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ABSTRACT  We have characterized a transcription unit
in the 5’ flanking region of the mouse gene encoding dihydro-
folate reductase (EC 1.5.1.3) that is oriented in the opposite
direction to that of dihydrofolate reductase transcription.
These opposite-strand RNAs are 180-240 nucleotides long, dif-
fering in length at their 5' ends. They are abundant in nuclear
RNA and are not polyadenylylated. We suggest that the pro-
moter region of the dihydrofolate reductase gene functions in a
bidirectional manner to produce both these RNAs and dihy-
drofolate reductase mRNAs.

Dihydrofolate reductase (DHFR; tetrahydrofolate dehydro-
genase, EC 1.5.1.3) belongs to a class of “housekeeping” en-
zymes, whose products are necessary for growth of all cell
types. Specifically, DHFR is a key enzyme in the de novo
synthesis of glycine, purines, and thymidylate and is thus
involved in DNA replication. Previous studies have shown
that DHFR is cell cycle regulated at the transcriptional level
(1, 2). Although it is known that the burst of transcription at
the G,/S boundary results from enhancement of transcrip-
tion from a constitutive promoter (2), the mechanism con-
trolling this cyclic increase and decrease in transcription rate
is unknown.

The 1000 base pairs (bp) of DNA preceding the DHFR
translation start codon are composed of a complex pattern of
regulatory sequences (3). The region between —101 and
—272 consists of 3% copies of a 48-bp sequence. These re-
peats contain a sequence CACAAATA, which resembles a
combination of the “CAAT” and “TATA” boxes that are
utilized as RNA polymerase II transcription signals by many
eukaryotic genes (4). Each repeat also contains the hexanu-
cleotide GGGCGG, six copies of which are also present in
the 21-bp repeats of the simian virus 40 (SV40) promoter re-
gion (5). In addition, homology to the 21-bp repeats of SV40
is found between —559 and —594. The only sequences in this
1000 bp that resemble a characteristic RNA polymerase II
promoter are CAACT at —748 and TAATAA at —673. How-
ever, no cellular RNAs have been identified which utilize
this TATA box (2, 3). Instead, the major site of transcription
initiation is in the most 3’-ward 48-bp repeat.

Comparison of the 5’ flanking sequences of the human and
mouse DHFR genes reveals that the majority of the 1000 bp
5’ of the start codon are evolutionarily conserved (6). Since
it is likely that this region is involved in the regulation of the
DHFR gene, we have pursued a more detailed characteriza-
tion of its transcription pattern. In the process of studying
DHFR transcription, we identified a series of RNA tran-
scripts originating from the opposite strand to that coding for
DHFR mRNA. These opposite-strand RNAs are small, nu-
clear, poly(A)” RNAs whose 5’ ends map near the DHFR
promoter region.
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MATERIALS AND METHODS

DNA Constructions. The recombinant DNA plasmid
pSP65-RT10+ (a gift from C. Gasser) contains a 1017-bp
EcoRI/HindIIl fragment derived from the 5’ end of the
mouse DHFR gene and inserted into the EcoRI and HindIII
sites of plasmid pSP65 (Promega Biotec, Madison, WI). The
insert contains 1006 nucleotides upstream from the transla-
tion start site, 6 nucleotides of coding sequence, and 5 nucle-
otides of pBR322 sequence (see Fig. 1). The recombinant
DNA plasmid pSP65-ST+ was created by digestion of
pSP65-RT10+ with EcoRI and Sma 1. The linear plasmid,
now containing only the 416-bp Sma I to HindIII insert, was
isolated in SeaPlaque agarose, and the ends were filled by
using the Klenow fragment of DNA polymerase and ligated
with T4 DNA ligase (7). The ligation products were used to
transform Escherichia coli strain HB101 according to stan-
dard protocols (7, 8). Plasmid DNA was obtained by stan-
dard procedures (9).

Cells and Culture Conditions. The mouse cell lines used in
these studies include 3T6 cells (10) and the methotrexate-
resistant cell lines 3T6 R50-MS6-clone A (2), 3T6 R400 (11)
and S180 MS500 (12). These cell lines contain amplified
DHFR genes (see legend of Fig. 5) and were maintained as
described in the previous studies.

RNA Protection Experiments. Cytoplasmic RNA was pre-
pared by the method of Maniatis et al. (13). The nuclear pel-
lets were used to make nuclear RNA. Total cellular and nu-
clear RNA were prepared by the guanidinium isothiocya-
nate/cesium chloride method as described by Setzer et al.
(12). Preparation of R400 total, poly(A)*, and poly(A)~
RNA (gifts from C. Gasser) was as described by Gasser (14).
All RNA preparations were electrophoresed on formalde-
hyde gels (13) and visualized by ethidium bromide staining to
corroborate spectrophotometric quantification and to ensure
that no degradation had occurred.

