/ ml (Fig. 2B, lanes
8and9), but VA-RNA,, 157-160 nt long, (21), was efficiently
synthesized in reaction mixtures containing low, but not high,
concentrations of the drug (Fig. 2B, lanes 6 and 7). Thus,
synthesis of pol II (ML) and pol III (VA-RNA)) transcripts in
adenovirus-infected cell nuclei exhibited the expected re-
sponses to increasing concentrations of a-amanitin. Three
E2E RNA species, which comigrated with the products of in
vitro pol III transcription, were labeled in isolated nuclei in
the presence of a-amanitin at 1 ug/ml (Fig. 2B, lanes 3 and
4), but their synthesis was inhibited by a-amanitin at 150
ung/ml (Fig. 2B, lanes 3 and 5). As transcription of the small
E2E RNA species exhibited the identical response to increas-
ing a-amanitin concentration as synthesis of the well-
characterized pol III product VA-RNA; (Fig. 2B), we con-
clude that they were transcribed by pol III.

The pol IlI-transcribed E2E RNA species of some 49 and
90/91 nt (Fig. 2B), subsequently designated E2E RNA I and
RNA 1I, respectively, exhibited the lengths predicted for
transcripts initiating at the +1 E2E initiation site and termi-
nating at the t1 and t2 sites, respectively (Fig. 1); these
termination sites are used by pol III in vitro (11). The largest
E2E product of both run-on and in vitro transcription reac-
tions (Fig. 2B, lanes 3 and 4), could be made by termination
at the t2 site, but with initiation at the —26 site (Fig. 1) (11).

E2E Transcripts Are Present in Ad2-Infected Cells.
The results of run-on transcription assays established that, in
Ad2-infected cell nuclei, pol III can transcribe the 5’ segment
of the E2E gene into RNA species mdlstlngulshable from the
E2E RNAs made by this enzyme in vitro. The failure of pol
III to transcribe promoter-proximal sequences of the ML
transcription unit (Fig. 2) indicated that this enzyme was not
randomly initiating transcription from pol II promoters. Nev-
ertheless, such experiments do not demonstrate that the E2E

promoter is transcribed by pol IIl in intact cells. We therefore
sought RNA species corresponding to the ir vitro products of
pol IIT E2E transcription in RN A populations of Ad2-infected
cells, initially using blotting assays.

Based on the results of preliminary RNase protection
assays, cytoplasmic RNA was prepared from Ad2-infected
cells harvested during the late phase of infection, for hybrid-
ization to a series of E2E oligonucleotides designed to permit
positive identification of pol III transcripts corresponding to
those transcribed in vitro. Representative results of such
experiments, in which a single set of infected-cell RNA
samples was analyzed, are shown in Fig. 3. An intron 1
oligonucleotide hybridized to infected-cell nuclear RNAs of
=5 kb, but no cytoplasmic E2E mRNA was detected (Fig.
3A, lanes 3 and 2, respectively), even when autoradiograms
were overexposed. As expected (Fig. 1A4), this oligonucleo-
tide also detected the 91-nt RNA transcribed by pol III in
vitro from a wild-type E2E template, but not the RNA
synthesized from a template lacking the t2 termination site
(Fig. 3D, lanes 3 and 4). A comigrating RNA species was
present in cytoplasmic RNA of Ad2-infected, but not unin-
fected, HeLa cells (Fig. 3D, lanes 1 and 2). By contrast, an
exon 3 oligonucleotide labeled to comparable specific activity
detected abundant E2A mRNA (Fig. 3B, lane 2) but no small
RNA species among infected-cell cytoplasmic RNA or in
vitro synthesized pol III E2E RNAs (Fig. 3E). The results
shown in Fig. 3 A-C indicate that neither intron 1-containing
pol II transcripts (i.e., pre-mRNA or alternatively spliced
mRNA) nor products of E2E mRNA degradation were pre-
sent in the cytoplasm at greater than about 1% of the E2E
2-kb mRNA concentration. Thus, putative products of deg-
radation of intron 1-contajping pol II transcripts recovered in
cytoplasmic fractions would be present at a concentration
well below the detection limit of this assay.

