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ABSTRACT

- Transcriptional analysis of the human pseudogene #&l globin has
revealed the following features: (1) The promoter with a 23 bp deletion
between the CCAAT and ATA boxes is functional both in vitro and in vivo,

3 fold and 10 fold less efficient, respectively, than o . (2) Both the y«
and o globin gene promoters are active in the absence of transcriptional
enhancers, either a gene-encoded or viral enhancer. (3) The mutated poly(A)
addition signal in 4y« (AATGRA) appears to be completely nonfunctional.
This result provides an explanation for the absence of ¢o transcripts in
human erythroid cells.

INTRODUCTION

A considerable number of pseudogenes have been identified in eukaryotes
with examples demonstrated in virtually all well characterised gene families;
for example, in « and ﬁ globins (1), immunoglobulin (2) and tubulin (3).

A generally acceptable definition for a pseudogene would be a DNA sequence
that bears significant sequence homology (detectable by cross-hybridisation)
to a functional gene but has sequence differences within the coding region
that would result in either a prematurely terminated polypeptide or a poly-
peptide that bears little or no homology to the functional gene product.

This definition places emphasis on the translational competence of the pseudo-
gene. However, many pseudogenes, in addition to translational termination
and frameshift mutations have sequence changes in regions strongly implicated
in transcriptional processes.

Human ¢d globin gene can be considered a good example of the above
generalities. This pseudogene is about 80% homologous to ® and is defined
as a pseudogene by a short deletion in exon 2 that alters the translational
reading frame of the gene resulting in a premature in-phase termination codon.
Clearly the gene cannot encode an o -like polypeptide chain (4). Interest-

ingly, %& also has a number of transcriptional control mutations as
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Figure 1. 1@ gene diagram indicating sequence features that define @d

as a pseudogene. Hatched box indicates non-coding sequence; filled in box
indicates exon; open box indicates intron; line indicates gene flanking
sequence; A denotes deletion.

depicted in Figure 1.

Although the promoter sequences, the CCAAT and ATA boxes, which have
been demonstrated to play critical roles in initiation of transcription (5,6)
appear intact in 4&1, a 23 bp deletion between them brings these sequences
unusually close together, 17 bp rather than a more normal 40 bp apart. It
has been demonstrated in globin genes that the spatial arrangement of the
CCAAT and ATA boxes with respect to themselves and the mRNA cap site is
highly conserved (7). We would therefore predict that this deletion might at
least partially inactivate the \{o gene promoter. As indicated in Figure 1,
neither introns of ¢& are likely to be correctly spliced. Both intron
donor sites are mutated so that the invariant GT sequence becomes GC in intron
1 and GA in intron 2. However, it is likely that alternative donor sites may
be utilized (cryptic donors) as has been shown to occur in ﬂ-thalassaemic
genes that lack normal splice sites (8). Finally, $% has a variant poly(A)
addition site sequence AATGAA rather than AATAAA. The sequence AATAAA has
been found 15-20 bp 5' of the poly(A) tail of nearly all mammalian mRNAs (9)
and has been directly implicated in mRNA 3' end formation in SV40 (10).

In these studies we have investigated the transcriptional activity of
Jol as compared to o. Since we considered it unlikely that this pseudogene
would function at detectable levels in its entirety, we analysed the promoter
and poly(A) addition site of ?d separately by replacing either the 5' or 3'
ends of the gene with an equivalent part of the human f gene. The results
we obtain indicate that the Q&ﬂ gene promoter is still functional, both in
vivo and in vitro, but at reduced efficiency. We further demonstrate that
both the ¢d and & promoters are active without an enhancer element (11).
However, the poly(A) addition site is virtually 100% non-functional and is

therefore the likely cause of this pseudogene's inactivity in vivo.
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METHODS

1. Template preparation

In vitro transcription experiments were carried out on DNA fragments
isolated from a pBR322 subclone (pHB) containing the whole i« gene plus the
5' half of the %2 gene (12). pHB was digested with PvuII plus HindIII and
the 1.6 Kb size fraction was purified by agarose gel fractionation, electro-
elution, and DEAE cellulose chromatography (13). This 1.6 Kb DNA contains 2
DNA fragments: one is i+u 5' half and the other «2 5' half. Both DNAs are
therefore in identical yield and state of purity. DNA fragments containing
either the 5' half or the entire ya{ and %2 genes (for Y« a 1.6 Kb Pvull
fragment and a 3.2 Kb SmaI-Hpal fragment; for 2 a 1.6 Kb PvuII-HindIII
fragment and a 2.1 Kb PvuIl fragment) were isolated from subclones containing
these two genes and purified as before.

