
MOLECULAR AND CELLULAR BIOLOGY, Nov. 1982, p. 1304-1319
0270-7306/82/111304-16$02.00/0
Copyright 0 1982, American Society for Microbiology

Vol. 2, No. 11

Construction of a Modular Dihydrofolate Reductase cDNA
Gene: Analysis of Signals Utilized for Efficient Expression

RANDAL J. KAUFMAN1 AND PHILLIP A. SHARP2*
Center for Cancer Research1 and Department of Biology,2 Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139

Received 3 June 1982/Accepted 27 July 1982

Dihydrofolate reductase (DHFR) modular genes have been constructed with
segments containing the adenovirus major late promoter, a 3' splice site from a
variable region immunoglobulin gene, a DHFR cDNA, and portions of the simian
virus 40 (SV40) genome. DNA-mediated transfer of these genes transformed
Chinese hamster ovary DHFR- cells to the DHFR+ phenotype. Transformants
contained one to several copies of the transfected DNA integrated into the host
genome. Clones subjected to growth in increasing concentrations of methotrexate
eventually gave rise to lines containing several hundred copies of the transforming
DNA. Analysis of the DHFR mRNA produced in amplified lines indicated the
following. (i) All clones utilize the adenovirus major late promoter for transcrip-
tion initiation. (ii) A hybrid intron formed by the 5' splice site of the adenovirus
major late leader and a 3' splice site from a variable-region immunoglobulin gene
is properly excised. (iii) The mRNA is not efficiently polyadenylated at sequences
in the 3' end of the DHFR cDNA but rather uses polyadenylation signals
downstream from the DHFR cDNA. Three independent clones produce a DHFR
mRNA containing SV40 or pBR322 and SV40 sequences, and the RNA is
polyadenylated at the SV40 late polyadenylation site. Another clone has recom-
bined into cellular DNA and apparently uses a cellular sequence for polyadenyla-
tion. Introduction of a segment containing the SV40 early polyadenylation signal
into the 3' end of the DHFR cDNA gene generated a recombinant capable of
transforming cells to the DHFR+ phenotype with at least a 10-fold increase in
efficiency, demonstrating the necessity for an efficient polyadenylation signal.
Attachment ofa DNA segment containing the transcription enhancer (72-base pair
repeat) of SV40 further increased the biological activity of the modular DHFR
gene 50- to 100-fold.

Sequence requirements for mRNA biogenesis
in higher cells are quickly being defined with the
advent of recombinant DNA technology and the
availability of multiple systems to study RNA
transcription, initiation, and termination, RNA
processing, RNA polyadenylation, and further
RNA transport, stabilization, and translation. It
is now possible to modify DNA in vitro and
examine the effect by utilizing in vitro reconsti-
tuted systems (38, 60) or by its introduction into
cells by DNA transduction with viral DNA
vectors (27, 28, 43), by its transient expression
after DNA transfection (17, 42), by its stable
introduction into cells after cotransfection with
selectable markers (53, 61), or by its microinjec-
tion into oocytes, mammalian cells, or even
embryos (11, 13, 25; M. P. Wickens and R. A.
Laskey, in R. Williamson, ed., Genetic Engi-
neering, vol. 1, in press). The dihydrofolate

reductase (DHFR) gene and methotrexate
(MTX) selection offer a unique opportunity for
the introduction of an essential gene into a
DHFR-deficient cell line (16), with the potential
for further amplification of the transfected DNA
by selection of cells in progressively increasing
concentrations of MTX (3, 46). In addition, the
level of expression from altered or chimeric
genes may be easily monitored by MTX resist-
ance, DHFR enzyme activity, or the use of a
fluorescent derivative of MTX which quantita-
tively binds intracellular DHFR (30).
We describe the construction of a modular

DHFR cDNA gene which is capable of efficient
expression as monitored by its ability to trans-
form cells deficient in DHFR to the DHFR+
phenotype. Signals which increase DHFR
expression are defined. This modular gene pro-
vides a sensitive, convenient assay for DNA

1304



CONSTRUCTION OF A MODULAR DHFR cDNA GENE 1305

segments that affect gene expression, as well as
a means of amplifying DNA segments in mam-
malian cells.

MATERIALS AND METHODS

Cell culture. The DHFR-deficient DUKX-CHO
clone has been described previously (16). Clones
transformed to the DHFR+ phenotype were isolated
and selected for stepwise MTX resistance. Unless
otherwise noted, clones examined were resistant to 1
,uM MTX. These clones contain 100 to 300 copies of
the original plasmid DNA integrated into the Chinese
hamster ovary (CHO) genome (details in R. J. Kauf-
man and P. A. Sharp, J. Mol. Biol., in press). The
3T3-R500 murine line has been described previously
(12) and has been provided by P. Brown. Calcium
phosphate-mediated DNA transfection (26) into the
DHFR-deficient cells and selection for the DHFR+
phenotype were described earlier (Kaufman and
Sharp, in press).
Recombinant DNA. The construction of recombi-

nant clones pDHFR26, pAdD26-1, pASD11, and
pASD12 has been described (15; Kaufman and Sharp,
in press). The region encoding the modular DHFR
gene in recombinant pAdD26-1 has been transferred to
plasmid pSVOd (42) to obtain pAdD26SVOd. pSVOd
contains a 200-base pair (bp) segment of simian virus
40 (SV40) spanning the origin of replication (from the
HindlII site [0.65 map unit] in the early region of SV40
to the EcoRII site [0.693 map unit] in the late region)
between the EcoRI and HindIII sites of pBR322 and
also has a 1.1-kilobase (kb) deletion in pBR322 which
has removed sequences detrimental for propagation in
mammalian cells (36). pAdD26-1 DNA was digested
completely with EcoRI and partially with PstI, and the
2,400-bp fragment containing the DHFR gene was
isolated from an agarose gel by incubating the gel slice
in sodium iodide (90%) at 37°C to dissolve the gel and
then adding powdered silica dioxide and incubating for
1 h at 4°C. The silica dioxide was pelleted by centrifu-
gation and washed sequentially in cold sodium iodide,
cold 70o ethanol (twice), and 10 mM Tris (pH 7.5)-100
mM NaCl-1 mM EDTA. The DNA was eluted from
the silica dioxide by incubation in 30 ,ul with 10 mM
Tris (pH 7.5)-i mM EDTA. DNA concentration was
determined by microdot and used directly for ligation.
The 2,400-bp fragment was ligated to a 2,700-bp frag-
ment ofpSVOd DNA which was similarly isolated after
EcoRI and PstI complete digestion.

