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Abstract The process of oncogenic transformation has been widely studied but is still poorly understood. We
have focused on the mechanism of deregulation of the c-myc gene during transformation of a temperature-sensitive
SV40-transformed mouse cell line. Run-on transcription assays showed that the two c-myc minor promoters, P1 and P3,
are transiently activated following induction of transformation and that peak activation of both promoters is preceded by
a large increase in transcription of a small RNA (7SK). To test the possibility that this RNAmight participate in promoter
activation, we transfected cells with sense and antisense oligodeoxynucleotides corresponding to different regions of the
7SK RNApredicted to be accessible within the RNP particle. Out of 14 oligos tested, inhibition of activation of P1 and/or
P3 was observed with four antisense oligonucleotides corresponding to looped regions in the putative 7SK secondary
structure. To identify c-myc promoter sequences which might serve as targets for 7SK activity, we carried out
mobility-shift assays with either whole or 7SK-depleted cell extracts. The CT element of the c-myc promoter formed a
7SK-dependent complex which could be competed only with the same antisense 7SK oligo that suppressed P1 and P3
activation in vivo. Taken together these results suggest that 7SK RNP participates in transformation-dependent c-myc
deregulation. J. Cell. Biochem. 64:313–327. r 1997 Wiley-Liss, Inc.
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The concept of chromatin-remodelling factors
and transcription factors that are RNA-based
has been recently revived with the discovery of
RNAs that appear to act at the DNA level.
Examples are the transcription factor TF III R,
which controls tRNA transcription in the silk
worm [Dunstan et al., 1994a,b], the RNA prod-
uct of the XIST gene which controls X-chromo-
some inactivation [Brockdorff et al., 1992; Penny
et al., 1996], and the H19 RNAwhich can act as
a tumor suppressor [Hao et al., 1993]. Previous
results from our own and other laboratories
have suggested an RNA involvement in the
transcriptional control of two oncogenes, the
SV40 T-antigen and the c-myc genes, both of
which encode protein transcription factors im-
portant in oncogenic transformation. In our
laboratory, indirect evidence pointed to one par-

ticular type of small RNA, 7SK, as a possible
participant in transcription regulation. 7SK is
an abundant, highly conserved class III RNA
originating from one ormore genes belonging to
a family of interspersed repeats in the genome
(Alu II in human and B2 in mouse) [Zieve et al.,
1977; Gurney and Eliceiri, 1980; Reichel and
Benecke, 1980; Murphy et al., 1984, 1987; Gal-
lant et al., 1987; Moon and Krause, 1991]. Al-
though a number of studies on 7SK RNA and
associated proteins have been carried out in
other laboratories [for review see Reddy and
Busch, 1988], the function of this abundant
small RNA remains unknown. Early in vitro
assays revealed that gel-purified 7SKRNAfrom
SV40-transformed cells activated overall tran-
scription initiation in normal nuclei [Ringuette
et al., 1980, 1982]. Northern blot hybridizations
between total small RNAs and various onco-
gene probes showed that the 7SK band hybrid-
ized selectively with promoter regions of both
the SV40 and the mammalian but not chicken
c-myc genes. This promoter and species selectiv-
ity likely reflects an interaction with these pro-
moters and their trans-acting factors [Sohn et
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al., 1983; Kurz et al., 1988]. Furthermore, the
intensity of the hybridization signals varied in
direct proportion to transformation and tumori-
genicity of the cell lines tested [Krause et al.,
1986]. These results led to the hypothesis that
7SK RNA may participate in the transforma-
tion process by regulating transcriptional initia-
tion of specific genes such as c-myc.
The c-myc protooncogene is known to play an

important role in the determination of the vari-
ous physiological fates of a cell, including prolif-
eration, arrest, differentiation, and death. De-
regulation of the gene, therefore, results in
pathological states that appear to be a general
feature of many types of cancers [reviewed in
Marcu et al., 1992]. Thus, we have focused our
attention on deregulation of c-myc gene expres-
sion following induction of transformation in
temperature-sensitive mouse and human cell
lines. Use of the temperature-sensitive cell lines
avoids problems often encountered when com-
paring normal and transformed cell lines or
tumors since observed changes in permanently
transformed cells could be due, in part, to gene
amplification, chromosomal rearrangements, or
other secondary phenomena. Moreover, the
more rapid proliferation exhibited by trans-
formed cells makes it difficult to dissociate
transformation-specific from cell cycle–specific
events. In contrast, the temperature-sensitive
cell lines, upon induction, slow down rather
than accelerate their cell cycle progression [Gal-
lant et al., 1989; Luo and Krause, 1994]. Thus,
any observed changes are likely to be related to
transformation rather than proliferation.
We started by comparing c-myc and c-ras

mRNA levels at various times following trans-
fer of SV40 Ts(A)-transformed mouse cells to
the permissive temperature. Northern blot hy-
bridizations revealed substantial increases in
both transcripts, starting at 30 min postinduc-
tion and maintained thereafter [Gallant et al.,
1989]. However, nuclear run-on experiments
revealed a peak of c-myc transcription at 2 h
postinduction, preceded by a sevenfold activa-
tion of class III RNAs at 30 min postinduction
and followed by c-ras activation 6 h after induc-
tion [Gallant et al., 1989]. To determinewhether
the temporal appearance of these different
classes of RNAs was part of a gene cascade, we
initiated a more detailed analysis of transcrip-
tion from each of the known c-myc promoters.