In vivo transcription experiments were carried out on various modifica-
tions of the human o, Y« and [ globin genes inserted in psSvod (11, figure
2a). Figure 2b shows the two hybrid ¢« /4 and %/« constructs. VY«/~
contains a 5' HinfI fragment of ¢% including the promoter region and part
of the 5' non-coding sequence replacing the 250 bp Smal fragment from 1
which includes the promoter through to the 5' end of intron 1. J/sfu
contains the 3' portion of *%M(BstEIIjg!E;I) including exon 3, the 3' non-
coding region and 3' flanking sequence in place of the equivalent region of
o1,

Figure 2c shows the various u/p constructs. Essentially, four differ-
ent 1l gene fragments, the O promoter region plus exon 1 (fragment A), the
rest of the ™ gene (fragment B), intron 1 and exon 2 (fragment C) and the 3'
end of the o gene including exon 3 and the 3' non-coding region (fragment D)
were inserted into the BamHI site (3' end of exon 2) of the §~gene in both
orientations.

2. Transcriptional analysis

a. In vitro transcription The two 1.6 Kb DNA fragments (together and

separately) containing the {xﬂ and o2 5' halves as well as the separate
full length gene fragments of ?d» and & were added to HeLa cell, in vitro
transcription extracts, together with nucleoside triphosphates, one L -32p
labelled (14). Labelled RNA run off transcripts were fractionated on methyl-
mercury agarose gels (15). The gels were dried down and radioautographed.

b. Transient expression The different pSVOd globin gene constructs

(Figure 2) were transformed into monkey Cos7 cells grown in culture. This

cell line is a defective SV40 transformed CV1 monkey cell line that expresses
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A. Maps of o(l—pSVO‘d and ﬁ—pSVOd. Thin line indicates pBR322 sequence;
thick line indicates « or fi gene flanking sequence; open box indicates
gene non coding sequence or intron; filled in box indicates exons; hatched
box indicates SV40 origin sequence. For pSVOd this is the EcoRII G origin
fragment of SV40 inserted into pBR322 with EcoRI linkers. For pSVOd the
EcoRII G fragment is cut down to the HindIII site indicated in pSVOd.

This origin fragment contains less of the SV40 early gene but still has an
intact origin (11). A indicates deletion of 1.1 Kb.

B.C. Restriction maps of ol /& , o/¢o and &//8 psSvod.
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sufficient levels of SV40 T antigen to allow replication of plasmids contain-
ing SV40 origin sequences, such as pSvVOd (16). DNAs were precipitated with
calcium phosphate and added to subconfluent Cos7 cells. After 12 hours the
medium was changed and the cells were incubated a further 48 hours. Cells
were then harvested and nuclear or cytoplasmic RNAs were purified as prev-
iously described (8). Essentially cells were gently lysed and nuclei spun
through a sucrose cushion. Nuclear and cytoplasmic fractions were then
incubated with proteinase K, phenol extracted and ethanol precipitated.
Finally, nuclear RNA was DNase 1 treated to remove chromosomal and plasmid
DNAs.

3. RNA mapping

a. Primer extension Both in vitro transcripts and in vivo, transient

expression transcripts were analysed by primer extension analysis (13). For
ot in vitro transcripts, a 3' end labelled, single-strand probe from exon 1
was purified as indicated in Figure 3c. For \Fdﬁy. in vivo transcripts, an
AvaIl fragment from o1 intron 1 was 3' end labelled and strand separated as
shown in Figure 4c. Finally for v/p in vivo transcripts an « exon 1
HinfI-HaeIII DNA fragment and a f3 exon 1 intronl HinfI DNA fragment was
purified, 3' end labelled and strand separated as shown in Figure 6. These

end labelled primers were annealed to in vitro or in vivo RNAs and extended

using reverse transcriptase (17). The products of these reactions were
fractionated by acrylamide gel electrophoresis.

