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Recombinant simian virus 40 viruses carrying rabbit ,-globin cDNA failed to express the 0-globin sequence
unless an intron was included in the transcription unit. The addition of either j-globin IVS1 or IVS2 caused
a 400-fold increase in RNA production. Stable 0-globin RNA production required sequences in IVS2 that were
very close to the splice sites and that coincided with those needed for mRNA splicing. In addition to the
recombinant viruses, intron-dependent expression was observed with both replicating and nonreplicating
plasmid vectors in short-term transfections of cultured animal cells. Unlike transcriptional enhancer elements,
IVS2 failed to increase stable RNA production when it was placed downstream of the polyadenylation site.
Using a plasmid vector system to survey different inserted sequences for their dependence on introns for
expression, we found that the presence of IVS2 stimulated the expression of these sequences 2- to 500-fold.
Sequences from the transcribed region of the herpes simplex virus thymidine kinase gene, a gene that lacks an
intervening sequence, permitted substantial intron-independent expression (greater than 100-fold increase) in
the plasmid vector system.

The occurrence of intervening sequences (or introns)
within eucaryotic genes poses many interesting questions
regarding their role in gene expression. The ability to splice
RNA transcripts differentially permits great flexibility in the
design and expression of eucaryotic genes. Thus, adenovirus
expresses a battery of proteins that is involved in capsid
formation from a single viral promoter by splicing a common
mRNA leader to each of the coding sequences (63). Slightly
different patterns of splicing are used to express some
cellular genes in different cell types (11, 29, 48). In this way,
closely related proteins are produced that differ only in a
specific region. In some instances, intervening sequences are
the sites where other regulatory elements reside. For exam-
ple, sequence elements that direct specific DNA rearrange-
ments (52) or that regulate transcription (2, 15, 34, 46) occur
in introns.
Some of the earliest studies of eucaryotic vectors uncov-

ered another aspect of introns which still remains unre-
solved: an apparent necessity for RNA splicing in the
production of stable RNA. The first simian virus 40 (SV40)
recombinant viruses, which were created before the discov-
ery of splicing, gave somewhat disappointing results in that
the foreign sequences were not expressed (17, 18, 25). This
failure was later correlated with the absence of introns in
these constructions, and it was shown that the deficiency
could be corrected by including an intervening sequence
from either a viral or cellular gene (23, 24, 41). At that time,
it was proposed that splicing is generally required for gene
expression (22, 24). Since then, numerous eucaryotic genes
have been found that lack intervening sequences (1, 28, 42).
Furthermore, while attempting to engineer the expression of
different sequences in animal cells, many investigators
achieved adequate levels of expression without including
introns in their constructions (10, 21, 50, 54). This has left
the impression that the requirement for RNA splicing is
either a small effect or is restricted to isolated situations.
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In the course of our studies of the transcription of the
SV40 early region, we noticed that recombinants containing
rabbit P-globin DNA failed to express the P-globin sequence
unless an intron was included in the transcription unit (7, 8).
The size of this effect was unexpectedly large; a difference of
several hundred-fold was observed between recombinants
containing or lacking an intervening sequence. The behavior
of the 0-globin recombinants provided an opportunity to
explore the basis for intron-dependent gene expression. Two
introns, IVS1 and IVS2, interrupt the coding region of the
rabbit ,-globin gene (26). The nucleotides that are required
for accurate processing of these introns have been defined in
detail from extensive studies of mutant genes, which were
analyzed both in vivo and in vitro (44, 53, 59, 60, 62). Results
of these experiments revealed that the sequences required
for mRNA splicing are very close to the actual splice sites
and are primarily within the intervening sequence. For
example, only 6 bases downstream of the 5' splice site and 24
bases upstream of the 3' splice site are needed for splicing of
IVS2 (59). In our studies, we used SV40-rabbit P-globin
recombinants to investigate the relationship between the
sequences that are involved in mRNA splicing and those that
are required for stable RNA synthesis. A set of specially
designed plasmids was constructed to systematically survey
different inserted sequences for their dependence on introns
for expression. These vectors were used to compare directly
the properties of sequences from genes that have introns
with sequences from genes that do not.

MATERIALS AND METHODS
Enzymes and reagents. Restriction endonucleases were

purchased from New England BioLabs, Inc. (Beverly,
Mass.), Bethesda Research Laboratories, Inc. (Gaithers-
burg, Md.), or Boehringer Mannheim Biochemicals (Indian-
apolis, Ind.). X exonuclease was a gift from R. T. White, and
T4 DNA ligase was provided by S. Scherer. T4 polynucleo-
tide kinase and DNA ligase were purchased from P-L
Biochemicals, Inc. (Milwaukee, Wis.). [3H]leucine, [3H]
valine, 32Pi, [a-32P]dATP, and [_y-32P]ATP were from Du-
pont, NEN Research Products (Boston, Mass.).
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Animal cells and viruses. The origin and maintenance of
the CV1 and CV1P cell lines and the procedures for propa-

gating SV40 and recombinants have been described previ-
ously (35). CV1, CV1P, and COS (16) cells were maintained
in Dulbecco modified Eagle medium containing penicillin,
streptomycin, and 5% newborn calf serum. The construction
and characterization of the virus recombinants SVGT5-PG
(41), SVIV-RaP2, and SVIV-IVS2 (7) have been presented
elsewhere. The recombinant viruses were all propagated
with a tsA58 helper virus. Derivatives of SVIV-IVS2 that
carried deletions of IVS2 were generated by digestion with
the indicated restriction endonucleases, electrophoretic pu-
rification of the appropriate fragment, and transfection of
CV1P cells with the linear DNA along with tsA58 helper
virus DNA. Three deletions (d117, d118, d113) were created
by digestion of SVIV-IVS2 DNA with HpaII endonuclease,
followed by brief digestion with A exonuclease (58). CV1P
cells were transfected with the linearized DNA along with
tsA58 helper DNA. Repair and ligation of the DNA ends
occurred in vivo, generating a set of deletions emanating
from the HpaII site. The exact structure of each deletion was
determined by DNA sequencing (32).