Clone pAdD26SV(A) has been constructed from
pAdD26SVOd by the insertion of a sequence encoding
the early polyadenylation site of SV40. SV40 (strain
776) DNA was digested with Bcll and PstI, and the
900-bp fraginent was isolated from an agarose gel as
described above. pAdD26SVOd was digested partially
with PstI, and the singly cut linear fragment was
isolated as described above. The eluted DNA was then
digested partially with BgIII, and the 4.5-kb fragment
was isolated from an agarose gel. The SV40 fragment
was ligated to this vector DNA, using T4 DNA ligase,
and the recombinant was used to transform competent
HB101. pAdD26SV(A) no. 3 was obtained after
screening and contains the SV40 early polyadenylation
site and an SV40 origin of replication in a pBR322
plasmid which has a 1.1-kb deletion.
The SV40 origin from pAdD26SV(A) no. 3 has been

deleted by digestion of this plasmid with EcoRI and
Sall and isolation ofthe 4.4-kb fragment and ligation to
pBR322 DNA, which had been digested with EcoRI
and Sall. The later DNA had been previously treated
with calf intestine phosphatase. The ligase-treated
DNA was used to transform HB101. pAdD26SV(A)
no. 1 is identical to pAdD26SV(A) no. 3 except that it
lacks the SV40 origin of replication.
The pBR322 sequences in recombinants pDHFR26,

pAdD26-1, pASD11, and pASD12 are derived from
the EcoRI to PstI site of pBR322. The pBR322 se-
quences of recombinants pAdD26SV(A), pCVSVE,
and pCVSVL are derived from a pBR322 derivative
which contains a 1.1-kb deletion of sequences detri-
mental to replication in mammalian cells (36). Howev-
er, recombinant pAdD26-1 was tested with both
pBR322-derived plasmids (deleted and wild type), and
transformation efficiencies were identical. In addition,
recombinant pAdD26SV(A) was tested with the
presence [pAdD26SV(A) (no. 3)] or absence
[pAdD26SV(A) (no. 1)] of an origin of SV40 replica-
tion (Fig. 1), and results were identical.
pCVSVE and pCVSVL were cloned by C. Shoe-

maker (Genetics Institute) by applying XhoI linkers to
the AvaII-D fragment of SV40 and inserting it into the
XhoI site 250 bp upstream from the adenovirus major
late promoter (MLP) cap site in pAdD26SV(A) (no.
1). pCVSVE contains the Avall fragment in the orien-
tation such that the early promoter of SV40 is in the
same orientation as the adenovirus 2 (Ad2) MLP.
pCVSVL contains the Avall fragment in the opposite
orientation.

Ligations were carried out with 5 Fig of each vector
and insert DNA per ml and 5 U of T4 DNA ligase per
ml in 30 mM Tris-chloride (pH 7.8)-10 mM MgCl2-5
mM dithiothreitol-1 mM ATP and incubating for 12 h
at 14°C. Transformation of competent HB101 (18) was
carried out, and recombinant clones were selected by
growth on plates containing 15 l.g of tetracycline per
ml. Recombinant clones were screened and character-
ized by miniplasmid preparation and restriction endo-
nuclease digestion. The appropriate plasmids were
grown in large batches, and plasmid DNA was pre-
pared by banding twice to equilibrium on CsCl gradi-
ents.
RNA Isolation. Confluent cells were scraped and

rinsed with cold phosphate-buffered saline, allowed to
swell 5 min in 10 mM NaCl-10 mM Tris (pH 7.4)-3
mM MgCl2 with 20 mM vanadyl adenosine complex,
and lysed by adding 0.5% Nonidet P-40 and blending in
a Vortex mixer. Nuclei were pelleted by centrifugation
for 3 min at 2,500 rpm, and supernatants were subject-
ed to phenol extraction (2x), chloroform extraction
(2x), and ethanol precipitation. RNA was pelleted and
passed twice over an oligodeoxythymidylate-cellulose
column. The bound material {cytoplasmic polyadeny-
lated [poly(A)+]} was eluted for use.
Northern blot analysis. Approximately 3 to 5 Fg of

poly(A)+ RNA was treated with glyoxal and electro-
phoresed on 1.4% agarose gels as described by
McMaster and Carmichael (41). RNA was directly
transferred to nitrocellulose as described by Thomas
(55). After transfer, the nitrocellulose was baked in
vacuo at 800C for 2 h and incubated at 42°C overnight
in 50%o formamide-5x SSC (SSC = 0.15 M NaCl plus
0.015 M sodium citrate)-25 mM sodium phosphate-5
mM EDTA-0.5% sodium dodecyl sulfate-0.05% each
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FIG. 1. DHFR- to DHFR+ transformation frequency from various cDNA genes. Cells were transfected with

plasmid DNA (1 ,ug of DNA per 106 cells) in the absence of carrier DNA. Transformation frequencies were

determined from the number ofDHFR+ transformants arising per number of cells plated into selective media. To
ensure internal consistency, the results reported here are from a single experiment in which 3 x 106 cells were
plated into selective media. All results have been duplicated in other experiments. Recombinants indicated are:
(1) pDHFR26 (15); (2) pAdD26-1 (Kaufman and Sharp, in press) constructed from the DHFR cDNA clone
pDHFR26, the Ad2 MLP (62), and a 3' SS isolated from a variable-region immunoglobulin gene (9); (3) pASD11
(Kaufman and Sharp, in press); (4) pASD12 (Kaufman and Sharp, in press); (5) pAdD26SV(A) no. 1 or 3, which
contains an SV40 early polyadenylation (pA) site (see text); and (6) pCVSVE and (7) pCVSVL, which contain
the 72-bp repeat of SV40 (see text). The arrows on the 72-bp repeat segment indicate the direction of late SV40
transcription, and those on the SV40 DNA segment indicate the late transcription unit.

bovine serum albumin, Ficoll, and polyvinylpyrroli-
dine (19). The ifiters were removed and hybridized for
8 to 13 h at 42°C in the same solution with the inclusion
of 10%o dextran sulfate (58), 10 ,g of denatured salmon
sperm DNA per ml, and approximately 107 cpm of 32P

radioactively labeled denatured probe (either pBR322
or pDHFR26 DNA) prepared to a specific activity of
>106 cpm/nug by nick translation (45). After hybridiza-
tion, filters were washed with 5x SSC with 0.5%
sodium dodecyl sulfate at 68°C, 2x SSC with 0.5%
sodium dodecyl sulfate at 68°C, and briefly with 2x
SSC at room temperature. Filters were prepared for
autoradiography, using preflashed (32) Kodak XR-5
film with intensifying screens at -70°C. Filters to be
reused for hybridizations were rinsed two times for 30
min at 68°C in 50% formamide and then pretreated for
prehybridization.