b. Sl mapping experiments The 5' end of ¢/« transcripts was mapped

using a kinase labelled agarose gel purified HindIII fragment containing the
5' half of ¢o /x through to the HindIII site in exon 2 of

1}&/«. psvdb (see Figure 4b). The 5' ends of the different <¥/§ constructs
were mapped using a kinase labelled strand separated ggg;II/giag; fragment
containing the promoter and 5' end of the ﬁ gene. The 3' ends of $O¢ﬂi ’
d/#nﬂ or & pSVOh was mapped using BstEIl digests of these different plasmids.
In each case the enzyme cuts the different plasmids once, creating a linear
molecule. These DNAs were then filled in using 32P dNTP and the Klenow sub-
fragment of E.coli DNA polymerase 1 and the 3' end labelled DNAs were
purified by phenol extraction and G100 Sephadex gel filtration (18). These
different 32P end labelled DNA probes were annealed to the various transient
expression RNAs. Annealing reactions were carried out under R loop conditions
(80% formamide at 52°C). Annealed nucleic acids were then digested with S1

nuclease and the digestion products fractionated on polyacrylamide gels (19).
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a.b. Run off in vitro transcripts of o and Y® as indicated below radio-
autograph and in Methods.

c. Primer extension 5' end analysis of Yo 1in vitro transcripts. The
strong band at 70 bp is excess primer whilst the faint band at 128 bp is the
primer extension product. C denotes cDNA transcript; P denotes primer;
I.V.T. denotes in vitro transcript. Lanes M are size markers (sequence
ladders) .

RESULTS
Analysis of the 4’01 globin gene promoter

a. In vitro transcription To assess the activity of the «/;'ol promoter, we

carried out transcription experiments both in vitro and in vivo. Previous
preliminary data indicates that 4"& can be transcribed in vitro (13).
However, we decided to confirm this result and to obtain a more quantitative
measure of the \,Jd promoter's efficiency as compared to ot. Furthermore, we

wished to define the precise 5' end of the 4’01 in vitro transcript. Using
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the equimolar mixture of Y, X as the template (see Methods), we obtained
run off transcripts as indicated in Figure 3a. The larger ‘{’o( band is 3-
fold fainter than a. The -.}v. promoter is therefore 3-fold less efficient than
ol. Also shown in Figure 3b, gel bands containing the whole of Y& or o
were tested in vitro and gave run off transcripts initiating at the Cap site
and extending to the end of the DNA templates. Again the levels of & to \{«'o(
in vitro transcripts are approximately 3 :1. No normal mRNA 3' ends were
detected. This result is consistent with other studies which indicate that
these in vitro transcription extracts lack the necessary activities to gen-
erate mRNA 3' ends (14). Unexpectedly the 5' end of the k‘)eL in vitro trans-
cript, as indicated by the primer extension band in Figure 3c, is closer to
the \Pa ATA box than in ¢. Even though the o Cap site sequence is present
in 4:0(, an alternative position is utilized in «‘:o( only 20 bases beyond the
ATA boxes (Figure 7).

b. In vivo transcription It has been demonstrated that in vitro trans-

cription of RNA polymerase II genes in general has no requirement for 5°'
flanking sequences beyond the ATA box (5,20). However in vivo transcription
of globin genes requires the CCAAT box about 70 bp 5' to the mRNA Cap site
(11,6) . To test the (o promoter with its unusually close CCAAT box in
vivo, total RNA obtained from Cos7 cells transformed with ‘Pd /% or o1
pSVdd was analysed by S1 mapping and primer extension experiments. As a
direct measure of the ™ promoter in vivo, we compared the levels of 3'
ends formed with \lf‘u/s( or 1l alone. Using the same o BStEII probe, Sl
nuclease protected bands were obtained for both DNAs corresponding to normal
human ol-globin mRNA 3' ends (Figure 4a). However the level of mRNA 3' ends
for \f:u./o( was about 10 fold lower than for . This experiment was carried
out in a quantitative manner. A control cotransformation experiment with
human B-globin gene expression plasmid gave the same level of F mRNA
signal for both experiments (data not shown). These data indicate that the
Y& promoter is less efficient in vivo than it is in vitro. Since the
principal difference between the promoter sequences of ¢ and o is the 23
bp deletion between the CCAAT and ATA boxes, we predict that this difference
is the cause of the \Pol promoter's inactivity in vivo. To map the 5' end of
the \Pd in vivo transcript, both 5' and S1 mapping and primer extension
experiments were performed. Figure 4b shows the S1 mapping data. The DNA
probe 5' end labelled at the HindIII site in exon 2 of ‘Pd /ot gives a strong
signal corresponding to the 3' junction of intron 1 when hybridised to o1
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a. 3' end Sl nuclease analysis of ¢$o /x versus pSVO'd. M denotes
restriction fragment markers, o denotes psvdd. Co denotes minus RNA
control, §o/sx denotes 4Yu//x pSVOd and mRNA denotes «-globin mRNA
control. P denotes probe and S signal. R