Extraction and analysis of labeled I-globin protein from
infected cells. Virus-infected cells were labeled 48 h postin-
fection for 45 min with [3H]leucine and [3H]valine, proteins
were extracted and analyzed as described previously (41).
Goat anti-rabbit 3-globin immunoglobulin (a gift from S. H.
Boyer, Johns Hopkins University, Baltimore, Md.) was used
to precipitate proteins by binding it to formaldehyde-fixed
Staphylococcus aureus cells (IgGsorb; Enzyme Center, Bos-
ton, Mass.). The cells were washed extensively in a Triton
X-100 buffer, and the bound proteins were eluted with
sodium dodecyl sulfate-urea and electrophoresed in a 15 to
20% gradient sodium dodecyl sulfate-polyacrylamide gel.
The gel was treated with En3Hance (Dupont, NEN Research
Products), dried, and fluorographed with XR5 film (Eastman
Kodak Co., Rochester, N.Y.) and Cronex Lightning-Plus
(E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.)
intensifying screens at -70°C.

Extraction and analysis of RNAs. The methods for the
extraction of nuclear and cytoplasmic RNAs, treatment with
DNase I (Worthington Diagnostics, Freehold, N.J.), and
chromatography on oligo(dT)-cellulose (Collaborative Re-
search, Inc., Waltham, Mass.) have been described in detail
elsewhere (55, 58). The spliced structures of RNAs were
determined either by the method of Berk and Sharp (4) with
virus DNA probes that were uniformly labeled with 32P or by
our modification (8) of the procedure of Weaver and Weiss-
mann (57) with DNA probes that were end labeled with 32p.
Uniformly labeled DNAs were produced by incorporation of
32Pi into viral DNA during growth in vivo (55). Restriction
fragments were 32P-labeled at the 5' end by using calf
alkaline phosphatase, T4 polynucleotide kinase, and [y-
32P]ATP; or the fragments were labeled at the 3' end by
replacement synthesis by using T4 DNA polymerase and
[a-32P]dATP (30). RNAs were annealed to the DNA probes
and digested with S1 nuclease, and the products were

separated by electrophoresis either in 1.5% agarose gels or in
polyacrylamide-urea gels. The gels were dried and analyzed
by autoradiography with XR5 film (Kodak) for 1 to 7 days at
-70°C with a Cronex Lightning-Plus intensifying screen.
Signals on the autoradiograms were quantitated with a

densitometer (Quick Scan Jr.; Helena Laboratories).
Plasmid constructions. Standard recombinant DNA meth-

ods were used in the plasmid constructions (30). Plasmid
pSP-IVS2 (8) was generated by ligation of a HindIII-BclI

fragment (1.3 kilobase pairs [kbpl) of SVIV-IVS2 with a
HindIII-BamHI fragment (3.4 kbp) of the plasmid pSV2-gpt
(40). pS3-NI was constructed by replacing the BamHI-
EcoRI fragment of pSP-IVS2 (640 bp) with a BamHI-EcoRI
fragment (67 bp) of SVIV-RaI2 that contained ,B-globin
cDNA sequences.

ptk2.0-NI was a derivative of pSP-NI, in which the
HindIII-BamnHI segment of 3-globin DNA (339 bp) was
replaced by a 2.0-kbp Pi ull restriction fragment of herpes
simplex virus type 1 DNA that contained the thymidine
kinase (tk) gene (33, 56). The ends of the 2.0-kbp PvuII
fragment were previously modified by the addition of syn-
thetic HindlIl and BamHI decanucleotide linkers, such that
a HindIlI site was placed upstream of the tk promoter and a
BamHI site was placed downstream of the tk polyadenyla-
tion site (pSVOTKE; M. Fromm, Ph.D. thesis, Stanford
University, Stanford, Calif., 1982). ptk2.0-NI DNA was used
as the source of tk restriction fragments for the construction
of the ptk0.7, ptkl.1, and ptk,ins plasmids. The structures of
other plasmids are explained throughout the text.

RESULTS

Intron-dependent mRNA production in SV40-rabbit ,l-
globin recombinant viruses. Originally, for the purpose of
studying SV40 early region transcription, two recombinant
viruses were constructed in which rabbit ,-globin-coding
sequences were under the transcriptional control of the
SV40 early region promoter (Fig. 1A). One recombinant,
SVIV-Rap2, contained P-globin cDNA sequences (at 486-bp
HindIII-BglII fragment of rabbit ,B-globin cDNA) inserted
between an SV40 early region promoter and a late region
polyadenylation site. Since no SV40 or ,-globin intron was
included in this construct, it was expected that SVIV-Ra,B2
would produce mature ,-globin mRNA without the need for
splicing. Another recombinant, SVIV-IVS2 (Fig. 1A), was
constructed so that a segment of the ,3-globin cDNA in
SVIV-RaP2 (the 67-bp BamHI-EcoRI segment) was replaced
by the corresponding fragment of P-globin genomic DNA
containing IVS2 (640 bp), which is the second intron of the
gene. Hence, it was expected that SVIV-IVS2 would pro-
duce the same mRNA as SVIV-RaP2, but in the case of
SVIV-IVS2 splicing of the nascent transcript should occur.
Both recombinant viruses were assayed for ,B-globin protein
production and compared with another recombinant virus,
SVGT5-PG, which contained P-globin cDNA sequences that
were expressed from the SV40 late region promoter, splic-
ing, and polyadenylation signals (41). P-Globin synthesis in
infected monkey cells (CV1) was measured by specific im-
munoprecipitation of 3H-labeled protein with goat anti-rabbit
,-globin immunoglobulin, followed by gel electrophoresis
and autoradiography (data not shown). SVGT5-PG produced
3-globin protein in the amount expected for a viral late

