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ABSTRACT We examined the effects of the simian virus 40
enhancer sequence on transcription of cloned human a- and 3-
globin genes shortly after their introduction into cultured mam-
malian cells. We find that (i) detectable transcription of the f-glo-
bin gene but not the a-globin gene requires linkage to the en-
hancer; (ii) the enhancer increases the amount of fl-globin RNA
at least 100-fold but results in only a 5- to 10-fold increase in the
amount of a-globin RNA; (iii) plasmid replication does not in-
crease the level of Pl-globin RNA, regardless of linkage to the en-
hancer, but does result in an -=50-fold increase in the level of a-
globin RNA; (iv) the enhancer is not required for and does not in-
crease transcription of either gene in 293 cells, an adenovirus 5-
transformed human kidney cell line. We also show that an en-
hancer sequence is not required for activity of the normally en-
hancer-dependent simian virus 40 early promoter in 293 cells, in-
dicating that these cells contain a trans-acting factor(s) that
circumvents the requirement for the enhancer sequence.

Enhancers are transcriptional regulatory elements that stimu-
late the expression of genes in cis in an orientation- and po-
sition-independent manner (for review, see refs. 1 and 2). Al-
though enhancers were first identified in the genomes of animal
viruses, sequences with similar properties have been isolated
from cellular DNA (3). Recently, enhancer elements have been
shown to be involved in the B-cell specific activation of the mouse
heavy chain (4, 5) and possibly K light chain (6) immunoglobulin
genes. The activity of enhancers is not restricted to their nor-
mal gene partners. For example, the enhancers from both sim-
ian virus 40 (SV40) and the mouse immunoglobulin heavy chain
gene can stimulate transcription of a rabbit 3-globin gene (4,
7).
The mechanism of enhancer action has been studied by us-

ing a transient expression assay in which a plasmid carrying the
gene of interest is introduced into cultured cells and its tran-
scription is analyzed 30-50 hr later (7, 8). In transient assays
transcription of the rabbit (7, 9) and human (10) P3-globin gene
is dependent on linkage to an enhancer sequence when carried
on both nonreplicating and replicating plasmids. In contrast,
the human a-globin gene is efficiently transcribed and unaf-
fected by the enhancer sequence when carried on a replicating
vector (8, 10). The effect of plasmid replication on a- and f-
globin transcription in transient assays has not been investi-
gated systematically.

In this paper we compare the transcription of the a- and /3-
globin genes in HeLa cells, in which no plasmid replication oc-
curs, and in COS cells (11), which allow efficient replication of
plasmids containing an intact SV40 replication origin (8). We
also have examined the possibility that globin genes can be ac-
tivated in trans by viral immediate early gene products. This

possibility was suggested by the fact that these proteins, which
are required for transcriptional activation of other viral genes
during lytic infection (12-14), can in some cases act on the genes
of other viruses (15) and on certain cellular genes (16). There-
fore, we carried out transient expression assays in 293 cells, which
constitutively produce adenovirus 5 immediate early gene prod-
ucts (17). Remarkably, in these cells neither gene requires link-
age to the SV40 enhancer sequence for transcription. Our re-
sults suggest that 293 cells contain a trans-acting factor that cir-
cumvents the requirement for the function provided by the cis-
acting SV40 enhancer sequence.