The mammalian c-myc gene locus is known
to contain four promoters. In normal cells the
major promoter, P2, accounts for 75–90% of
c-myc mRNA, P1 accounts for 10–25%, while
P0 and P3 together account only for 5% of c-myc
transcripts [Eick et al., 1990]. To quantify any
changes in transcription from each of these
promoters, occurring during transformation, we
developed a quantitative assay utilizing re-
verse transcription followed by polymerase
chain reaction (RT-PCR). Application of this
method to mouse and human cells, transformed
by a temperature-sensitive mutant of the SV40
virus, enabled us to detect a three- to fivefold
increase in P1- and P3-initiated transcripts
within 30 min of transformation induction in
both cell lines [Luo and Krause, 1994]. This
higher level of transcription was maintained
for 24 h postinduction and was also observed in
stably transformed cells. The major P2-initi-
ated transcripts were found not to be signifi-
cantly affected. However, the level of exon III–
containing c-myc mRNAs increased gradually
up to 24 h postinduction and was also found to
be high in stably transformed cells [Luo and
Krause, 1994]. The mechanism responsible for
the gradual increase in c-mycmRNAwas there-
fore unclear, given that the two minor promot-
ers still contributed relatively little to the total
c-myc mRNA population. These results indi-
cated an unpredicted complexity in the deregu-
latory process of oncogenic transformation,
which is likely to involve alterations at various
levels of promoter accessibility, transcription
initiation, attenuation, and posttranscriptional
processing.
In the present investigation we extend these

studies to further explore the mechanism of
c-myc deregulation during transformation in-
duction. This study had two main objectives: 1)
to discriminate between promoter activity and
transcript stabilization as determinants of the
observed increased levels of c-myc transcripts
and 2) to search for factors which might be
involved in the process. Through a combination
of nuclear run-on transcription, oligo transfec-
tion, and electrophoretic mobility-shift assays
(EMSA) with whole or affinity-depleted ex-
tracts, we show that transformation induction
involves transient activation of both P1 and P3
c-myc promoters. We also present evidence that
a 7SK RNP is involved in the activation of at
least one of these promoters at early stages of
oncogenic induction.
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METHODS
Cell Strains and Culture Conditions

The SV40 Ts(A)-transformedmouse 3T3 cells,
line A 255 [Alwine et al., 1977], the wild-type
SV40-transformed Balb 3T3 cells (SVT2), and
Balb 3T3 cells (American Type Culture Collec-
tion, Rockville, MD) were cultivated in Dulbec-
co’smodifiedEagle’smedium (GIBCO-BRL,Gai-
thersburg, MD) supplemented with 10% fetal
bovine serum (ICN Biomedicals, Costa Mesa,
CA). The temperature-sensitive cells weremain-
tained at 33°C until approximately 2 weeks
before experiments. The cells were then trans-
ferred to 39°C and subcultured for a few pas-
sages before transfer to 33°C and harvested at
the times indicated.

Run-On Transcription Assays

All 50 mer antisense oligonucleotide probes
used to detect relative activity from each pro-
moterandall other oligonucleotidesused for trans-
fection assays were synthesized in a Cyclone Plus
DNAsynthesizer (Milligen/Biosearch, Burlington,
MA). The 50 mer sequences were as follows: P1
(1106 to 157) 58 CTTCTTTTTCCCGCCAAGC-
GTCGGCGAACGCTGCCTTCAGGAGGCAGGA
38;P2(1381to1332)58CTGCAATGGGCAAAGTTT-
CCCAGCGGCGGCGAGGGTTGCGGCCGCT-
GATG38; UP3 (1944 to1895) 58ACGCAAAAGG-
TAATCCCTTCTCCAAAGACCTCAGGATTCCA-
AGGGCTTTC 38; P3 (11,906 to11,857) 58CTAC-
TATCAGTGACGCTCGTCGGACTAGCAGC-
TGCTCCGAGTCCCCGCCT 38; E2 (12,507 to
12,458) 58 GTAGATGATGTTCTTGATGAAG-
GTCTCGTCGTCAGGATCGCAGATGAAGC 38;
7SK (1185 to 1136) 58 ACCGAAGACCGGTCC-
TCCTCTATTCGGGGAAGGTCGTCCTCTTCGAC-
CGA 38; GAPDH (1500 to 1451) 58 CCAAAGTT-
GTCATGGATGACCTTGGCCAGGGGG-
GCTAAGCAGTTGGTGGT 38. The c-myc mouse
sequences are positioned relative to the P1 start
site [Stanton et al., 1984] as illustrated under
the c-myc map in Figure 1. The glyceralde-
hyde-3 phosphate dehydrogenase (GAPDH)
probe was selected as per the sequence reported
by Sabath et al. [1990] and the 7SK probe from
the sequence reported by Moon and Krause
[1991]. M13 phage DNA was used as negative
control. All probes were denatured in 50% for-
mamide, 7.4% formaldehyde, 13 SSC at 65°C
for 15min, neutralized by addition of 2 volumes
of 203SSC, and applied toDuralose-UVymem-
branes (Stratagene, La Jolla, CA) at a concen-

