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The human aldolase A gene is transcribed from three different promoters, pN, pM, and pH, all of which are
clustered within a small 1.6-kbp DNA domain. pM, which is highly specific to adult skeletal muscle, lies in
between pN and pH, which are ubiquitous but particularly active in heart and skeletal muscle. A ubiquitous
enhancer, located just upstream of pH start sites, is necessary for the activity of both pH and pN in transient
transfection assays. Using transgenic mice, we studied the sequences controlling the muscle-specific promoter
pM and the relations between the three promoters and the ubiquitous enhancer. A 4.3-kbp fragment containing
the three promoters and the ubiquitous enhancer showed an expression pattern consistent with that known in
humans. In addition, while pH was active in both fast and slow skeletal muscles, pM was active only in fast
muscle. pM activity was unaltered by the deletion of a 1.8-kbp region containing the ubiquitous enhancer and
the pH promoter, whereas pN remained active only in fast skeletal muscle. These findings suggest that in fast
skeletal muscle, a tissue-specific enhancer was acting on both pN and pM, whereas in other tissues, the
ubiquitous enhancer was necessary for pN activity. Finally, a 2.6-kbp region containing the ubiquitous enhancer
and only the pH promoter was sufficient to bring about high-level expression ofpH in cardiac and skeletal muscle.
Thus, while pH and pM function independently of each other, pN, remarkably, shares regulatory elements with
each of them, depending on the tissue. Importantly, expression of the transgenes was independent of the
integration site, as originally described for transgenes containing the 13-globin locus control region.

Multiple promoters are often used to express one or
several related proteins from a single gene (44). For exam-

ple, the human aldolase A gene is transcribed from three
tandem promoters, pN, pM, and pH, generating mRNAs
with different promoter-specific 5' noncoding exons but a
common coding sequence (31, 34). pM, which is highly
specific to adult skeletal muscle, lies in between pN and pH,
which are ubiquitous but particularly active in heart and
skeletal muscle, with pN-derived mRNAs always being
approximately 10- to 20-fold less abundant than pH-derived
mRNAs (23, 34). In contrast, the mouse and rat aldolase A
genes are transcribed from only two promoters; no func-
tional utilization of a pN-like promoter has been detected in
these species (37, 49). Interestingly, in rats, pM-derived
mRNAs accumulate to a high level in muscles with a high,
fast myofiber content, which predominantly have a glyco-
lytic metabolism, and accumulate to a low level in muscles
with a low, fast myofiber content, which predominantly have
an oxidative metabolism (46). In mice, in situ hybridization
studies also suggest that pM is active only in fast myofibers
while pH is active in both fast and slow myofibers (13). In
humans, myofiber specificity of the pM promoter has not
been examined. The study of gene expression specific to
either fast or slow myofibers will help in the understanding of
the maturation of myofibers into these different types. Ge-
netic influences, but also neural, hormonal, and other envi-
ronmental influences, have been proposed to play a role in
the maturation process (36). However, nothing is known yet
about their transcriptional effectors.

* Corresponding author.

The start sites of the three promoters are all clustered
within a small, 1.6-kbp DNA domain. The mutual proximity
of the three promoters raises interesting questions about
their relations to one another. The human aldolase A gene,
therefore, constitutes an excellent model for the study of
muscle gene expression and for the study of interactions
between multiple promoters.
Using transient transfection assays, we have recently

located a strong ubiquitous enhancer upstream of pH start
sites which is necessary for the activity of both ubiquitous
promoters, pN and pH (14). We were, therefore, interested
in determining its role in the activity of the third promoter,
pM. In the absence of cell culture assays for fiber type-
specific expression, transgenic mice provide a unique system
in which to analyze the expression in skeletal muscle of the
human aldolase A gene and to investigate the functional
relations between the three promoters and the ubiquitous
enhancer. In transgenic mice, indeed, expression of a con-
struct can be examined in all cell types, and it can be
followed throughout development. In such studies, how-
ever, transgene expression can be affected by sequences at
the integration site, and several lines carrying an identical
construct usually need to be analyzed before significant
conclusions can be drawn (40). Three different constructs
were injected into mouse fertilized eggs, and for each of
them, expression was analyzed in several transgenic lines. A
construct driven by the three promoters and the ubiquitous
enhancer showed an expression pattern which was consis-
tent with that known for humans. Expression from the
human pM promoter was found to be restricted to fast
skeletal muscle. In a construct lacking the pH enhancer/
promoter region, expression from the muscle-specific pro-
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A STRUCTURE OF THE ALDOLASE A/, GLOBIN HYBRID GENE
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FIG. 1. Structure of the hybrid aldolase A/3-globin transgenes and mRNAs. (A) Structure of the hybrid aldolase A/4-globin gene. The
pE14 plasmid contains a fusion of the 5' region of the human aldolase A gene to the 3' region of the human 1-globin gene. The vertical dashed
line represents the border between the human aldolase A and J-globin sequences. White and black boxes represent noncoding and coding
exons, respectively. Arrows indicate start sites of transcription. The start sites of pN are very heterogeneous and are represented by a single
arrow for the sake of clarity. The restriction sites used to derive the constructs injected from pE14 are indicated, together with their nucleotide
coordinates (following the numbering in the published sequences [34, 41]). The DNA fragments used as probes to specifically detect the
mRNAs transcribed from the different promoters are also represented (see Material and Methods). (B) Structure of the mRNAs expressed
from the hybrid aldolase A/,B-globin gene. (C) Structure of the transgenes. Fragments EAccI, ESphI, and EAccIA7 were derived from the
hybrid gene as described in Materials and Methods by using the indicated restriction enzymes.

moter pM was unaltered, whereas the ubiquitous promoter
pN remained active only in fast skeletal muscle. Finally, in a
last construct, the pH enhancer/promoter region was suffi-
cient to bring about high-level expression of the pH pro-
moter in heart and skeletal muscle. Moreover, expression
from the transgenes was independent of the integration site,
suggesting that the sequences injected contained elements
which conferred dominance on the integration site.

