
Nucleic Acids Research, 1992, Vol. 20, No. 24 6597-6604

Differential utilization of poly (A) signals between DHFR
alleles in CHL cells

Kathleen W.Scotto, Honghao Yang1, Joseph P.Davide+ and Peter W.Meleral,*
Molecular Pharmacology Program, Memorial Sloan-Kettering Cancer Center, New York 10021 and
1Department of Biological Chemistry, The Cancer Center and the Graduate Program in Molecular and
Cell Biology, University of Maryland, Baltimore, MD 21201, USA

Received September 10, 1992; Revised and Accepted November 16, 1992 GenBank accession nos M83108 and M83109

ABSTRACT

The Chinese hamster cell line, DC-3F, is heterozygous
at the DHFR locus, and each allele can be distinguished
on the basis of a unique DNA restriction pattern, protein
isoelectric profile and in the abundancy of the DHFR
mRNAs it expresses. Although each allele produces
four transcripts, 1000, 1650 and 2150 and 6000
nucleotides in length, the relative distribution of these
RNAs differs for each; the 2150 nt mRNA represents
the major (60%) species generated from one allele,
while the 1000 nt mRNA is the major species generated
from the other. The allele that predominantly expresses
the 2150 nt transcript is preferentially overexpressed
when DC-3F cells are subjected to selection in
methotrexate. We have analyzed the 3' ends of both
DHFR alleles and have found that the three major
mRNAs arise by readthrough of multiple
polyadenylation signals. A four base deletion in one
allele changes the consensus polyadenylation signal
AAUAAA to AAUAAU, resulting in the utilization of a
cryptic polyadenylation signal lying 21 bp upstream.
Surprisingly, this mutation in the third polyadenylation
signal appears to affect not only the utilization of this
signal, but also the efficiency with which the first signal,
located 1171 bp upstream from the third site, is utilized.

INTRODUCTION

The Chinese hamster lung cell line, DC-3F, is heterozygous at
the dihydrofolate reductase (DHFR) locus (1). When selected
with the antifolate methotrexate (MTX), drug-resistant sublines
that amplify and overexpress one or the other DHFR allele can

be readily isolated (2,3). These sublines have provided an

excellent system in which to analyze the expression of individual
DHFR alleles in an identical somatic cell nuclear environment,
where differential expression would be expected to be mediated
by cis-acting, rather than trans-acting, factors.
We have previously shown that the two DHFR alleles differ

with respect to DNA restriction patterns, the biochemical
properties of the enzymes they encode and in the relative steady-

state levels of the multiple mRNAs which they each generate
(1,4,5-8). A total of 42 MTX-resistant sublines have been
isolated from the parental DC-3F cell line, which itself expresses
both DHFR alleles (1, 5). Each drug resistant subline, however,
overexpresses one or the other, but not both alleles, and in every
case the mechanism of overexpression is gene amplification.
Interestingly, thirty-two of the sublines overexpress the 21K allele
(so called because the DHFR it encodes displays an apparent
molecular weight of 21KD by SDS-PAGE), while only ten
overexpress the 20K allele (5, McKissick and Melera,
unpublished), suggesting a selective advantage of the one over

the other.
The two drug-resistant derivatives of DC-3F studied most

extensively are sublines DC-3F/A3 and DC-3F/MQ19, which
amplify and overexpress the 21K, or the 20K allele, respectively
(5, Sa). The DC-3F/A3 subline (and other indepedently derived
sublines from DC-3F which overexpress the 21K allele, (5))
contains three major DHFR mRNAs, 2150, 1650 and 1000 nt
in length (7), the most abundant (60%) of which is the 2150 nt
mRNA (1). The DC-3F/MQ-19 subline and other indepedently
derived 20K allele overexpressors, contain the same three major
DHFR mRNAs (7). However, in these cases the most abundant
transcript (60%) is the 1000 nt species (1, 4). Since alterations
in the processing of DHFR transcripts could play a role in
mediating the selective advantage of one allele over the other,
we have extended the analysis of these polymorphic DHFR genes

to defining mutations in cis elements which may contribute to
differences in the relative efficiency with which each allele
processes its transcripts.
We had previously isolated two CHL cDNA clones,

representing the 1000 nt DHFR mRNA generated by the 20K
allele and one of the larger species generated by the 21K allele
(7), and have shown that they differ in the length of their 3' non-

translated regions; we now present further analysis of clones
representing the 3'end of the two DHFR alleles which verifies
that this is a result of readthrough of multiple polyadenylation
signals, similar to what has been observed with DHFR genes
in human (9) and mouse (10, 11, 12). What is unique to the
hamster system, however, is that signals which are identical in
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both alleles are used with strikingly different efficiency. In this
report, we show that a 4-base deletion which alters the 3 '-most
polyadenylation signal in the 20K allele by a single nucleotide
not only inactivates that signal, but also appears sufficient to alter
the utilization of another signal which lies 1171 nucleotides
upstream.

MATERIALS AND METHODS
Cell lines and culturing
The characterization and maintenance of the Chinese hamster lung
cell line, DC-3F, and its independently-derived methotrexate-
resistant sublines DC-3F/A3, DC-3F/MQ19 and DC-3F/MQ8
have been described (2,3). Cells were grown in MEM/F12
(GIBCO) supplemented with 5% fetal calf serum and the
appropriate concentration of MTX.