If the 91-nt E2E RNA species were a product of specific pol
III transcription in vivo, it should also contain exon 1
sequences (Fig. 14). Two small RNA species, with apparent
lengths of 45 and 91 nt, were readily detected among the
products of in vitro pol III transcription from the E2E
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Fi1G. 2. E2E transcription by pol III in nuclei from adenovirus-
infected cells. (A) RNA synthesized in the presence of 1 or 150 ug/ml
a-amanitin was purified and hybridized to the probes indicated. (B)
RNA transcribed in the presence of a-amanitin at 1 ug/ml (lanes 3,
6, and 8) or 150 ug/ml (lanes 5, 7, and 9) was selected by hybrid-
ization to E2E (lanes 3-5), VA-RNA| (lanes 6 and 7), or ML (lanes
8 and 9) probes and analyzed by electrophoresis. Hybridization-
selected E2E RNA synthesized by pol III in vitro was examined in
parallel (lane 4). End-labeled Hpa II fragments of pBR322 DNA and
a set of SP6 run-off transcription products, whose lengths in nucle-
otides are indicated at left, were run in lanes 1 and 2, respectively.

promoter (Fig. 3F, lane 5). As predicted, only the smaller
RNA was synthesized in vitro when the t2 termination site
was removed (Fig. 3F, lane 6). RNA preparations from
infected, but not uninfected, HeLa cells contained an RNA
species comigrating with pol III E2E RNA II synthesized in
vitro (Fig. 3F, lanes 4 and 3). An infected-cell RNA slightly
shorter than in vitro synthesized E2E RNA I could just be
discerned under these conditions (Fig. 3F, lane 4). When
membranes were washed at lower stringency, this RNA
species (=42 nt) was detected more readily, as was a small
quantity of an RNA species comigrating with E2E RNA 1
made in vitro (Fig. 3F, compare lanes 2 and 5).

The specificity and efficiency with which the small E2E
RNA species present in infected-cell cytoplasmic RNA prep-
arations hybridized to the exon 1, intron 1, and exon 3
oligonucleotides (Fig. 3 D-F) indicated that they did not
represent products of degradation of abundant E2E mRNA
species or E2E pre-mRNA. The recovery of the small E2E
RNA species in the infected-cell RNA population soluble in
2.5 M LiCl (Fig. 3D, lane 2; Fig. 3F, lanes 2 and 4) and in the
poly(A)-lacking fraction (data not shown)—populations that
contained little or no E2E mRNA (Fig. 3C, lanes 3 and
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4)—provided further support for this conclusion. These
blotting experiments therefore established that cytoplasmic
RNA preparations from Ad2-infected HeLa cells contained a
91-nt RNA with the properties predicted for an E2E tran-
script extending from position +1 to the t2 termination site
(see Fig. 1): this RNA comigrated with such E2E transcripts
synthesized by pol III in vitro (Fig. 3 D and F) and contained
sequences from the —15 to +45 and +68 to +89 segments, but
not from exon 3, of the pol II E2E transcription unit. Such
infected-cell E2E RN A was further characterized by mapping
its 5’ and 3’ termini.

When infected-cell cytoplasmic RNA was examined by
primer extension using the intron 1 oligonucleotide, an in-
fected cell-specific cDNA estimated to be 89 nt in length was
observed (Fig. 4A, lanes 1-3). A comigrating cDNA, as well
as smaller quantities of a 91-nt cDNA, were generated by pol
III E2E transcripts synthesized in vitro from a wild-type
template, but not from a template lacking the t2 termination
site (Fig. 4A, lanes 4 and 5). The enrichment of the E2E RNA
yielding the 89-nt cDNA in cytoplasmic RNA populations
soluble in LiCl (data not shown) and the specificity of the
intron 1 oligonucleotide (Fig. 34) indicate that this cDNA
cannot be generated from cytoplasmic pol II transcripts. Its
length places the 5’ ends of the major in vitro pol I1I transcript
detected in this assay and the small, intron 1-containing
infected-cell RNA at position +1 of the pol II E2E transcrip-
tion unit.

The 3’ ends of small E2E RNA species detected in vivo
were mapped by using an E2E antisense RNA labeled at
position +2 in RNase T1 protection assays. In vitro pol III
E2E transcripts yielded major protection products of appar-
ent length 55 and 99 nt (Fig. 4B, lane 7), as predicted (see Fig.
1). These can be unambiguously assigned to pol III tran-
scripts terminating at the t1 and t2 sites, for mutations that
disrupted these sites eliminated the 55- and 99-nt products,
respectively (Fig. 4B, compare lanes 6 and 8 with lane 7). In
addition to the 78-nt protection product generated by E2E
mRNA exon 1, protection products comigrating with those
generated by in vitro synthesized E2E pol III transcripts were
generated by cytoplasmic RNA from Ad2-infected cells, but
not by RNA from uninfected cells (Fig. 4B, lanes 1 and 2).
These species were enriched, relative to E2E mRNA, in
cytoplasmic RNA soluble in 2.5 M LiCl (Fig. 4B, lanes 2 and
3) and were recovered in the poly(A)-lacking fraction (Fig.
4B, lanes 4 and 5). These results indicate that infected cells
must contain E2E RNA species with 3’ ends within the
regions +45 to +55 and +90 to +100, which contain the
T-rich t1 and t2 sequences characteristic of pol III termina-
tion sites (22) (Fig. 1B). Indeed, the length of the intron 1
sequence-containing, infected-gell E2E RNA species, 91 nt
(Fig. 3D), and the location of its 5’ end at position +1 (Fig.
4A) place its 3’ terminus at position +91, within the t2
termination site used by pol III in vitro.