region gene product (41). SVIV-IVS2 produced severalfold
more P-globin protein than SVGT5-,BG. The observed over-
production probably resulted from the presence of two viral
replication origins in the SVIV genome (7). The significant
result, however, was that P-globin synthesis was not de-
tected in cells that were infected with SVIV-Ra,2, the
recombinant that lacked the intervening sequence. To exam-
ine the basis for this defect, 3-globin RNA levels were
measured in cells that were infected with SVIV-Ra,B2 and
SVIV-IVS2 by using an S1 nuclease protection assay (57).
Polyadenylated nuclear and cytoplasmic RNAs were an-
nealed to an SVIV-IVS2 DNA probe (a 3.6-kbp BamHI-
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FIG. 1. Intron-dependent gene expression in SV40-rabbit P-globin recombinant viruses. (A) Structures SVIV-Ra,B2 and SVIV-IVS2. The
SVIV viruses have an inverted duplication of the SV40 origin ofDNA replication (ori) and the early region promoter (7). Regions transcribed
by the duplicate promoters are indicated with arrows. The rabbit 3-globin coding region is diagonally hatched, and the viral T-antigen-coding
sequences are solid. SVIV-IVS2 was constructed from SVIV-Ra,B2 by replacing the BamHI-EcoRI region of P-globin cDNA (12) with the
BamHI-EcoRI segment of ,-globin genomic DNA (26). P-Globin IVS2 and T-antigen intron sequences are open. (B) Structures of the p-globin
transcription units of SVIV-IVS1, SVIV-IVS2, and SVIV-IVS1+IVS2. SV40 sequences are stippled, ,-globin coding regions are hatched,
and intervening sequences are open. The structures of the expected RNAs are indicated below the maps of each transcription unit. (C)
Poly(A)+ cytoplasmic (Cy) and nuclear (Nu) RNAs were extracted from CV1 cells 48 h after infection with SVIV-Ra,2 and SVIV-IVS2 and
annealed to a DNA probe that was 5'-32P-labeled at the BamHI site within the 3-globin region of SVIV-IVS2 (lane P). The hybrids were

digested with S1 nuclease and fractionated by electrophoresis in a 1.5% agarose gel (7). RNA from 2 x 106 infected cells was used in the
analyses of SVIV-IVS2, and RNA from 8 x 106 infected cells was used in the analyses of SVIV-RaP2. Markers (lane M) produced by digestion
of labeled SV40 DNA with HindIll are shown in the leftmost lane (1,768, 1,169, 1,118, 526, 447, and 215 bp). (D and E) Cytoplasmic
polyadenylated RNA was isolated from CV1 cells 48 h after infection with SVIV-IVS1, SVIV-IVS2, and SVIV-IVS1+IVS2; annealed to
homologous uniformly labeled DNA probes; and digested with S1 nuclease. The products were fractionated by electrophoresis in 1.5% neutral
(D) or alkaline (E) agarose gels. SV40 Hinfl markers are shown in the leftmost lane of each panel (1,847, 1,085, 766, 543, 525, 237, and 109
bp). SV40 BstNI markers are shown in the rightmost lane of each panel (993, 823, 673, 552, 444, 369, 311, 249, 200, and 127 bp).

EcoRI fragment) that was 5'-32P labeled at the BamHI site.
The hybrids were digested with S1 nuclease and fractionated
by agarose gel electrophoresis (Fig. 1C). Analysis of SVIV-
IVS2 RNA yielded a protected fragment of 420 bp with both
the nuclear and cytoplasmic fractions; this is the expected
size for RNAs initiated at the SV40 early region promoter (7,

8). We found that SVIV-IVS2 produced 400-fold more

cytoplasmic P-globin RNA than SVIV-RaP2 (note that the
analysis of SVIV-RaP2 was performed with 4 times the
amount of total RNA as the analysis of SVIV-IVS2). Longer
exposures of the autoradiogram in Fig. 1C showed that the
ratio of cytoplasmic to nuclear P-globin RNA was the same
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in cells that were infected with either SVIV-Ra,2 or SVIV-
IVS2 (about 20 to 1).
The ability of the other,-globin intron, IVS1, to influence