b. 5' end Sl nuclease analysis of & /xX versus & pSVOd.

c. Primer extension 5' end analysis of ‘PO‘ /.

pSVO'd transformed Cos7 RNA. However, +d~/'x lacks the intron 1 donor site
(see Figure 2b). Intron 1 of tfr'd/t:t is therefore only partially spliced as
indicated by a faint band corresponding to intron 1 3' end (Figure 4b).
Presumably an alternate cryptic donor site is utilised at low efficiency in
$ol/® . Two larger bands are evident in the Pt /% experiment. The
smaller band may be an over digestion product while the larger band corres-
ponds to the 5' end of the "FO‘/N‘ transcript. This DNA was too large to
size precisely, so we used the alternate technique of primer extension to
obtain a precise position for the 4o Cap site in vivo. Using a short
single strand Avall fragment in intron 1 of k{}‘d/ol , an extension product
was obtained that precisely maps the {o/« mRNA 5' end (Figure 4c). This
places the 5' end of the 4o in vivo transcript at the o Cap site position,
a different position to the o in vitro transcript (Figure 7).
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Figure 5. 3' end S1 nuclease
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Analysis of Yo poly(A) addition site

To test the ability of &Pot to generate mRNA 3' ends, we carried out in
vivo transcription experiments, since in vitro transcription extracts lack

the necessary activities to create mRNA 3' ends (Figure 3b). Furthermore, we
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fused the more efficient « promoter onto the +d 3' portion (t/ ot pSVO'd)
to obtain higher signals in the RNA mapping experiments (see Figure 2).
Figure 5 demonstrates that whereas o gives the expected 3' end signal
corresponding to ¢ globin mRNA, /¢ gives no detectable band = 20
bases beyond the abherrant poly(A) addition site, but rather a strong read
through band caused by mismatch between the probe and u/xpoﬁ transcript about
100 bases further 3'. These data demonstrate that the ¢ poly(A) addition
site is virtually non-functional. Transcripts read through this site and end
at unmapped positions within the pSVO'd vector sequence presumably at cryptic
poly(A) addition sites. It seems very likely that the variant AATAAA
sequence AATGAA is the cause of this effect. Figure 5 also demonstrates a
read through band for 1l pSVO'd at about 10% the level of the poly(A)
addition site band. This indicates that the o poly(A) addition site is 90%
efficient.

Analysis of /B hybrid globin genes

We have demonstrated that the o globin gene promoter functions
approximately 10 fold less well than o in Cos7 cells. Furthermore, like o,
the ‘{»ol gene is functional in the absence of a viral transcriptional enhancer
sequence . This result is in contrast to many other eukaryotic genes
such as rabbit or human P-globin (21) or sea urchin histone genes (22) which
do require viral enhancer sequences. However, certain eukaryotic genes, in
particular immunoglobulin genes have recently been shown to contain their own
enhancer sequences (23-25). We therefore wished to establish whether or not

\f’o( and oL possessed enhancer sequences within the gene as has been shown
for immunoglobulin genes. To address this question for o -globin, we
inserted sections of the w®/-gene into the human P gene in pSVOd. Since
pSVOd lacks the SV40 enhancer sequence (1l1), the ﬁ—gene does not work at
significant levels in this vector. If the x globin gene contains an
enhancer sequence it seemed plausible that certain parts of & globin, when
placed close to the ﬁ promoter, might allow ﬁ to transcribe without an SV40
enhancer. In other words, o might enhance F

