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ABSTRACT

An a-fetoprotein (AFP)* 'minigene' was constructed by joining the first
two exons along with 0.9 kilobases of 5' flanking sequence of the mouse AFP
gene to its last exon and 0.4 kilobases of 3' flanking sequence. This
'minigene' was tested for activity by inserting it into an SV40 vector and
infecting African green monkey kidney cells. Correct initiation, termina-
tion, polyadenylation and splicing were observed. Furthermore a 220
nucleotide transcript was detected and mapped to a mouse Alu-like or Bl
repeat on the opposite strand to that encoding the AFP gene in the first
intervening sequence.

INTRODUCTION

In any developmentally regulated gene system, one of the questions of

considerable import is the region or regions of DNA at which control is

exerted. The most promising method at this time for approaching this

question is to introduce exogenous genes into eukaryotic cells (1). Then,
in conjunction with in vitro mutagenesis (2,3), the various regulatory

regions of genes can be identified. This has already proved to be a powerful
method for studying the control of constitutive RNA transcription

(4,5,6,7,8). However, to extend these methods to a developmentally regulated
system, one would like to reintroduce a gene into the same cell that

regulates it in vivo. In so doing, a means to distinguish the exogenous gene
transcript from the endogenous one must be developed. One could introduce a

heterologous gene in which a sequence that could be distinguished by
hybridization has been inserted. It is also possible to retain the 5,
untranscribed region of the homologous gene but replace the structural gene
itself with a different coding sequence. This second approach has been
adopted for studies of the glucocorticoid regulation of MMTV transcription,
whereby the viral sequences have been replaced by mouse DHFR (9) or the

Ha-MuLV p21 protein (10). This approach is particularly attractive when the
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gene product is a selectable marker.

We have adopted a new approach which is particularly suited to genes

that are encoded by long stretches of DNA. A 'minigene' that retains

potential 5' and 3' control regions but dispenses with most of the coding

blocks and their corresponding intervening sequences, can be constructed

in vitro. The assumption we have made is that deletion of coding segments

within a gene does not remove sequences necessary for regulation. Expression

of this gene after reintroduction into a cell is therefore detected by virtue

of the fact that its transcript is shorter than the host gene product.

This approach is illustrated in the present paper for the mouse

o-fetoprotein (AFP)* gene. AFP, which is the major serum protein in mouse

fetuses, is encoded by 15 exons spanning a total length of 22 kilobases (Kb)*

of DNA which is 10 times longer than the mature RNA transcript, 2.2 Kb (11).

The gene is subject to developmental regulation in fetal liver, where it is

synthesized in increasing amounts until birth, at which point its rate of

transcription decreases by several orders of magnitude (S.M. Tilghman,

unpublished results.) The gene is also expressed in the visceral endoderm

layer of early mouse embryos, a situation which can be studied using mouse

teratocarcinomas (12,13).

Before proceeding with studies using these two regulated systems, it is

essential to show that the AFP mini-gene is functional in vivo. Hence the

present paper describes both the construction of an AFP minigene and its

expression in an SV40 vector.

MATERIALS AND METHODS

1) Construction of the AFP minigene. Two genomic subclones of the mouse

AFP gene inserted into pBR322 were used to construct the minigene: (1)

pAFP14Z.1, which contains a 3.4Kb BamHl/EcoRl fragment which begins 950 bp

upstream of the cap site of AFP mRNA (14) and extends through the first three

coding blocks, terminating 400 bp into the third intervening sequence;

(2) pAFP7E, which contains a 1.lKb EcoRl fragment encompassing the last two

exons (14 and 15) of the AFP gene plus 450 bp of 3' flanking sequence. Both

pAFP14Z.1 and pAFP7E were digested with EcoRl, the mixture ligated and used

to transform HB101 cells (15). Recombinant DNA clones likely to contain both

inserts were selected by colony hybridization to the [32p] labelled pAFP7E

insert (16,17). Positive clones were picked and checked for the presence of

both inserts and their correct 5'-3' orientation by restriction mapping. One

of these, named pAFPZE and shown in Fig. 1, was used for further constructions.
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Construction of an AFP Mini-gene
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Figure 1. The construction of the AFP minigene. The top line represents 25
Kb of the AFP gene, with the 15 exons outlined by black rectangles. The
chimeric clones derived from the gene are designated from top to bottom as
follows: pAFPZE, pAFPZE.l, pAFPZE.2 and pAFPZE.2(Rl).