MATERIALS AND METHODS

Construction ofhuman aldolase A/13-globin fusion genes and
preparation of DNA for microinjection. Standard recombi-
nant techniques (5) were used to produce an aldolase A/l,-
globin hybrid gene subcloned in a PEMBL19 plasmid frame
(16). The resulting plasmid, named pE14, was taken as the
source of the constructs studied (Fig. 1). In pE14, the 5'
region of the human aldolase A gene, extending from posi-
tion +1 of the published sequence (34) to the BspMII
(+5036) site located in the intron between the C2 and C3
coding exons, was fused to the 3' end of the human 3-globin
gene, extending from the RsaI (+12360) site in the second
intron to the PstI (+ 13550) site located beyond the polyade-
nylation signal (41). Digestion of pE14 by AccI (cutting at
position +723 in the human aldolase A gene and at position
+13463 at the end of the human 3-globin gene) generated a

5,416-bp-long fragment named EAccI. A pE14A7 plasmid
was derived from pE14 by deletion of a CelII (+2260)-BglII
(+4098) internal fragment containing the pH enhancer/pro-
moter region. Cutting this plasmid with AccI generated a
3,678-bp-long fragment named EAccIA7, delimited by 5' and
3' ends identical to those of the EAccI fragment. Digestion
of pE14 by SphI (cutting at position +2464 in the aldolase A
gene, in between the M and H noncoding exons, and in the
plasmid polylinker, downstream of the aldolase A/,B-globin
hybrid gene) generated a 3,768-bp-long fragment named
ESphI. Following separation from the plasmid sequences by
electrophoresis, the different fragments were purified by
binding to glass powder (29).

Production and detection of transgenic mice. Fertilized
pronuclear-stage eggs from mating B6D2 Fl mice were
isolated from oviducts, and a few hundred copies of the
foreign DNA were injected into one of the pronuclei (29).
Transgenic mice were detected by Southern analysis of 5 ,ug
of DNA prepared from either placentas, when testing fe-
tuses, or tail biopsies (29). To estimate transgene copy
number in the different transgenic lines, standards, equiva-
lent to 1, 5, or 10 transgene copies integrated per mouse

genome, were made by mixing adequate amounts of the
injected fragment with 5 1tg of nontransgenic mouse tail
DNA. The injected fragment labelled by random priming
(with a kit purchased from Amersham) was used as a probe
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for specific hybridization at +68°C. Final washing was at the
4 5 10 35 same temperature in O.lx SSC (lx SSC is 0.15 M NaCI plus

0.015 M sodium citrate)-1% (wtlvol) sodium dodecyl sulfate
A29 A44 A47 A49 (SDS). In these conditions, no cross-hybridization with the

> m .. Em endogenous aldolase A gene was observed. Positive
eZ U < M zu uXz z founders were outbred to establish transgenic lines.

RNA analysis. Total RNA was prepared from various
-------|| | | mouse tissues by the guanidium thiocyanate procedure (11).

RNA samples (5 ,ug) previously denaturated in 10 mM
methyl mercuric hydroxide were electrophoretically sepa-

_J| Z __ rated on a 1.5% agarose formaldehyde gel and transferred to
* ^ ^ Hybond N+ nylon membranes (Amersham) with 20x SSC.

I I F For the detection of the different aldolase A/3-globin mRNA
l | _ | _ ~~species, DNA restriction fragments encompassing the N,
,* * ^and N2 exons (HindI [+1471]-Asp-700 [+1852]), the M exon

(BamHI [+2003]-ApaI [+2155]), or the H exon (PstI
[+2697]-FspI [+3454]) were labelled by random priming,

IzZl - -- yielding the probes called N, M, and H, respectively (Fig.
1A). Prehybridization and hybridization were performed at
65°C in 3x SSC, 1% (wt/vol) SDS, 1% (wt/vol) glycine, 0.2%

IZIZIZI] (wt/vol) Ficoll, 0.2% (wtlvol) polyvinylpyrrolidone, 5% (wt/
vol) polyethylene glycol 6000, and 100 ,ug of denatured DNA
from salmon sperm per ml. Final washing was at 65°C in
0.2x SSC-1% (wt/vol) SDS. Under these conditions, no

44 cross-hybridization with endogenous mouse mRNAs was
observed. After hybridization with a first specific probe, the

>4 ,blots were stripped of probe by washing twice in a boiling
z Ri O.lx SSC-0.1% (wt/vol) SDS bath and reprobed with an-

:Iw X:M other labelled fragment. For standardization, the blots were
finally probed with a mouse ,-actin cDNA probe (a gift of S.
Alonso, Pasteur Institute, Paris, France) or a R45 cDNA
probe (corresponding to a fragment of human 18S rRNA, a

* 67 gift of J.-P. Hugnot, ICGM, Paris, France). Mouse probes
is lencompassing the M and H mouse exons were a gift from M.

57 Colbert (Duke University) (13). Relative amounts of specific
mRNAs were measured by scanning appropriate autoradio-
gram exposures of Northern (RNA) blots with a Shimadzu

(Asp700)4 densitometer.
:@Ni2~ T7 RNase protection assays were performed as previously

96 nt RIBOPROBE described (14), by using antisense riboprobes spanning the
60nt TRANS RNA N2, M, or H exons.

FIG. 2. (A) Northern blot analysis of expression from the three
transgenic promoters in EAccI lines. Total RNAs (5 ,ug) from
various tissues of mice from the indicated EAccI transgenic lines
were analyzed for expression from the different promoters by
Northern blot. Hybridizations were performed successively with the
probes indicated from top to bottom. The autoradiograms shown
correspond to 64-, 16-, and both 3 (short)- and 16 (long)-h exposures
for the N, M, and H probes, respectively. The number of transgene
copies integrated was approximately estimated by densitometric
scanning of Southern blots containing identical amounts of DNA
from the various EAccI lines and known amounts of the injected
EAccI fragment (unpublished data) and is indicated for each line.
The migration of the transgenic mRNAs compared with that of 18S
and 28S RNAs suggested that they were approximately 700 to 800 bp
long, as expected from a correct splicing of primary transcripts of
the aldolase A/0-globin gene. With the exception of the pN-specific
hybridization, in which a smear was occasionally observed in the
upper part of the gel, no signal was observed on the parts of the gel
that are not shown. In particular, there was no cross-hybridization
with the mouse aldolase A mRNAs at the experimental conditions
used. The R45 probe, which detected 18S RNA, allowed for
standardization. (B) RNase mapping analysis of expression from the
pN promoter in EAccI lines with low copy numbers. Total RNAs (5
,ug) isolated from the indicated tissues of transgenic mice of the A29
and A44 lines were analyzed by RNase mapping with the riboprobe
shown at the bottom, which allowed for the detection of pN-derived
mRNAs as 60-nucleotide-long fragments. The position of such