As shown in Figure 2c, various portions of « were inserted into the ﬁ—
gene in both orientations. However, in no case was ﬁ significantly expres-
sed. Figure 6a shows the level of /3 promoter activity in the various o/f
pSVOd constructs using 5' S1 analysis. As a positive control for p -gene
promoter activity (lane ﬁE) , an SV40-pBR322 plasmid containing a large
portion of SV40 including the enhancer, origin and T antigen gene was trans-

formed into HeLa cells (6). This expression system allows replication off the
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Figure 6.

a. 5' end Sl nuclease analysis of the various o/ psSvOd constructs. B
denotes P pSVod, PBE denotes R transcription with SV40 enhancer (see text).
+- refer to the different orientations of the o gene fragments, A, B, C and
D in B pSvVod, + denotes same orientation as the /S gene, - denotes opposite
orientation.

b. Primer extension 5' end analysis of o/f A% PSVOd versus B psvod. Both
the o and /S promoters in this construct were analysed.

plasmid in an analogous way to pSVOd plasmids in Cos7 cells (1l1l). As indi-
cated, none of the u/ﬁ constructs allows significant transcription of the

ﬁ promoter as compared to the control. It therefore would appear that o1
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does not possess intrinsic enhancer activity. Figure 6b shows the promoter
analysis (using primer extension) of :x'lA+/p psSvod. This fx/ﬁ construct
contains the promoter and exon 1 of o1 inserted into the BamHl site of the

ﬂ -gene (Figure 2c). Whereas the pB-promoter is still inactive in this
construct, the o« promoter, although within the ﬁ gene, displays significant
activity. Presumably the  promoter's low level of activity as compared to
the intact of gene in ol pSVOd reflects its unphysiological situation in the
middle of another gene.

From the data presented in Figure 6, we conclude that the  gene does
not contain enhancer-like activity since it cannot activate the F promoter
but rather the & promoter region is capable of transcription in the absence
of an enhancer. A similar argument can be made for «{L-u . As shown in
Figure 4, Yo /X pSVOd initiates transcription, albeit at low levels. This
construct contains the promoter sequence of Yo through to the middle of the
5' non-coding sequence. Since there are no enhancer elements in this plasmid,
we conclude that, like «, the Lf;o( promoter functions independently of trans-
criptional enhancers. It should be mentioned that we cannot discount the
possibility that Yo might possess an enhancer sequence in the 5' flanking
region. The fact that (¢ and o apparently function without an enhancer
argues that there may be features in common between the « and ‘Po( pro-

moters that allow for enhancer independent transcription.

DISCUSSION
The s[w( promoter

Figure 7 compares the DNA sequences of the Yo and ® promoters. As
discussed above, the most striking difference between these two promoters is
the 23 bp deletion between the CCAAT and ATA boxes in Wal. Another feature
of the ol promoter is that the DNA sequence between the ATA box and Cap
site is almost completely diverged from o. In particular it should be noted
that two additional potential Cap sites have been created in the ¢/ sequence
(denoted by * in Figure 7). 1In vitro transcription is generally found to be
insensitive to promoter sequence elements 5' to the ATA box (5,20). Thus the
efficiency of initiation of c(::d in vitro transcription is only partly
reduced as compared to ™, about threefold down. However, the c.l,ao( i_n vitro
transcript initiates 5' to the o position, only 20 bp away from the ATA box
at one of the two alternative Cap site sequences mentioned above, even though
this brings the in vitro Cap site unusually close to the ATA box. In vivo

transcriptional initiation reveals a quite different picture. The level
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Figure 7. Sequence comparison of the . and (. promoters. Boxed sequences
indicate regions of extended sequence homology around the CCAAT and ATA boxes
of ¢4 and 4.

of initiation is at least 10 fold down as compared to . Thus the deletion
between CCAAT and ATA appears to be critical. Furthermore the site of
initiation corresponds to the & Cap site. The previously demonstrated role
of the ATA box in positioning the Cap site of the mRNA (6) appears to
function correctly for the ¢#¥% gene in vivo but not in vitro. 1In other
words, the sequence of the Cap site appears to be more critical than the
position of the ATA box for in vitro transcription.