stable mRNA production was explored with two additional
constructions. A HindIII-BamHI segment (339 bp) of P-
globin cDNA in SVIV-RaP2 was replaced with a PvuII-
BamHI fragment (484 bp) of,-globin genomic DNA, gener-
ating the recombinant SVIV-IVS1. These manipulations
resulted in the addition of IVS1 (126 bp) and 18 bp of the
,-globin 5'-noncoding region to the hybrid transcription unit
of SVIV-RaP2 (Fig. 1B). The same operation was performed
with SVIV-IVS2 DNA to create the recombinant SVIV-
IVS1+IVS2, which carried both IVS1 and IVS2 in their
normal positions within the 3-globin-coding region. To de-
termine the amount and structure of the 3-globin RNAs that
were produced, poly(A)+ RNA was isolated from cells that
were infected with SVIV-IVS1, SVIV-IVS2, and SVIV-
IVS1+IVS2 and was annealed to uniformly labeled DNA
probes (PvuII fragments) that completely spanned the i-
globin transcription unit of each virus. The hybrids were
digested with SI nuclease and fractionated by neutral or
alkaline gel electrophoresis (Fig. ID and E). The results
show that all three recombinant viruses produce approxi-
mately the same amount of ,-globin RNA, which was
spliced in the manner expected for the introns contained in
each recombinant. ,-Globin RNAs of the appropriate length
were found in assays by using electrophoresis at neutral pH
(690- and 710-bp fragments; Fig. 1D), and correct exon sizes
were revealed in assays involving alkaline gel electrophore-
sis (Fig. 1E; 230 and 480 bases for SVIV-IVS1; 430 and 260
bases for SVIV-IVS2; and 220, 230, and 260 bases for
SVIV-IVS1+IVS2). It appears, therefore, that IVS1 and
IVS2 are individually capable of rescuing stable RNA pro-
duction in the recombinant viruses and that there is no
additional effect when both introns are present. This sug-
gests that the intron dependence that we observed is a
general property of intervening sequences, in keeping with
results of the original studies of this phenomenon (23, 24,
41). In fact, we have found that several other introns are
capable of rescuing stable RNA synthesis in related con-
structions (A. Buchman, Ph.D. thesis, Stanford University,
Stanford, Calif., 1986). These include introns from the SV40
early region and the human P-globin, 8-globin, and -y-globin
genes. Also, we found that viruses carrying chimeric introns,
which include segments from the SV40 large T-antigen
intron and P-globin IVS2 or P-globin IVS1 and IVS2, pro-
duce normal amounts of appropriately spliced mRNA.
The intron sequences requiired for stable RNA production

are at the splice sites. Although intervening sequences, in
general, were capable of stimulating mRNA production from
the recombinant viruses, it. was unclear whether the se-
quences responsible for this effect coincided with those
required for mRNA splicing. To answer this question, a
series of deletions was constructed in which different se-
quences within and flanking IVS2 were removed from SVIV-
IVS2 (Fig. 2A). Because of the complexity of the manipula-
tions involved, two deletions (dll and d12) were constructed
in a homologous plasmid DNA vector described below.
RNAs produced by the different deletions were detected
with S1 nuclease protection assays, as described in the
legend to Fig. 1D and E (summarized in Fig. 2A legend; data
not shown). The deletions that removed only sequences
within IVS2 (d117, d1l8, d16, dllO, and d115) all produced
substantial amounts of appropriately spliced P-globin RNA.
The largest of the internal deletions, d115, produced several-
fold less ,-globin mRNA than the parent virus, SVIV-IVS2,
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FIG. 2. Deletions of rabbit ,-globin IVS2. The top of the figure
depicts the IVS2 region of SVIV-IVS2, with the intron indicated as
an open bar. Restriction sites used for constructing the deletions are
shown and are abbreviated as follows: B, BamHI; Av, AvaIl; Hc,
HincII; Al, AluI; Hp, HpaII; E, EcoRI. The sequences that were
removed in each deletion are shown by the bars. Solid bars indicate
deletions that disrupted both splicing and stable RNA production.
Open bars indicate deletions that produced normal amounts of
appropriately spliced RNA. d14, depicted with cross-hatching, pro-
duced slightly reduced levels of abnormally spliced RNA. (B and C)
Poly(A)+ cytoplasmic RNA was isolated from CVl (B) and COS (C)
cells 48 h after transfection with the plasmids pSP-NI, pS3-IVS2,
dll, and d12 and were annealed to a pSP-IVS2 DNA probe that was
5'-32P-labeled at the BamHI site in the ,-globin region. The hybrids
were digested with S1 nuclease and electrophoresed in a 1.5%
agarose gel. The size of marker fragments produced by digestion of
the probe with restriction endonucleases, BglI (408 bp) and PvuII
(670 bp), are indicated on the left side of each panel.

did. In this case the intron was reduced from 573 to 66 bp,
deleting all but 14 bp next to the 5' splice site. Other
investigators (60) have shown that IVS2 is spliced ineffi-
ciently when it is reduced to less than 80 bp.

Deletion of either the IVS2 5' splice site (d14) or 3' splice
site (d113) had a more noticeable effect on RNA production.
d14 produced fourfold less ,-globin RNA than SVIV-IVS2
did, and several different RNAs were found. Further analy-
sis of d14 RNA (Buchman, Ph.D. thesis) showed that these

5'- 3'Lylzz.. v4=42=f
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species resulted from the utilization of cryptic 5' splice sites
within both IVS2- and the 3-globin-coding sequences. Other
studies of mutant rabbit and human P-globin genes with
alterations at the IVS2 5' splice junction revealed the exist-
ence of cryptic splice sites (53, 60). A deletion of the 3' splice
site of IVS2 had the most extreme effect on mRNA produc-
tion. d113 produced only 1/20th the amount of ,-globin RNA
as SVIV-IVS2 did, and the RNA that was detected appeared
to be unspliced.
The importance of the nucleotides flanking the 3' splice

site was examined in more detail with the deletions dll and
d12 (Fig. 2A). In dll, a segment of IVS2 was removed that
extended from the AluI restriction site within the intron to
the AluI cleavage site, 5'-AG/CT-3', that overlaps the con-
served 5'-AG-3' dinucleotide that is generally found at 3'
splice sites (38). d12 was derived from dl6 by removing
sequences between the AluI site at the 3' splice junction and
an EcoRI site 50 bp downstream, resulting in the deletion of
exon sequences flanking the splice junction. Both of these
deletions were constructed in the plasmid vector pS,-IVS2,
which contains the same hybrid SV40-rabbit ,-globin tran-
scription unit that is contained in SVIV-IVS2. CV1 cells
transfected with dll or d12 plasmid DNA (8, 45) were
examined for ,3-globin RNA production by Si nuclease
assays by using a pS,B-IVS2 DNA probe that was 5,_32p_
labeled at the BamHI site in the f-globin region (Fig. 1A).
The RNAs were annealed to the DNA probe, digested with
Si nuclease, and fractionated by gel electrophoresis. d12
produced slightly less P-globin RNA than the control plas-
mid pS,-IVS2 did (Fig. 2B). Correct splicing of the d12 RNA
was revealed in other assays by using a different fragment as
probe (data not shown). By contrast, no ,-globin RNA was
detected in the cells that were transfected with the dll
plasmid (Fig. 2B), demonstrating that intron sequences
adjacent to the 3' splice site are required for ,-globin RNA
production.