RESULTS

Generation of aldolase A/l-globin transgenic mice. In order
to examine the expression from the three promoters of the
human aldolase A gene, a hybrid gene was constructed by
fusing the 5' region of the human aldolase A gene, cloned in
the laboratory, with the 3' region of the human 0-globin
gene, containing the third exon and the polyadenylation
signal (14). Three different constructs were then derived
from this hybrid gene (Fig. 1). EAccI was a construct
containing a 5' region from the human aldolase A gene with
the three promoters and the ubiquitous enhancer. EAccIA7
was a construct containing a 5' region lacking the pH
enhancer/promoter region and, therefore, driven only by pN
and pM promoters. Finally, ESphI was a construct which
was driven by the pH enhancer/promoter region alone.
Several founder transgenic mice were obtained for each

fragments is indicated along the autoradiogram. Lane HepG2,
positive control with RNAs from human HepG2 hepatoma cells;
lane tRNA, negative control with yeast tRNAs; lane M, radiola-
belled molecular weight markers (size shown in nucleotides).
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FIG. 3. Expression from the three transgenic promoters during

muscle development in line A3. (A) Total RNA from hindlimb
muscle of A3 transgenic mice was prepared at the indicated stages of
muscle development, and 5-kLg samples were analyzed by Northern
blot. CONTROL ADULT, total muscle RNA from a nontransgenic
mouse. Two identical Northern blots, on each side of the figure,
were successively hybridized to the probes indicated, from top to
bottom. All the probes being of the same specific activity, the
autoradiograms shown correspond to 70-, 24-, and 16-h exposures
for the N, M, and H human probes, respectively. The autoradio-
grams for the mouse probes were exposed for the same period as for
the corresponding human probes. The mouse P-actin probe hybrid-
ized with P-actin and with skeletal a-actin mRNAs, these isoforms
being alternatively expressed during myogenesis. The R45 probe,
which detected 18S RNA, allowed for standardization. The PE14
lane contains PstI-cut pE14 plasmid, which contains a single copy of
the aldolase A/,B-globin hybrid gene, and therefore, the different

construct. All carried multiple intact copies of the transgene,
integrated in head-to-tail tandems with copy numbers rang-
ing from 2 to 110 (data not shown). Except for one case in
which the founder animal did not produce a progeny, all
expression analyses were performed on F1 or F2 heterozy-
gotes expected to have the transgene present in all cells.

Correct, position-independent expression of the transgene
with all three promoters. To examine whether the 5' region of
the human aldolase A gene in the EAccI fragment contained
sufficient information for correct expression from the three
promoters, five lines of mice harboring this fragment, named
A3, A29, A44, A47, and A49, were studied. Northern blot
analysis of transgene expression was performed by using
three different probes, containing promoter-specific noncod-
ing exons (Fig. 1). Each of these allowed the specific
detection of mRNAs transcribed from one of the promoters.
All the transgenic lines obtained by injection of the EAccI
fragment expressed the transgene, and in a roughly identical
pattern. Furthermore, the level of expression from each of
the three promoters was correlated to transgene copy num-

H ber; the higher the number of copies, the higher the level of
expression (Fig. 2A). These observations showed that, in
contrast to many of the transgenes studied (40), expression
of the EAccI transgene was independent of the integration
site.

AD. In all the EAccI transgenic lines obtained, pM was found
to be active only in adult skeletal muscle, whereas pN and
pH were active in all tissues examined (Fig. 2A). pN-derived
mRNAs were much less abundant than those derived from
pH; in tissues other than heart and skeletal muscle, they
could be detected only after long exposure of the Northern
blot or when more sensitive RNase mapping assays were
performed by using a riboprobe complementary to the
pN-specific noncoding exon N2, as illustrated in Fig. 2B for
the two lines containing the lowest transgene copy numbers
(A29 and A44). pN- and pH-derived mRNA levels varied
according to the tissue; the highest levels were observed in
heart muscle for pH and in heart and skeletal muscle for pN,
and the lowest levels for both pN and pH were observed in
liver tissue. RNase protection assays with appropriate ribo-
probes showed that transcription was initiating at the correct
positions in the pM promoter (see below) and in the pH
promoter (data not shown). The start sites of pN, which

target sequences of the N, M, and H probes in a 1:1 ratio. When
taking into account the relative lengths of the probes and specific
exons, this allowed for a comparison of the relative abundancy of
the different types of transcripts. (B) For each developmental stage
[(17D.pc, 17-day fetus; NB, newborn; 15D, 15-day-old mice; AD,
adult), three separate samples were analyzed, each corresponding to
one individual or to a pool from several individuals, depending on
the stage. Hybridization signals obtained with human promoter-
specific probes were quantitated by densitometric scanning of
appropriate exposures of the Northern blots. After standardization,
the average mRNA level was estimated and expressed relative to
that observed at the adult age, which was arbitrarily set at 100%. nd,
not detectable. (C) pM activity was analyzed in hindlimb muscle of
A3 transgenic mice at the indicated stages of development by RNase
mapping with the riboprobe shown at the bottom of the figure.
Correctly initiated pM-derived mRNAs are detected as 45-nucleoti-
de-long fragments, which are indicated by an arrow alongside the
autoradiogram. Lane HUMAN MUSCLE, positive control with
RNAs (2 jig) from human skeletal muscle; lane tRNA, negative
control with yeast RNAs, which allows distinguishing of specific
signals from the background; lane M, molecular weight markers
(size shown in nucleotides).
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THE THREE ALDOLASE A PROMOTERS IN TRANSGENIC MICE 13

were expected to be extremely heterogeneous (23), were not
examined. The EAccI transgene, therefore, contained suffi-
cient information to bring about activity of the three promot-
ers in a pattern consistent with that known in humans (23,
34, 35). In addition, although no functional pN-like promoter
activity could be detected in the mouse (49), the human pN
promoter was active in the EAccI transgenic mice.