The next step was to make a large internal deletion so that the final

recombinant would fit into the late region of SV40. This was achieved in two

stages (Fig. 1). First, the three internal PstI fragments, clustered in the

second and third intervening sequences, were deleted by treating pAFPZE with

PstI, religating the fragments at a concentration of 25 1 g/ml, and

transforming HB101 cells. The identity of the desired recombinant clone,

pAFPZE.l, was confirmed via colony hybridization and restriction mapping.

The second stage involved deletion of the third exon of pAFPZE.l (i.e.,
exon 14 of the AFP gene) and fusion of the two surrounding intervening

sequences. This was achieved by partial digestion of pAFPZE.l with PstI to

obtain a significant proportion of linearized plasmid. Blunt ends were

generated at the PstI site by treating with a mixture of S1 nuclease and DNA

polymerase I (18). The products were blunt-end ligated to HindIII linkers,
(Collaborative Research) digested with an excess of HindIII, and then

religated at a concentration of 23 pg/ml. The ligation products were used

to transform HB101 cells. Restriction enzyme mapping of the plasmids

generated identified one clone, pAFPZE.2, with the correct PstI/HindIII
deletion. This deletion also removes the internal EcoRl site, thus allowing
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the insert to be removed as one piece from pBR322.

2) Insertion of AFP minigene into the late region of SV40. pAFPZE.2 was

digested with BamHl followed by SI nuclease and DNA polymerase (18) to make

blunt ends. The linearized plasmid was blunt-end ligated to EcoRl linkers

and digested with an excess of EcoRl. The product was ligated into one of

the two EcoRl sites available in a pBR322-SV40 recombinant plasmid described

earlier (19). This plasmid is a fusion of the HpaII/BamHl restriction

fragment of the early region of SV40 d12005, which bears a 230 bp deletion in

the intervening sequence of large T antigen (20), and the complete pBR322.

The HpaII and BamHl sites have been converted to EcoRl sites and are inserted

at the single EcoRl site of pBR322. The pBR322-SV40 DNA had been partially

cut with EcoRl and the linear plasmid purified via agarose gel electro-

phoresis. The desired recombinants, which contained both SV40 DNA and the

AFP minigene, were further characterized for the site of insertion and

orientation of the AFP minigene via restriction enzyme mapping.

Two recombinants, pAFPZES-A and pAFPZES-C, which contained the AFP

minigene inserted in opposite orientations at the same EcoRl site, were

partially digested with EcoRl and the linear 5.5 Kb fragment, which contains

just the SV40 early region and the AFP minigene, purified on a 1.2% agarose

gel. After electroelution and ethanol precipitation, the fragment was

circularized at a concentration of 2 ig/ml with 150 units T4 DNA ligase for

2 hr at 20°C. These mixtures were designated SVAFP-A and SVAFP-C, correspond-

ing to the expected recombinant viruses (Fig. 2).

%~~~~~~

SVAFP-C ( SVAFP-A

origin origin

Figure 2. The Structures of the Chimeric SV40-AFP viruses. The two SV40/AFP
minigene recombinants, SVAFP-C and SVAFP-A, are drawn with the 2.7 Kb AFP
insert outlined by double lines. The black boxes illustrate the positions of
the 3 exons and the direction of transcription is indicated by the 5' to 3'
symbols. The 3.0 Kb SV40 vector is drawn with a single line, with the origin
of replication at 0.67 map units and the early and late transcription start
sites (circles) indicated.
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3) Propagation of recombinant virus in African green monkey kidney cells.

Approximately 1 hg of recombinant virus DNA (SVAFP-A or SVAFP-C) plus 0.2 hg

of SV40 tsA239 helper DNA were used to transfect 2 X 107 confluent African

green monkey kidney (AGMK) cells according to methods previously described

(21). The resulting virus stocks were used in subsequent infections of AGMK

cells for analysis of cellular DNA and RNA.