Si nudease mappIng. A 3'-specific probe was pre-
pared by digesting pDHFR26 DNA with TaqI and then
using T4 DNA polymerase to fill in the 3' end with [a-
32P]dATP, la-32P]dCTP, and [a-32P]dTTP (21). The
DNA was incubated with dGTP and T4 DNA polymer-
ase in 50 mM Tris (pH 8.0)-7 mM MgCl2-7 mM 0-

mercaptoethanol for 20 min at 9°C to allow the 3' to 5'
exonuclease activity to remove nucleotides up to the
first guanosine and then adding a-32P-radioactively
labeled dATP, dCTP, and dTTP for 1 h at 9°C to allow
the 5' to 3' polymerase activity to add labeled nucleo-
tides. The reaction was phenol extracted and ethanol
precipitated, and the pellet was suspended and digest-
ed with PstI. The DNA was electrophoresed on a
neutral agarose gel, and the band migrating at 950 bp
was eluted, found to have a specific activity of 5 x 106
cpm/nug, and used for hybridization.
A 5'-specific probe was prepared by digesting plas-

mid pAdD26-1 with Sacl and then labeling the 5'
recessed end with DNA polynucleotide kinase. After
digestion, the DNA was treated with calf intestine
phosphatase for 30 min at 37°C, phenol and ether
extracted, and ethanol precipitated. After the DNA
pellet was washed in 70%o ethanol, it was suspended in
20 >1 of 10 mM glycine-1 mM spermidine-1 mM
EDTA, boiled for 2 min, and quick cooled. [-y-
32PJdATP was added and incubated with polynucleo-
tide kinase in 0.1 M Tris (pH 8.0)-10 mM MgCl2-5 mM
dithiothreitot-0.1 mM spermidine for 2 h at 37°C. The
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reaction was then put at 68°C for 20 min. The DNA
was digested with XhoI, phenol extracted, ethanol
precipitated, and electrophoresed on an agarose gel.
The band migrating at approximately 800 bp was
eluted and found to have a specific activity of >106
cpm/p.g.
RNA-DNA hybridization was performed under R-

loop conditions described by Casey and Davidson
(14). Labeled DNA (50 ng) was combined with 5 pLg of
poly(A)' cytoplasmic RNA in 15 ,ul of 80% forma-
mide-0.4 M NaCI-0.04 M PIPES [piperazine-N,N'-bis
(2-ethanesulfonic acid)] (pH 6.5)-i mM EDTA, and
the reactions were denatured by incubation for 5 min
at 68°C and then were allowed to anneal for 4 h at 50°C
(for the 5'-labeled probe) or 55C (for the 3'-labeled
probe). These temperatures are the melting tempera-
tures determined for these fragments under similar
conditions. The hybridization was terminated by the
addition of 200 p1 of cold S1 nuclease buffer (0.25 M
NaCl, 0.3 M NaCH3COO [pH 4.5], 1 mM ZnSO4, 5%
glycerol), and S1 nuclease digestion was carried out
for 30 min at 45°C as described by Berk and Sharp (8).
Samples were phenol extracted, ethanol precipitated
with 10 ,ug of yeast tRNA carrier, and prepared for
glyoxal gel electrophoresis (41) on 2% agarose gels.
Gels were dried and exposed, using preflashed film
and intensifying screens.
Primer extension using reverse transcriptase. A 5'-

end-labeled primer was produced by treating
pDHFR26 DNA with TaqI and calf intestine phospha-
tase. After phenol extraction and ethanol precipita-
tion, the DNA was labeled with [.y-32PIATP and poly-
nucleotide kinase. The reaction was heated to 68°C,
ethanol precipitated two times, and suspended in
buffer for PstI digestion. Products were run on a 5%
acrylamide gel (37), and the 100-bp band was eluted
and run on a denaturing 8 M urea-8% acrylamide gel.
The labeled strand was eluted and hybridized to RNA
for reverse transcription.

Approximately 2 x 105 cpm of primer was ethanol
precipitated with 3 to 5 pg of poly(A)+ cytoplasmic
RNA isolated from various cell lines. After washing
the pellet with 70% ethanol, the pellet was dried and
rehydrated in 100 ILI of 50% deionized formamide-1 M
NaCl-50 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid) (pH 6.95)-2.5 mM EDTA,
heated for 10 min at 80°C, and transferred to a 45°C
water bath for 4 h. The reaction was diluted twofold
with water and ethanol precipitated. The pellet was
suspended and ethanol precipitated twice again, rinsed
in 70% ethanol, and dried. The pellet was rehydrated
in 20 p1l of water and used for reverse transcription in
100 pl of 20 mM KCI-50 mM Tris (pH 8.3)-10 mM
MgCl2-1.25 mM vanadyl adenosine-30 mM 3-mercap-
toethanoI-1 mM each deoxynucleotide triphosphate-
40 pg ofactinomycin D per ml with avian myeloblasto-
sis virus reverse transcriptase (provided by J. Beard)
by incubation at 45°C for 1 h. The reaction was

stopped by adding EDTA to 10 mM and NaOH to 0.3
N and heating at 65°C for 15 min. After neutralization
with 1 M Tris-acetate (pH 5.8), products were phenol
extracted, ether extracted, and ethanol precipitated
twice with 5 pg of yeast tRNA carrier. The pellets
were rinsed with 70% ethanol, redissolved in sequenc-

ing dye, heated to 90°C for 2 min, and applied to a 7 M
urea-6% acrylamide gel. Gels were exposed wet, and
extended products were isolated by electroelution for

DNA sequencing as described by Maxam and Gilbert
(40).