METHODS AND MATERIALS
Plasmid Construction. Vectors frSVHSplac and irSVHPplac

(P. Little, personal communication) are derivatives of the mini-
plasmid irVX (18) carrying the segments of SV40 DNA shown
in Fig. 1A. Their nonreplicating derivatives NrSVHSplacA and
7rSVHPplacA were constructed by Bgl I digestion, treatment
with T4 DNA polymerase, and recircularization, resulting in
the deletion of 3 base pairs and concomitant creation of a Sac
II site. Each vector carries a polylinker sequence to the late
side of the SV40 segment. Plasmids of the iSVJ3A128 series
(Fig. 1B) carry a 2.3-kilobase (kb) Rsa I/Pst I fragment (20) con-
taining the human ,B-globin gene together with 128 nucleotides
of 5' flanking sequence, inserted between the polylinker Bgl
II and Pst I sites. Plasmids of the ffSVal series (Fig. 1B) carry
a 1.5-kb Pst I fragment containing the human a1-globin gene
together with 0.5 kb of 5' flanking sequence inserted into the
polylinker Pst I site. To construct plasmids containing both the
a- and ,3-globin genes, the 1.5-kb a-globin Pst I fragment was
inserted into a Pst I site located 550 base pairs 3' to the /8-globin
gene in plasmids irSVHP/3 (21) and irSVHR/3 (P. Little, per-
sonal communication), which contain and lack the enhancer se-
quence, respectively. In the resulting plasmids, frSVHPaf+
and mrSVHRa3+, the genes are in the same transcriptional ori-
entation. To create SV40-a-globin fusion genes (Fig. 1C), the
SV40 early region Kpn I/BamHI, Sph I/BamHI and Nco I/
BamHI fragments (for details, see ref. 22) were separately in-
serted between the Sph I and BamHI sites of pBRd (19); the
SV40 Stu I/BamHI fragments were then replaced with the a-
globin Nco I/Pst I fragment. Plasmid DNA was prepared as
described (23).

Cell Culture and Transfection. HeLa, COS7, and 293 cells
were grown in Dulbecco's modified Eagle's medium with 10%
fetal bovine serum. Cells were transfected by coprecipitation
with calcium phosphate at 30-50% confluence as described (20,
24); 20 ,ug of plasmid DNA was used per 9-cm plate. In each
case equimolar amounts of the test plasmid and a reference
plasmid (carrying either the a- or /3globin genes, as appro-

Abbreviation: SV40, simian virus 40.
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FIG. 1. Plasmid structures. (A) SV40 sequences carried on mini-
plasmid (18) vectors. The SV40 origin of replication region is shown with
relevant restriction sites, with the 72-and 21-base-pair (bp) repeated
sequences and replication origin indicated. Below are shown the extent
of SV40 sequences present in the vectors used in this study; plasmids
are named according to the extent of SV40 sequence present and the
type of insert. (B) Structure of iiSV(3A128 and 1TSVal series of plas-
mids. Globin DNA sequences are shown as open boxes, with the exons
hatched. SV40 sequences are shown as solid blocks with arrows point-
ing in the direction of early transcription, irVX vector (18) sequences
are shown as thin lines. (C) Structure of SV40-a-globin fusion genes.
Symbols are as in B; vector sequences are pBRd (19). K, Kpn I; PN, Pvu
II; S, Sph I; N, Nco I; Bg, Bgi I; St, Stu I; H, HindIll; P,Pst I; B, BamHI;
Sa, Sac H. Underlined symbols indicate restriction sites destroyed in
the plasmid construction.

priate) were transfected to allow for variations in transfection
efficiency and RNA recovery. After exposure to the precipitate
for 12-16 hr at 370C, cells were washed twice with warm phos-
phate-buffered saline and fresh medium was added.
RNA and DNA Preparation and Analysis. Total cellular RNA

was prepared 40-48 hr after transfection and analyzed by nu-
clease SI mapping as described (20, 21). Single-stranded 5'-32P_
labeled probe DNA fragments spanning the mRNA cap sites of
the various genes were used. The following fragments and
digestion conditions were used: /3 globin, *Mst II-Hae III (ref.
20; 500 units/ml); a globin, *Nco I-Hae II (nucleotides -60 to
+40; 1,000 units/ml); and SV40-a-globin fusion genes, *BssHII-
Sph I (see Fig. 4; 500 units/ml). DNA replication assays were
performed as described (8) with total cellular DNA.

RESULTS
Effect of the SV40 Enhancer Sequence on Globin Gene

Transcription in HeLa Cells. We first compared the effect of
the SV40 transcription enhancer on the amount of a- and 3-glo-
bin RNA produced in HeLa cells, where no plasmid replication
occurs. The analysis was accomplished by using plasmids con-
taining SV40 sequences on the 3' side of the globin genes (Fig.
1). To quantitate the amount of correctly initiated globin RNA
in transfected HeLa cells, total cellular RNA was analyzed by
S1 nuclease mapping. The hybridization probes used in this
analysis generated nuclease-resistant DNA fragments 40 and 70
nucleotides in length when hybridized to authentic human a-
and /3-globin mRNA, respectively (ref. 20; data not shown).

Analysis of the transcripts produced by cotransfected f3- or a-
globin reference plasmids showed that transfection efficiency
and RNA recovery were comparable in each case (data not
shown).