Intron-dependent mRNA synthesis is observed in short-term
transfections with both replicating and nonreplicating plasmid
DNAs. For greater flexibility in studying the effects of introns
on RNA production, we switched from using SV40 recom-
binant viruses to using a plasmid vector system. Since the
original investigations of intron-dependent gene expression
were all performed with recombinant viruses (22-25), it
seemed relevant to determine whether any basic property of
the vector or host changed the effect of introns on expres-
sion. Accordingly, two Escherichia coli-animal cell shuttle
vectors were constructed. Plasmid pS-NI (NI indicates no
intron) contained the ,-globin transcription unit of SVIV-
Ra,2, and pS,-IVS2 contained the 3-globin transcription
unit of SVIV-IVS2 (Fig. 3A and B). Two different monkey
cell lines were used as hosts for these plasmids. CV1 is the
normal host for SV40 virus infections, and COS (16) is a
specially constructed derivative of CV1 that contains an
integrated copy of the SV40 large T-antigen gene. Since the
plasmids pSP-NI and pS,-IVS2 contain an SV40 replication
origin (ori), they are able to replicate in COS cells, but not in
CV1 cells, because these cells lack a functional T-antigen
gene. CV1 and COS cells were transfected with pS,B-NI and
pS,-IVS2 DNA by the calcium phosphate coprecipitation
technique (8, 45). RNA was extracted after 48 h and ana-
lyzed with Si nuclease assays by using DNA probes that
were 5'-32P-labeled at the BamHI site of each plasmid (Fig.
2B and C). No 3-globin RNA was detected in either COS or
CV1 cells that were transfected with pS3-NI DNA. By
contrast, significant amounts of ,B-globin RNA were pro-
duced in cells that were transfected with pS,-IVS2. A

395-bp fragment was produced with RNA from CV1 cells,
and two protected fragments, 395 and 420 bp, were seen with
RNA from COS cells. The observed fragment sizes were
those expected for initiations at the different components of
the SV40 early region promoter (7, 8). The 395-bp fragment
was produced by RNAs that were initiated at the down-
stream early region promoter, which depends on both the
TATA and the 72-bp enhancer sequences (8). The 420-bp
fragment was produced by RNAs that were initiated at the
upstream early region promoter. Upstream initiations are
not dependent on the TATA or the enhancer sequences, but
rather, they rely on amplification of the template for their
production (8). Thus, both enhancer-dependent and amplifi-
cation-dependent transcripts were greatly affected by the
presence of IVS2. The same difference in RNA production
between pS,-NI and pS,-IVS2 was found when a humar
cell line (HeLa) was used as the host for transfections (dat..
not shown); therefore, the observed intron requirement is
not a peculiarity of CV1 derivatives.
IVS2 fails to rescue stable RNA production when placed

outside the transcription unit. From the results with SVIV-
IVS1 and SVIV-IVS2, it seemed that the ability of introns to
stimulate mRNA production in this system is not critically
dependent on their position. In some ways, this behavior is
reminiscent of that of transcriptional enhancer elements,
which also exhibit a position-independent effect on gene
expression. However, since splice site sequences were im-
portant for the effect of IVS2, this indicates that the mech-
anism of IVS2 stimulation is connected to the splicing
process and is different than that of transcriptional enhanc-
ers. Transcriptional enhancers exert their effects even when
they are located downstream and outside of the transcribed
gene (2, 3, 14, 37). Accordingly, we examined whether IVS2
would produce its effect when it was located just down-
stream of the polyadenylation site. This was done by using a
set of four plasmids that carried tandem duplications of a
BamHI-Sau3AI fragment of pSB-NI or pSP-IVS2, which
spans the IVS2 splice junctions and the SV40 late region
polyadenylation site (Fig. 3C through F). Each construct
contained two polyadenylation sites and could, in principle,
produce two RNAs by processing at either site. The plas-
mids pS3-IND and pS-IID contained IVS2 inserted up-
stream of both polyadenylation sites; pS-IID had a second
copy of IVS2 between the two polyadenylation signals.
pS,-NID had IVS2 inserted just downstream (95 bp) of the
first polyadenylation site. No intervening sequence was
included in the plasmid pS,B-NND. Because of the nature of
these constructions, each plasmid could produce the same
two ,-globin mRNAs by different combinations of process-
ing events.
COS cells were transfected with pSP-IVS2 and each of the