R-loop analysis. Approximately 0.1 "g of KpnI-
digested pASD11 or pASD12 was ethanol precipitated
with approximately 5 p,g of cytoplasmic poly(A)+
RNA from either 1C cells or 2B cells grown in 50 pM
MTX. The pellets were rinsed in 70%zo ethanol, dried,
suspended in 3 Ill of hybridization buffer (80%o forma-
mide, 0.4 M NaCl, 0.04 M PIPES [pH 6.5], 1 mM
EDTA), and incubated for 3 h at 51°C. The reactions
were stopped by diluting the DNA to 0.5 pLg/ml in 50%o
formamide containing 100 mM Tris (pH 8.5)-10 mM
EDTA-70 ,ug of cytochrome c per ml, spread on a
hypophase of 20%o (vol/vol) formamide-10 mM Tris
(pH 8.5)-i mM EDTA, picked up on Parlodion-coated
grids, stained with uranyl acetate, and shadowed with
platinum. Grids were examined in a Phillips 201 trans-
mission electron microscope at 15,000-fold magnifica-
tion.

RESULTS

A modular DHFR gene has been constructed
from a DHFR cDNA clone by the addition of
DNA segments to ensure proper transcription
initiation, RNA splicing, and polyadenylation
(Fig. 1). A 870-bp segment encoding the Ad2
MLP has been ligated to a 100-bp segment of a 3'
splice site (SS) junction obtained from an vari-
able-region immunoglobulin gene and has been
placed upstream from a DHFR cDNA segment
(Kaufman and Sharp, in press). Transcription
initiation at the Ad2 MLP should produce a 825-
base mRNA with the adenovirus late leader
spliced to the 3' SS, and the mRNA should be
polyadenylated at sequences in the 3' end of the
cDNA. The first AUG on this mRNA is that
utilized for DHFR translation. However, when
this recombinant was transfected into DHFR-
CHO cells, DHFR+ cells arose at a very low
frequency (Fig. 1). Subsequently, the entire
genome of SV40 was inserted at the EcoRI site,
and these recombinants were able to transform
DHFR- to DHFR+ cells at a higher frequency
(Fig. 1). All of the transformed clones isolated
contained one to five copies of the plasmid DNA
integrated into the CHO genome, and upon
stepwise MTX selection to a concentration of 1
,uM, these clones amplified various subsets of
the transforming DNA several hundredfold (Kauf-
man and Sharp, in press). This amplification
facilitated a detailed analysis of the DHFR
mRNAs produced.
Northern blot analysis of poly(A)+ RNA from

MTX-reistant cells. To determine whether the
various DNA segments utilized to construct the
modular gene are actually functional, the DHFR
mRNA produced in four amplified lines was
analyzed in detail. Three clones, 1B, 1C, and
1D, were transformed with a plasmid containing
SV40 in one orientation (pASD11) and another
clone, 2B, was transformed with a plasmid con-
taining SV40 in the opposite orientation
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(pASD12) (see Fig. 1). PolyG4
from these four transformed c
to 1 FLM MTX was fractionat
electrophoresis under denati
transferred to nitrocellulose,;
32P-labeled DHFR plasmid
labeled pBR322 DNA (Fig. 2)

If all components used to co
lar gene were utilized, a 825-b
be expected. However, hybi
labeled pDHFR revealed pre

--DBR 22 ~ larger mRNA species homologous to DHFR.
Two clones (1B and 1D) show a major species of
mRNA approximately 3 kb in length with nu-

j< x< x< xmerous other species. In contrast, clones 1C and
EE E 2B produce a major mRNA species of approxi-

mately 3 and 2.2 kb in length respectively.
Hybridization of the same filter to 3 P-labeled
pBR322 DNA indicated that clones 1B and 1D
contain pBR322 sequences in the mRNA,
whereas clones 1C and 2B do not. This is
consistent with the analysis of the amplified
DNA in these lines, where it has been demon-
strated that clones iC and 2B have specifically
deleted pBR322 sequences (Kaufman and
Sharp, in press).
5'-End analysis of mRNA. S1 nuclease map-

ping was carried out to determine whether the 3'
SS junction is utilized in the modular gene (8,
59). Poly(A)+ mRNA from the four MTX-resis-
tant clones described above was hybridized to a
DNA fragment (uniquely labeled at one 5' end,
the Sacl site in the cDNA) under conditions
favoring RNA-DNA hybridization (14). After Si
nuclease digestion, the products were analyzed
by electrophoresis on denaturing agarose gels. If
the 3' SS was utilized, a band should appear at a
size 25 bases larger than the DNA probe cut with
PstI since the 3' SS is 25 bases upstream from
the restriction endonuclease PstI site bounding
the cDNA segment and the 3' SS segment.
Results from all four clones show the same size
band approximately 25 bases longer than the
probe DNA cut with PstI (Fig. 3). Hybridization
to RNA isolated from mouse cells that are MTX
resistant due to amplification of endogenous

)HFR mRNA in am- DHFR genes generates a band slightly smaller
3 Fg of cytoplasmic than the PstI-cut probe. Eighteen extra bases
.r different transfor- from the homopolymeric guanine-cytosine tract
s electrophoresed on present in the cDNA clone (15) are protected by
,o nitrocellulose, and mRNA transcribed from the modular gene. We
'26 (15) prepared by conclude that the 3' SS cloned into the modular[31P]DNA was re-
dized to 32P-labeled gene is efficiently utilized during mRNA synthe-
umbers on the left sls.
{A molecular weight The 5' end or initiation site of the mRNAs
the probe pDHFR produced have been characterized by primer

lementary to DHFR extension, using reverse transcriptase (24). A
108-bp Taq-PstI fragment was uniquely labeled
at one 5' end (a TaqI site 10 bases 3' of the AUG
of DHFR), and the labeled strand was isolated

) RNA isolated and used as a primer for reverse transcription of
:ell lines resistant poly(A)+ RNA from three MTX-resistant clones
ed by agarose gel (1C, 1D, and 2B). Extended products were ana-
uring conditions, lyzed by electrophoresis in urea-polyacrylamide
and hybridized to gels (Fig. 4). All three clones produce identical
)NA and to 32P- extended products with a major product approx-