Expression from the three promoters during myogenesis in
line A3. To determine how the three promoters are regulated
during myogenesis, total RNA was prepared from hindlimb
muscle obtained from 17-day fetuses, from newborn mice,
from 15-day-old mice, and from 2-month-old mice (adults),
which all came from the A3 transgenic line, harboring the
EAccI transgene. Promoter-specific mRNA levels were de-
termined by Northern blot at each stage. Figure 3A shows
representative autoradiograms obtained by successively hy-
bridizing two identical Northern blots with the indicated
probes. Figure 3B shows the mRNA levels determined at
each stage, expressed relative to that found at the adult age.
pM-derived mRNAs, by this assay, were first detected at 15
days of age, and their level was found to have increased
25-fold by the adult age. In contrast, the level of pH-derived
mRNAs, already detected in fetuses, increased fourfold
between birth and 15 days of age but did not vary signifi-
cantly afterwards. Finally, pN showed an intermediary
behavior, as pN-derived mRNAs, found at the same level in
the fetuses and at birth, increased progressively from birth to
the adult age (a 2-fold increase between birth and 15 days of
age, much like that of pH, and a 2.5-fold increase between 15
days of age and the adult age, like that of pM, although much
less important). These results show that the ubiquitous pH
and muscle-specific pM promoters were differently regulated
during myogenesis, while pN regulation had characteristics
in common with each of the other two promoters.
Expression of the transgene during myogenesis was also

compared with that of the endogenous mouse gene. As
previously described (13), mouse pM activity could first be
detected at birth, and then it increased progressively until
the adult age. The human pM activation, in this Northern
blot analysis, seemed to be delayed, as it was first detected
only at 15 days of age. However, as shown in Fig. 3C, when
more sensitive RNase protection assays were performed,
with a riboprobe complementary to the M exon, human
transgenic pM promoter activity could also be detected at
birth. Therefore, the difference in mouse and transgenic pM
promoter activity was essentially quantitative. Finally, while
human pH activity showed a marked increase between birth
and 15 days of age, remaining at a high level in the adult,
mouse pH activity, which showed only a moderate increase
during the same period, had decreased by the adult age,
returning to the level observed in the newborn mice (13)
(Fig. 3A). These results demonstrate similarities but also
reveal significant differences between the mouse and human
transgene expression during myogenesis.
A comparison of the levels of mRNAs derived from each

of the three transgenic promoters was performed. For this
purpose, the Northern blot contained a lane with a low
amount of linearized pE14 plasmid. Because the plasmid
contained target DNA sequences for each of the promoter-
specific probes in a 1:1 ratio, the signals detected in the pE14
lane were used to standardize the signals detected in the
lanes containing the RNA samples (see the legend to Fig. 3
for further details). pN, pM, and pH were estimated to
account for approximately 5, 20, and 75%, respectively, of
aldolase A/,B-globin mRNAs in adult skeletal muscle. These
relative levels were consistent with the relative levels of
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FIG. 4. Fiber specificity of the pM promoter in adult skeletal
muscle in line A3. Expression from the pN, pM, and pH promoters
was analyzed in two different hindlimb muscles, known to differ in
their fiber-type composition. EDL, extensor digitorum longus.
Probes and experimental conditions were the same as described in
the legend to Fig. 2.

pN-, pM-, and pH-derived aldolase A mRNAs previously
found in human adult skeletal muscle (5, 35, and 60%
respectively) (23). In particular, this confirmed that the
relative strengths of the ubiquitous promoters, pN and pH,
were similar to those found in humans.
The human transgenic pM promoter was specific to fast-

type myofibers. Given that the mouse (13) and rat (46)
muscle-specific pM promoters are specific to fast skeletal
muscle, we were interested in determining whether it would
also be the case with the human transgenic pM. pM-, pN-,
and pH-derived mRNA levels were, therefore, compared in
two muscles of A3 transgenic mice with a different fiber-type
content: extensor digitorum longus, a white muscle com-
posed predominantly of fast fibers, and soleus, a red muscle
composed predominantly of slow fibers (3, 17, 30). Figure 4
shows that pM-derived mRNAs accumulated essentially in
the fast skeletal muscle, extensor digitorum longus, while
pH-derived mRNAs accumulated in both the fast and slow
muscles, but to a higher level in the latter than in the former.
Interestingly, pN-derived mRNAs were also found in both
types of muscle but, in contrast to pH-derived mRNAs,
accumulated to a higher level in the fast muscle than in the
slow muscle. The human pM and pH transgenic promoters
thus behaved as the mouse endogenous ones. These results
extended our previous finding that the human ubiquitous pH
and muscle-specific pM promoters were differently regulated
during myogenesis, while pN regulation had characteristics
in common with each of the other two promoters.

Muscle-specific expression from both pN and pM promoters
in the transgene lacking the pH enhancer/promoter region. In
order to examine the role of the pH enhancer/promoter
region in pN and pM activity in vivo, four lines of mice
harboring the EAccIA7 fragment, named A7-16, A7-17, A7-
36, and A7-41, were studied. In all four lines the transgene
was expressed in an identical pattern, and the level of
expression from each promoter was roughly correlated to
the number of transgene copies, as observed in the EAccI
lines (Fig. SA). pN and pM were active only in skeletal
muscle. For line A7-16, which had a low copy number, pN
activity could not be visualized by Northern blot, but RNase
mapping assays, with a riboprobe complementary to the N2
exon, showed that pN was active only in skeletal muscle
(data not shown). Further analysis in line A7-17 showed that
pN and pM activities were, in fact, restricted to fast skeletal
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FIG. 5. Northern blot analysis of expression from the transgenic
pN and pM promoters in EAccIA7 lines. (A) Northern blot analysis
was performed in the indicated adult tissues as described in the
legend to Fig. 2. EDL, extensor digitorum longus. The autoradio-
grams shown correspond to 16- and 4-h exposures for the N and M
probes, respectively. The number of transgene copies integrated in
each line is also indicated. (B) Expression from the pN and pM
promoters was further analyzed, with the same conditions as above,
in two different adult hindlimb muscles from the A7-17 line.

muscle (Fig. 5B). Moreover, when compared between
EAccI and EAccIA7 lines, pM activity seemed to be of
similar strength, for a similar transgene copy number (data
not shown). Therefore, pM activity was unaltered when the
pH enhancer/promoter region was deleted, and pM appeared
to function independently of pH.