To examine RNAs from the 5’ region of the DHFR gene,
the SP6 promoter system (Promega Biotec) was used. Plas-
mids SP65-RT10+ and SP65-ST+ produce RNA transcripts
having the same polarity as DHFR mRNAs and thus are
complementary to transcripts coded from the opposite
strand to DHFR. SP65-RT10+ was linearized to produce
run-off transcripts complementary to the entire EcoRI to
HindIII region, the EcoRI to Xho II region, or the EcoRI to
Stu 1 region (see Fig. 1). SP65-ST+ was linearized to pro-
duce a run-off transcript complementary to the Sma I to Hin-
dIII region.

Approximately 0.5-2 X 10° cpm of RNA probe and 10 ug
of cellular RNA were used in each RNA protection experi-
ment, performed according to the Promega Biotec protocols
with the following modifications. Hybridization of the RNA
and probe was as described in Favaloro er al. (15). After
hybridization, 300 ul of RNase digestion buffer (Promega

Abbreviations: DHFR, dihydrofolate reductase; bp, base pair(s);
SV40, simian virus 40.
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Fi16. 1. The 5' end of the DHFR gene. This diagram represents
the 1000-bp insert from the 5’ region of the DHFR gene and flanking
vector sequences of the plasmid pSP65-RT10+. The nucleotide se-
quence is numbered such that the first base of the translation initia-
tion codon used in the synthesis of DHFR is numbered +1. The
location of restriction sites used in cloning, S1 nuclease reactions,
and SP6 promoter transcriptions are indicated. Only restriction sites
derived from murine DNA are numbered. Transcription initiation
from the SP6 promoter occurs 6-9 bp upstream of the EcoRI site.
The site of SP6 initiation and the direction of transcription are indi-
cated by a dashed arrow. The 5 bp between the Taq I and HindIII
sites are the nucleotides in pBR322 from the Cla I to the HindIII
sites. The 48-bp repeats (boxes) and the GGGCGG hexanucleotides
(underlines) of the DHFR promoter region are also shown. The ma-
jor DHFR transcripts are indicated by open arrowheads, whereas
the opposite-strand transcripts are indicated by the closed arrow-
head. The heterogeneity of the 5’ ends of the opposite-strand tran-
scripts is represented by the waved line. The complete nucleotide
sequence of this region is presented elsewhere (3).

Biotec) containing RNase A at 1 ug/ml and RNase T1 at 0.03
unit/ml was added to each sample, followed by digestion at
30°C for 30 min. The reaction was terminated and the sam-
ples were processed according to the Promega Biotec proto-
col.

A 1485-bp Xho II fragment spanning the promoter region
was used as a DNA probe in an S1 nuclease reaction to map
the 5’ ends of the opposite-strand RNAs. The 1584-bp Tagq I
fragment spanning the promoter region was used as the DNA
probe in S1 nuclease experiments examining the DHFR tran-
scription levels. The plasmid SP65-RT10+ was digested with
either Xho II or Taq I, 5'-end-labeled with {y**P]JATP by
using polynucleotide kinase (Bethesda Research Labora-
tories), separated by agarose gel electrophoresis, and puri-
fied from the gel. Approximately 20,000 cpm of DNA probe
and 25 ug of cellular RNA were used in each reaction. S1
nuclease reactions were performed according to the method
of Favaloro et al. (15) as modified from Berk and Sharp (16).
Samples from both the RNA and DNA probe protection ex-
periments were analyzed on 5% or 8% polyacrylamide/8 M
urea gels (13).