imately 60 bases longer than the primer (arrow,
onstruct the modu- Fig. 4). This is the size expected from an mRNA
ase mRNA would species derived from initiation of transcription at
ridization to 32P- Ad2 MLP and excision of the hybrid intron by
dominately much splicing. The band at 200 bases (asterisk) repre-
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FIG. 3. Si nuclease analysis ofDHFR mRNA with 5'-labeled probe. DNA uniquely labeled at the 5' end of a
Sacl site present in the DHFR coding region was prepared and hybridized to approximately 3 jxg of cytoplasmic
poly(A)+ RNA isolated from the original DHFR-deficient CHO line, four CHO transformants resistant to 1 FM
MTX, and a highly MTX-resistant murine 3T3 cell line with amplified endogenous DHFR genes. After Si
nuclease digestion the products were electrophoresed on a denaturing glyoxal agarose gel (see text). The lengths
indicated on the left are molecular weight markers of Hinfl fragments of SV40 DNA. In addition are shown the
points of migration of the Sacl end-labeled probe after digestion with PvuII (Pvu), which cuts in the adenovirus
leader sequence, with HindlIl (Hind), which cuts at thejunction of the adenovirus and immunoglobulin segment,
and with Pstl (Pst), which cuts at the junction of the immunoglobulin segment and the homopolymeric guanine-
cytosine-tailed DHFR cDNA. The diagram below depicts the 5'-end-labeled probe with the DHFR modular gene
and the expected structure of DHFR mRNA formed by initiation of the Ad2 MLP, processing of the hybrid
intron, and polyadenylation at sequences in the 3' end of the cDNA clone. The 3' SS is shown by an inverted
arrow.

sents renaturation of the probe. The other bands
have not been well characterized in detail; the
band at 390 bases is generated by splicing of an
SV40 late leader to the 3' SS. The 5' SS of this
leader was identified from the sequence of the
390-base band and corresponds to the 5' SS
sequence mapping at position 445 in the late
leaders (33). The amount of this leader varies
between the different cell lines and probably
reflects transcription and processing from flank-
ing integrated SV40 segments. The other bands

are probably the product of incomplete exten-
sion by reverse transcriptase.
To characterize the 5' end in more detail, the

175-base extended product from 1D cell RNA
was subject to DNA sequencing (40; Fig. 5). The
sequence demonstrates correct initiation at the
Ad2 MLP, and the hybrid intron is removed
precisely.as expected. The 3' end of the Ad2 first
leader of the tripartite leader is correctly spliced
to the 3' SS of the variable-region immunoglob-
ulin gene.

1.-. I
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FIG. 4. Primer extension on DHFR mRNAs. A
108-base primer prepared by 5' end labeling a TaqI site
in DHFR sequences and digestion with PstI was used
to prime reverse transcription of cytoplasmic poly(A)+
RNA isolated from three cell lines, 2B, 1C, and 1D, all
resistant to 50 FM MTX. Products were run on a 7 M
urea-6% acrylamide gel (see text). The molecular
weight markers at the left are Alu-digested pBR322.
The asterisk represents a renaturation product of the
primer, and the arrow indicates the specific extended
products from the Ad2 MLP.

3'-End analysis ofDHFR mRNAs. Since differ-
ent clones contain large different-sized DHFR
mRNAs and all DHFR mRNAs in the different
clones are identical at the 5' end, the 3' ends of
the mRNAs were analyzed to determine the
origin of the extra sequences. RNA-DNA hy-
bridization and S1 nuclease digestion was car-
ried out with the 3'-end-labeled DNA fragment
shown in Fig. 6. The DNA fragment was labeled
with T4 DNA polymerase by flushing the 3' end
at a TaqI site in the DHFR coding region.

Subsequently, the DNA was digested with PstI,
and the 945-bp fragment was isolated and used
for hybridization to mRNA from the cell lines
described above. The site of polyadenylation of
cellular mRNA from the mouse DHFR gene is
heterogeneous. Two major sites generate
mRNA species at 750 and 1,600 bases, and two
minor sites produce mRNA species at 950 and
1,200 bases (47, 48). Sequences for polyadenyla-
tion for the three smaller mRNAs are contained
within the DHFR cDNA segment used for con-
struction of the modular gene. RNA polyadeny-
lation at these three sites would produce S1
nuclease-resistant bands migrating as 450, 650,
and 880 bases (determined from Setzer et al.
[48]). The positions of these bands are indicated
in Fig. 6. [In this particular experiment, hybrid-
ization to poly(A)+ RNA from MTX-resistant
mouse cells [3T3-R500] failed to generate dis-
tinct bands.] If the mRNA is polyadenylated at
the major polyadenylation sequence (pAl) in the
3' end of the DHFR cDNA, a band would be
expected to comigrate with the BglII-cut probe
(450 bases) since the BgIII site is located at the
polyadenylation site in the 3' end of the cDNA
clone (47). In all clones very little RNA was
found to be polyadenylated at this site, but
rather the RNA extended past the poly(A) site.
Clones 1B and 1D show very similar patterns,
which is consistent with their Northern blot
analysis (Fig. 2), indicating that the mRNAs in
these two lines are similar. The bands at approx-
imately 650 and 900 bases most likely represent
polyadenylation at the 950 (pA2)- and 1,200
(pA3)-base polyadenylation signals in the DHFR
cDNA since these bands comigrate with protect-
ed bands generated by hybridization of the same
probe to 3T3-R500 RNA (obvious from other
experiments). A major portion of the protected
probe is full length, detecting the presence of
RNA continuous along the entire 3' end of the
cDNA. This RNA eventually enters pBR322
sequences. Such RNA species were detected in
the Northern analysis of RNA from clones 1B
and 1D (Fig. 2). Clone 1C shows two major
protected fragments. The smaller species is rep-
resentative of polyadenylation at the 950-base
(pA2) site for cellular DHFR mRNA. In con-
trast, clone 2B has very little mRNA polyadeny-
lation at DHFR sites but rather contains a single
major protected species at 800 bases. The results
from S1 mapping from 1C and 2B indicate a
discontinuity between the mRNA transcript and
the DNA at different sites past the major poly-
adenylation site in the 3' end of the cDNA clone.
Since the size of the mRNA determined by 5'
and 3' S1 nuclease mapping are much less than
that expected from the Northern blot hybridiza-
tion experiments, the 3' discontinuities in clones
1C and 2B must result from either RNA splicing
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FIG. 5. Sequence of extended product from mRNA from ID cell line. The ID extended product (arrow) in
Fig. 3 was eluted and subjected to Maxam and Gilbert (40) sequencing. The sequence of the extended product is
shown with the sequence of the Ad2 MLP and the sequence of the 3' SSjunction adjacent to the guanine-cytosine
homopolymer tract of the DHFR cDNA. Nucleotides which match a consensus 3' SS junction (49) are indicated
by underlining, and the 5' and 3' SS junctions utilized are indicated by asterisks. Although it is not possible to
read the sequence up to the final 5' nucleotide, it is possible to estimate the most 5' nucleotide on the basis of the
regular spacing between the bands.