Surprisingly, in all EAccIA7 lines, pN was active only in
fast skeletal muscle. This finding suggests that the 2.4-kb
aldolase A sequences in the EAccIA7 fragment contained a
fast skeletal muscle-specific enhancer acting on both pN and
pM. On the other hand, in tissues other than fast skeletal
muscle, pN was inactive. The ubiquitous enhancer lacking in
the EAccIA7 fragment was, therefore, necessary to pN
activity in vivo in all the tissues tested other than fast
skeletal muscle, which confirmed and extended our findings
in transient transfection assays with cultured cells (14). The
regulation of the pN promoter was, therefore, remarkable in
the way that pN shared regulatory sequences with the other
two promoters, depending on the tissue.

High-level expression from the transgene driven by the pH
enhancer/promoter region alone in heart and skeletal muscle.
We previously demonstrated that the pH enhancer/promoter
region is active in multiple cultured cell lines (14, 23). To
examine whether it would also be active in vivo, indepen-
dently of other sequence elements, one line of mice harbor-
ing the ESphI fragment, named S22, was studied. Expres-
sion from the pH promoter was compared between line S22
and line A29, the latter harboring the EAccI fragment (Fig.
6). The relative levels of expression in the various tissues
were roughly similar in the two lines. In skeletal muscle,
however, pH activity was identical to that in heart muscle in
line S22 while it was fivefold lower than in heart muscle in
line A29. Furthermore, in tissues other than skeletal muscle,
the difference in the level of expression between the two
lines was related to the difference in transgene copy number.
An identical expression pattern was observed in tissue
samples from a different founder animal containing the
ESphI fragment, and the differences in the level of expres-
sion were, again, correlated to transgene copy number.
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FIG. 6. Northern blot analysis of expression from the transgenic
pH promoter in lines A29 and S22 was performed as described in the
legend to Fig. 2 in the indicated adult tissues. The number of
transgene copies integrated in each line is also indicated.

Therefore, the ESphI fragment, containing 1.6 kbp of aldo-
lase A sequences, was sufficient to bring about ubiquitous
expression from the pH promoter in vivo, which was partic-
ularly high in heart and skeletal muscle.

DISCUSSION
We have studied the muscle-specific promoter, pM, and

the two ubiquitous promoters, pN and pH, of the human
aldolase A gene in transgenic mice. The use of transgenic
technology enabled us to examine the activity of the three
promoters during myogenesis and in different types of adult
skeletal muscle, fast or slow, and several conclusions re-

garding each of them and their relations to one another could
be drawn. We showed that, while pH and pM were indepen-
dent of each other, pN, remarkably, shared regulatory
sequences with either pH or pM, depending on the tissue.
Moreover, we found that expression of the transgenes stud-
ied was independent of the integration site.

Expression from the transgenes studied is independent of
integration site. We studied 11 lines of transgenic mice
harboring aldolase A/l-globin transgenes. For each con-
struct, all the lines obtained expressed the transgene and did
so in an identical pattern. Moreover, the level of expression
of each of the promoters present on a given construct was
correlated to transgene copy number; the higher the copy
number, the higher the level of expression. (Fig. 2 and 5, and
data not shown). This is unusual in studies using transgenic
mice, even when transgene expression is driven by ubiqui-
tous promoters (1, 4, 22, 39, 40, 45). The level of transgene
expression is generally unrelated to transgene copy number,
and the pattern of expression frequently varies between
different lines harboring an identical transgene. These fea-
tures are attributed to the influence of sequences at the
integration site, rather than to modifications in the transgene
during integration (2). In contrast, few studies have de-
scribed position-independent, copy number-dependent ex-
pression of transgenes (7, 10, 24, 26, 28). These properties
were first reported for human P-globin transgenes (26) and
have been assigned to upstream sequences termed locus
control regions, which are thought to maintain transgenes in
an open chromatin configuration. Therefore, the transgenes
described in this report are likely to contain one or several
locus control regions.

Expression from the pM promoter in skeletal muscle is
independent of the ubiquitous pH enhancer/promoter region.
We examined the sequences involved in expression from the
muscle-specific promoter pM in adult skeletal muscle. The
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EAccIA7 fragment, lacking the pH enhancer/promoter re-
gion, contained sufficient information for transgene expres-
sion from pM in adult skeletal muscle (Fig. 5). pM can,
therefore, function independently of the ubiquitous pH en-
hancer/promoter region. Moreover, a similar level of expres-
sion was observed from pM in an EAccIA7 line and an
EAccI line with a similar transgene copy number; it is,
therefore, likely that the enhancer does not significantly
stimulate pM in adult skeletal muscle. Such a conclusion can
be drawn because the expression levels of the two trans-
genes were copy number dependent. Several hypotheses can
be proposed to explain the lack of strong activity of the
ubiquitous enhancer on the muscle-specific promoter. pM
may be unable to interact with the ubiquitous enhancer, for
instance, because of the absence of an appropriate TATA
box sequence (53) or because a particular trans-acting factor
is required for an efficient interaction (43). Alternatively, pM
may be able to interact with the enhancer but is prevented
from doing so by a dominant negative element nearby (48,
50), or else because the two ubiquitous promoters trap all
enhancer activity.

Expression from the human pM promoter in skeletal muscle
is specific to fast fibers. In both EAccI and EAccIA7 trans-
genic lines, we observed that the transgenic pM promoter
was predominantly active in fast skeletal muscles such as
extensor digitorum longus and gastrocnemius-its activity
was only faintly detected in a slow muscle such as soleus
(Fig. 4 and SB) (36a). Starting from the smaller 2.5-kbp
EAccIA7 fragment, analysis of sequences involved in the
fiber-specific activity of the pM promoter will be interesting
to perform. Although many myogenic transcriptional factors
have been recently characterized and/or cloned (38), their
possible contribution to the differentiation of myofibers into
fast and slow types remains unclear (36). The characteriza-
tion of factors that regulate pM activity should be useful in
examining this issue as, to our knowledge, pM is the only
promoter, other than the quail troponin I (27) and mouse
MLC1 promoters (17), for which fiber-specific expression
has been shown in vivo by using transgenic mice.
Although human transgenic pM promoter activity was