RESULTS

Identification of Opposite-Strand Transcripts. We have lo-
cated a transcription unit in the 5’ region of the mouse
DHEFR gene. Using a uniformly labeled EcoRI/HindIIIl RNA
probe produced by the SP6 promoter system (see Fig. 1 fora
map of the 5’ end of the DHFR gene), we detected cellular
RNAs transcribed from the strand opposite to that used for
the DHFR gene. As can be seen in Fig. 2, lane 2, this cluster
of RN As ranges from 180 to 240 nucleotides in length. Since
a uniformly labeled probe was used, the protected fragments
could lie anywhere in the 1012 bp of DHFR flanking se-
quence. To more precisely map their location, a series of
progressively shorter probes was used. Along with the 1017-
nucleotide EcoRI/HindIIl probe, a 548-nucleotide Eco-
RI/Xho 1I probe, and a 349-nucleotide EcoRI/Stu I probe
were used in protection experiments, the results of which are
shown in Fig. 3. The EcoRI/HindIIl probe (lane 1) shows
the series of protected fragments seen in Fig. 2. However,
when the probe is shortened to 548 nucleotides, a 30-nucleo-
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FiG. 2. Identification of opposite-strand transcripts. RNA pro-
tection experiments using a uniformly labeled EcoRI/HindIII probe
and parental 3T6 nuclear RNA (lane 1) or 3T6 R50 total RNA (lane
2) are shown. 3T6 R50 cells contain 40-50 times as many DHFR
genes as do the parental cells. Longer exposure of the autoradio-
gram detects the same protected fragments in the parental 3T6 cells.
The protected fragments seen in lane 2 range from 180 to 240 nucleo-
tides in length and were sized by comparison to known DNA mark-
ers.

tide fragment is seen (lane 2). The shortest probe (349-nucle-
otide EcoRI/Stu 1) results in only undigested probe, indicat-
ing no protection of this fragment (lane 3). This allows the 3’
end of the RNA to be located to approximately position
—488 (see Fig. 1). With a 3’ end fixed to position —488 and
knowing the lengths of the protected fragments from the
longer probe, it was possible to map the 5’ ends to the region
of —248 to —308. The heterogeneity seen with the long probe
is not present when the EcoRI/Xho II probe is used, imply-
ing that it could be due to the 5’ end of the RNA and not the
3’ end. To more accurately place the 5’ ends of the RNAs,
two other experiments were performed. First, the EcoRI/
Sma 1 fragment was removed from the SP65-RT10+ plas-
mid, producing plasmid SP65-ST+. The uniformly labeled
Sma 1/Hindlll probe made from this plasmid should pro-
duce protected fragments having a 3’ end fixed at —405. Pro-
tection experiments using this probe gave heterogeneous
fragments that were correspondingly shorter than the full
length (Fig. 3, lane 5), placing the heterogeneous 5’ ends
from —253 to —298. S1 nuclease protection analysis was also
used to map the 5’ ends. The 1485-bp Xho II fragment span-
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FiG. 3. Transcript mapping using uniformly labeled RNA
probes. Location of the 3’ end of the small RNAs is demonstrated
with M500 total RNA in lane 1 (1017-nucleotide EcoRI/HindIII
probe), lane 2 (548-nucleotide EcoRI/Xho II probe), and lane 3 (349-
nucleotide EcoRI/Stu I probe). Protection experiments using the
416-nucleotide Sma 1/HindIII probe are shown in lane 4 (parental
3T6 nuclear RNA) and lane 5 (3T6 R50 total RNA). Lanes 1-3 are
from a 5% polyacrylamide gel, whereas lanes 4 and 5 are from an 8%
polyacrylamide gel. Fragment lengths were determined by compari-
son to DNA markers on each gel.
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ning the start sites was 5’-end-labeled and used in an S1 nu-
clease protection experiment demonstrating that the 5’ ends
represent a ladder of about 10-nucleotide increments (Fig. 4,
lane 4) in the region from —253 to —303. This combination of
mapping experiments identifies a group of RNAs ranging in
size from 180 to 240 nucleotides that are transcribed from the
5' flanking region of the DHFR gene in the direction oppo-
site to DHFR mRNAs. These RNAs are colinear with het-
erogeneous 5' ends beginning adjacent to the promoter re-
gion for the DHFR gene.

Characterization of the RNA. To ensure that the RNAs we
were detecting were transcribed from the 5’ region of the
DHFR gene, we compared their levels in various DHFR-am-
plified cell lines to those in nonamplified cells. Using the
uniformly labeled EcoR1/HindIII probe in an RNA protec-
tion experiment, we compared 3T6 cells (Fig. 5, lane 1) to
R50 (Iane 2), R400 (lane 3), and M500 (lane 4) cell lines. The
amount of the RNAs increases with amplification, indicating
that they are transcribed from the amplified unit. RNA from
a DHFR-deficient Chinese hamster ovary cell line (17) that
contains a transfected murine DHFR minigene with a trun-
cated 5' flanking region (14) was also used in an RNA protec-
tion experiment. This amplified cell line should not produce
the murine opposite-strand RNAs since it is truncated at
—160. As expected, the protected fragments were not seen
(data not shown).