4) Analysis of cellular DNA and RNA. Viral DNA was prepared by Hirt

extraction (22) followed by CsCl density gradient centrifugation. RNA was

prepared by the hot phenol method (23) and enriched for poly A+ sequences via

oligo dT cellulose chromatography (24). The RNA was analyzed by suspending

it in 75% formamide containing xylene cyanol, heating at 65°C for 2 min,

quenching on ice and loading on a prerun 5% polyacrylamide/7M urea gel.

Following electrophoresis at 40mA the gel was washed for 30 min in 50mM NaOH,

lOOmM NaCl to remove the urea, followed by two 15 min washes in 10 X SSC*(1 X

SSC is 0.15M NaCl, 0.015M Na citrate). The RNA was transferred to a 0.4511

Millipore filter in 10 X SSC overnight and baked for 2 hr at 80°C. Prehybrid-

ization and hybridization conditions are standard (25), and the filter could

be reused by washing off the probe according to the method of Thomas (26).

The heterogeneous poly A tails were removed by digestion of poly A+ RNA with

RNAseH in the presence of oligo dT under conditions suggested by the

supplier, Bethesda Research Labs.

A modification of the Sl protection experiment was used in which RNA was

hybridized to unlabelled pAFPZE.2 DNA, previously cleaved with BamHl and

EcoRl, under conditions favouring RNA-DNA hybridization (27). The hybrids

were treated with S1 nuclease, isopropanol precipitated, alkali treated, and

the single strand DNA fragments were denatured in 80% formamide at 900C and

separated on a 7.5% polyacrylamide gel. The gel was then treated according

to Southern (28), but with washes of 30 min only, and the DNA was transferred

overnight in 10 X SSC to 0.45' Millipore filters. The filters were

hybridized successively to more than one [32p] labelled probe by washing in

0.1N NaOH, 2 X SSC for 20 min at 250C, followed by 2 washes in 2 X SSC.

5) Materials: Restriction endonucleases, T4 polynucleotide kinase, and T4

DNA ligase were purchased from New England Biolabs, DNA polymerase I from

Boehringer Mannheim, Sl nuclease from Miles, and RNAse H from Bethesda

Research Lab. Suppliers' reaction conditions were adhered to in most cases.

Primary African green monkey kidney cells were obtained from Flow

Laboratories and were maintained and propagated using medium and serum from

Grand Island Biochemical Company. [cz-32p] dCTP and [y32P] ATP were obtained
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from New England Nuclear.

RESULTS

Construction of the AFP minigene. In constructing a truncated gene, we took

into consideration three features that seemed essential for constitutive

synthesis of stable RNA polymerase II transcripts. Evidence to date clearly

indicates the requirement for some 5' flanking sequence, although estimates

vary as to how much, depending on the gene being tested. Recent experiments

with both viral (29,30) and cellular (6,31,32) genes suggest that levels of

transcription can be affected by sequences up to 500 base pairs (bp)* 5' to

the initiation site. At the 3' end, deletion mapping studies indicate a

requirement for the sequence AATAAA some 11-19 bp 5' to the polyadenylation

site (33). No sequences 3' to the gene have yet to be shown to be required,

at least for constitutive gene expression.

The third apparent requirement for stable transcripts is the presence of

at least one intervening sequence. This was suggested by early experiments

using SV40 vectors (34,35). However the universality of these observations

is suspect, since the use of an alternative initiation site in SV40

apparently circumvents the need for an intron (36,37). Furthermore, genes

such as those coding for histones (38) and interferons (39), are now known

not to contain introns and yet are functional. Hence the question is clearly

an unsettled one, but one that can be circumvented by including at least one

intact homologous intron.

Fig. 1 summarizes the construction and final structure of the AFP mini-

gene (see Materials and Methods for details). It contains 950 bp of 5'

untranscribed sequence, followed by the first two exons and first intron,

thus providing the gene with a homologous intron. The second intron is then

fused to the last intron of the gene, generating a chimeric intron of

approximately 120 bp. The last exon, containing only 3' untranslated DNA is

followed by 400 bp of flanking DNA. The total length of the gene is

^2.7 Kb. This plasmid was designated pAFPZE.2.