tration of 1 µg/slot (Hybri-Sloty manifold;
Gibco/BRL). Nuclei were isolated essentially as
described [Greenberg and Ziff, 1984]. Aliquots
of 6 3 107 cells were washed three times with
saline and spun down at 500g for 5 min. Pellets
were resuspended in 1 ml ice-cold lysis buffer
(10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.5% (v/v) NP40) and incubated on ice
for 5 min. Nuclei were spun down at 500g for 5
min at 4°C, washed in the same buffer, resus-
pended in 300 µl ice-cold storage buffer (50 mM
Tris-HCl, pH 8.3, 40% (v/v) glycerol, 5 mM
MgCl2, 0.1 mM EDTA), and frozen in liquid
nitrogen until use. Run-on transcription assays
in the presence of [32P] UTP (ICN) were as
described [Xu et al., 1991]. RNAs were ex-
tracted by the hot phenol chloroform method
[Soeiro and Darnell, 1969], precipitated three
times, and hybridized in 50% formamide, 53
SSCPE, 13Denhardt’s solution, 0.1% SDS, 500
µg/ml yeast tRNA, and 20 µg/ml salmon sperm
DNA, at 42°C for 72 h. Washes were in 23 SSC,
1% SDS at 42°C, two times, followed by 23
SSC, 10 µg/ml RNase A at 37°C for 30 min, and
again twice in 23 SSC, 1% SDS at 37°C. Filters
were dried and exposed to Kodak X-OMAT AR
film for various time periods.
Quantitation of the signals was calculated

from scans of selected film exposures using a
GS300 Transmittance/Reflectance Scanning
Densitometer (Hoefer Instruments, San Fran-
cisco, CA). The linear response range of the film
was first determined to ensure that quantita-
tion was limited to this range in each of the
exposures selected. Densitometric data were
captured and analysed using Maxima 820 soft-
ware (Waters, Millipore Products Division, Mil-
ford, MA). The signals were standardized for
32P decay, exposure time, and reference to the
signal obtained from GAPDH by use of the
following formula: standardized signal 5 peak
density of scan/[32P decay 3 exposure time 3
GAPDH (33°/39°)].

Oligonucleotide Transfections and Assays

Sense and antisense oligonucleotides for the
various regions of 7SK RNA were based on the
sequences reported for mouse 7SK [Moon and
Krause, 1991]. The sense sequences, with the
numbers indicating position relative to the tran-
scription start site (11), are as follows: 17–27:
58 GAGGGCGATCTGGCTGCGACA 38; 129–
49: 58CTGTCACCCCATTGATCGCCA38;177–
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94: 58 AGGCGGGTGTCCCCTTCC 38; 195–
114: 58 TCCCTCACCGCTCCATGTGC 38;
1177–194: 58 GTCTTCGGTCAAGGGTAT 38;
1221–241: 58ACCTCCAAACAAGTCCTCAA38;
1284–300: 58CCAGACACATCCAAATG 38. For
comparison of the effects of all these sense and
corresponding antisense 7SK oligonucleotides,
we used a previously reported RT-PCR assay
utilizing promoter-specific c-myc primers [Luo
and Krause, 1994]. For this assay, A255 cells
were cultured in microtiter plates at 39°C and
exposed to 40 µM of each oligo for 8 h before
transfer to 33°C and assayed 2 h later. Poly(A)1
RNAs were isolated using Hybondy mAP pa-
per (Amersham, Arlington Heights, IL) as de-
scribed [Luo and Krause, 1994] except that
about 5,000 cells were lysed on each 2 mm2 of
paper. Radioactive RT-PCRwith [32P]dCTPwas
carried out in a single step using Retrotherm
reverse transcriptase (Epicentre Technologies,
Madison, WI) and primers specific for detection
of P1, P3, and GAPDH as described [Luo and
Krause, 1994]. The amplified fragments were
loaded in duplicate, separated in 2% agarose
gels containing 0.4 µg/ml ethidium bromide,
and photographed underUV. Bands correspond-
ing to P1, P3, and GAPDH amplification prod-
ucts were excised from the gel and dried at 70°C
overnight, and radioactivities were determined.
Oligo effects were calculated from the counts
per minute ratios of c-myc to GAPDH, obtained
from the excised bands, and percent inhibition
of transcription by each of the oligos tested was
calculated using the following formula: %
inhibition5 (C-T)33°3 100/(C33°–C39°) where
T stands for counts per minute ratio of P1/
GAPDH or P3/GAPDH in transfected cells,
while C stands for the same ratio in control
cells at either 33 or 39°C.
Transfection with K7-27 antisense oligo was