Another interesting feature of both the ¢+ and :x gene promoters as
described above is the fact that both function in the absence of transcript-
ional enhancers either their own enhancer (23) or a viral enhancer (21). We
have demonstrated that ¥ globin is incapable of enhancing ﬁ-globin even
when different portions of 3+ are inserted into B , close to the ﬁ—globin
gene promoter. This result is in agreement with other studies (26,27) in
which separate « and ﬁ genes were placed in the same plasmid, transformed
into tissue culture cells and « and ﬁ promoter activity monitored. 1In
both studies, « but not ﬁ transcription was observed. However, it could
be argued in these studies that the putative x enhancer was too far away
from ﬁ to enhance the j promoter. Such an argument is backed up by the
finding that a mouse immunoglobulin lambda gene promoter requires the SV40
enhancer close to it, within several hundred bp, for correct initiation of
transcription (28). Our studies confirm that « does not enhance [, since

fragments of the gene have been placed in close proximity to the ﬁ-promoter
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(see Figure 2c) and still fail to enhance it.

The hypothesis that .~ and 4« globin genes might contain their own
enhancer sequences is therefore discounted. Rather there must be intrinsic
features of these two promoters that allow for enhancer independent trans-
cription. Indeed it is plausible to suggest that one reason for the ¢«
promoter's reduced efficiency as compared to = is that it has lost some of
the & promoter's sequence features necessary for enhancer independent trans-
cription.

The ¢« poly(A) addition site

We have demonstrated that the ¢« poly(A) addition site is non-
functional. Thus over 99% of | v transcripts read through the normal end
of the mRNA. Although there are a number of different base changes between
o and # in their 3' non-coding sequences, we presume that the critical
mutation is within the highly conserved poly(A) addition signal AATAAA which
becomes AATGAA in # . Functional variants of AATAAA have been demonstrated
in a few eukaryotic genes, in particular AGTAAA (29,30) and ATTAAA (31-34).
However, two non-functional variants of AATAAA have recently been described.
The sequence AATAAG has been identified in an ¢4 thalassaemia gene and shown
to be the cause of this gene's malfunction (35). Similarly the AATAAA
sequence of the adenovirus ElA gene has been mutated to AACAAA by site
directed mutagenesis. Again this mutant gene fails to generate normal 3'
ends with consequent transcriptional read through into the adjacent gene E1B
(36). It seems highly probable that in ¢4+, the cause of the gene's
observed transcriptional read through is the mutated poly(A) addition signal
AATGAA. Apparently variations in the AATAAA sequence at the second position
are permissible whilst variations in the third, fourth and sixth positions
are not. The precise sequence rules governing the activity of the poly(A)
addition signal are still not fully understood and will only be resolved when
a complete set of AATAAA variants are constructed and tested.

%V Transcription in humans?

Since we have established that the & gene functions, albeit at low
levels, following transformation in Cos7 cells, we decided to search for Jox
transcripts in human erythroid cells. Embryonic, foetal and adult erythroid
total cell RNA was hybridised to a 4o 3' probe and Sl treated. No bands
corresponding to %o 3' ends (neither the read through mismatch band or
poly (A) site band) were detectable even after long exposures (data not shown).
We conclude that % gene transcripts are not present at detectable levels

in human erythroid cells at any developmental stage.
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We have demonstrated that the ¢ promoter is active in Cos7 cell
transient expression systems. However it should be emphasised that such
systems are certainly non-physiological so that even though the
promoter may function in transient expression, it may be completely switched
off in humans. Nevertheless the poly(A) addition sequence is virtually non-
functional. Transcripts that read through the normal mRNA 3' end are likely
to be unstable. In the study of the u -thalassaemia gene with an AATAAA
mutation (35), it was found that read through transcripts were detected in
RNA from HeLa cells transformed with the &« -thalassaemia gene, but were not
detected in the patients' reticulocytes. The authors account for this
difference by arguing that the x-thalassaemia "read through" mRNA is
relatively unstable, so that it is absent from the relatively old globin mRNA
population found in reticulocytes. Therefore, even though the ¢« promoter
may be active, we would predict that the poly(A) site mutation is the
principal cause of the absence of Y transcripts in humans.

It has previously been suggested (1) that pseudogenes, following their
initial translational inactivation, undergo a strong selection process to
turn off gene transcription. Such a process would be advantageous to the
cell as a whole, since the presence of non-functional mRNA might impede
translation of other functional mRNAs. This suggestion is clearly confirmed
for Pd since we have demonstrated that both the initiation of transcription

and mRNA 3' end formation in this gene are ineffective processes.
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