Expression of the putative minigene in an SV40 vector. To test the

constitutive expression of the AFP minigene, it was inserted into an SV40

vector which had previously been used successfully for other genes (21,34)
and could accommodate the 2.7 Kb minigene (19). The minigene was inserted

in both orientations into the late region of SV40 between the HpaII (0.725
map units) and BamHl (0.144 map units) sites. The virus carrying the

minigene in the clockwise orientation, i.e. in the same orientation as late
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transcription, is designated SVAFP-C, whereas SVAFP-A refers to the virus in

which AFP transcription is in the same direction as SV40 early transcription

(Fig. 2). The entire SV40 early region, the late promotor and polyadenyla-

tion site, the origin of replication and the 72 bp repeat, found to be

essential for SV40 early gene expression (40), are included in the vector.

By examining the expression of the minigene in both orientations relative to

these SV40 control elements, possible effects of the SV40 control elements on

AFP gene expression could be identified. The recombinant viruses were

propagated by cotransfecting cells with tsA239 helper virus, which lacks

early region functions at the nonpermissive temperature, but can supply the

late proteins required for encapsidation and subsequent cell lysis.

Intracellular viral DNA prepared by Hirt extraction (22) was examined by

restriction endonuclease cleavage and agarose gel electrophoresis. The

results are shown in Fig. 3. Lane 2 contains an EcoRl digest of pAFPZES-A,

where the 3 EcoRl fragments correspond to the 4.36 Kb pBR322 vector, the 3.0

Kb SV40 vector and the 2.7 Kb AFP minigene insert. EcoRl digestion of viral

DNA should generate a helper tsA239 5.2 Kb band and two bands, 3.0 and 2.7 Kb

for the chimeric viruses. In the ethidium bromide stain of lanes 3 and 4,

the helper and SV40 vector bands can both be clearly seen, and given the

relative molecular weights there would appear to be more vector DNA copies

than helper DNA copies. However the 2.7 Kb band of the AFP minigene is only

faintly visible for SVAFP-C (lane 4) and not at all for SVAFP-A (lane 3),

although some smaller bands can be seen in the latter case.

The autoradiogram of the same gel, after Southern transfer and

hybridization of the filter with labelled AFP minigene sequences, shows a

wide dispersion of fragments containing AFP sequences, especially in SVAFP-A

(lane 6), in addition to the expected 2.7 Kb band. Thus there has been

fairly extensive alteration of the integrated AFP sequences, probably as the

consequence of deletions, within the insert to generate smaller EcoRl

fragments as well as deletions across one of the EcoRl sites that would

result in linear viral genomes that migrate close to the helper viral genome

(see lanes 4 and 7 for SVAFP-C). Nevertheless, at least some of the original
recombinant template has been retained in both cases.

RNA was extracted from infected cells by the hot phenol method (23) and

the poly A+ fraction isolated by oligo dT cellulose chromatography (24).
This RNA was electrophoresed through a denaturing polyacrylamide gel,
transferred to a Millipore filter and analyzed for AFP sequences. The

results are shown for SVAFP-C in Fig. 4. The expected length of the minigene
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Figure 3. Analysis of viral DNA: Supercoiled
DNA obtained from AGMK cells infected with
recombinant virus. Lane 1, 1 pg XDNA [Miles]
digested with HindIII: the sizes of the
fragments, from top to bottom are 22.0, 9.4,
6.6, 4.4, 2.3 and 1.9 Kb: Lanes 2-7 EcoRl
digestions of: Lanes 2 and 5, 1 ig SV40-
pBR322-mini AFP (pAFPZESA), Lanes 3 and 6,
1 pg SVAFP-A + tsA239; Lanes 4 and 7, 1 ig
SVAFP-C + tsA239. Lanes 1-4 are aFnethidium
bromide stained 1% agarose gel. Lanes 5-7 are
an autoradiogram of lanes 2-4 hybridized to
probe 3 (see Fig. 6).

product in which all three exons are spliced together is 129 + 52 + 141 = 322
nucleotides, but what is observed in lane B is a heterogeneous distribution
of RNA lengths with a lower limit of 320 nucleotides plus a single band at