to sequences downstream from the DHFR
cDNA or rearrangements of DNA sequences of
the 3' end of the modular DHFR gene in trans-
formed cells.
To determine what sequences are represented

in the 3' end of the mRNAs produced in the
different clones, R-loop hybridization and elec-
tron microscopic examination of the products
were performed (54). When pASD11 (the plas-
mid used to transform clones 1B, 1C, and 1D)
was hybridized to 1C poly(A)+ RNA, a small
loop (sometimes attached to a collapsed RNA
bush) was observed (Fig. 7). The size and loca-
tion of this loop are consistent with RNA hybrid-
ization from the 3' SS of the immunoglobulin
sequence to ca. 200 bases past the DHFR coding
region (determined from measuring 20 mole-
cules). All R-loop molecules observed had the
same pattern. This suggests that the 3' portion of
the mRNA in clone 1C is transcribed from
nonplasmid DNA, probably from CHO DNA
sequences joined to DHFR sequences.

In contrast, when 2B poly(A)+ RNA was
hybridized to pASD12 (the plasmid used to
transform 2B cells), two RNA hybridization
loops were observed. One loop corresponded to
hybridization to the DHFR coding region. The
other loop resulted from hybridization to se-

quences on the plasmid which were derived
from SV40 (determined from measuring 15 mole-
cules). The particular region of SV40 expressed
as RNA corresponded to sequences in the late
transcription unit of SV40 and extended to the
late SV40 polyadenylation sequence. Since the
SV40 RNA sequences were contiguous with the

DHFR DNA sequences, the integrated DNA
sequences in clone 2B probably have a rear-
rangement of plasmid DNA joining the late
region of SV40 to the 3' end of the DHFR
segments (see Fig. 6).
These results indicate that sequences at the 3'

end of the DHFR mRNA expressed in clone 1C
come from approximately 2 kb of sequences not
present on the original plasmid (Fig. 7 and 8).
The sequences at the 3' end of the mRNA in 2B
come from sequences in the late region of SV40.
The major mRNA from 1B and 1D contain
pBR322 sequences in the 3' untranslated portion
of the mRNA. Although the discontinuity at the
3' end of some mRNA species in clones 1B and
1D comes from polyadenylation at the 950
(pA2)- and 1,200 (pA3)-base sites in the DHFR
cDNA, the majorDHFR mRNAs in these clones
are transcribed through pBR322 and into the late
SV40 polyadenylation sequence. In fact, S1 nu-
clease mapping has directly shown that mRNA
is terminated at the late SV40 poly(A) sequence
in clones 1D and 2B but not in clone 1C (not
shown).
DNA analysis of modular DHIFR genes in trans-

formed cells. The results from analysis of the
mRNAs produced predict certain structures for
the DNA in the transformed cells. It has previ-
ously been shown that clones 1B and 1D contain
intact pBR322 sequences in the transformed
cells. In contrast, clone 1C has deleted pBR322
sequences and clone 2B has deleted pBR322
sequences and undergone extensive rearrange-
ment in the process of amplification (Kaufman
and Sharp, in press).

VOL. 2, 1982



1312 KAUFMAN AND SHARP

r t

C-) ("

945-hwmt

450-

O cmC) 7
XoC X X CDCD

z E E Ere) O
L 00,c) (-. co n5ica.-~.

P. ., -/
I.-

r

i

i

AUG UAA f1~ L-

321,
t-

BgIE

pA3
AX3A A

Pst
FIG. 6. 3' S1 nuclease analysis of DHFR mRNA. A probe uniquely labeled in its 3' end at a TaqI site in the

DHFR coding region was prepared and hybridized to approximately 3 ptg of cytoplasmic poly(A)+ RNA isolated
from 1B, 1C, 1D, and 2B cells resistant to 1 ,uM MTX and to original DHFR-deficient CHO cells and murine
MTX-resistant 3T3 cells. After Si nuclease digestion the products were analyzed by glyoxal gel electrophoresis
(see text). The molecular weights indicate the 945-bp initial probe and the probe digested with BgIII which cuts at
sequences coding for the major polyadenylation site in cellular DHFR mRNA. The diagram below depicts the 3'
probe utilized and the region of the DHFR modular gene containing the DHFR coding region with the
polyadenylation signals for the 750-, 950-, and 1,200-base mRNAs for cellular DHFR. These mRNAs should
generate Si-resistant bands at 450, 650, and 880 bases, respectively. The wavy line depicts pBR322 sequence.

More defined Southern blot mapping is shown
in Fig. 9, using restriction enzymes that cut
within and around the DHFR coding region.
Sacl cleaves the original plasmid DNA 400
bases upstream from the adenovirus MLP and
within the DHFR coding region to generate
a 1,050-bp fragment. Clones 1B, 1C, and 1D
all have this Sacl fragment. BglII cleaves in
the immunoglobulin 3' SS sequence and at the
poly(A) site in the 3' end of the cDNA to

generate a 800-bp fragment. All clones contain
this restriction fragment. Pstl cleaves at each
end of the cDNA clone to generate a 1,375-bp
fragment. Only clones lB and 1D contain this
fragment. In addition, clones 1B and 1D contain
an intact 3.8-kb Pstl band that contains all of
pBR322 and at least 200 bp of SV40. TaqI
cleaves in the 3' end of the DHFR coding region
and in pBR322 to generate a 2.1-kb fragment.
Again, only clones 1B and 1D contain this
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FIG. 7. Electron micrographs of RNA-DNA hybrids. RNA-DNA hybrids were prepared under R-loop
hybridization conditions as described in the text. (A) Result after hybridization of 2B mRNA to clone pASD12
DNA digested with KpnI (11.1 kb). (C) Result after hybridization of 1C mRNA to clone pASD11 DNA digested
with KpnI. (B and D) Representation of the duplex DNA (dashed and thin lines represent different DNA strands)
and RNA hybrid (RNA is represented by the thick line). The 5' and 3' halves of the mRNA are also depicted.
Below are schematics showing the KpnI-digested DNA (pASD11 or pASD12) with indicated origins and
restriction sites. Ori represents the SV40 origin of replication, and pA represents the late SV40 polyadenylation
signal. The arrow indicates the late SV40 transcription unit. The regions showing homology to the mRNA are
depicted as thick lines. The duplex DNA arms of each hybrid had average lengths of 2.80 ± 0.24 and 5.01 ± 0.39
kb for 2B mRNA and 2.38 ± 0.24 and 8.15 + 0.26 kb for 1C mRNA. These lengths confirm the S1 nuclease and
Northern blot mapping of the RNA sequences on the plasmid DNA.