We next examined the cellular distribution of these RN As.
R50 RNA was fractionated into cytoplasmic and nuclear
components. To compare the localization of the opposite-
strand RNAs to that of DHFR mRNAs, S1 nuclease reac-
tions were performed, using a 1584-bp Taq I probe to mea-
sure DHFR mRNA levels (Fig. 4, lanes 1 and 2) and a 1485-
bp Xho II probe to measure opposite-strand RNA levels
(lanes 3 and 4). DHFR mRNA is present in both the cyto-
plasmic (lane 1) and nuclear (lane 2) fractions. The small
RNAs, in contrast, are present only in the nuclear (lane 4)
fraction and not in the cytoplasmic fraction (lane 3). The
DHFR mRNA lanes serve as a control to show that the cyto-
plasmic RNA is intact and allow a comparison of the
amounts of the different transcripts. It appears that these
opposite-strand transcripts are produced from the amplified
units in approximately the same levels as are the DHFR
mRNAs.

We also examined R400 total RNA that had been separat-
ed into poly(A)* and poly(A)~ fractions. These RNAs have
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FiG. 4. Sl nuclease mapping of RNA transcripts. The 1584-bp
Taq 1 fragment was used to identify DHFR transcripts in 3T6 R50
cytoplasmic RNA (lane 1), 3T6 R50 nuclear RNA (lane 2), and 3T6
nuclear RNA (lane 5). The 1485-bp Xho II fragment was used to
identify opposite-strand RNAs in 3T6 R50 cytoplasmic RNA (lane
3), 3T6 RS0 nuclear RNA (lane 4), and 3T6 parental nuclear RNA
(lane 6). Fragments representing the major and secondary DHFR
initiation sites are marked with arrows. The opposite-strand RNAs
are indicated by a bracket. The larger fragments seen in lane 4 are
probe-specific S1 nuclease artifacts.
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FiG. 5. Quantitation of the opposite-strand RNAs in amplified
DHFR cell lines. The 1017-nucleotide EcoR1/HindIII uniformly la-
beled RNA probe was used to quantitate the levels of the opposite-
strand RNAs in 3T6 cells (lane 1), 3T6 R50 cells containing 50 copies
of the DHFR genes (lane 2), 3T6 R400 cells containing 15 copies of
the DHFR genes (lane 3), and S180 M500 cells containing 500 copies
of the DHFR genes. When the autoradiogram was exposed for a
much longer time, the opposite-strand RNAs could be detected in
the unamplified cells (not shown).

been used in a blot hybridization analysis to show that the
DHFR messages are present in the poly(A)™* fraction and not
in the poly(A)~ fraction (14). Fig. 6 shows an RNA protec-
tion experiment using these RNAs and the EcoRI/HindIII
probe. The opposite-strand RNAs are present only in total
RNA (lane 1) and poly(A)~ RNA (lane 3) and not in poly(A)™*
RNA (lane 2).

DISCUSSION

We have identified small nuclear poly(A)~ transcripts origi-
nating from the 5’ flanking region of the DHFR gene and
transcribed in the direction opposite to that of DHFR
mRNAs. These RNAs range in size from 180 to 240 nucleo-
tides and have heterogeneous 5’ ends originating adjacent to
the DHFR promoter region. The DHFR promoter consists of
3%, tandem copies of a 48-bp repeat that contain the hexanu-
cleotide GGGCGG characteristic of the 21-bp repeats of the
SV40 promoter. The 21-bp repeat functions as an SV40 pro-
moter element in vivo for both the early and late transcripts
(18-20) and can be inverted without losing its ability to direct
early RNA synthesis (21). In the absence of contiguous SV40
transcription control sequences, the 21-bp repeats are capa-
ble of initiating transcription in a bidirectional manner from
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FiG. 6. Localization of the small RNAs. A uniformly labeled
1017-nucleotide EcoR1/HindIIl probe was used to determine the
abundance of the opposite-strand RNAs in 3T6 R400 total RNA
(lane 1), 3T6 R400 poly(A)* RNA (lane 2), and 3T6 R400 poly(A)™~
RNA (lane 3). Lane 4 shows the level in 3T6 nuclear RNA. The
DNA markers (lane M) are Hinfl fragments from pDHFR11 (ref.
12).
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pBR322 sequences in an in vitro transcription assay (22).
This characteristic of the SV40 promoter, that of one region
directing synthesis of RNA bidirectionally on opposite
strands, appears to be duplicated by the DHFR promoter.