RNA isolation; Northern analysis and DNA sequencing
Total cellular RNA was extracted by the guanidinium
isothiocyanate/cesium chloride gradient method (13). Northern
blot analyses were performed as described previously (1). Probes
were radioactively labelled using the random primer protocol (14)
or by nick-translation (13). Poly (A)+ RNA was prepared by
oligo d(t) chromatography of polysomal RNA (6). DNA
sequencing was carried out according to Maxam and Gilbert (15)
with modifications (7) and Sanger and Coulson (16) as described
in Devine et. al. (17).

Genomic library preparation and screening
A genomic library of DC-3F/A3 was constructed in lambda 1059
(18) using sucrose density gradient purified 20-25 Kb DNA
fragments obtained from Bam HI partial digests of nuclear DNA
(19). The library was plated in E.coli P358 and screened as
described by Benton and Davis (20) using the 3' non-translated
region of the DHFR cDNA clone, pDHFR A3-35, as probe (19).

Antisense RNA probe preparation by PCR and RNase
protection assays
All reagents for oligonucleotide synthesis were from Applied
Biosystem. Taq DNA polymerase and deoxynucleotides for PCR
were supplied with the GeneAmp PCR Reagent Kit by Perkin-
Elmer Cetus. Ribonuclease T2, Sp6 and T7 RNA polymerases,
RNasin and RNase-free DNase I were either from Promega or
Bethesda Research Laboratories. Yeast RNA was purchased from
Sigma.

Pairs of primers whose sequences were complementary to
regions upstream and downstream of the respective
polyadenylation signals were designed for each PCR
amplification, with either an Sp6 or T7 RNA polymerase
promoter sequence added to the 5'-end of the antisense primer
(21,22). For example, to map the first poly (A) site of the
DHFR primary transcript, the sense primer
(5'-GCCACTCCCCAAAGTCATGC-3') was designed to
complement the sequence 85 nucleotides upstream of the putative
poly (A) signal, whereas the antisense primer (5'GAATT
GGATTTAGGTGACACTATAGAATACGAATACCTGCTG-
GGGAGCCACTTGAGGCCGCATGGGA-3') was comple-
mentary to the sequence 80 nucleotides downstream of that signal
(the attached SP6 RNA polymerase promoter sequence is
underlined). An additional four or five nucleotides were routinely
attached to the 5'-end of the promoter sequences to facilitate
polymerase binding. Also, six additional nucleotides (5'-GAATA-
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Figure 1. Diagram of X 1059-DHFR-21K-15. A. Bam HI restriction map of the
X 1059-DHFR-21K-15 17 Kb insert and an Eco RI restriction map of the 2.1
Kb Bam HI fragment. Details of the mapping experiments can be found in reference
38. The 5' and 3' designations refer to the orientation of the 17 Kb genomic
DNA fragment with respect to its DHFR transcripts. B. Approximate location
of the polyadenylation sites utilized in the three different sized DHFR mRNAs
produced by Chinese hamster cells as determined by preliminary SI nuclease
experiments (41) and by analyzing the sequences ofpDHFR MQ19-97 and A3-35
(7).

C-3' and 5'-GGGAGA-3', in the case of the Sp6 and T7
promoters, respectively) were added between the 3'-end of the
promoter and the 5'-end of the specific antisense primer, such
that the single stranded antisense RNA probe was routinely 6
nucleotides longer than the longest possible RNA fragment
protected and, therefore, distinguishable. All oligonucleotide
primers were synthesized by phosphoramidite chemistry (23)
using an Applied Biosystems synthesizer model 380A and purified
by use of Oligonucleotide Purification Cartridges (OPC) supplied
by Applied Biosystems Corp. The primers used for the second
poly (A) site were 5'-GCCTTTCCTATCTCAG-3'
(complementary to nucleotides 721 through 736 of p2lK-2. 1)
and 5'-AATTTAATACGACTCACTATAGGGAGAGAATAC-
GGATATGAAGGTAGTGGAGGGAATGGGAGGG-3'
(complementary to nucleotides 847 through 877 of p2lK-2.1;
the T7 polymerase recognition sequence is underlined). For the
third site, the primers used were 5'-CTCTTCCCTATCCTTCA-
GGC-3' (complementary to nucleotides 1183 to 1202 of
p2lK-2. 1) and 5'-GAATTGGATTTAGGTGACACTATA-
GAATACGGATTAGTGCTGCTCATAACTCTGGTC-3'
(complementary to nucleotides 1376 through 1402 of p2lK-2. 1;
the Sp6 polymerase promoter sequence is underlined).
PCR amplification was performed using the Perkin-Elmer