220 nucleotides. Since this heterogeneity could result from different
extents of polyadenylation, which would have a pronounced effect on short

transcripts, the RNA was pretreated with RNAseH in the presence of oligo dT,

which removes the polyadenylated tails (41). Narrow bands are then obtained,
as illustrated for two non-overlapping [32p] labelled AFP minigene probes

(probes 1 and 3 in Fig. 6) in lanes C and D of Fig. 4. Since lane D detects
transcripts in the region of the 1st coding block of the minigene, and lane C
those around the third coding block, it can be seen that the one transcript
which strongly hybridizes to both is 320 nucleotides long, exactly correspond-
ing to the expected size of a fully spliced transcript. Other minor higher
molecular weight bands are visible but none hybridizes significantly to both
probes. The other major transcript of 220 nucleotides, which is processed to
a 140 base transcript after RNaseH digestion (lane D) will be discussed in

detail below.
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Figure 4. Acrylamide gel electrophoresis of
viral RNAs. Autoradiogram of RNAs extracted
from AGMK cells infected with recombinant
virus, run on a 5% polyacrylamide /7M urea gel
and transferred to nitrocellulose. Lane A,
Single stranded 4X174 DNA [Milesl digested
with HaeIII and labelled with [y32P] ATP and
polynucleotide kinase. Lane B: 2 'g RNA from
SVAFP-C/tsA239 infected cells hybridized with
the complete AFP minigene insert, pAFPZE.2.
Lanes C and D: 3 ig RNA from SVAFP-C/tsA239
infected cells digested with 2.4 U RNAseH in
the presence of oligo dT and hybridized to
[32p] labelled probe 3 and probe 1 respectively
(see Fig. 6).
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To substantiate that correct initiation, termination and splicing of the

AFP minigene was indeed occurring, two kinds of S1 protection experiments
were performed (27). The first experiment tested whether the AFP minigene
was being correctly initiated by hybridizing poly A+ RNA to an isolated DNA
fragment which extended from a PvuII site 500 bp 5' to the first exon to a

Sau3A site within the first exon (14), labelled with [Y32p] ATP and poly-
nucleotide kinase. The labelled DNA fragments protected by RNA from S1
nuclease were then characterized on a denaturing polyacrylamide gel. The
results shown in Fig. 5 indicate initiation in both SVAFP-A and SVAFP-C at a

site identical to that used by AFP mRNA which always exhibits a heterogeneous
series of bands which may be due to microheterogeneity at the 5' terminus or

to S1 nuclease imprecision (lower arrow). The amount of correctly initiated

transcripts is much less for SVAFP-A than for SVAFP-C, which from previous
experience could reflect either the lower copy number of intact SVAFP-A than

SVAFP-C genomes (Fig. 3) or less efficient initiation (21). The present data
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Figure 5. Mapping the 5'termini of viral RNAs. Si
protection experiment with a Sau3A/PvuII DNA fragment
labelled at the Sau3A site with [y32P] ATP and poly-
nucleotide kinase. Lane 1: Maxam-Gilbert A>C reaction
of this fragment. Lanes 2-5 [32P] DNA hybridized to
poly AKRNA and digested with Si nuclease: Lane 2, 0.5
pg yolk sac RNA, Lane 3, 1 pg SVAFP-A/tsA239 RNA, Lane
4, 1 pg SVAFP-C/tsA239 RNA; Lane 5 1 pg RNA from mock
infected AGMK cells.

does not allow us to distinguish between these possibilities. In addition to

transcripts with the expected 5' terminus, there is evidence in the recom-

binants for an RNA species which begins at a site 35 bp upstream from the

presumptive cap site (upper arrow), that is not observed in yolk sac AFP

mRNA. The alternative explanation, that an upstream splicing site is being

used is unlikely, since the same S1 protected fragment is observed for both

orientations of the minigene relative to the early and late SV40 promotors.