very similar to that of the endogenous promoter in adult
muscle, it seemed weaker at earlier stages of develop-
ment than that in the adult age. These quantita-
tive differences could be due to species-specific regulation of
the human aldolase A gene during muscle development. Or,
they could be due to the absence of sequences required for
proper regulation of the human gene in the transgenes
studied.
The latter hypothesis is supported by the recent identifi-

cation of an enhancer in the mouse gene which accounted for
80% of mouse pM activity in C2C12-cultured myogenic cells
and whose potential human homolog was not present in the
injected fragments (48). pM could be stimulated by separate
cis-acting elements during muscle development. An en-
hancer, absent from our transgenes, could be required for
strong activity in immature muscle in vivo and in C2C12
myogenic cultured cells, and another enhancer, present in
our transgenes, could be required for activity in adult fast
skeletal muscle. Such a regulation by separate enhancers
during development has been previously evoked for the
albumin promoter (8). In fetal liver tissue, the albumin
promoter is stimulated by an enhancer shared with the alpha
fetoprotein promoter, and later in the adult liver, it is
stimulated by a second enhancer as well. More generally,
regulation by separate enhancers in order to achieve expres-
sion of a promoter in different tissues has been frequently

described (6, 18, 20, 32, 51). Our data show, however, that
an enhancer acting in immature muscle was not necessary
for correct fiber-specific activity in adult skeletal muscle.
pH is regulated independently of pM in skeletal muscle. In

EAccI mice, the pH promoter displayed high-level activity
in heart and skeletal muscle compared with that observed in
other tissues (Fig. 2). Developmental regulation of pH activ-
ity in skeletal muscle followed a different pattern from that of
the muscle-specific promoter pM. It increased markedly
between birth and 15 days of age and remained roughly the
same afterwards, while pM activity increased 25-fold be-
tween 15 days of age and the adult age. In addition, unlike
pM, it was not fiber specific (Fig. 4). In ESphI mice, in the
absence of pM and of the sequences homologous to the
weaker mouse enhancer (48), the pH promoter still displayed
high-level activity in skeletal muscle. Taken together with
the independent activity of pM in EAccIA7 mice, these
results strongly suggest that in skeletal muscle the pH and
pM promoters were regulated independently of each other,
under the control of separate cis-acting sequences. The pH
promoter was controlled by the ubiquitous enhancer, while
the pM promoter was controlled by a fast skeletal muscle-
specific enhancer. The ubiquitous enhancer, therefore,
seems to show tissue preference for skeletal and heart
muscle. Regulatory sequences known to be ubiquitously
active also frequently show tissue preference when exam-
ined in transgenic mice (39, 45). At this stage, however, we
cannot formally exclude the possibility that an element
residing in the sequences common to the EAccIA7 and
ESphI fragments (Fig. 1C) contributed to activity of both
promoters in fast skeletal muscle.
As with the muscle-specific promoter, pM, comparison of

FAST-TYPE MUSCLE CELLS

NiN2 M H Cl C2

OTHER CELL TYPES

N1N2 M H C1C2

^,AA^^ FAST-TYPE MUSCLE-SPECIFICENHANCER

OWVW% UBIQUITOUS ENHANCER

FIG. 7. Enhancer/promoter interactions in the human aldolase A
gene as found in this study. Arrows point to the target promoters
stimulated by the two enhancers. The ubiquitous enhancer was
located in studies using transient transfection assays (14). The fast
skeletal muscle-specific enhancer, whose existence was deduced
from the analysis of the transgenic mice carrying the EAccIA7
fragment, was putatively located upstream of pN start sites.
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the mouse and human transgenic pH promoters' activity
levels in skeletal muscle showed significant differences. In
particular, human pH activity was high in the adult, whereas
that of mouse pH was low, being similar to that observed in
the newborn. However, when examined in more detail, the
human transgenic pH promoter activity was found to vary
between different muscles (Fig. 4) (36a). It seemed to be
inversely proportional to the level of pM activity, suggesting
that the muscle-specific pM activity has a negative effect on
pH. Consistent with this notion, pH promoter activity in
skeletal muscle relative to heart was found to be higher in
ESphI lines, lacking the pM promoter, than in EAccI lines,
containing the pM promoter (Fig. 6). Several mechanisms,
such as transcriptional interference (15, 42) or competition
for a common fast skeletal muscle-specific enhancer (12, 21),
which could account for the negative effect of pM on pH, are
currently being investigated.
The human pN promoter is active in transgenic mice. The

mouse (49) and rat (37) aldolase A genes are transcribed from
only two promoters, while the human gene is transcribed
from three (34). Although the Ni and N2 noncoding exons
(Fig. 1A) are conserved to a high degree in the three species,
including at the exon/intron boundaries (37, 49), no mRNA
species containing such exons could be detected in mice and
rats. Because we observed human pN promoter activity in
transgenic mice (Fig. 2), differences in cis-acting elements
(the promoter or the enhancers), rather than in trans-acting
factors, must account for the lack of pN activity in the
rodent species. This is similar to studies of the al antitrypsin
gene (33). When placed in mice, human al antitrypsin
transgenes showed an expression pattern characteristic of
humans rather than of mice. Transgenic studies which had
bearing upon the evolution of regulatory sequences have
been recently reviewed (9).
The pN promoter shares regulatory sequences with either of

the other two promoters, the ubiquitous pH or the muscle-
specific pM, depending on the tissue. We recently showed
that the ubiquitous enhancer is necessary for pN activity in
cultured cells (14). Consistent with these findings, in
EAccIA7 mice lacking a 1.8-kbp region containing the ubiq-
uitous enhancer, pN activity could no longer be detected in
tissues other than fast skeletal muscle. Because pM, also,
was active only in this tissue, we suggest that fast skeletal
muscle-specific regulatory sequences are shared by these
two promoters. This is also supported by the thorough
expression studies performed in the EAccI line A3, which
showed that pN regulation had many characteristics in
common with pM. Thus, while the ubiquitous pH promoter
and the muscle-specific pM promoter were independent of
one another, the third one, the ubiquitous pN, behaved as an
opportunistic promoter, sharing regulatory sequences with
either of the other two promoters, depending on the tissue.