duplicated plasmid derivatives. RNA was extracted after 48
h and analyzed by Si nuclease assays by using a pS,-NND
DNA probe that was 3'-32P-labeled at the HindIlI site. The
products of nuclease digestion were fractionated by electro-
phoresis in a neutral agarose gel (data not shown). pS-IND
and pS,-IID produced ,B-globin RNA in an amount compa-
rable to that produced by pS,-IVS2. The predominant
species was polyadenylated at the upstream processing site,
yielding a protected fragment of 630 bp. A small amount of
RNA (1 to 2%) was found that was processed at the
downstream polyadenylation site, producing a 910-bp pro-
tected fragment. No ,-globin RNA of either size was de-
tected in cells that were transfected with pS3-NND or
pS3-NID. Hence, IVS2 failed to exert an effect when it was
placed downstream of the polyadenylation signal. The lack
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FIG. 3. Testing IVS2 function downstream of a polyadenylation site. (A through F) The P-globin transcription units of pSP-NI, pS,B-IVS2,
and the derivatives with duplicate polyadenylation sites are depicted. SV40 sequences are stippled, ,-globin-coding sequences are hatched,
and IVS2 sequences are shown above each map as open bars. The rightward arrow shows the location of the SV40 early region promoter,
and the A in parentheses indicates the late region polyadenylation sites. The two different protected fragments expected in Si nuclease assays
from RNA processed at the upstream (630 bp) and downstream (910 bp) polyadenylation sites are shown at the bottom.

of stimulation by IVS2 from the downstream position does
not appear to be the result of its increased distance from the
promoter. A significant effect of IVS2 was found in other
constructions, discussed below, where IVS2 was placed at a
similar distance (pdhfr plasmids; Fig. 4D) or at even greater
distance (pgpt plasmids; Fig. 4C) from the promoter.

Different transcribed sequences vary greatly in their depen-
dence on introns for stable mRNA production. Although the
,-globin constructs that we have described were highly
dependent on introns for mRNA production, this require-
ment was clearly not a general one, since numerous eucary-
otic genes lack intervening sequences. We explored the
difference between intron-dependent and intron-independent
expression by constructing derivatives of the pSp vectors
that carried different sequences inserted in the transcribed
region. For each sequence tested, a pair of plasmids was
constructed that differed in only one aspect; one contained
IVS2 (-IVS2 derivative) and one lacked IVS2 (-NI deriva-
tive), so that the influence of the intron could be assessed
properly. This was accomplished by performing identical
constructions with pSP-NI and pSP-IVS2 DNA. COS cells
were transfected with each of the plasmids, and RNA
production was measured with Si nuclease assays by using
end-labeled DNA probes. For each analysis, at least two
different probe DNAs were used to check for the expected

mRNA structure. No unexpected transcripts were detected,
so only the measurements with one of the probes are shown.
The first two plasmids, pHBdl-NI and pHBdl-IVS2 (Fig.

4B), were created as a control for the following constructs
and were used to investigate the influence of the cryptic 5'
splice sites present in the P-globin coding sequence. It
seemed possible that the cryptic 5' splice sites might pro-
mote aberrant or incomplete processing in the absence of a
3' splice site, resulting in degradation of the transcript. The
HindIII-BamHI region (339 bp) of P-globin cDNA that
contained the cryptic splice sites was removed from pS,-NI
and pSP-IVS2, generating the pHBdl derivatives (Fig. 4B).
pHBdl-IVS2, however, still produced 500-fold more ,-globin
RNA than pHBdl-NI (133-bp protected fragment, Fig. 5A),
demonstrating that removal of the cryptic splice sites did not
affect intron dependence. In a second pair of constructions
(Fig. 4C), the HindIII-BamHI region of P-globin cDNA was
replaced with a HindIII-BamHI fragment (1.0 kbp) of the E.
coli gpt gene (39). A substantial effect of the intron was still
observed with this procaryotic insert, as pgpt-IVS2 pro-
duced 10- to 20-fold (the variation between different trans-
fection experiments) more RNA than did pgpt-NI (180- and
205-bp protected fragments, Fig. SB). A different eucaryotic
cDNA was examined with the pdhfr constructions (Fig. 4D),
in which the ,-globin HindIII-BamHI region was replaced
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by a HindIII-BglII fragment (0.7 kbp) of mouse dihydrofo-
late reductase (dhfr) cDNA containing the entire coding
region (9, 51). Like the rabbit ,3-globin gene, the mouse dhfr
gene contains intervening sequences (43). In this case, as
well, pdhfr-IVS2 produced 10- to 20-fold more RNA than did
pdhfr-NI (465- and 485-bp protected fragments, Fig. 5C).
Thus, the stimulation of mRNA accumulation by the pres-
ence of an intron was observed with a bacterial coding
sequence (gpt) and another eucaryotic cDNA (dhfr), al-
though the magnitude of the effect was not as great as that
seen with the original P-globin plasmids.
The fourth set of plasmids tested the properties of se-

quences from a eucaryotic gene that lacks introns, the
herpes simplex virus tk gene (33, 56). In the ptkO.7 plasmids
(Fig. 4E), the HindIII-BamHI segment of P-globin cDNA
was replaced with a HindIII-SphI (700 bp) fragment of tk
DNA. This fragment contains the promoter of the tk gene
and 500 bp of the transcribed region. Most of the RNA
produced in transfections with the ptkO.7 plasmids was
initiated at the herpes simplex virus tk promoter (500-bp
protected fragment, Fig. SD). By contrast with the previous
plasmids, substantial amounts of RNA were produced with
both ptkO.7 derivatives, with ptkO.7-IVS2 producing about
twice as much tk RNA as ptkO.7-NI. A somewhat larger
effect of the intron was observed for those transcripts that
were initiated at the SV40 early region promoter (765-bp
protected fragment, Fig. 5D), for which a three- to fourfold
difference was found.
Two additional pairs of plasmids were constructed to

assess whether the elements directing intron-independent
expression of the tk gene were within the transcribed region
or in the promoter and polyadenylation regions. In the
ptkpins plasmids (Fig. 4G), most of the transcribed region of
the tk gene (1.1-kbp BglII-SmaI segment) was replaced with
the ,-globin HindIII-EcoRI region of either pSP-NI or
pS,-IVS2. Conversely, the ptkl.1 plasmids (Fig. 4F) were
generated by inserting the 1. 1-kbp BglII-SmaI region of tk at
the BamHI site of pS3-NI or pS,-IVS2. The presence of
IVS2 caused a 20-fold increase in RNA production from the
ptkpins plasmids (340-bp protected fragment, Fig. SE) but
only a 2-fold effect with the ptkl.1 constructs (395- and
420-bp protected fragments, Fig. SF). Thus, it appears that
the elements that permitted intron-independent RNA pro-
duction are located primarily within the transcribed region of
the tk gene.