also assayed by nuclear run-on transcription.
In this case transfection conditions were identi-
cal except that aliquots of 107 cells were used
for nuclear isolation and run-on assays as above.

Electrophoretic Mobility Shift Assays (EMSA)

To test the possible participation of 7SK RNA
in complex formation at the promoter level, we
used a 25 mer c-myc probe representing the
purine-rich strand in the CT box region of the
mouse c-myc P1 promoter (2151 to 2175 rela-
tive to the P1 start site [Bernard et al., 1983]: 58

GGGGAGCCGGGGAAAGAGGAGGAGG 38.
The oligo was labelled with 32P using T4 poly-
nucleotide kinase (New England Biolabs, Bev-

erly, MA). Hela cell extracts were prepared as
described [Ausubel et al., 1989], and 105 cpm of
the probe was incubated with 20–40 mg of
extract in a final volume of 25 µl in binding
buffer (10 mM Hepes, pH 7.9, 10% glycerol, 50
mM KCl, 0.1 mM EDTA, 2.5 mM MgCl2, 1 mM
DTT, 2 mg dI-dC), for 30 min at room tempera-
ture. Complexes were resolved on 5% polyacryl-
amide gels as described (Ausubel et al., 1989).
Depletion of 7SK RNP from the extracts was
carried out overnight at 4°C in streptavidin-
agarose (Upstate Biotechnology, Lake Placid,
NY) to which biotinylated antisense K 95-114
oligo was bound. Mock-depleted extracts were
treated with avidin-agarose in the same man-
ner in the absence of bound oligo.

RESULTS
Transformation Induction Involves Transient

Activation of P1 and P3 Promoters

To test whether the accumulation of P1- and
P3-initiated transcripts observed upon induc-
tion of transformation in temperature-sensitive
cells [Luo and Krause, 1994] is due to promoter
activation, we carried out nuclear run-on tran-
scription assays using 50mer antisense oligode-
oxynucleotides as probes. The position of those
probes within the c-myc map, their target tran-
scripts, and an example of the results of the
run-on assays are depicted in Figure 1. It is
apparent that both P1 and P3 promoters are
activated only transiently, being detected as
early as 30 min postinduction and reverting to
normal levels by 24 h. P0 is not detectable by
this assay and is therefore not included. Al-
though the signals for P2 are likely to be af-
fected by the increased transcription from P1,
those for P3 do not appear to be derived from
upstream-initiated transcripts since the up-
stream probe (UP3) detects only traces of tran-
scripts in all conditions tested. The appearance
of sizable exon II signals at 39°C and after 24 h
at 33°C is puzzling given that no intron I sig-
nals (UP3) or P3 initiated transcripts are detect-
able at these times. However, these results are
typical for c-myc run-on assays (see also 3T3 vs.
SVT2), and other authors have interpreted this
to mean that the processivity of the polymerase
is lowest in intron I and highest in exon I
[Yankulov et al., 1994]. However, other interpre-
tations are possible, and one should not exclude
the possibility that rapid splicing and intron
degradation during the run-on assay may be
taking place. Evidence for cotranscriptional splic-
ing has been recently presented [Wuarin and
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Schibler, 1994].Glyceraldehyde-3-phosphatedehy-
drogenase (GAPDH) signals (overexposed in this
film) are constant, but 7SK RNA transcription
activation appears to be immediate and is sus-
tained beyond 24 h since it is detectable in SV40-

transformedmouse 3T3 cells (SVT2) as compared
with their nontransformed counterparts (3T3).
To quantitate the relative output from P1,

P3, and 7SK promoters as a function of time
following the temperature switch, we analyzed

Fig. 1. Run-on transcription assays for comparison of relative
activity of 7SK and c-myc promoters as a function of time after
the temperature switch (39° to 33°C) in temperature-sensitive
A255 mouse cells. Stably transformed cells (SVT2) are also
compared with their nontransformed counterparts (3T3). The

position of antisense 50 mer oligonucleotide probes for detec-
tion of c-myc run-on transcripts is depicted under the c-myc
map, together with the respective transcripts detected. Arrows
indicate the start sites of the four c-myc promoters, P0 to P3.
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various exposures of the X-ray films obtained in
run-on assays by scanning densitometry as de-
scribed inMethods.We also included extra time
points (5 and 12 h) for more precise determina-
tion of peak c-myc transient activation. The re-
sults are presented in Figure 2. It is apparent that
a sevenfold peak activation of 7SK at 30 min ap-
pears concomitantly with activation of P1 and P3
transcription, which reaches a peak at around 5 h
postinduction. Both c-myc promoters are seen to
revert to normal activity by 24 h, and no changes
are evident between normal and stably trans-
formed cells. Thus, the sustained higher levels of
c-myc mRNA previously found to follow transfor-
mation [Luo andKrause, 1994] suggest postinitia-
tion effects, such as increased read through from
the P2 promoter, differential processing, and/or
differential stabilization of c-myc transcripts.