As shown in Fig. 2A a-globin transcripts were detected in
HeLa cells in the absence of a linked enhancer sequence; link-
age to the enhancer sequence increased 5- to 10-fold the amount
of correctly initiated RNA produced (Fig. 2A, lanes 1 and 2).
However, as observed in the case of the rabbit f3-globin gene
(7, 9), transcripts of the human P-globin gene were not de-
tected in HeLa cells unless the plasmid contained the SV40 en-
hancer (Fig. 2B, lanes 1 and 2). Linkage to the enhancer se-
quence increased the amount of correctly initiated (3-globin RNA
produced at least 100-fold. On the basis of these and other ex-
periments, we estimate that the level of a-globin RNA pro-
duced by plasmids without an enhancer is comparable to the
level of f3-globin RNA produced by plasmids with an enhancer.

Effect of DNA Replication on Globin Gene Transcription
in COS Cells. To evaluate the effect of plasmid replication on
globin gene transcription, we compared the amount of cor-
rectly initiated globin RNA produced in COS cells by plasmids
that contain intact or inactivated SV40 replication origins. All
plasmids containing intact SV40 replication origins replicated
equally efficiently in COS cells; however, replication of those
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FIG. 2. S1 nuclease analysis of a- and j3-globin gene transcrip-
tion in HeLa and COS cells. The presence ofan intact SV40 replication
origin and/or 72-base-pair enhancer element is indicated above each
lane. (A) Analysis of a-globin gene transcription in HeLa (lanes 1 and
2) andCOS (lanes 3-6) cells with theNco I/Hae 11 probe. Total cellular
RNA (3 or 30 ,ug) was used for each assay. Lanes: 1, plasmid 1rSVHSa1
(30 pg); 2, plasmid wSVHPal (30 ,ug); 3, plasmid rSVHSa1A (30 pg);
4, plasmid rSVHPa1A (30 ug); 5, plasmid irSVHSal (3 ,g); 6, plas-
mid irSVHPal (3 dig). (B) Analysis of 3-globin gene transcription in
HeLa (lanes 1 and 2) and COS (lanes 3-6), cells with the Mst JI/Haem
probe. Thirty micrograms of total cellular RNA was used in each
assay. Lanes: 1, plasmid IrSVHSPA128; 2, plasmid irSVHP.BA128;
3, plasmid wSVHSf8A128A; 4, plasmid irSVHP.3A128A; 5, plasmid
,fSVHS/3A128A; 6, plasmid 1rSVHP(3A128A. All probe and product
lengths are shown on the figure. Primer extension experiments indi-
cate that the additional apparent ( globin 5' ends apparently mapping
within the first exon (products X) represent a 3' splice site (G. C. Gros-
veld and R. A. Flavell, personal communication). Lanes M show size
markers of 32P-labeled Msp I-cut pBR322 DNA.
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plasmids containing deleted replication origins was not de-
tected (data not shown).
When the a-globin gene was introduced into COS cells on

nonreplicating plasmids,. the effect of the enhancer on tran-
scription was similar to that observed in HeLa cells: a-globin
RNA was detected in the absence of an enhancer sequence, and
linkage to the enhancer resulted in a 5- to 10-fold increase in
the amount of RNA produced (Fig. 2A, lanes 3 and 4; plas-
mids). As previously reported (8, 10), a large amount of a-glo-
bin RNA was produced when the a-globin gene was introduced
into COS cells on replicating plasmids; in some experiments the
enhancer also slightly increased the amount of correctly initi-
ated a-globin RNA produced (Fig. 2A, compare lanes 5 and 6).
Plasmid replication resulted in a 50-fold increase in the amount
of a-globin RNA produced (Fig. 2A, compare lanes 3 and 4
with lanes 5 and 6).