Cetus GeneAmp PCR Reagent Kit. One ng cloned DNA was
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suspended in a total volume of 100 ul reaction buffer (5OmM
KC1, 10 mM Tris-HC1, PH 8.3, 1.5 mM MgCl2, 0.01%
(w/v) gelatin) which also contained 1.0 AM of each primer, 200
AtM each of dATP, dCTP, dTTP and dGTP, and 2.5 units of
Perkin-Elmer Cetus AmpliTaq DNA polymerase. The reaction
was carried out for 35 cycles in a Perkin-Elmer Cetus
Thermalcycler (the sample was denatured at 94°C for 1 min,
annealed at 50-54°C for 2 min, and extended at 72°C for 3
min). The PCR-amplified DNA template was purified by filtration
through a G-50 Sephadex spin column (Boehringer Mannheim
Biochemicals) (24). Approximately 1 jig of the PCR-amplified
DNA template was used for each in vitro transcription reaction,
in a reaction mixture containing 40mM Tris-HC1 (pH7.5),
6mM MgC12, 2mM spermidine, lOmM NaCi, lOmM DTT,
1 unit/idl of RNasin, 500ltM of each rATP, rUTP, rGTP and
12,tuM rCTP, 5OuCi radiolabeled a-32P-rCTP (New England
Nuclear Corp.) and 5-10 units of SP6 or T7 RNA polymerase,
incubated at 40°C for lhr. 10 units of DNase I was then added
to remove the DNA template, and after digestion for 1 hr at 37°C
the resulting RNA probe was purified by phenol extraction
followed by ethanol precipitation.

lO,ug of total cellular RNA and 5 x 105cpm of the antisense
probe were mixed in 301d of hybridization buffer containing 80%
formamide, 0.4M NaCl, 40mM PIPES (PH 6.4) and 1mM
EDTA. The RNA was denatured at 85°C for 5 min, then allowed
to reanneal at 35 -45°C overnight. 30 units/mi of T2 RNase was
added, and following digestion at 30° for 1 hr to remove single
stranded unprotected RNA, the protected RNA-RNA hybrids
were extracted, precipitated and electrophoresed through a 6 or
8% denaturing polyacrylamide gel with DNA sequence ladders
as size markers. The gel was then fixed, dried and exposed to
Kodak XAR-5 film overnight at -70°C with an intensifying
screen.

RESULTS
Cloning and characterization of the 3' ends of the two DHFR
alleles
A genomic library was prepared from DC-3F/A3 cells and
screened with pDHFR A35-700 (19), a cDNA clone containing
sequences within the 3' untranslated region of the DC-3F/A3-35
cDNA (7) derived from the 21K allele. A single genomic clone,
designated lambda 1059/21K-DHFR-A15 (lambda A15) and
representing the 21K allele, was isolated from 5X105 non-
amplified colonies. Additional clones representing the 21K allele
were later isolated from a DC-3F/A3 genomic library prepared
in the vector EMBL-3 (Forma, F. and P.W.Melera), allowing
us to confirm the results obtained with lambda A15.
The structure of lambda A15 and its subclones is shown in

Figure 1. These results are consistent with the known structure
of the CHO DHFR gene reported by Carothers et al (25) and
Milbrandt et al (26). The five BamHI fragments were subcloned
into the pUC8 vector and named according to the allele from
which they were derived and their size (i.e. p2lK-6.8, p21K-2. 1,
etc). Southern blot analysis of DC-3F and DC-3F/A3 DNA using
each of these five fragments as probe verified that four were
derived from DNA which was amplified in the drug-resistant cell
line. The same pattern of amplified fragments was also observed
in DC-3F/MQ19 DNA, indicating that no major rearrangements
occurred between the two alleles in this region (data not shown).
The insert of p2 1K-5.3, however, contained no apparent
amplified DNA sequences, consisting instead of both unique and
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Figure 2. Northern blot analysis of DHFR transcripts. Polysomal poly (A)'
RNA prepared from DC-3F/MQl9 and DC-3F/A3 cells that overexpress the 20K
and 21K alleles 120- and 50-fold respectively was hybridized with the four
amplified Bam HI genomic DNA fragments obtained from X 1059 21K-15 (fig. 1).
In each case, 1 yg of poly (A)' polysomal RNA was electrophoresed through
a 1.4% formaldehyde gel at 40 volts for 14 hours. After transfer to nitrocellulose,
the resulting filters were hybridized with 100 ng of probe labeled with [32p] to
a specific activity of 3 x 108 cpm. After 16 hr at 65°C the filters were washed
and then exposed to Kodak XAR film for 24 hours. In each panel, lane 1 contains
RNA from DC-3F/MQ19 cells 20K allele) and lane 2 contains RNA from
DC-3F/A3 cells 21K allele). The probes used in each experiment were: Panel A,
p21K-6.8; Panel B, p21K-2.1; Panel C, P21K-0.5; Panel D, p2lK-2.4
Overexposure of the blots in Panel A and B show the presence of the 6 Kb transcript
(not shown). Panels E and F show the results of a 36 hr exposure of the same
RNA samples hybridized with p2lK-643 and p2lK-849 respectively.