Examination of the sequence of this initiation site shows it to be identical

to the normally used cap site, AAACA. However the only TATA sequence within

this region is located 28 bp upstream of the AFP cap site in authentic AFP

mRNA (14). A third band visible in lanes 2 and 4 which migrates between the

2 fragments is unlikely to represent a true RNA transcript, as numerous

experiments with AFP mRNA have shown that it is not proportional to RNA
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concentration and disappears with higher Si nuclease concentrations.

The second Si protection experiment, to examine the splicing of the AFP

transcript, involved hybridizing poly A+ RNA to the entire minigene under

conditions favouring RNA-DNA hybridization, digesting with Sl nuclease,

removing the RNA by alkali treatment, and running the protected single strand

DNA fragments on a non-denaturing polyacrylamide gel. A Southern blot of

this gel allows the individual bands to be examined with three labelled

hybridization probes, each spanning a different coding block of the minigene

(Fig. 6). For all three probes, protected fragments of the known exon sizes,

129, 52 and 141 bp respectively (14), are observed with SVAFP-C RNA and

comigrate with the corresponding exons in AFP mRNA. It is clear from this

that SVAFP-C splices all three exons correctly. The lower quantity of

M A B C D A B C D A B C D

234- - -220194- -

*X1* se. * zi-141

118- S - - -129

72-W

- -52

Probe: 1 2 3

0 0.5 1.0 1.5 2.0 2.5 kb

5' 3'

*2 Probes

Figure 6. Determination of the internal structures of viral RNAs. Si
protection experiment of poly A+ RNAs from infected AGMK cells hybridized
to 25 vg AFP minigene DNA (pAFPZE.2) and digested with Si nuclease. After
alkali treatment, a quarter of each sample was run on a 8% polyacrylamide
gel: Lane A, 2.2 pg yolk sac RNA; Lane B 1 pg of RNA from mock infected
cells; Lane C, 4 pg of SVAFP-C/tsA239 RNA. Lane D: 4 ig of SVAFP-A/tsA239
RNA. Lane M is a HaeIII digest of single stranded fX174 DNA end labelled
with [3ZpT A blot of the gel was hybridized to the three [32p1 labelled
probes derived from the following restriction fragments: probe 1 =
HincII/HincII, probe 2 - AvaI/HindIII, probe 3 = HindIII/KpnI.
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correctly initiated transcripts in SVAFP-A, as further evidenced by the

relatively weak 1st coding block hybridization (probe 1), renders detection

of the 2nd coding block fragment (probe 2) not possible. Note that the third

exon of SVAFP-A (probe 3) is comparable in intensity to SVAFP-C, suggesting

that it may also be appearing in transcripts initiated elsewhere in the

vector.

This experiment and the RNA gel of Fig. 4 indicate that there are no

correctly initiated transcripts detectable which fail to make either or both

of the expected splices. Such transcripts would have been expected to have

total lengths of 440, 1180 and 1320 nucleotides, leading to extra Sl

protected fragments of 320, 1041 and 1320 nucleotides respectively. The two

larger Sl protected fragments of SVAFP-C which hybridize to probe 3 have been

sized at 630 bp and 760 bp on a lower percentage polyacrylamide gel. These

may correspond to transcripts which are initiated at the SV40 late promotor,

spliced to the 2nd or 3rd exon of the minigene from whence they run through

the AFP polyadenylation signal and terminate at the SV40 late polyadenylation

site. Hence they are not observed for SVAFP-A, where the AFP signals are

inverted relative to the SV40 late transcriptional controls.

The Presence of an Alu Transcript in the AFP Minigene. The strongly

hybridizing DNA fragment of 220 nucleotides observed with both probes 1 and 2

(Fig. 6) is identical in size and hybridization properties to the transcript

of the same length observed in Fig. 3. This strongly suggests that it is an

unspliced RNA located within the first intervening sequence.

This transcript was further characterized by locating its 5' end via an

Sl protection experiment (27). Since further hybridizations with other

probes had indicated that an AvaI site lay in the middle of the transcript,

probe 2, a 730 bp AvaI/HindIII fragment (5'-3' relative to the minigene, see

Fig. 6) was labelled at the AvaI site with [y32P] ATP and polynucleotide

kinase. This was hybridized to the SVAFP RNAs, Sl nuclease treated and the

protected DNA fragments electrophoresed through a denaturing sequencing gel.