Antisense 7SK Oligos Inhibit P1
and P3 Promoter Activation

The sequential activation of 7SK and c-myc
minor promoters during transformation, to-

gether with previous hints for its possible role
as a trans-acting factor, prompted us to design
an experimental test for its participation in
c-myc promoter activation in vivo. Computer
(FASTA) searches identified regions of limited
homology between 7SK and c-myc P1 and P3
promoter elements. On the basis of these ho-
mologies and the reported accessibility of some
7SKRNAsequences within the 7SK ribonucleo-
protein (RNP) particle [Wassarman and Steitz,
1991], we synthesized oligodeoxynucleotide se-
quences (see Methods; Table I) corresponding
to presumed exposed regions of the RNA, with
the expectation that some of the antisense
probes might base-pair with 7SK RNA and
therefore interfer with its activity during trans-
formation induction. Sense and antisense oligo-
nucleotides for seven of these regions were
transfected into A255 cells prior to the induc-
tion switch, and P1- and P3-initiated tran-
scripts were analyzed by RT-PCR 2 h postinduc-
tion using the same primers previously
described [Luo and Krause, 1994]. Inclusion of

Fig. 2. Scanning densitometric analysis of P1, P3, exon 2, and 7SK signals obtained in run-on experiments, as
depicted in Fig. 1, for quantitation of promoter activation as a function of time after transformation induction in
temperature-sensitive A255 cells. Each curve was obtained from scans of selected exposures of the X-ray film, as
detailed in Methods.
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GAPDH primers in each reaction served as
internal control.
The effects of three of the oligo pairs—K7-27,

K77-94, and K95-114—on P1 and P3 switch-
dependent activation are illustrated in Figure
3. It is apparent that oligo K7-27 depresses P3
activation, oligo K95-114 depresses both P1 and
P3, and oligo K77-94 has no effect on either. The
GAPDH levels remain unchanged in all trans-
fected cultures. For both the K7-27 and the
K95-114 oligos, only the antisense versions had
an effect. The effect of all seven pairs of 7SK
oligonucleotides on P1- and P3-initiated tran-
scription was calculated by quantitation of the
respective radioactive PCR signals relative to
GAPDH controls as described in Methods and
is presented in Figure 4. It is apparent that
only four of the antisense 7SK oligonucleotides
have a significant inhibitory effect on the level
of switch-dependent P1- and/or P3-initiated
transcripts. In addition to K95-114, which af-
fects both P1 and P3 transcripts, K177-194
affects only P1, while K7-27 and K221-241 af-
fect only P3. Variations below 620% could not
be detected visually and were judged insignifi-
cant. These results suggest that more than one
region of 7SK is involved in transcription con-
trol. Different regions of 7SK RNA may act in
concert to provide transcript-specific effects. Al-
ternatively, some antisense oligos may cause
misfolding of the RNA, which in turnmay affect
RNP assembly, structure, and function.
In Figure 5 we outline the position of both

active (open symbols) and inactive (closed sym-
bols) 7SK regions on the putative secondary

structure of the RNA, and Table I compares the
accessibility, loop structure, and activity of the
7SK RNA sequences used for the transfection
experiments.Although the proposed foldingmay
not represent the RNA as it exists in combina-
tion with proteins in the RNP particle, it is
interesting to note that all active regions con-
tain loops, while the inactive ones lie within
base-paired stems.
Since detection of 7SK RNA effects on c-myc

transcription by RT-PCR does not allow dis-
crimination between regulatory activity at ei-
ther the transcriptional or posttranscriptional
levels, we carried out further experiments us-
ing a run-on transcription assay to measure
transcription rates in the presence and absence
of an active antisense oligo. For these experi-
ments we selected the one oligo that showed the
highest inhibition in the RT-PCR experiments.
Antisense oligo K7-27, which eliminated the
rise in P3-initiated transcripts, was used to
transfect cells to detect its effect in run-on tran-
scription 5 h postinduction. The results are
illustrated in Figure 6. K7-27 severely inhib-
ited P3 promoter activation, which remained
near the level seen in noninduced cells. The
level of GAPDH remained constant.