repetitive sequences common to both the parental and resistant
cells. Although this most likely represents a cloning artifact, the
possibility that the p2lK-5.3 represents the 3' insertion site for
the DHFR amplicon cannot be ruled out.
We have previously described the isolation and characterization

of the cDNA clones, pDHFR MQ19-97 and pDHFR A3-35 (7)
derived from the 20K and 21K alleles, respectively. pDHFR
MQ19-97 ends in a tract of adenosine residues, preceded by the
polyadenylation signal AUUAAA, and represents all but the 5'
leader sequence of the lOOOnt mRNA generated by the 20K allele.
pDHFR A3-35 contains a DHFR-specific insert which extends
approximately 450 nt beyond this site of polyadenylation despite
the presence of the same signal in the same location as it is found
in the 20K allele, and therefore was derived from one of the larger
mRNAs generated from the 21K allele. Southern blot analysis
of lambda A15 using both these clones as probes showed
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A3 GGATCCTGTG CATCCTGGGC AACTGTTGTA CTCTAAGCCA CTCCCCAAAG TCATGCCCCA GCCCCTGTAT 70MQ8/19..--- - -- - - - - - - - - 70

A3 AATTCTAAAC AATTAGAATT ATTTTCATTT TCATTAGTCT AACCAGGTTA TUNUTAT ACTTTAAGAA 14014Q8/19.--- - - - - - - -- - - - - - - - - 140

A3 A#ACCATTTG CCATAAAGTT CTCAATGCCC CTCCCATGCa GCCTCAAGTG GCTCCCCAGC AGATGCATAG 210

A3 GGTAGTGTGT GTACAAGAGA CCCCAAAGAC ATAGAGCCCC TGAGAGCATG AGCTGATATG GGGGCTCATA 28014Q8/19 -- - -- -- - - - ----.- - - - - - -A.--- 280

A3 GAGATAGGAG CTAGATGAAT AAGTACAAAG GGCAGAAATG GGTTTTAAAC AGCAGAGCTA GAACTCAGAC 350
MQ8/19 ---------- ---------- ---------- ---------- ---------- - 350

A3 TTTAAAGAAA ATTAGATCAA AGTAGAGACT GAATTATTCT GCACATCAGA CTCTGAGCAG AGTTCTGTTC 420
MQ8/19.--- - - - - -- - - - - - - - - - - - - - - - - - 420

A3 ACTCAGACAG AAAATGGGTA AATTGAGAGC TGGCTCCATT GTGCTCCTTA GAGATGGGAG CAGGTGGAGG 490
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 490

A3 ATTATATAAG GTCTGGAACA TTTAACTTCT CCGTTTCTCA TCTTCAGTGA GATTCCAAGG GATACTGCAG 560
MQ8/19 ----560------------- ---------- ---------- ---------- ---------- ---------- 560

A3 TGACAGAACA AGAATAGGCT GCTTCTACCA AAAAAAAAAA AAAAAAAA 'TAAGTAA TGGCAAGCAT 626
MQ8/19 ---------- ---------- ---------- ---------- --------Aa A.------------------ 630

A3 AATAGCTACT GTTAAGAATT CAGAGATAAT GAATTGAGAA TGGATATTGC TTGAAATGAA AATTAATGAA 696
MQ8/19 ._------------------ ---------- ---------- ---------- ---------- AXYAX---- 700

A3 CATGAAAAAA ATGAAAATTA AAATGCCTTT CCTATCTCAG CAGGGTTTGT AGCATCAGGT CAAAAAAAGT 766
MQ8/19 ---------- -----AATTA A--------- ---------- ---------- ---------- ---------- 770

A3 AGTAAAITAA TACAATCT TCGTAAAAGA ATCTTTTTTT ATCTTTTACT TGACAATTTC ATATATGTAG 836
MQ8/19 ----MfM .-------- ------------------------------------------------ 840

A3 ATCCAAATCC CCCTCCCATT CCCTCCACTA CCTTCATATC CTCTTTTGTT TTTTTTTGTT TTTGTTTTTT 906
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 910

A3 TTCTTTTTTT GCAACCCACT GAAACCAGTA AGGCTTTCTT CATGTTCCTA GGTGTGGACA ATCCACTIGA 976
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ------C--- 980

A3 GTATGGGCAA CCTACAGTGG CCACACCTAC ACACACCCAG CCACCATCAG TTACCAGTGG CTCTTCAACT 1046
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1050

A3 ATAGGTGGAG CCTAATGAGC CTCTCCTATG CATGGTGGAA TATTGACTGG ATTGATCTAC AGACAACCAT 1116
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1120

A3 AGCTGCTGTG AGCTTGTGAG TGTAATGGCC ATGTCCTGTC CAGAAGACAG CATTATATAT ACAACACTCT 1186
MQ/819 ---A______--A--- -1190

A3 TCCCTATCCT TCAGGCTTTT CACTGTGTCC ACCACTTCTT CGTCAATGTT CTCTGAACCA TAGGCAGGGT 1256
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1260

A3 TCTTGATATA AATGGTCTAT TCCGAATTGA GTMAT!AUACA ATCGTTTATT CtATGCACTT TGATCAGTCG 1326
MQ8/19 ------ATATA-------- ---------- --A TAA T-------- ---------- ---------- 1326

t
A3 TGAGTCTCCA TGCTGACTGC TGTCCACAGC AAAAAGGAAC TTCTTCTCTG ACCAGAGTTA TGAGCAGCAC 1396
MQ8/19 ---------- ---------- ---------- ---------- ---------- ------- -------- 1396