As observed in HeLa cells, transcription of the (3-globin gene
on nonreplicating plasmids in COS cells was not detected in the
absence of an enhancer (Fig. 2B, lanes 3 and 4). When the f3-
globin gene was introduced into COS cells on replicating plas-
mids, an enhancer also was required for transcription (Fig. 2B,
lanes 5 and 6), in agreement with previous observations (10).
In addition to correctly initiated fB-globin RNA, replicating P-
globin plasmids produced large quantities of transcripts initi-
ated at positions 5' to the mRNA cap site (Fig. 2B, lanes 5 and
6; 146 nucleotide products). Comparison of the amount of cor-
rectly initiated /3-globin RNA produced in COS cells by rep-
licating and nonreplicating /3-globin plasmids containing the
enhancer shows that plasmid replication leads to essentially no
increase in the amount of correctly initiated f3globin RNA pro-
duced (Fig. 2B, compare lanes 4 and 6).
We conclude that replication of globin plasmids in COS cells

substantially increases a-globin transcription irrespective of
whether the plasmid contains an enhancer sequence. However,
replication does not significantly increase the amount of ,3-glo-
bin RNA produced and does not relieve the requirement of the
,3-globin gene for a cis-linked enhancer sequence.

Efficient Transcription of Both a- and 13-Globin Genes Does
Not Require a cis-Linked Enhancer Sequence in 293 Cells.
During adenovirus or herpesvirus infection, most viral genes
are initially transcriptionally inactive; at later stages of the in-
fection, however, transcription of these genes is activated by
trans-acting viral immediate-early gene products (12-14). In
some cases these proteins can also activate the transcription of
heterologous viral (15) and cellular (16) genes. To test whether
such gene products might be capable of activating globin gene
transcription, we introduced a- and ,B-globin genes into 293
cells (17), which constitutively express the Ad5 immediate-early
region ElA proteins. We first transfected 293 cells with plas-
mids containing both the a- and the ,B-globin genes with or
without an intact enhancer sequence. No transcripts of the en-
dogenous a- or ,B-globin genes were detected in mock-trans-
fected 293 cells (Fig. 3, lanes 1 and 4); DNA blotting experi-
ments confirmed that the endogenous /-globin gene in 293 cells
was intact (data not shown). In transfected 293 cells, ,3-globin
gene transcription was readily detected in the absence of an
enhancer sequence (Fig. 3, lane 2); moreover, transcription was
not increased by the enhancer in these cells (Fig. 3; compare
lanes 2 and 3). Similarly, the enhancer had no effect on a-globin
gene transcription in 293 cells (Fig. 3, lanes 5 and 6). Efficient
,B-globin transcription in 293 cells occurred when the gene was
carried on plasmids lacking SV40 sequences. We also observed
enhancer-independent transcription of the ,3-globin gene in cell
lines into which adenovirus 5 early region 1 sequences were
introduced by cotransformation with the herpes simplex virus
thymidine kinase gene (ref. 25; data not shown).

A B

r-_

I _ e0 probe
(146)

S
S

S
a

c probe - --
(104)

*e*- (35'end
(70)

a 56end-[ 01
(40)

p
M1 2 3 456M

FIG. 3. S1 nuclease analysis of j3- and a-globin gene transcription
in 293 cells. The presence (lanes 3 and 6) or absence (lanes 2 and 5) of
an intact enhancer sequence on the transfected plasmids is indicated.
The (-globin MstII/Hae III (A) or the a-globinNco I/Hae 1 (B) probes
were used. Lanes: 1 and 4, 40 t&g oftotal cellularRNA from mock-trans-
fected 293 cells; 2 and 5, 40 1Lg of total cellular RNA from 293 cells
transfected with plasmid irSVHRa(3+; 3 and 6,40 yg of total cellular
RNA from 293 cells transfected with plasmid 1TSVHPa3+; M, size
markers of 32P-labeled Msp I-cut pBR322 DNA. Nuclease-resistant
product lengths are indicated.

The SV40 Enhancer Is Not Required for Activity of the SV40
Early Promoter in 293 Cells. The results described above sug-
gest that 293 cells might contain factors that are specific for glo-
bin gene transcription or that bypass the requirement for an
enhancer sequence for all enhancer-dependent genes. To dis-
tinguish between these two possibilities we examined the ac-
tivity of the SV40 early promoter in 293 cells: the SV40 en-
hancer sequence is normally required for activity of this promoter
(26-28). To eliminate the effects of autoregulation of the pro-
moter by large T antigen (reviewed by ref. 21), an SV40 early
region gene product, we constructed fusion genes in which the
large T antigen protein coding sequences were replaced by those
of the a-globin gene. These genes comprise fragments of the
SV40 promoter containing various extents of 5' flanking se-
quence joined, at a point some 40 nucleotides 3' to the early
mRNA cap sites, to a-globin sequences extending from the
translational initiation codon to the 3' end of the gene (Fig. 1;
see Methods and Materials).
The transcriptional analysis of the fusion genes in HeLa and