Original enhancer/promoter interactions therefore take
place in a small region of the human aldolase A gene (Fig. 7).
Further studies should shed light on this important, but
poorly understood, aspect of transcriptional regulation. In-
deed, specificity in enhancer/promoter interactions is ex-
pected to be essential for appropriate regulation of genes
with multiple promoters (44) and, more generally, of gene
clusters containing multiple genes and regulatory sequences,
such as the globin (19, 21, 52) and the homeobox (47) loci and
others (25).

ACKNOWLEDGMENTS
We thank M. Buckingham for critical reading of the manuscript

and S. Alonso, M. Colbert, and J.-P. Hugnot for their kind gift of

cDNA probes. M.S. was supported by the Association Francaise
Contre Les Myopathies (AFM). This work was supported by grants
from the AFM.

REFERENCES
1. Allen, N. D., D. G. Cran, S. C. Barton, S. Hettle, W. Reik, and

M. A. Surani. 1988. Transgenes as probes for active chromo-
somal domains in mouse development. Nature (London) 333:
852-855.

2. Al-Shawi, R., J. Kinnaird, J. Burke, and J. 0. Bishop. 1990.
Expression of a foreign gene in a line of transgenic mice is
modulated by a chromosomal position effect. Mol. Cell. Biol.
10:1192-1198.

3. Ariano, M. A., R. B. Armstrong, and V. R. Edgerton. 1973.
Hindlimb muscle fiber populations of five mammals. J. His-
tochem. Cytochem. 21:51-55.

4. Aronow, B., D. Lattier, R. Silbiger, M. Dusing, J. Hutton, G.
Jones, J. Stock, J. McNeish, S. Potter, D. Witte, and D. Wigin-
ton. 1989. Evidence for a complex regulatory array in the first
intron of the human adenosine deaminase gene. Genes Dev.
3:1384-1400.

5. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1987. Current protocols in
molecular biology. John Wiley & Sons, Inc., New York.

6. Benfey, P. N., and N. Chua. 1990. The cauliflower mosaic virus
35S promoter: combinatorial regulation of transcription in
plants. Science 250:959-966.

7. Bonifer, C., M. Vidal, F. Grosveld, and A. E. Sippel. 1990.
Tissue-specific and position-independent expression of the com-
plete gene domain for chicken lysozyme in transgenic mice.
EMBO J. 9:2843-2848.

8. Camper, S. A., and S. M. Tilghman. 1989. Postnatal repression
of the alpha-fetoprotein gene is enhancer independent. Genes
Dev. 3:537-546.

9. Cavener, D. G. 1992. Transgenic animal studies on the evolution
of genetic regulatory circuitries. Bioessays 14:237-244.

10. Chamberlain, J. W., H. A. Vasavada, S. Ganguly, and S. M.
Weissman. 1991. Identification of cis sequences controlling
efficient position-independent tissue-specific expression of hu-
man major histocompatibility class I genes in transgenic mice.
Mol. Cell. Biol. 11:3564-3572.

11. Chirgwyn, J. M., A. Z. Przybuyla, R. Y. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:5294-
5299.

12. Choi, 0. B., and J. D. Engel. 1988. Development regulation of
I-globin gene switching. Cell 55:17-26.

13. Colbert, M., and E. Ciejck-Baez. 1992. The proximal promoter
of the aldolase A gene remains active during myogenesis in vitro
and muscle development in vivo. Dev. Biol. 149:66-79.

14. Concordet, J.-P., P. Maire, A. Kahn, and D. Daegelen. 1991. A
ubiquitous enhancer shared by two promoters in the human
aldolase A gene. Nucleic Acids Res. 19:4173-4180.

15. Corbin, V., and T. Maniatis. 1989. The role of specific enhancer-
promoter interactions in the Drosophila Adh promoter switch.
Genes Dev. 3:2191-2200.

16. Dente, L., G. Cesareni, and R. Cortese. 1983. pEMBL: a new
family of single stranded plasmids. Nucleic Acids Res. 11:1645-
1655.

17. Donoghue, M. J., J. D. Alvarez, J.-P. Merlie, and J. R. Sanes.
1991. Fiber type- and position-dependent expression of a myo-
sin light chain-CAT transgene detected with a novel histochem-
ical stain for CAT. J. Cell Biol. 115:423-434.

18. Dubin, R. A., R. Gopal-Srivastava, E. F. Wawrousek, and J.
Piatigorsky. 1991. Expression of the murine aLB-crystallin gene
in lens and skeletal muscle: identification of a muscle-preferred
enhancer. Mol. Cell. Biol. 11:4340-4349.

19. Enver, T., N. Raich, A. J. Ebens, T. Papayannopoulo, F.
Costantini, and G. Stamatoyannopoulos. 1990. Developmental
regulation of human fetal-to-adult globin switching in transgenic
mice. Nature (London) 344:309-313.

20. Fischer, J. A., and T. Maniatis. 1986. Regulatory elements
involved in drosophila Adh gene expression are conserved in

MOL. CELL. BIOL.



THE THREE ALDOLASE A PROMOTERS IN TRANSGENIC MICE 17

divergent species and separate elements mediate expression in
different tissues. EMBO J. 5:1275-1289.

21. Foley, K. P., and J. D. Engel. 1992. Individual stage selector
element mutations lead to reciprocal changes in 0- vs e-globin
gene transcription: genetic confirmation of promoter competi-
tion during globin gene switching. Genes Dev. 6:730-744.

22. Furth, P. A., L. Henninghausen, C. Baker, B. Beatty, and R
Woychick 1991. The variability in activity of the universally
expressed human cytomegalovirus enhancer/promoter region in
transgenic mice. Nucleic Acids Res. 19:6205-6208.

23. Gautron, S., P. Maire, V. Hakim, and A. Kahn. 1991. Regulation
of the multiple promoters of the human aldolase A gene:
response to agents promoting cell proliferation. Nucleic Acids
Res. 19:767-774.

24. Greaves, D. R., F. D. Wilson, G. Lang, and D. Kioussis. 1989.
Human CD2 3' flanking sequences confer high-level, T cell-
specific, position-independent gene expression in transgenic
mice. Cell 56:979-986.