A3 TAATCCAGGG TATGAACATA GATATTTAGA AGGTACTTTG AAAACCCATC CATTTTAGCA AAACAACAGT 1466
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1466

A3 AGTAAGTTCA CCCTTAGAGC CCATGAATTC CACAGCCATA GGCATTTGAC CAGTTTTACA GTACCATACA 1536
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1536

A3 TAAGAATTCT CTCTTGTGGA GCAGGCTCTC AGATACAATT AGAAAGAAGT TGGTTACACT ATAGTAGACA 1606
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1606

A3 AGCCACTACT GCACCAGTAG ACTAATATTG TAGCATTCGA GGCCTACCAC TAGGTAAGTC CATTAATGAC 1676
MQ18/19 ---------- ---------A----------- --A------a ---------- ---------- ---------- 1676

A3 TTTTCTCCCC CAGTGATATG CATAGCACCT TCTGTCACTG TGAAAGCTAT CCAGTAAGGG GGAAGTTTAC 1746
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1746

A3 AAGTCAACTC CAGATTTAAT TCTCTATGTC CTGCAACCAC AATGTCTTTT GCCTTTACCA TCTAGCTGTG 1816
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1816

A3 GTGACCATCC AAGAGCAATG GCAATAACCT GTGTTGTTTG GGAAACCTCT ATAACCAATT GCTCCTAAGG 1886
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1886

A3 AGGTAGCCCA TACCTTGCAC TGAGATTTTC ATTTAATGAC CTATGTCTTC ATTTAATAAC CATTGCCCAC 1956
MQ18/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 1956

A3 CAGTGTGCAG GGTACTGCAA TTCAGACTTT TTTTTTTTRA GTTATAATTA CCTTACAAAG TAGTGGAATG 2026
MQ18/19 ---------- ---------- ---------- -------- - ---------- ---------- ---------- 2025

A3 CTTTGTTTTC TCATACAGGC TCAGATTTAG TTAACCCATA GATACAAAAG ACTATAGATA CAGTCTTTTG 2096
MQ8/19 ---------- ---------- ---------- ---------- ---------- ---------- ---------- 2095

A3 AATGTGAGTA GTCAATTCAA ATTCATAATA TTCTAGATTT GGATCCGTCG A 2147
MQ8/19 ---------- ---------- ---------- ---------- ---------- - 2146

Figure 3. Nucleotide sequence comparison of p2OK-2. 1 and p2lK-2. 1. The nucleotide sequences of both the 20K and 21K allele 2.1 Kb Bam HI genomic DNA
fawents are shown, as is the sequence of a second 20K allele 2.1 Kb Bam HI fragment cloned from the cell line DC-3F/MQ8. The sequences presented for DC-3F/MQ19
and DC-3F/A3 were derived from two independent clones in each case and each clone was sequenced in both directions. The DC-3F/MQ8 sequence was determined
from one clone sequenced in one direction only. As indicated, the DC-3F/MQ19 and DC-3F/MQ8 sequences are identical. The sequence differences between the
2 alleles are indicated in bold type as are the potential polyadenylation signals revealed by preliminary S1 nuclease assays (41) and by comparisons to cloned cDNAs
(7). Those signals underlined are the ones utilized in each allele (see fig. 4). The major polyadenylation sites for each allele are indicated by the arrow heads.

hybridization only to the 6.8 Kb and 2.1 Kb Bam HI fragments mRNA species, approximately 6 Kb in length and co-purifying
(19). with poly (A)+ RNA, was identified, but only in DC-3F/MQ19
The four plasmids containing Bam HI fragments and cells. The three major DHFR mRNAs, as well as the 6 Kb

representing amplified DNA were used in Northern blot analyses species, hybridize with p2lK-6.8 and p2lK-2. 1; p2lK-O.5 and
of RNA from DC-3F/A3 and DC-3F/MQ19 cells (Figure 2). p2lK-2.4 only recognize the 6 Kb transcript. Taken together,
During the course of these analyses, an additional minor DHFR these results support the notion that the four RNA species differ
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by virtue of extensions of their 3' ends, and indicates that the
termini of the three major mRNAs are located within p2 lK-2. 1.

In order to further delineate the genomic region which contains
the ends of the three major DHFR mRNAs, p2lK-2.1 was
subcloned into three fragments (p2lK-643, p2lK-849 and
p2lK-607 (Figure 1A). Northern blot analyses using these
subclones as probe showed that the 3'-end of the 1000 nt species
lies within p2lK-643 while the ends of the 1650 and 2150 nt
mRNAs lie within p2lK-849. p2lK-607 hybridizes only to the
6 Kb RNA species (data not shown). Southern blot analysis of
DNA representing the two alleles revealed an RFLP when DNA
was digested with Hpa II and probed with p2lK-849; a restriction
site for this enzyme is present within this region of the 20K allele,
but absent in the 21K allele (19). This observation was fortuitous,
since it allowed us to clearly distinguish the two alleles during
further analyses.