fragment. The results of these experiments
(summarized at the bottom of Fig. 9) indicate
that clones 1B and 1D have conserved the
modular gene sequences 5' of the Ad2 MLP all
the way through pBR322 past the SV40 late
poly(A) site. Clone 1C has conserved the modu-
lar gene sequences 5' of the Ad2 MLP past the
second poly(A) site in the cDNA but beyond this
point probably diverges into cellularCHO DNA.
In clone 2B, the modular gene sequences have
recombined close to the 5' end of the Ad2 MLP
and have also undergone rearrangement near the
3' end of the DHFR cDNA segment. From the
R-loop data of Fig. 7, this latter recombination
must have involved inversion of sequences from
the late region of SV40, including the late SV40
poly(A) site, and their insertion downstream
from the DHFR cDNA segment.

Necessity of functional polyadenylation signals
to DHFR expression. Analysis of the mRNA has
indicated that all clones utilize the Ad2 MLP and
the hybrid intron is removed correctly, but the
mRNA is not efficiently polyadenylated at se-
quences in the 3' end of the cDNA. When SV40
is inserted, RNA transcription proceeds into
SV40 and polyadenylation occurs at the late
SV40 polyadenylation sequence. This suggests
that one function SV40 DNA sequences provide
for enhancing the efficiency of transformation of
DHFR- cells to the DHFR+ phenotype is poly-
adenylation. The original construct may have
reduced efficiency of transformation due to inad-
equate polyadenylation signals. This has been
tested directly by cloning the SV40 early polyad-
enylation site (BclI [0.19 map unit] to PstI [0.04
map unit]) into the BglII and PstI sites of the
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FIG. 8. Major DHFR mRNA in amplified lines. Clones isolated by transformation with pASD11 (1B, 1C, 1D)
and pASD12 (2B) are indicated. pASD11 DNA is shown with the major mRNA species from clones 1B and 1D
below. The adenovirus major late leader is properly spliced to the 3' SS junction. An additional segment of RNA
(approximately 1 kb) is removed, presumably by splicing of sequences in pBR322. The mRNA is polyadenylated
at the SV40 late polyadenylation signal. Clone 1C is identical to 1B and 1D at the 5' end, but its 3' end is derived
from cellular DNA sequences that are joined to plasmid sequences (open box). pASD12 is depicted with the
DNA in clone 2B, indicating a rearrangement of DNA sequences so that the late transcription unit of SV40 is
positioned 3' to the DHFR segment. The mRNA from 2B cells does not contain pBR322 sequences but is
polyadenylated at the SV40 late polyadenylation signal.

original construct. This recombinant transforms
DHFR- cells to the DHFR+ phenotype with an
efficiency 10-fold greater than recombinants
containing the entire SV40 genomes (Fig. 1).

Enhancing effect of 72-bp repeat from SV40.
The role of the 72-bp repeat from SV40 for
enhancing expression from the Ad2 MLP in the
modular DHFR cDNA gene has been examined
by the insertion of the AvaII-D fragment of
SV40, which contains the 72-bp repeat, into an
XhoI site 250 bp upstream from the Ad2 MLP
cap site. With its insertion in either orientation,
the transformation frequency has increased 50-
to 100-fold to 10-3 of the transfected cells (Fig.
1). Although the 5' end of the mRNA has not
been mapped in these transformants, a direct
role of the 72-bp repeat is suggested since it
increases the transformation efficiency by its
insertion in either orientation.

DISCUSSION
A CHO cell line deficient in DHFR (DHFR-;

16) has been utilized to test the biological activi-
ty of recombinants constructed with a mouse

DHFR cDNA clone. When a plasmid containing
the entire coding region for DHFR and a polyad-
enylation signal in its 3' end was transfected into
CHO DHFR- cells, no DHFR+ transformants
were observed. Subsequently, this DHFR
cDNA clone has been converted into an active
gene by the addition of proper transcription
initiation, RNA processing, and polyadenylation
signals. A modular recombinant containing the
DHFR cDNA segment was able to transform
DHFR- to DHFR+ cells at a very low frequen-
cy. This modular transcription unit contains, in a
5'-to-3' polarity, the Ad2 MLP (encoding the
first leader and 5' SS of the adenovirus tripartite
mRNA leader sequence) adjoined to a 3' SS
sequence isolated from an immunoglobulin vari-
able-region gene and the DHFR coding region.
However, DHFR+ cells arose at a higher fre-
quency when the entire genome of SV40 was
cloned into this recombinant. Four cloned trans-
formants were isolated and subjected to step-
wise increments of MTX in the culture medium
and eventually generated four lines which had
amplified the transforming DNA over several
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hundredfold (Kaufman and Sharp, in press).
This amplification facilitated the characteriza-
tion of the mRNA encoding DHFR in these four
independently cloned isolates.
Primer extension, using reverse transcriptase

and sequencing of the extended products, indi-
cated that all lines utilized the Ad2 MLP for
transcription initiation of the modular DHFR
gene. It is interesting that the MLP is utilized for
initiation of transcription in these cells, although
the level of mRNA product suggests that it is a
weak promoter. When the same promoter se-
quences are integrated into cellular DNA as part
of the transforming segment of viral DNA, little
or no detectable mRNA is generated from tran-
scription at this site (50). However, during the
early stages of Ad2 infection, the period of the
cycle most equivalent to that of a transformed
cell, initiation of transcription from the late
promoter site has been detected (1, 51). In
addition, transcription from this site can be detect-
ed after infection of cells that had previous-
ly been stringently blocked for protein synthe-
sis (35). This suggests that the MLP site can be
recognized by cellular factors yielding initiation
of transcription. The efficiency of recognition is
poor, and in adenovirus-transformed cells the
mRNA products may be unstable. Alternatively,
it is also possible that initiation of transcription
at the MLP site is suppressed in adenovirus-
transformed cells, perhaps by other viral gene
products.