Small E2E RNAs Are Present in Ad2-Infected Cells at Low
Concentrations. Estimates of the concentrations of small E2E
RNA species in infected cells by RNase T1 protection assays
indicated that these RNAs were present in the cytoplasm
during the late phase of infection at <10 copies per cell (Table
1). It is unlikely that this value represents a significant
underestimate, for comparison of signals generated in blot-
ting assays by infected-cell E2E RNA II and known quanti-
ties of the in vitro. synthesized pol III transcript yielded
estimates of 5 copies per cell. The low cytoplasmic concen-
trations of these E2E RNA species does not appear to be the
result of a low rate of pol III transcription: the results of
preliminary experiments suggest that pol II and pol III
transcribe 5’ terminal sequences of the E2E transcription unit
at comparable rates and that small cytoplasmic E2E RNAs
turn over more rapidly than exon 1-containing E2E mRNA.
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FiG. 3. Adenovirus-infected cells contain small E2E RNAs. Large (A-C) and small (D-F) E2E RNA species were examined by blotting.
The quantities (ug) and/or nature of the RNA samples loaded in each lane are listed at the top. Cyt, cytoplasmic; Nuc, nuclear; A—,
poly(A)-lacking RNA; A+, poly(A)-containing RNA. Samples designated LiCl were cytoplasmic RNA soluble in 2.5 M LiCl. RNA synthesized
by pol I1I in vitro from the wild-type E2E promoter or a derivative lacking the t2 termination site is indicated by wt or At2, respectively. Ethidium
bromide staining (data not shown) of rRNAs (A-C) or tRNAs (D-F) indicated that comparable quantities of each cytoplasmic RNA preparation
were run in the gels used to make the membranes. Membranes were hybridized to 5’ end-labeled intron 1, exon 3, or exon 1 oligonucleotides
(see Materials and Methods). The membrane shown in lanes 1 and 2 of F was washed under conditions of low stringency. The lengths of
denatured 32P-labeled DNA (A-C) or RNA (D-F) markers (lanes M) are listed at left. Positions of E2E transcripts are indicated at right.

DISCUSSION

Superposition of promoters specifying in vivo transcription
by more than a single eukaryotic RNA polymerase has not
been observed previously, although several transcriptional
control regions can direct transcription by both pol II and pol
II1 in vitro (see Introduction). This set includes the subgroup
C adenovirus E2E pol II promoter (11), which we now show
is also transcribed by pol III in adenovirus-infected cells.
E2E transcription exhibiting the same response to increasing
concentrations of a-amanitin as transcription from the pol I1I
VA-RNA| promoter produced discrete RNAs identical in
length to those made by pol I1I in vitro (Fig. 2). Furthermore,
infected-cell cytoplasmic RNA preparations contain an
~91-nt RNA that is identical in length, sequence content, and
location of 5’ and 3’ termini to E2E RNA II transcribed by pol
III in vitro (Figs. 3 and 4). These properties, which place its
3’ terminus within the T-rich t2 sequence (Fig. 1B) charac-
teristic of pol III termination sites (22), in conjunction with
the synthesis of this E2E RNA species by pol III in nuclei
from infected cells, demonstrate that the E2E promoter is
recognized by pol III in adenovirus-infected cells.

Although the results of run-on (Fig. 2B) and RNase pro-
tection (Fig. 4B) assays suggested that E2E RNA I (see Fig.
1A) was also made in vivo, this RNA was difficult to observe
when infected-cell RNA preparations were examined by
blotting (Fig. 3), even though E2E RNA I made by pol III in
vitro registered well in this assay (Fig. 3). The results of
blotting (Fig. 3) and RNase protection (Fig. 4B) assays
suggested, however, that E2E RNA I might be subject in
infected cells to cleavage reactions that do not operate
efficiently in vitro.