In order to clone the corresponding 2.1 kB Bam HI fragment
from the 20K allele, we electrophoresed Bam HI- digested
genomic DNA from DC-3F/MQ19 cells, isolated and cloned
fragments migrating from 1.9 to 2.2 Kb, and identified DHFR-
containing clones by hybridization with p2lK-2. 1. Several 20K
allele-specific clones (designated p2OK-2. 1) were obtained by this
method and subject to further characterization, as were similar
clones obtained from the independently derived cell line
DC-3F/MQ8, which was also known to amplify the 20K allele
(ca. 180-fold (5)) (these clones were designated pMQ8-2. 1).
Northern hybridization analyses using p2OK-2.1 and its subclones
as probe yielded the same pattern as that seen when p21K-2.1 was
used (19, and see fig. 2).

Nucleotide sequence analysis of p2lK-2.1 and p2OK-2.1
The nucleotide sequences of p2lK-2.1 and p2OK-2.1 (as well
as an additional p2OK-2.1 clone from the subline DC-3F/MQ8
that amplifies and overexpresses the 20K allele (1, 5) and is
identical to p2OK-2.1) are shown in Figure 3; only those
nucleotides which differ in the 20K allele are shown. Comparison
with the sequence of the full length cDNA, pDHFR-MQ19-97,
allowed us to locate the poly (A) addition site for the 1000 nt
mRNA to nucleotide 142 or 143 within the 2.1 Kb fragment,
15 bases downstream from the polyadenylation signal AUUAAA.
Analysis of the region represented by p2lK-849, and therefore
containing the cleavage sites of the 1650 and 2150 nt species,
revealed the presence of several potential polyadenylation signals
for these two mRNAs.

Relatively few sequence differences were noted between the
20K and 21K alleles; using the 21K allele as reference, there
were seven point mutations (positions 152, 180, 273, 973, 1149,
1639 and 1646), one insertion (AAAA at position 609) and two
deletions (ACAA, present at position 1294 and T at position 1995)
in the 20K allele. As a result of these changes, p2OK-2.1 is 2146
nucleotides in length, one base shorter than p2 1K-2. 1. There are
several AT-rich regions within the sequence, and the addition
of AAAA at position 609 in the 20K allele results in an
uninterrupted tract of 23 adenosine residues (19 in the 21K allele).
It should also be noted that the removal of the sequence ACAA
from the 20K allele changes the potential polyadenylation signal
AAUAAA to AAUAAU. The significance of this mutation will
be discussed.

Finally, there is a sequence, 5'-CGTGagTC-3', located 31
nucleotides 3'-ward of the third potential poly (A) signal at

5'-YGTGTTYY-3' that has been reported to be required for
polyadenylation (27). No similar consensus sequence exists
downstream of either the first or second potential poly (A) signals
indicated in fig. 3, although an extremely U-rich region does lie
downstream of the second signal, beginning at position 800.

RNase protection analysis of the 3' termini of the major
DHFR mRNAs
In order to define the 3' termini of the major mRNA species
generated by the two DHFR alleles, RNase protection assays
were performed on total cellular RNA isolated from DC-3F/A3,
DC-3F/MQ19, and in some cases, DC-3F/MQ8 cells (figure 4).
Probes for these analyses were generated by PCR amplification
of various regions of either pA3-2.1 or p2OK-2.1 (Materials and
Methods). Although we were able to approximate the 3' poly
(A) cleavage site of the 1000 nt mRNA based on comparisons
with the full-length cDNA, it was not clear whether the first
adenosine in the poly (A) tract was derived from genomic DNA
(the adenosine at position 143) or was added post-
transcriptionally. The antisense RNA probe used for this analysis
represents sequences from base 37 to 202 of p2OK-2. 1. When
hybridized with RNA from either allele (fig 4A), a 165 nt
fragment and four smaller fragments are protected. The 165 nt
fragment represents the readthrough transcript in both cases,

while the most predominant of the smaller fragments (105 nt)
reflects the cleavage site predicted from the sequence of the
DC-3F/MQ19-97 cDNA, mapping to the 3' side of the C residue
at position 142 in both alleles. The other three protected fragments
either represent artifacts of the RNAse protection assay or indicate
the presence of multiple cleavage sites. Attempts to eliminate this
heterogeneity by altering the assay conditions or by altering the
length of the antisense RNA probe have been unsuccessful. Since
further inspection of the nucleotide sequence surrounding the
5'-AUUAAA-3' signal (fig 3) reveals the presence of two other
potential poly (A) signals (5'-AAUAUA, overlapping the
AUUAAA signal, and AAGAAA, 9 nt downstream of the
signal), it is likely that heterogeneity exists in the 3' processing
at this site. Nevertheless, this heterogeneity is identical between
the two alleles.
The probe used for analysis of the cleavage site of the 1650

nt mRNA contained sequences from base 721 to 877 of p21K-2.1
(Figure 4B), and protected a 156 nt readthrough RNA fragment
and an additional fragment of 63 nt that represents the cleavage
site for production of the 1650 nt DHFR mRNA (fig. 4B). This
indicated that the polyadenylation signal AAUUAA located at
position 771 in p2lK-2.1 (775 in the 20K allele) is utilized.
Similar analyses using probes spanning the identical signals at
positions 712 (716) and 687 (691) had demonstrated that they
are not utilized (data not shown). The same protected fragments
were found for both alleles.