Possible C-Myc P1 Promoter Target for 7SK RNP

We next looked for specific elements in the
c-myc promoters thatmight be involved in 7SK-
dependent activation following transformation
induction. Computer searches for regions with
limited homology to the active regions of 7SK
revealed several possible targets for the K7-27
sequence on the P3 promoter and a singlematch
with the K95-114 in the CT box region of the P1
promoter (12 out of 17 bases). This region,2151
to 2175 bp relative to P1, lies within a se-
quence showing a strong homopurine/homopy-
rimidine strand asymmetry. This is one of the
three sequences whose hypersensitivity to DN-
ase correlates with active transcription of the
human c-myc gene [Michelotti et al., 1995]. The
CT box region in the human c-myc gene con-
sists of five imperfect direct repeats of the se-
quence CCCTCCCCA. This CT element has
been shown to confer a five- to tenfold stimula-
tion of transcription to heterologous promoters,
both in vitro and in vivo [Takimoto et al., 1993;
DesJardins and Hay, 1993]. The same region
has also been shown to assume an H-conforma-
tion in vitro, consisting of a triplex/single-
stranded DNA structure [Kinniburgh, 1989].

TABLE I. Comparison of Activity,
Accessibility, and Secondary Structure of
Selected RNASequences Within 7SK RNP

Oligo position % cleavagea Loop region

Activityb

P1 P3

7-27 $50 Yes 0 111
29-49 $50 No 0 0
77-94 ND No 0 0
95-114 ND Yes 111 11
177-194 $50 Yes 1 0
221-241 100 Yes 0 1
284-300 $50 No 0 0

aPercent cleavage was determined in nuclear extracts by
sensitivity to RNase H in the presence of complementary
oligodeoxynucleotides as reported [Wassarman and Steitz,
1991]. ND, not determined.
bRelative activity is estimated from the percent inhibition
of P1 or P3 transformation-induced activation by antisense
7SK oligonucleotides as illustrated in Figure 4.
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Importantly, this structure has been found to
bind to an unknown RNP factor in electropho-
retic mobility-shift assays [Davis et al., 1989].
Thus, we decided to test the equivalent, well-
conserved region of the mouse c-myc gene [Ber-
nard et al., 1983] to investigate the possibility
that the unknown RNP factor seen to bind this
promoter element might contain 7SK RNA.
Figure 7 (lanes 2–4) illustrates the EMSA

results obtained with Hela nuclear extracts
probed with the 25 nucleotide oligo correspond-
ing to the mouse CT element as detailed in
Methods. Biotinylated anti-7SK oligo 95-114
was coupled to avidin-agarose beads and used

to remove 7SK RNPs. This treatment com-
pletely inhibited complex formation. Extracts
treated in the same manner with uncoupled
avidin-agarose (lane 5) formed complexes iden-
tical to those formed with untreated extracts.
Three complexes appear in the control lanes;
however, only the lower one (indicated by thick
arrow) appeared to be specific and was com-
peted exclusively by KA 95-114, the same anti-
sense K oligo which inhibited both P1 and P3
activation in vivo. Neither the inactive 7SK
antisense oligo, KA 77-94 (lanes 6–9), nor the
sense KS 95-114 (lanes 14–17), interfered with
this complex. Other random oligos also failed to

Fig. 3. Effect of transfected sense and antisense 7SK oligo-
nucleotides on the activation of c-myc P1 and P3 promoters in
A255 cells as detected by RT-PCR 2 h after switching to the
permissive temperature of 33°C. The uninduced state (39°C) and
untransfected induced cells (33°C) are shown as controls. Neg,

no template negative control; M, size markers (BRL 123 ladder).
Numbered intervals for each oligo indicate position within the
7SK sequence (numbered 58, 1–331); S, sense oglios; A, anti-
sense oligos.
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Fig. 4. Quantitation of the effect of transfected 7SK oligonucleo-
tides on switch-induced activation of P1 and P3 promoters in
A255 cells 2 h after transformation induction (39° to 33°C). The
count per minute ratios of c-myc to GAPDH, obtained from
bands excised from agarose gels such as that depicted in Fig. 3,

are expressed as percent inhibition in transfected cells as com-
pared to nontransfected controls (see Methods). Lighter hatched
bars, antisense oligos; darker stippled bars: sense oligos. Stan-
dard deviations calculated from four repeated experiments are
indicated.



Fig. 5. Putative structure of 7SK RNA showing the position of the seven oligo pairs (sense and antisense) used for
transfection. The structure was obtained using the DNASIS Pro software (Hitachi, San Bruno, CA). Open symbols
flank the outlined active sequences, and closed symbols flank the inactive ones.
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interfere with formation of the specific complex
(not shown).
We next examined the sensitivity of this com-

plex to both proteases and RNases. The results
are illustrated in Figure 8. Proteinase K (lanes
3–5) removes all complexes, while RNase A
(lanes 9, 10) interferes only with the lower
complex, confirming it as the RNA-dependent
one. As a further control, we added an RNase
inhibitor (RNasin; Promega, Madison, WI) to
RNase A–treated extracts and found that this
restored the specific complex (lane 11). RNase
H, however, had no effect on complex formation
(lanes 6–8), indicating that Watson and Crick
base pairs between 7SK and the c-myc probe
are either not involved or are protected within
the complex.