DISCUSSION
Certain mammalian transcription units fail to produce

stable RNA if they lack an intron. The magnitude of this

FIG. 4. Structures of the hybrid transcription units of pSp plas-
mids (A) and their derivatives (B through H) are shown with
different regions depicted as follows: SV40 sequences, stippled bars;
P-globin-coding sequences, hatched bars; different inserted se-
quences (gpt, dhfr, tk), open bars. 3-Globin IVS2 sequences present
in the IVS2 derivatives are indicated above each map as open bars,
with the dashed lines showing its position. Rightward-pointing
arrows show the location of SV40 or tk promoters, and the A's in
parentheses show the positions of SV40 or tk polyadenylation sites.
Restriction sites used for either construction of the plasmids or
end-labeling DNA probes for S1 nuclease assays are shown below
the maps. The structure of the herpes tk gene is depicted in panel F
as the 2.0-kbp fragment inserted in the plasmid ptk2.0-NI. The
0.7-kbp HindIII-SphI fragment and the 1.1-kbp BgII-SmaI fragment
of tk that was used to construct the ptkO.7 and ptkl.l plasmids,
respectively, are indicated below the map of ptk2.0-NI.
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FIG. 5. A survey of different transcribed sequences for intron-dependent expression. Poly(A)+ RNA was isolated from COS cells 48 h
after transfection with the pHBdl, pgpt, pdhfr, ptkO.7, ptk,ins, and ptkl.1 plasmids. RNAs were analyzed by Si nuclease assays by using
end-labeled DNA probes, described below, and the products were fractionated by gel electrophoresis. Marker fragments produced by
digestion of the probes with the indicated enzyme are shown in the leftmost lane of each panel. Numbers on the right of each panel show the
size of the fragments protected from nuclease digestion. RNA from 5 x 105 transfected COS cells was used in all the analyses, but different
autoradiogram exposures are shown for the different classes of constructions to best illustrate the effect of IVS2. (A) RNAs produced by
pHBdl-NI and pHBdl-IVS2 were annealed to a DNA probe that was derived from pSP-NI DNA, that was 3'-32P-labeled at the BamHI site
(Fig. 4A), and that extended beyond the SV40 late region polyadenylation site. The products of the Si nuclease assays were separated by
electrophoresis in a 4% polyacrylamide-urea gel. (B) RNAs from pgpt-NI and pgpt-IVS2 were annealed to a probe derived from pgpt-NI DNA
that was 5'-32P-labeled at the BglII site (Fig. 4C) and which extended beyond the SV40 early region promoter. The products of the Si nuclease
assays were separated by electrophoresis in a 4% polyacrylamide-urea gel. The 180- and 205-base protected fragments were generated by
RNAs that were initiated at the downstream and upstream components, respectively, of the SV40 early region promoter (7). (C) RNAs from
pdhfr-NI and pdhfr-IVS2 were annealed to a probe that was derived from pdhfr-NI DNA that was 5'-32P-labeled at the AccI site (Fig. 4D) and
which extended beyond the SV40 early region promoter. The products of the S1 nuclease assays were separated by electrophoresis in a 1.5%
alkaline agarose gel. The 485- and 465-base protected fragments were produced by RNAs that were initiated at the upstream and downstream
components, respectively, of the SV40 early region promoter. (D) RNAs from ptkO.7-NI and ptkO.7-IVS2 were annealed to a probe that was
derived from ptk.7-NI DNA, that was 5'-32P-labeled at the BamHI site (Fig. 4E), and that extended beyond the SV40 early region promoter.
The products of the Si nuclease assays were separated by electrophoresis in a 1.5% alkaline agarose gel. The 765- and 500-base protected
fragments were generated by RNAs that were initiated at the SV40 early region and herpes tk promoters, respectively. (E) RNAs from
ptk3ins-NI and ptk,ins-IVS2 were annealed to a probe that was derived from pSP-NI DNA and that was 5'-32P-labeled at the BamHI site (Fig.
4A). The products of the Si nuclease assays were separated by electrophoresis in a 1.5% agarose gel. Because of the structure of the ptkpins
plasmids, the homology of the probe with ptk,ins RNA extended only up to the HindlIl site, producing a protected fragment of 340 bp. (F)
RNAs from ptkl.1-NI and ptkl.1-IVS2 were annealed to a probe that derived from pSP-NI DNA, that was 5'-32P-labeled at the BamHI site
(Fig. 4A), and that extended beyond the SV40 early region promoter. The products of the S1 nuclease assays were separated by
electrophoresis in a 1.5% agarose gel. The 395- and 420-bp protected fragments were generated by RNAs that were initiated at the downstream
and upstream components, respectively, of the SV40 early region promoter.
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effect was revealed while studying the expression of a
P-globin cDNA segment fused at its 5' and 3' ends to SV40
promoter and polyadenylation signals, respectively (Fig.
1A). Only barely detectable levels of RNA were produced
from such an intronless gene, but the same gene containing
either the small (IVS1) or large (IVS2) 3-globin intron in the
appropriate location produced very substantial (400-fold
greater) quantities of 13-globin RNA. Other intervening se-
quences, the SV40 early region introns, or hybrid introns
containing 5' and 3' splice sites from different intervening
sequences were also effective in promoting 0-globin mRNA
formation (data not shown). Our experiments on the effect of
modifications of the structure and location of the f3-globin
IVS2 on RNA production led to the following generalization.
The integrity of the junction sequences that are needed for
splicing the intron were considerably more important than
either the position of the intron in the transcription unit or
the nucleotide sequence between the 5' and 3' splice junc-
tions. Where splicing was completely blocked, as when the
3' splice junction was eliminated, RNA production was
greatly reduced. However, when only the 5' splice junction
was missing, alternate splicing between cryptic 5' splice sites
and the 3' splice junction permitted substantial levels of
P-globin RNA production.
We are left with the question of what causes intron-