Results obtained from analyses of the termini of the 2150 base
mRNA encoded by each allele were strikingly different than what
was observed for the smaller mRNAs. Because of the sequence
differences in this region between the two alleles, the probes used
for these analyses were allele specific. Hence, the probe for
analysis of DC-3F/MQ19 RNA contained sequences from base
1187 to base 1402 of p2OK-2. 1, whereas the probe used for
analysis of DC-3F/A3 RNA contained sequences from base 1183
to base 1402 of p21K-2.1 (figure 4C). Although the fragment
protected by RNA from the 21K allele (lane 1) was 124 nt in

position 1325 which is similar to the consensus sequence length, representing a cleavage site at position 1307, the fragment
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protected by the 20K allelic RNA (lane 2) was only 103 nt long,
indicating that cleavage occurred at base 1290. It is interesting
to note, then, that the consensus polyadenylation signal,
AAUAAA, which is located 19 bp upstream of the cleavage site
in the 21K allele, is changed to AAUAAU in the 20K allele due
to a four base (ACAA) deletion. Apparently, this mutation
severely alters the efficiency of the polyadenylation signal,
resulting in the utilization in the 20K allele of a cryptic upstream
poly (A) addition site, which is preceded by a putative
polyadenylation signal, UAUAAA, 24bp upstream (see the
diagram and the sequence in fig. 4C). Indeed, preliminary results
from transfection experiments utilizing a construct in which the
p2OK-2. 1 or p2lK-2. 1 BamHl fragments have been cloned
downstream of a reporter gene have confirmed the cis-acting
effect of this deletion (Yang and Melera, unpublished). The 215
nt fragment in lane 2 represents the minor 6 Kb DHFR transcript
detected by the northern blots shown in fig. 2, which was
observed only in RNA generated by the 20K allele. To confirm
that this transcript extends beyond the third poly (A) site in this
allele, we prepared an additional 468 nt antisense RNA probe
from the downstream terminus of the p2OK-2.4 clone indicated
in fig. 1. As predicted, this probe protects a 468 nt fragment
only in the RNA produced from the 20K allele (fig 4D). The
3' terminus of the minor 6 Kb transcript appears to lie within
a region further 3' of the amplified sequences present within
lambda A15.
One possible explanation for the difference in abundance of

the three major DHFR mRNAs generated by each allele is
differential pausing or termination of transcription, resulting in
a real or temporal difference in availability of the first signal.
However, nuclear run-on analysis of newly synthesized RNA
from both the DC-3F/A3 and DC-3F/MQ19 cell lines indicated
that synthesis proceeded similarly across both alleles and beyond
the third polyadenylation signal (data not shown).

DISCUSSION
The majority of eukaryotic mRNAs are polyadenylated (28).
Three cis elements have been found to be involved in this process:
1) the polyadenylation signal, AAUAAA, which lies 6-30 bases
5' to the site of polyadenylation (29-33), 2) the poly (A) addition
site, which is usually occupied by an adenosine and often
preceeded by a cytosine (34, 35), and 3) a downstream U or UG-
rich region (29, 36-43). In addition, a number of trans-acting

proteins and RNA factors have been implicated (for review and
additional references, see 44-46).
By ribonuclease protection mapping, the sites of poly (A)

addition, as well as the sequences signalling polyadenylation for
the three major Chinese hamster DHFR mRNAs, have been
localized within analogous 2.1 Kb Bam HI fragments within the
two polymorphic DHFR alleles of DC-3F cells. For both alleles,
polyadenylation of the smallest mRNA species is heterogenous,
apparently due to the close proximity of multiple polyadenylation
signals. Surprisingly, however, although there is no difference
between the two alleles in the signals present or the potential
polyadenylation sites recognized, these sites, as a group, are
utilized with efficiencies that differ strikingly between the two
alleles, representing the major site of polyadenylation in the 20K
allele (60%) and the minor site (10%) in the 21K allele.
Furthermore, although two single nucleotide sequence differences
do exist between the alleles in this region, in vitro mutagenesis
and preliminary transfection studies have shown that conversion
of the T at position 152 (+ 10 relative to the poly(A) site at
position 142) to a C (fig 4A) does not decrease the efficiency
of polyadenylation at the first site, nor does it alter the
heterogeneity of the cleavage pattern (Yang and Melera, in
preparation). It is also unlikely that the G to C transition at
position 180 is critical, since it is relatively distant from the major
poly(A) addition site and does not lie within a GU-rich region
or a GU cluster (fig 3). We conclude, therefore, that differential
utilization of the first site is not dependent upon sequence
differences between the two alleles within this region.
The 1650 nt mRNA was cleaved and polyadenylated at the

third of three closely spaced potential sites, all preceded by the
sequence AAUUAA, which has been shown to be a very weak
signal in vitro, representing only 0.5% of those used in natural
mRNAs (47). Mutation of the third major signal, responsible for
polyadenylation of the 2150 nt mRNA, from AAUAAA to
AAUAAU, eliminated use of this signal entirely in the 20K allele,
and exposed a cryptic upstream signal, UAUAAA, which is
utilized inefficiently, consistent with its relative strength in vitro
(-17%) (47).