DISCUSSION
Transcription Activation by 7SK RNP

We have utilized both run-on transcription
and RT-PCR assays to detect transformation-
induced changes in c-myc gene expression that
occur in temperature-sensitive mouse cells im-
mediately following transfer to the permissive
temperature. The finding of a transient activa-
tion of two minor c-myc promoters, and the fact
that activation of these promoters is preceded
by a substantial rise in the transcription of 7SK
RNA, provided the ideal system to test the
hypothesis that this RNA is involved in c-myc
deregulation during transformation induction.
We had previously developed a quantitative

RT-PCR assay and applied it to the measure-

ment of the relative output of c-myc transcripts
produced from each of its four promoters as a
function of the physiological state of the cells.
The method not only permits the use of small
numbers of cells but was shown to be superior
to the more classical S1-nuclease or RNase
protection assays in that it provides more reli-
able quantitation of minor promoters [Luo and
Krause, 1994]. This method allowed us to quan-
titate the inhibitory effect of transfected anti-
sense 7SK oligonucleotides on the transforma-
tion-induced elevated levels of c-myc P1- and
P3-initiated transcripts. We used seven 7SK
oligonucleotide pairs selected on the basis of
their accessibility within the 7SK RNP particle
[Wassarman and Steitz, 1991]. We also consid-
ered in particular those regions of the 7SK
sequence which showed some homology with
P1 and P3 promoter elements and might there-
fore interact with those elements. Oligo-trans-
fected cells were subjected to RT-PCR to iden-
tify four antisense oligonucleotides which
inhibited the increase in P1 and/or P3 tran-
script accumulation during transformation in-
duction. Significantly, all of the active oligos
were complementary to exposed looped regions
of the RNA; those located on base-paired stems
showed no effect. Neither did any of the seven
7SK sense oligonucleotides tested. To discrimi-
nate between promoter-specific effects and those
acting postranscriptionally, we extended the
RT-PCR approach to show that the same re-
sults could be obtained by run-on transcription
assays using the most active of the 7SK anti-
sense oligonucleotides. These results support
the hypothesis that 7SK RNA is involved in the
activation of transcription in vivo. Our next
question concerned the identification of pro-
moter sites which may act as targets for 7SK
activity.

Likely Promoter Target for 7SK RNP

To test whether 7SK RNP does form specific
complexes with c-myc promoter sequences, we
resorted to electrophoretic mobility-shift as-
says. Early studies with c-myc identified six
candidate regulatory regions hypersensitive to
DNase I digestion [Siebenlist et al., 1984; Dy-
son et al., 1985]. In three of these regions,
hypersensitivity correlated with transcription
activation in several cell lines. One of these
sites, termed III1, is situated upstream of the
P1 promoter and contains the CT box element
which has been found to stimulate transcrip-

Fig. 6. Effect of antisense 7SK oligo (7-27) on P-3 promoter
activity detected in a run-on transcription assay 5 h after switch-
ing A255 cells to the permissible temperature of 33°C. 39°,
noninduced cells; 33°, induced cells; 33° 1 7-27, induced cells
in the presence of the 7SK oligo. The positions of P3 and
GAPDH probes are indicated.
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tion of heterologous promoters both in vivo and
in vitro [Takimoto et al., 1993; DesJardins and
Hay, 1993]. We selected this site as a possible
target for 7SK RNP for several reasons: 1) the
CT box contains the best contiguous homology
match (12 out of 17 bases) with the same region
of 7SK RNA which appeared to be involved in
both P1 and P3 activation during transforma-
tion induction; 2) triplex-forming oligonucleo-
tides have been shown to bind to this region
and have been suggested to alter gene expres-
sion [Cooney et al., 1988; Durland et al., 1991;

Merghy et al., 1991; Postel et al., 1991]; 3) the
strong homopurine/homopyrimidine strand
asymmetry of this region of the human pro-
moter has been found to lead to an H-DNA
conformation in vitro and to bind to an endog-
enous RNP in EMSA with Hela cell extracts.
The endogenous RNP interaction was postu-
lated to stabilize the H structure in vivo [Kin-
niburgh, 1989; Davis et al., 1989].
Our EMSA results, using the equivalent

purine-rich strand of the mouse c-myc pro-
moter in whole or 7SK-depleted Hela extracts,