Because adenovirus exploits normal cellular mechanisms,
it seems likely that the superposition of pol II and pol III

promoters described here is also characteristic of certain
cellular transcription units. Mammalian c-myc promoters
presently represent the best cellular candidates for such an
arrangement (9, 12). As in the case of the E2E promoter, pol
III transcription from c-myc promoters in experimental sys-
tems is restricted to 5’ sequences of the pol II transcription
unit, terminates at T-rich sequences in the template, and
depends on TATA elements of the pol II promoters (9, 12).
pol III transcription with these properties has not, however,
been reported in isolated nuclei, nor have c-myc pol III
transcripts been detected in steady-state RNA populations.
However, if products of pol III c-myc transcription, like the
small E2E RNAs (Table 1), attained only low intracellular
concentrations, they would easily escape detection.
Certain replication proteins encoded by the E2 pol II
transcription unit function stoichiometrically in viral DNA
synthesis (23) and must be produced in large quantities during
the period of active viral DNA replication. As pol III syn-
thesizes RNA from the E2E promoter during this period (e.g.,
Fig. 2), activation of the E2 late pol II promoter (see Fig. 1)
at the beginning of the late phase (24, 25) may be a device to
circumvent limitations upon pol II E2E transcription imposed
by competition from the pol III system. What, then, is the
virtue of superposition of pol II and pol III E2E promoters in
the viral genome? This arrangement might represent a device
to maximize utilization of the limited capacity of the viral
genome. Alternatively, pol III transcription from the E2E
promoter might downregulate pol II transcription, as origi-
nally proposed for pol III c-myc transcription (9). The similar
rates of E2E transcription sequences by pol II and pol III
observed in preliminary experiments, and the low intracel-
lular concentrations attained by small E2E RNAs (Table 1),
are consistent with such a regulatory function. Moreover, as
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FiG. 4. Mapping 5’ and 3’ ends of small E2E transcripts. (4)
Primer extension reactions used 15 or 30 ug of cytoplasmic RNA
from adenovirus-infected HeLa cells harvested 14 hr after infection
(lanes 1 and 2, respectively), 30 ug of HeLa cell cytoplasmic RNA
(lane 3), or the products of pol III transcription from a wild-type or
t2 termination site-deleted E2E promoter (lanes 4 and 5, respective-
ly). The lengths of 32P-labeled DNA markers (lane 6) are listed at
right, and the 89-nt cDNA described in the text is indicated at left.
(B) RNase T1 protection assay mixtures contained 25 ug of cyto-
plasmic RNA from uninfected HeLa cells (lane 1) or cells isolated 14
hr after Ad2 infection (lane 2), LiCi-soluble RNA prepared from 125
ug of the same infected-cell cytoplasmic RNA preparation (lane 3),
the poly(A)-lacking (lane 4) and poly(A)-containing (lane 5) RNA
soluble in LiCl from 50 ug of an independent preparation of infected-
cell cytoplasmic RNA, or in vitro pol III transcripts from a wild-type
E2E promoter (lane 7) or its derivatives lacking the t1 or t2 termi-
nation sites (lanes 6 and 8, respectively). DNA and RNA markers,
whose lengths are listed at right, were run in lanes 9 and 10,
respectively. Positions of the exon 1 and E2E RNA I and RNA II
protection products are indicated at left.

the E2 72-kDa DNA-binding protein is lethal when overex-
pressed (26), its overproduction during the early phase might
preclude successful completion of the adenovirus reproduc-
tive cycle. Be that as it may, the superimposed pol II and pol
III adenovirus E2E promoters provide the opportunity to
explore the physiological consequences of competition be-
tween these two transcription systems, as well as potential
regulatory functions of pol III transcription.
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Table 1. Concentration of small E2E RNAs during the late phase
of adenovirus infection

No. of copies per cell

E2E RNA Exp. 1 Exp. 2 Exp. 3
I 4.2 7.2 6.5
II 4.4 6.2 7.0

The radioactivity recovered in RNase T1 protection products
when cytoplasmic RNA from Ad2-infected cells harvested 14 hr after
infection was hybridized to saturating concentrations of E2E an-
tisense RNA end-labeled at position +2 was measured with a
Molecular Dynamics model 400E Phorphorlmager and appropriate
standards. These values were used with the specific activities of the
probes, and measurement of the yield of cytoplasmic RNA from
infected HeLa cells, to calculate concentrations of the small E2E
RNAs. Experiments 1, 2, and 3 represent independent measurements
with two preparations of 3’ end-labeled probe.
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