Although it appears that the utilization of the first signal is
significantly altered by a mutation in the third signal, it is not
readily apparent how this occurs. A number of models have been
proposed to explain the differential utilization of multiple
polyadenylation signals, all of which take into account the inherent
efficiency of the polyadenylation signal as well as its relative

Figure 4. Mapping of polyadenylation sites. Antisense RNA probe production, hybridization, RNase digestion conditions and autoradiographic procedures are described
in Materials and Methods. In each panel the horizontal arrows indicate the positions of the primers used for PCR amplification of the DNA from which antisense
RNA was then synthesized in vitro. Due to the nature of the promoter constructs used, the antisense RNA probes were routinely six nucleotides longer than the
longest RNA fragment protected. The large vertical arrows indicate the sites of polyadenylation. The polyadenylation signals used for each transcript are shown
in both the diagrams and in the sequences presented. In the latter, only the signal utilized in each allele is italicized and underlined. The numbers shown in both
the diagrams and the sequences refer to the nucleotide positions indicated in fig. 3. For panel A, the probe used was generated from p20K-2. 1. For panels B and
D the probes used were generated from p2lK-2. 1. For panel C the probe used for analysis of DC-3F/A3 RNA was also generated from p2lK-2.1, whereas the
probe used for analysis of DC-3F/MQ19 RNA and the rest of the RNAs shown was from p2OK-2. 1. Each lane contains 5 x IC0 cpm of the appropriate radiolabeled
antisense RNA probe plus the indicated amount of total cellular RNA. Panel A. Lanes 1 and 2 contain 10 tig RNA; Lane 1, DC-3F/MQ19; lane 2, DC-3F/A3;
lane 3, tRNA; lane 4, undigested probe. It should be noted that based upon the Northern blot analysis of poly(A)+ RNA in lane 1 of Panel A, fig 2, the amount
of signal generated by the 1650 and 2150 nt transcripts from DC-3F/MQl9 cells represented by the 165 nt protected fragment in lane 1, is higher than expected.
Subsequent Northern blots analysis of the total RNA preparations used for the RNase protection assays (data not shown) has indicated that relatively more 1650
not mRNA is present in total RNA preparations than in poly (A)' preparations from DC-3F/MQl9 cells. The reason for this discrepancy is under investigation.
Panel B. Lanes 1-5 contain 10 ,g RNA. Lane 1, DC-3F/A3; lane 2, DC-3F/MQl9; lane 3, DC-3F/MQ8; lane 4, DC-3F; lane 5, tRNA, lane 6, undigested probe.
Panel C. Lanes 1-5 contain 10 ug RNA. Lane 1, DC-3F/A3; lane 2, DC-3F/MQ19; lane 3, DC-3F; lane 4, tRNA; lane 5, undigested 221 nt probe from p2OK-2. 1.
Residual undigested 225 nt probe from p2lK-2. 1 used to analyze DC-3F/A3 RNA can be seen in lane 1. Panel D. Lanes 1-5 contain 10 ,g RNA. Lane 1, tRNA;
lane 2, DC-3F; lane 3, DC-3F/A3; lane 4, DC-3F/MQ19; lane 5, DC-3F/MQ8; lane 6, undigested probe.
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position with respect to the promoter (48), and can be
distinguished on the basis of directionality of template scanning
and signal recognition. If scanning occurred in a 5' to 3' direction,
as suggested by the most well-documented model, the recognition
and utilization of the first signal would be expected to be
independent of a mutation lying over 1 kb downstream, since
the choice of sequential polyadenylation signals would depend
both on the intrinsic strength of the signal and its relative 5' to
3' position.
A second model evokes a 3' to 5' scanning mechanism, which

was proposed by Denome and Cole (48) to account for the
utilization of multiple polyadenylation signals in constructs
assayed by transient transfection; this model could explain our
data if, when scanning reached the first signal, more RNA was
available from the 20K allele than the 21K allele, due to less
efficient utilization of the mutated third signal in the 20K allele.

In the third model, the polyadenylation signals are recognized
by a soluble factor(s) which interacts with the initial transcript
shortly before or following termination. In this case, utilization
of signals would rely more heavily on their intrinsic strength (i.
e., affinity for the factor) than on their relative position, although
the promoter proximal sites may retain some temporal advantage,
since they are synthesized earlier. In order for this model to
explain our observations, it must be assumed that any given
transcript can only be cleaved once and that the third signal in
the 21 K allele, AAUAAA, is intrinsically more efficient than
the first signal, AUUAAA (consistent with the observations of
others (47)). Therefore, elimination of the third signal in the 20K
allele would allow the first signal to predominate. Although we
cannot yet determine which of these models best describes the
mechanism of polyadenylation in the DHFR system, perhaps the
most intriguing conclusion derived from these studies is that all
models require that the advancing polymerase complex reaches
the third signal before preferential utilization of the first site
occurs.
Our attempts to understand the molecular basis for the different

patterns of DHFR mRNA expression in CHL cells that amplify
and overexpress either the DHFR 20K or 21K allele have led
us to study 3'-end formation in DHFR genes which are known
to have multiple polyadenylation sites. Experiments in progress
are aimed at determining the mechanism governing
polyadenylation site selection in these genes.
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