293 cells is shown in Fig. 4. The probe used in this assay is com-
plementary to a-globin mRNA sequences on the 3' side of the
a-globin gene translational initiation codon; therefore, tran-
scripts of the cotransfected a-globin reference plasmid gen-
erated nuclease-resistant DNA fragments 60 nucleotides in
length, which also appear on the gel ("a reference" products in
Fig. 4). In HeLa cells, plasmid pSVKa, which contains an in-
tact enhancer sequence, produced a large amount of RNA that
generated S1 nuclease-resistant products of the length ex-
pected for transcripts initiated at the normal SV40 early mRNA
cap sites (110 nucleotide SV-a products in Fig. 4, lane 1). The
plasmid pSVSa, in which the truncated SV40 promoter con-
tains the repeated 21-base-pair element but lacks an intact en-
hancer sequence, exhibited dramatically reduced promoter ac-
tivity in HeLa cells (compare lanes 1 and 2 in Fig. 4); a further
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FIG. 4. S1 nuclease analysis of SV40-a-globin fusion gene tran-
scription in HeLa and 293 cells. The BssHll/Sph Iprobe was used. To-
tal cellular RNA (40 /g) was used in each assay. (Upper) Lanes: 1-3,
HeLa cells; 4-6, 293 cells; 1 and 4, plasmid pSVKa; 2 and 5, plasmid
pSVSa; 3 and 6, plasmid pSVNa; M, size markers. Marker lengths are
given in nucleotides. K, S, and N indicate that the SV40 sequences ex-
tend to theKpnI, SphI, andNco I sites, respectively. (Lower) The struc-
ture of the fusion gene in pSVKa is shown, with the extent of vector,
SV40, and a-globin sequences indicated. The locations of the Sph I and
Nco I sites used to create plasmids pSVSa and pSVNa are shown. The
72-bp repeats are shown as open boxes; the 21-bp repeats, as solid blocks;
and transcripts, by an arrow. The extent of the probe is indicated below
the gene.

truncation that also removed the 21-base-pair repeats (plasmid
pSVNa) completely abolished transcription in HeLa cells (Fig.
4, lane 3). In contrast, in 293 cells, transcription was initiated
efficiently at heterogeneous positions centered on the normal
SV40 early mRNA cap sites regardless of whether the SV40
promoter contained an intact enhancer sequence (compare
plasmids pSVKa and pSVSa; Fig. 4, lanes 4 and 5). However,
a truncation that removed both the 72- and 21-base-pair re-

peated elements (plasmid pSVNa) resulted in total inactivation
of the promoter in 293 cells (Fig. 4, lane 6). This truncation also
caused an increase in the amount of RNA initiated at positions
5' to the SV40 early mRNA cap sites, which generated a 150-
nucleotide product that mapped the point of divergence be-
tween the probe and the template (Fig. 4, lane 6). We conclude
that 293 cells contain a trans-acting factor(s) capable of relieving
the enhancer requirement of both the globin and SV40 early
promoters.

DISCUSSION
In this study we used transient expression assays to analyze the
requirements for transcription of cloned human a- and B-glo-
bin genes introduced into nonerythroid mammalian cells. We
find that the (-globin gene, but not the a-globin gene, requires
linkage to the SV40 enhancer sequence for transcription to be
detected in both HeLa and COS cells. In contrast, neither the

globin genes nor the SV40 early promoter require a cis-linked
enhancer for efficient expression in the adenovirus 5-trans-
formed human cell line 293. Moreover, the enhancer sequence
does not increase the amount of RNA produced by these genes
in 293 cells.