Sequencing of the primer extension product
also showed that the first leader of the adenovi-
rus tripartite leader is correctly spliced (accord-
ing to the rules specified by Breathnach et al.
[10]) to the 3' SS isolated from an immunoglob-
ulin gene which was cloned into the modular
gene. This supports the contention that any 5'
SS may be joined to any 3' SS, which has been
suggested from studying RNA splicing of other
hybrid introns constructed by fusion of different
genes (17) and by variants of both viral and
cellular genes (see, for example, 4, 23, 31). It has
been proposed that the RNA splicing mecha-
nism adjoining the three leaders of the adenovi-
rus tripartite leader may be catalyzed by pro-
cesses different from those of general RNA
splicing (39). However, this seems unlikely since
the 5' SS of the adenovirus major late leader can
be spliced to a 3' SS from a cellular gene. It is
also of interest that the inserted immunoglobulin
segment has two possible 3' SS's that are similar
to the consensus 3' SS sequence (see Fig. 5).
However, the only 3' SS joined to the Ad2
leader is that utilized in the formation of
immunoglobulin mRNA. Thus, there must be
some differences in these two potential 3' SS's
(49) or, as proposed by Chu and Sharp (17),
RNA splicing may occur in a processive manner
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and may be excluded from reaching the other
site. Although the 3' SS is utilized in mRNA
synthesis, we have not examined the necessity of
the immunoglobulin segment.
The major mRNA encoding DHFR in each of

three independently isolated cell lines was poly-
adenylated at sequences that specify the polyad-
enylation of SV40 late mRNA. In two cell lines,
this SV40 polyadenylation site is separated from
the end of DHFR sequences by pBR322 DNA,
generating mRNAs over 3,000 nucleotides in
length. In the other cell line, a rearrangement of
DNA sequences occurred that positioned the
late SV40 polyadenylation site, 1,000 bp down-
stream from the DHFR coding sequences. In
this line, the predominant mRNA was only 2,200
nucleotides in length. The major DHFR mRNA
in the fourth cell line was apparently polyadeny-
lated at a site in CHO sequences that were
joined to the 3' end of the cDNA segment. All of
this reinforces the conclusion that polyadenyla-
tion at the 3' sites within the cDNA segment for
DHFR is inefficient.

It is puzzling that the polyadenylation signals
present in the 3' end of the DHFR cDNA clone
are so inefficient. DHFR is similar to other genes
(yeast alcohol dehydrogenase [6], mouse, a2u-
microglobulin [57], mouse a-amylase [56],
chicken ovalbumin-like X gene [29], mouse ,u-
immunoglobulin [2, 20]) in that several different-
sized species of mRNA are present in the cyto-
plasm. The different sizes are accounted for by
different lengths of the 3' untranslated regions
due to multiple polyadenylation signals present
in the 3' end of the gene. In particular, murine
mRNA for DHFR is found as species (750, 950,
1,200, and 1,600 nucleotides in length; 47). The
longest mRNA is polyadenylated at a site short-
ly after the consensus poly(A) sequence
AAUAAA (22, 44); the other three sites follow
sequences that vary by one or two nucleotides
from this prototype sequence. The DHFR
cDNA fragment utilized in these experiments
contains the first three polyadenylation signals
but not the signal specifying the 1,600-base
mRNA. The inefficient polyadenylation at these
three sites could be explained by the absence of
the appropriate sequences downstream from the
gene. These sequences could potentially affect
the efficiency by failing to terminate or pause the
movement ofRNA polymerase II or altering the
secondary structure of the nascent transcript.
An alternative is that this process is under
physiological control in cells and the cellular
state of the MTX-selected CHO cells is unfavor-
able for polyadenylation at these sites.

It is likely that insertion of a more efficient
polyadenylation site 3' to the DHFR cDNA
segment is required for transformation of the
CHO DHFR- cells with the modular gene. As a
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direct test of this possibility the effect of inser-
tion of a segment encoding the early SV40
polyadenylation site immediately 3' to the
DHFR cDNA segment was investigated. This
construct enhanced the efficiency of transforma-
tion by the modular gene by 10-fold. If the
enhanced transformation frequency reflects an
increased level of DHFR mRNA synthesis, it
would suggest that a large fraction of the pri-
mary transcripts from the original DHFR cDNA
recombinant failed to be processed to mature
mRNAs. A direct experiment to establish the
inefficiency of processing of the primary tran-
script would be difficult with the available cell
lines. It should be possible to directly study the
efficiency of polyadenylation and subsequent
mRNA production by cloning of the DHFR
segment into an autonomously replicating vec-
tor.
The biologically active DNA segment contain-

ing the modular gene and the early SV40 poly(A)
site did not contain the SV40 enhancer 72-bp
repeat segment. Others have shown that inser-
tion of this DNA segment enhances expression
from many promoter sites (5, 7, 34; M. Fromm
and P. Berg, submitted for publication). To test
whether a similar enhancement could be ob-
served with the Ad2 MLP, the 72-bp repeat was
inserted into plasmids containing the modular
gene. These plasmids transformed CHO cells
with a 50- to 100-fold greater efficiency than the
equivalent construct without the 72-bp repeat.
One cell in a thousand was transformed after
transfection. Although the 5' end of the mRNA
has not been characterized in these transfor-
mants and the inserted sequence contains both
SV40 early and late transcriptional promoters,
the increased efficiency is probably due to an
enhancer effect since it is observed with the
enhancer sequence in either orientation. This
suggests that the Ad2 MLP lacks such an en-
hancer sequence and the SV40 enhancer can
augment expression from the Ad2 MLP.
The availability of a small modular DHFR

gene offers a unique tool for studying sequences
necessary for gene expression and for regulation
of gene expression. The major advantage of the
use of the system to examine gene expression is
that minimal expression is required for transfor-
mation to the DHFR+ phenotype. Thus, this
assay is exquisitely sensitive to gene expression.
Any alterations severely affecting DHFR
expression will result in decreased transforma-
tion efficiencies. In addition, quantitation of
DHFR expression from different plasmids can

be monitored by the ability of transformed cells
to grow in various concentrations ofMTX, since
MTX resistance is roughly linear with DHFR
expression. Thus, segments in the modular gene

can be mutagenized or exchanged for other

segments, and alterations can be conveniently
assayed by complementation of the CHO
DHFR-deficient cells. A similar approach has
been taken to study hormonal induction of gene
expression (34). Certainly, the ability to amplify
the recombinant DHFR modular genes intro-
duced into cells facilitates a detailed analysis of
events involved in their expression and regula-
tion. Also, a fluorescent derivative of MTX may
be used in conjunction with the fluorescence-
activated cell sorter to identify and isolate vari-
ants of DHFR expression.
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