The 5’ heterogeneity of these small RNAs is likely due to
the unique structure of the DHFR promoter, which has also
been shown to direct multiple initiations in the DHFR
mRNAs (2, 3). Other RNA polymerase II promoters that do
not have a TATA box produce heterogeneous starts, includ-
ing the polyoma late promoter (23), the adenovirus 2 DNA-
binding protein promoter (24), and the SV40 late promoter
(25). In addition, numerous studies have shown that elimina-
tion or alteration of the TATA box causes specific transcrip-
tion initiation to degenerate to many sites (18, 26-29). The
function of the TATA box may be to confer a fixed unidirec-
tional initiation site for RNA polymerase II. Promoter re-
gions lacking this sequence may function bidirectionally and
produce heterogeneous initiations.

Although we do not know if these RN As are functional or
just fortuitous transcripts that result from an unusual pro-
moter region, all evidence indicates that they are not part of
a longer transcript. The opposite-strand RN As cannot repre-
sent a complete intron since no adjacent exon sequences are
detected in total or poly(A)* RNA in RNA protection ex-
periments employing probes extending both 5’ and 3’ from
the region of the small RN As. It remains possible that these
RNAs represent highly stable degradation products from
splicing intermediates of a large mRNA originating within
the amplified DNA segments. We think this is unlikely since
lariat structure intermediates of mRNA splicing are present
in the nucleus in extremely small amounts (30). In contrast,
the small nuclear RN As are present in an abundance compa-
rable to that of cytoplasmic DHFR mRNA. Also, the se-
quence of the DNA coding for the small RNAs is highly ho-
mologous between the mouse and the human DHFR genes.
Inasmuch as intervening sequences in homologous genes (in-
cluding the mouse and human DHFR genes) characteristical-
ly have low homology, this argues against these RNAs repre-
senting an intron degradation product. Conversely, these
RNAs could constitute exon-like segments of a larger
mRNA species that are spliced at such a rapid rate that the
primary transcript is never observed. However, since these
RNAs are limited to the poly(A)~ fraction of nuclear RNA,
the putative spliced transcript could not be a classical
mRNA. Lastly, hybridization analyses using double-strand-
ed DNA probes up to 90 kbp 5’ or 46 kbp 3’ of the small
RNAs do not detect amplified RNAs in total poly(A)* M500
RNA other than those coding for DHFR (N. Federspiel, per-
sonal communication). For all of the above reasons, we do
not believe that the small RNAs constitute degradation or
splicing products. When the small RNA probes are used in
blot hybridization analysis, their G+C-richness (>65%) re-
sults in weak hybridization to rRNA and to small RNAs
(200-300 nucleotides), but no poly(A)* RNAs hybridize as
strongly (data not shown). Our inability to obtain a strong
hybridization signal in hybridization analysis may be influ-
enced by stable secondary structures in the small RNA
probe (see below).

Several classes of small RNAs are considered to be impor-
tant in gene regulation. Birchmeier et al. (31) have shown
that the accurate formation of sea urchin histone H3 mRNA
termini requires a 60-nucleotide nuclear RNA. Another
class, the U-snRNAs are small, nuclear, poly(A)~ tran-
scripts originating from non-TATA box RNA polymerase 11
promoters (32). The U-snRNAs have the potential to form
multiple stable secondary structures and have been implicat-
ed in the recognition of 5’ and 3’ splice sites (33, 34). The
RNAs identified in this report have many of the properties of
the U-snRNAs, including the potential to form multiple sta-
ble stem-and-loop structures. In fact, 10 such overlapping
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stems were identified by using the criterion of a AG of forma-
tion greater than —20 kcal/mol, using the Queen and Korn
program (35). Intramolecular base pairing is possible over
most of the length of these RNAs. Small RNAs are also uti-
lized in antisense regulation. In these cases, RNAs comple-
mentary to prokaryotic gene transcripts have been identified
(36, 37). The possibility that endogenous antisense regula-
tion may be one of the normal components of gene regulation
in eukaryotes has been raised by Izant and Weintraub (38).
They have shown that artificially constructed antisense tran-
scripts of the herpes simplex virus thymidine kinase (TK)
gene can diminish the appearance of viral TK gene activity in
mouse TK™ L cells. Comparison of the opposite-strand
RNAs to the DHFR gene and flanking sequences revealed a
complementarity to the first 10 nucleotides of the major
DHFR transcript and to a short region of the DHFR mRNA
immediately following the translation stop codon. Although
the biological significance of these homologies is untested, it
is possible that base pairing between transcripts could influ-
ence DHFR regulation.

Note Added in Proof. Primer extension analyses have corroborated
the protection experiments that map the 5’ ends of the opposite-
strand RNAs to the DHFR promoter region.
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