The labelled DNA was also sequenced by the Maxam-Gilbert method (42) and run

on the same gel. Fig. 7A shows the Sl results (lane 1) alongside the A'C and

G reactions (lanes 2 and 3). The small cluster of protected fragments

observed in lane 1 clearly demonstrate initiation of the 220 base transcript

on the noncoding strand (relative to the AFP gene) of the minigene.

The sequence of the region containing the transcript obtained by further

Maxam-Gilbert sequencing is illustrated in Fig. 7B. The putative initiation

site and the termination site of the transcript, based on its length, are
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Figure 7. Mapping the 5' terminus of the Alu transcript. (A) Sl protection
experiment using an AvaI/HindIII fragment (probe 2, see Fig. 6) labelled at
the AvaI site with [y32P] ATP and polynucleotide kinase, and hybridized to
1 ig poly A+ RNA from SVAFP-C/tsA239 infected AGMK cells, digested with
Sl nuclease and run on a denaturing polyacrylamide gel. Lane 1: Sl
protected fragments. Lanes 2 and 3: Maxam and Gilbert A>C and G reactions
on DNA alone. The sequence on the right is for the opposite strand.

(B) The top diagram shows the AFP mini-gene drawn in the opposite
5' to 3' orientation to that in Fig. 1. The 5' and 3' symbols refer to the
AFP transcript. Sequence of the region coding for the 220 nucleotide
transcript (N denotes an undetermined base). Putative initiation and
termination sites are marked by the bracket (1) and underlined regions (220)
respectively. The boxed region indicates the direct repeat and the dashed
underlined regions are putative RNA polymerase III control regions.

marked by a bracket and underlining, respectively. Two experimental

observations above now become explicable. First the long 38 residue poly A

tract explains why this RNA was retained by an oligo dT cellulose column.

Secondly, this tract begins 140 nucleotides from the 5' end of the

transcript, which is exactly the size of RNA obtained upon RNAseH digestion

(Fig. 4).
This region of DNA had previously been found to be highly repetitive

when hybridized to chromosomal DNA and is found to hybridize to an Alu repeat

element of Chinese Hamster cells (43) and a mouse repeat contained within the
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a-major globin gene (44) (R. Ingram and S.M. Tilghman, unpublished experi-

ments). Indeed, comparison of its sequence to the known sequence of a mouse

middle repetitive 'fold-back' Bl or Alu element (45) indicated significant

homology, with only 10 base differences, 2 base deletions and 2 base addi-

tions over the first 129 bases.

The "Alu type" sequences have been shown to have a number of features in

common, which are reflected in the Alu sequence reported here (43). It is

bracketed by a direct repeat, outlined by boxes in Fig. 7B, which sometimes

can be imperfect (46), and contains an A rich region just before the second

direct repeat (43,45). The two control regions used by RNA polymerase III

can be identified in this sequence, as shown by the dashed lines, using a

tRNA consensus sequence generated by Galli et al (7). Finally there is a 14

nucleotide long region between these two control elements (GGAGGCAGAGGCAG)

which is homologous to the T-antigen binding site near the origin of

replication of papovaviruses (47).

In the present case it can be added that the RNA has no obvious protein

product, since the only two reading frames start after the second direct

repeat and have no terminator. Furthermore, the transcript presumably

terminates towards the end of an A/T rich region (cf 7) only 50 nucleotides

from the end of the first exon of the AFP gene.

DISCUSSION

The results presented illustrate that it is possible to shorten a gene

by removal of internal introns and exons and yet still retain its ability to

direct the synthesis of a stable transcript in vivo. Not only did the

transcript in SVAFP-C initiate and terminate correctly, but it also made the

expected two splices. It is likely that this is also true for SVAFP-A as

well, although we could not definitively detect the presence of the second

coding block due to the sensitivity of the method. Nevertheless, AFP

transcription occurs in both viruses, albeit at markedly different rates.

Two features of this result bear further comment. Although there is

minor use of an initiation site 35 bases upstream from the site used in yolk

sac AFP mRNA, there is no evidence for its use in any tissue that expresses

AFP, i.e. fetal liver, yolk sac, and gut (R.W. Scott, unpublished results).