dependent gene expression. The size of the effect of IVS2 in
the SVIV recombinants rivals that found for eucaryotic
promoter sequences. It was striking that the IVS2 depen-
dence applied to both nuclear and cytoplasmic RNAs (Fig.
1C), demonstrating that the lack of splicing does not just
block RNA transport. One explanation for this result might
be that sequences within IVS2 control transcription initia-
tion. Indeed, introns can contain sequences that apparently
regulate transcription, such as the enhancer elements of
immunoglobulin genes (2, 15, 34, 46). Although we have not
tested this point directly, several observations appear to
argue against this as the basis for our results. First, it seems
unlikely that transcriptional control elements would reside in
all the introns that we tested and would happen to coincide
with the sequences that are required for splicing of IVS2.
Also, unlike transcriptional enhancer sequences, IVS2 failed
to show an effect when it was placed downstream of the
polyadenylation site. Several promoters, the herpes simplex
virus tk and the SV40 early region downstream and upstream
promoters, all exhibited intron-dependent expression, even
though these promoters show different dependences on
transcriptional enhancer sequences (8). Finally, the behavior
we observed was quite similar to that previously found by
Hamer et al. (25) in studies of other recombinant SV40
viruses. From an analysis of pulse-labeled RNA, Hamer and
colleagues (25) concluded that transcription is not affected
by the presence of introns in these constructions. On the
other hand, Brinster et al. (5) have recently reported that
introns increase the transcription rates of genes that are
introduced into transgenic mice. However, no effect of
introns was observed by these investigators when the same
constructions were examined in animal cells grown in cul-
ture, in direct contrast to our results. Thus, the mechanistic
basis for the results that we observed and those of Brinster
et al. (5) may be different.

It is curious, although not entirely unexpected, that se-
quences from the transcribed region of the herpes simplex
virus tk gene could substitute for the intron requirement in
our constructions. This raises the issue of whether the intron
and tk sequences accomplish their effects by similar or
different mechanisms. The sequences of tk that rescue stable

RNA production have not been precisely defined. In prelim-
inary experiments, we found that both the BgIII-SphI frag-
ment (443 bp) and the SphI-SmaI fragment (720 bp) of tk
(Fig. 4) promote significant intron-independent expression.
So, there does not appear to be a unique sequence within the
tk gene that confers this property.
A plausible explanation for our results is that the intron

and the transcribed sequences of tk exert their effect at a
stage after transcription initiation. It is conceivable that this
might involve steps that control transcription elongation,
cleavage and polyadenylation of the transcript, or turnover
of the nascent RNA. It is possible that cleavage and poly-
adenylation do not occur, in some cases, unless the tran-
script is also spliced. Although some similarities have been
noted between the mechanisms of polyadenylation and RNA
splicing, no direct connection has been observed in studies
of these reactions in vitro (27, 31, 36, 49). If the block in
stable RNA production is caused by premature termination
of transcription, one might imagine that a splicing complex,
or spliceosome (6, 13, 19), serves a function similar to that of
a stalled ribosome in procaryotic transcription attenuators
(61), allowing transcription to continue. On the other hand, if
the problem in RNA synthesis is caused by degradation of
the primary transcript by nucleases, then the spliceosome
(or other ribonucleoproteins recruited by the spliceosome)
might encapsulate the RNA and protect it from destruction.
Related models can be envisioned for sequences within the
transcribed region of tk, but without invoking the splicing
process. Thus, one of the constituents of the splicing system
might recognize tk RNA sequences without assembling an
active spliceosome, or a different factor that is not involved
in splicing might specifically bind tk RNA and have the same
effect.
From a practical point of view, these results have several

important implications. It is clear that significant levels of
expression can be achieved with vectors that lack interven-
ing sequences, such as pdhfr-NI and pgpt-NI (Fig. 5).
However, the amount of expression is substantially in-
creased (10- to 20-fold) when an intron is included in the
construction. Furthermore, some sequences, such as the
P-globin cDNA, do in fact show a virtual requirement
(400-fold) for the presence of an intervening sequence. In
general, it appears that inclusion of an intron is a wise
strategy for maximizing gene expression in animal cells. In
that connection, we have not observed an instance in which
the presence of ,-globin IVS2 causes a decrease in RNA
production. It remains possible, though, that a particular
intron will not be equally effective in all cell types, for
example, if it is recognized or spliced inefficiently. Nor is it
clear that a given intron will be able to fully exert its effects
regardless of the nature of the foreign sequences being
expressed or the relative position of the intron within the
transcribed region (20, 47; Buchman, Ph.D. thesis). An
alternative approach might be to include in the construction
sequences from a gene that lacks introns, such as herpes
simplex virus tk, or to include both an intron and tk-type
sequences. At present there is no simple answer to this
problem, but generally effective strategies may emerge as
more is learned about the basis for the phenomena we have
described.
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