25. Grossniklaus, U., R. K. Pearson, and W. J. Gehring. 1992. The
Drosophila sloppy paired locus encodes two proteins involved
in segmentation that show homology to mammalian transcrip-
tion factors. Genes Dev. 6:1030-1051.

26. Grosveld, F., G. B. van Assendelft, D. R Greaves, and G.
Kollias. 1987. Position-independent, high-level expresison of the
human ,B-globin gene in transgenic mice. Cell 51:975-985.

27. Hallauer, P. L., K. E. M. Hastings, and A. C. Peterson. 1988.
Fast skeletal muscle-specific expression of a quail troponin I
gene in transgenic mice. Mol. Cell. Biol. 8:5072-5079.

28. Higgs, D. R., W. G. Wood, A. P. Jarman, J. Sharp, J. Lida,
I. M. Pretorius, and H. Ayyub. 1990. A major positive regulatory
region located far upstream of the human a-globin gene locus.
Genes Dev. 4:1588-1601.

29. Hogan, B., F. Costantili, and E. Lacy. 1986. Manipulating the
mouse embryo. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

30. Hughes, S. M., and H. Blau. 1992. Muscle fiber pattern is
independent of cell lineage in postnatal rodent development.
Cell 69:659-671.

31. Izzo, P., P. Costanzo, A. Lupo, E. Rippa, G. Paolella, and F.
Salvatore. 1988. Human aldolase A gene: structural organization
and tissue-specific expression by multiple promoters and alter-
nate mRNA processing. Eur. J. Biochem. 174:569-578.

32. Johnson, J. E., B. J. Wold, and S. D. Hauschka. 1989. Muscle
creatine kinase sequence elements regulating skeletal and car-
diac muscle expression in transgenic mice. Mol. Cell. Biol.
9:3393-3399.

33. Kelsey, G. D., S. Povey, A. E. Bygrave, and R. H. Lovell-Badge.
1987. Species- and tissue-specific expression of human al-
antitrpysin transgenic mice. Genes Dev. 1:161-171.

34. Maire, P., S. Gautron, V. Hakim, C. Gregori, F. Mennecier, and
A. Kahn. 1987. Characterization of three optional promoters in
the 5' region of the human aldolase A gene. J. Mol. Biol.
197:425-438.

35. Mennecier, F., D. Daegelen, F. Schweighoffer, M. Levin, and A.
Kahn. 1986. Expression of aldolase A messenger RNAs in
human adult and foetal tissues and in hepatoma. Biochem.
Biophys. Res. Commun. 134:1093-1100.

36. Miller, J. R. 1992. Myoblast diversity in skeletal myogenesis:

how much and to what end? Cell 69:1-3.
36a.Moch, C. Unpublished data.
37. Mukai, T., Y. Arai, H. Yatsuki, K. Joh, and K. Hori. 1991. An

additional promoter functions in the human aldolase A gene but
not in rat. Eur. J. Biochem. 195:781-787.

38. Olson, E. 1990. MycoD family: a paradigm for development?
Genes Dev. 4:1454-1461.

39. Overbeek, P. A., S. P. Lai, K. R. Van Quili, and H. Westphal.
1986. Tissue-specific expression in transgenic mice of a fused
gene containing RSV terminal sequences. Science 231:1574-
1577.

40. Pahmiter, R. D., and R. L Brinster. 1986. Germ-line transfor-
mation of mice. Annu. Rev. Genet. 20:465-499.

41. Poncz, M., E. Schwarz, M. Ballantine, and S. Surrey. 1987.
Nucleotide sequence analysis of the a/,8 globin gene region in
humans. J. Biol. Chem. 258:11599-11609.

42. Proudfoot, N. J. 1986. Transcriptional interference and termina-
tion between duplicated a-globin gene constructs suggest a
novel mechanism for gene regulation. Nature (London) 322:
562-565.

43. Schatt, M. D., S. Rusconi, and W. Scaffner. 1990. A single
DNA-binding transcription factor is sufficient for activation
from a distant enhancer and/or from a promoter position.
EMBO J. 9:481-487.

44. Schibler, U., and F. Sierra. 1987. Alternative promoters in
development gene expression. Annu. Rev. Genet. 21:237-257.

45. Schmidt, E. V., G. Cristoph, R. Ze&ler, and P. Leder. 1990. The
cytomegalovirus enhancer: a pan-active control element in
transgenic mice. Mol. Cell. Biol. 10:4406-4411.

46. Schweighoffer, F., P. Maire, D. Tuil, S. Gautron, D. Daegelen, L.
Bachner, and A. Kahn. 1986. In vivo developmental modifica-
tions of the expression of genes encoding muscle-specific en-
zymes in rat. J. Biol. Chem. 261:10271-10276.

47. Sham, M. H., P. Hunt, S. Nonchev, N. Papalopulu, A. Graham,
E. Boncinelli, and R. Krumlauf. 1992. Analysis of the murine
Hox2.7 gene: conserved alternative transcripts with differential
distributions in the nervous system and the potential for shared
regulatory regions. EMBO J. 11:1825-1836.

48. Stauffer, J. K., and E. Ciejek-Baez. 1992. Autonomous activity
of the alternate aldolase A muscle promoter is maintained by a
sequestering mechanism. Nucleic Acids. Res. 20:327-336.

49. Stauffer, J. K., M. C. Colbert, and E. Ciejek-Baez. 1990.
Nonconservative utilization of aldolase A alternative promot-
ers. J. Biol. Chem. 265:11773-11782.

50. Vacher, J., and S. Tilghman. 1990. Dominant negative regula-
tion of the mouse a-fetoprotein gene in adult liver. Science
250:1732-1735.

51. Vidal, M., R. Morris, F. Grosveld, and E. Spanopoulo. 1990.
Tissue-specific control elements of the Thy-1 gene. EMBO J.
9:833-840.

52. Vyas, P., M. A. Vickers, D. L. Simmons, H. Ayyub, C. F.
Craddock, and D. R. Higgs. 1992. cis-acting sequences regulat-
ing expression of the human a-globin cluster lie within consti-
tutively open chromatin. Cell 69:781-793.

53. Weffald, F. C., B. H. Devlin, and R. S. Williams. 1990. Func-
tional heterogeneity of mammalian TATA-box sequences re-
vealed by interaction with a cell-specific enhancer. Nature
(London) 344:260-262.

VOL. 13, 1993