As it occurs in both SVAFP-C and SVAFP-A, it is unlikely to be due to the

influence of the SV40 72 bp repeat (48,49). Alternatively it may be mediated

by an effect on the chromatin structure that is vector-specific. Indeed, in

DNA transfection studies with some SV40/pBR322/mini AFP recombinants, the
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upstream initiation site becomes predominant (R. Scott, unpublished observa-

tions).

Secondly, the monkey kidney cells are able to splice together the second

and third exons of the minigene in what is a chimeric splice of the second

and fifteenth exons of AFP. Thus, there is nothing in principle to prevent

non-adjacent exons from splicing together. Having started with one splice

junction, the splicing complex appears to search only for the nearest

specific donor or acceptor consensus sequence (50,51). If correct splicing

involves any kind of secondary structure between the two exons to be spliced

(52), then the complementarity would have to be a general one in order to

explain the ability to make chimeric splices by design. Furthermore the

removal of the first intron does not depend on the prior splicing of a

particular downstream intron, supporting the view that unless the first

intron is always spliced first, the order of splicing is not critical for the

complete splicing of the primary transcript.

The other main finding of the present work is the presence of an "Alu-

type" repeat element in the first intervening sequence of the AFP gene which

is transcribed in vivo. A number of repetitive sequences have now been

located not only in the flanking sequences of known genes, but also within

their intervening sequences (11,53,54). In vitro studies have previously

shown the ability of specific Alu sequences to be transcribed (55,56,57) and

there is good evidence that transcripts of at least some of the Alu repeats

are represented in the small nuclear RNA population of cells (57). To our

knowledge, however, the present example constitutes the first time that such

a transcript has been unequivocally identified with a specific gene in vivo.

It should be added that the transcription of this gene within a gene does not

seem to depend on the structure of the vector nor on the heterologous cell

infected. Not only is it observed with both orientations of the minigene,

but it is also seen upon transfection of HeLa cells with various

SV40/pBR322/mini AFP recombinants (R. Scott, unpublished results).
What could be the role of these transcripts in constitutive or regulated

AFP gene expression? Two general roles for these Alu repeats have been pro-

posed previously (47). First, it is possible that they are involved in RNA

processing, given their hydrogen bonded association with poly A+ cytoplasmic

and heteronuclear RNA (58). This association can be readily visualized in

the present case, since the transcript is made from the opposite strand to

that from which AFP mRNA is made and hence it is capable of hybridizing to

the AFP primary transcript. However, an inhibitory role for the 220 nucleo-
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tide transcript during RNA processing is not consistent with our finding the

mature transcript in the presence of an excess of this RNA in heterologous

cells.

Secondly, it has been proposed that the transcripts could act as DNA

replication primers (47). This possibility was based on the observation that

they contain a region in common with some viral origins of replication. The

220 nucleotide transcript seems well designed for the intermolecular

hybridization required for either of the above two functions, since it

apparently contains very little secondary structure as judged by computer

analysis (59). Indeed it is particularly devoid of structure in the poly A

tract, leaving this region free to hybridize. The finding of this repetitive

tract, albeit with different sequences, in all these repeat families (43)

lends support to this suggestion.

The finding of an active Alu transcription unit within 400 bp of the

initiation site for AFP transcription, raises several interesting possibili-

ties regarding the expression and regulation of these genes in vivo. Can

both genes be transcribed from the same template simultaneously? In the

experiments presented here, multiple copies of the template precludes a

definitive answer to this question. In mouse cells that are actively

transcribing the AFP gene, however, we do not detect transcripts of the Alu

gene in the relative quantities observed here (see Fig. 6). Either the 220

nucleotide RNA is not present in these cells or its synthesis and/or stabil-

ization relative to AFP mRNA is greatly depressed. One could envision that

transcription of the AFP gene might interfere with the transcription of Alu

sequence via some physical and topological interference between the two

transcriptional complexes or as some indirect effect of the alteration of

adjacent chromatin structure.

In any case, the AFP minigene seems well suited to addressing the role

of the transcription of the repeat element on AFP expression in mouse cells

using DNA mediated gene transfer.
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