Fig. 7. Competition EMSAusing a 25 mer corresponding to the
c-myc purine-rich strand of the CT element of the P1 promoter
as probe with 7SK-depleted and undepleted Hela cell extracts.
NE, normal whole cell extract; K-depleted, extract treated with
avidin-agarose–coupled antisense 7SK oligo 95-114; Mock-
depleted, treated with uncoupled avidin-agarose in the same
manner. Competition was carried out in undepleted extracts (40

mg) with increasing amounts of competitor antisense (KA) or
sense (KS) oligos, with numbers representing their respective
position in the 7SK sequence. The proportions of competitor to
probe were 253, 503, 1003, and 2003, respectively. The
thick arrow indicates the position of the specific complex, while
the thin one indicates that of the free probe.
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identify the endogenous unknownRNPof Davis
et al. [1989] as 7SK RNP. A 7SK-specific com-
plex was found to correspond to that of Davis et
al. [1989] and was similarly sensitive to RNase
A. However, in contrast with the earlier work,
the complex was found to be insensitive to
RNase H, indicating that Watson/Crick base
pairs are either not involved or are protected
within the complex. We consider, in addition,
two other possibilities: 1) the RNP may be in-
volved in a purine/purine/pyrimidine triple he-
lix with the CT element, or 2) the RNPmay not
bind directly to the promoter and may instead
compete for binding of other factors which nor-
mally contribute to the relative inaccessibility
of this element in the c-myc promoter. The
binding of 7SK RNP might induce a conforma-
tional change, thus permitting the binding of
transcription factors.

7SK and the Mechanism
of Transformation Induction

The use of the temperature-sensitive cell line
permits us to follow the sequence of events that

takes place during transformation induction.
Previous experiments have proved that the tem-
perature shift per se has no effect when applied
to normal or stably transformed cells [Gallant
et al., 1989; Luo and Krause, 1994]. Since the
temperature-sensitive defect in the SV40Agene
does not prevent the accumulation of its protein
product [Brockman, 1978], it is likely that the
shift to the permissive temperature results in
functional activation of preexisting T antigen
molecules which are known to activate tran-
scription from class III genes such as 7SK [Singh
et al., 1985]. This RNA in turn may participate
in the selective activation of c-myc P1 and P3
promoters. Whether 7SK RNP binds directly to
these promoters remains to be investigated.
Although the results of EMSAare suggestive of
a direct interaction with the purine-rich strand
of the c-myc CT element, it is also possible that
the RNP particles act in a more indirect fash-
ion. For example, they might participate in a
more general chromatin remodelling process
during transformation induction which exposes
the minor promoters for immediate interaction
with trans-acting factors. It is not known how
transient activation of these minor promoters
can contribute to the increased levels of c-myc
mRNA since, even at their maximum activity,
they still contribute relatively little to the total
mRNApopulation [Luo and Krause, 1994]. Sev-
eral possibilities can be considered: 1) P1 and
P3 activation might lead to an increased acces-
sibility of the c-myc P2 promoter for the binding
of transcription activators; 2) promoter ele-
ments of related genes may likewise be af-
fected, contributing to the overall effect; 3) such
processes may increase the read-through tran-
scription from the major promoter; 4) process-
ing changes may take place, such as a different
38 end formationwhich can result in the produc-
tion of more stable messengers [Bonieu et al.,
1988; Bernstein et al., 1992].
Transient activation has been reported for

hormone-inducible promoters where hormone-
dependent loading of transcription factors at
the promoter is lost after 24 h of continuous
hormone treatment [Lee andArcher, 1994]. The
authors suggest that transient promoter activa-
tion correlates with nucleosomal remodelling in
chromatin. Evidence to date indicates that tran-
scriptional activation requires that transcrip-
tion factors successfully compete with histones
for binding to promoters [Felsenfeld, 1992]. It is
possible that 7SK RNP may act as a facilitator

Fig. 8. Sensitivity of the EMSA complex to proteinase K and
RNases. P, probe; NE, 40 mg of whole extract; Prase K, 5, 10,
and 20 mg of proteinase K, respectively, were incubated with
the extract and probe as described in Methods; Rnase H, 4, 8
and 16 units RNase H were added in the same manner; RNase
A, 4 and 8 mg RNase A were added; I, 8 mg of RNase A was
added in the presence of 400 units of RNasin. Thick and thin
arrows indicate the position of the complex and free probe,
respectively.
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in this process. The abundance of 7SK RNP in
the nucleus and the finding that the level of
transcription of its RNA remains elevated in
transformed cells predicts that this RNP is
broadly utilized in regulating other nuclear
events. Likely, 7SK RNP is only one of many
ubiquitous factors which may be recruited dur-
ing oncogenesis.
Despite extensive research, the c-myc gene

continues to yield a seemingly inexhaustible
supply of complexities. The present results of-
fer new clues to its deregulation during transfor-
mation induction and present the first concrete
suggestion for a functional involvement of an
RNA of hitherto unknown function. However,
much work remains to be done to unravel the
precisemechanisms responsible for transforma-
tion-induced accumulation of c-myc mRNA in
unrearranged genomes.
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