Linkage of the human -globin gene to the SV40 enhancer
sequence results in an increase of at least 100-fold in the amount
of correctly initiated (&globin RNA synthesized in HeLa cells,
in agreement with previous reports (7, 9). A similar increase in
,3globin gene transcription is observed when the gene is in-
troduced into COS cells on a nonreplicating vector. In contrast,
linkage of the enhancer to the human a-globin gene results in
only a 5- to 10-fold increase in the synthesis of correctly ini-
tiated a-globin RNA. One possible explanation for this differ-
ence in response is that the a-globin gene itself contains an ele-
ment analogous to the enhancer sequence. This seems unlikely,
however, because the presence of a-globin fragments cis to the
/3-globin gene in a number of different configurations does not
activate transcription of the f&globin gene (unpublished data;
ref. 10). Alternatively, the a-globin gene may be incapable of
responding to the enhancer, or the effect of the enhancer may
be attenuated by sequences within or near the gene. A prec-
edent for the latter hypothesis is the observation that certain
DNA sequences placed between the SV40 enhancer and a pro-
moter may block transcription enhancement (7, 29, 30). In some
cases these effects are due to the presence of promoter se-
quences within the interposed DNA segments (29, 30). Other
genes respond to the enhancer either only weakly (ref. 31; un-
published observations) or in a strongly position-dependent
manner (31, 32).
We also examined the effect of plasmid replication on the

amount of a- and (3-globin RNA produced in transient assays.
Each plasmid containing an intact SV40 origin replicates equally
efficiently in COS cells regardless of whether an enhancer is
present: therefore, enhancer-dependent transcription does not
interfere with efficient replication. In the case of the a-globin
gene, plasmid replication increases transcription by a factor of
about 50. The enhancer has little effect on transcription of the
a-globin gene carried on replicating plasmids; similar obser-
vations have been made with the a-globin gene carried on a
different vector (10) and in the case of the sea urchin histone
H2A gene (T. Gerster and W. Schaffner, personal communi-
cation). In contrast to the a-globin gene, however, plasmid rep-
lication does not affect transcription of the f3globin gene car-
ried on plasmids containing an intact enhancer sequence. Possibly
some factor required for enhancer-dependent ,B-globin gene
expression in these cells is limiting; alternatively, replication
per se may interfere with enhancer-dependent transcription.
Replication of (-globin plasmids lacking an intact enhancer ap-
pears to increase slightly the amount of correctly initiated /&
globin RNA produced, although the sensitivity of our assay was
not sufficient to quantitate the increase. At present, therefore,
we cannot say whether the increase in transcription observed
upon replication of a-globin plasmids is due to a fundamental
difference in the properties of the a- and ,B-globin gene pro-
moters.
To examine the possible effect of adenovirus E1A gene prod-

ucts on globin gene transcription, we performed transient as-
says in 293 cells, which constitutively produce adenovirus 5 E1A
proteins. These proteins are known to act in trans to activate
transcription from both adenovirus (2, 3) and certain cellular
(16) promoters. In contrast to the situation in HeLa and COS
cells, neither the a- nor the ,B-globin gene requires linkage to
the SV40 enhancer for transcripts to be detected in 293 cells;
moreover, a cis-linked SV40 enhancer sequence does not affect
transcription of either gene in these cells. Because the SV40
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early promoter also does not require an enhancer for activity in
293 cells, we conclude that the factor present in these cells does
not specifically activate globin genes but rather circumvents
the constraints on promoter activity that render an enhancer
sequence necessary for efficient transcription of a transfected
gene. The known properties of the ElA gene products strongly
suggest that the transcriptional activation that we observe in
293 cells is due to the adenovirus proteins produced by these
cells; we show elsewhere that both f3-globin and SV40 pro-
moters introduced into HeLa cells are activated by adenovirus
and herpesvirus immediate-early gene products (33). Our fail-
ure to detect transcription of the endogenous globin genes in
293 cells is of interest because it indicates that these genes are
for some reason refractory to the effect of the trans-acting fac-
tor.

In conclusion, we found that cis-acting SV40 sequences have
markedly different effects on the transcription of the a- and P-
globin genes in transient assays in COS and HeLa cells, but
both genes do not require such sequences for efficient and ac-
curate transcription in 293 cells. The relevance, if any, of these
observations to the regulated expression of the a- and /3-globin
genes in erythroid cells remains to be established. However,
the involvement of cellular enhancer elements in the regula-
tion of immunoglobulin gene expression (4-6) and the trans-
activation of cellular heat shock genes by adenovirus infection
(16) suggest that the study of the interactions between viral reg-
ulatory elements and globin genes may provide useful infor-
mation regarding possible mechanisms of cellular gene regu-
lation.
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