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PCR studics have shown that exons 71-74 are spliced out in most dystrophin mRNA
transcripts in the brain. We have prepared new monoclonal antibodies against the synteophin-
binding region of dystrophin encoded by exons 73-74 and examined three protein products of
the dystrophin gene in brain; the widely distributed Dp71. the recently discovered, brain-
specific Dpl40 and dystrophin itself. Exon 73-74 mAbs bound to all three proteins in brain
and the extent of binding suggests that alternatively spliced dystrophing are less prominent at
the protein level than predicted by PCR data. Dp140), unlike Dp71, was Tound to be present at
much higher levels in foctal brain than in adult brain. If lack of functional Dp140 is the cause
of the cognitive impairment in some Duchenne muscular dystrophy patients, this result
suggests that the effects may occur carly in development, which would reduce the options for
therapeutic intervenlion. o 1995 academic Press, Tue.

Dystrophin is the large, membrane-associated, cytoskeletal protein affected by
mutations in the DMD gene in Duchenne and Becker muscular dystrophies (DMD and BMD)
[1]. Dystrophin is found mainly in muscle, but utrophin, a closely-related protein from the
DMDL gene [2, 3], and various short forms of dystrophin (apo-dystrophins: Dp71 [4, 5. 6].
Dpi16 [7], Dp140 [8] and Dp280 [9]) arc found in a wide variety of tissucs and cell lines and
are also associated with membrancs [10, 11]. An N-terminal domain interacts with actin
filaments, while a C-terminal domain interacts with a transmembrane complex which also
binds extracelular laminin; thus, dystrophin acts as a link between the cytoskeleton and the
extracclular matrix [12, 13, 14]. In skeletal muscle, both utrophin and dystrophin are found at
higher concentrations at postsynaptic ncuromuscular junctions, where they may be involved in
signal transduction [2, 15, 16].

In the brain, three full-length forms of dystrophin arc produced rom three different
promoters and first cxons and thus ditfer slightly at their N-termini [ 17]. They have different
distributions in the brain, but some, at least, arc associated with postsynaptic densities [ 18].
Dp71 is found in most tissucs. including brain. but a brain-specific apo-dystrophin, Dpl40),
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has also been described recently 18], The Dpl40 promoter lics in a region of the dystrophin
gene which is commonly deleted in MD patients. Effects of such deletions on Dp140 could
account tor the observation that about one-third of DMD patients have cognitive impairment
[&]. Unlike Dp71., Dpl4Q) includes a complete "hinge" region (hinge 4 | 19]) containing a WW
domain. which may be involved in cell signalling and/or intcraction with other proteins {20,
21].

In addition to dystrophin isolorms produced trom different promoters in the dystrophin
gene, variants in the C-terminal domain produced by alternative splicing have also been
identitied, mainly by RT-PCR (reverse transcription-polymerase chain reaction) amplification
of dystrophin mRNA |22, 23]. The nature of the alternative splicing varics between ditferent
tissucs, but in brain mRNA, splicing out of ¢xon 78 or exons 71-74 predominates [23]. The
RT-PCR data do not show whether alternative splicing occurs in dystrophin mRNA itself or in
onc or other of the two apo-dystrophin mRNAs identificd so far. Exon 78 splicing has,
however, been shown o be characteristic of Dp71 and causes a frameshift which results in a
novel hydrophobic C-terminus {4, 24]. Removal of exons 71-74 docs not cause a frameshift
but it would remove the binding site for syntrophin from the protein. Syntrophin, or S9DAP,
is 2 59kD dystrophin-associated protein, the function of which is still not known |25]. It binds
10 the part of dystrophin encoded by exon 74 or 73-74 within the alicrnatively-spliced region
[26. 27]. Syntrophin binding appcars not to be cssential for dystrophin function in muscle,
since dystrophic mdx mice have their muscle defects corrected by transgenic expression of a
dystrophin lacking exons 71-74, but brain has not yet been studied |28].

In order to study alternative splicing at the protein level, we have expressed a
recombinant dystrophin fragment encoded by exons 71-74 and prepared monoclonal
antibodics (mAbs) against it. We have mapped the mAbs (o the syntrophin-binding region
cncoeded by exons 73-74 and used them to show that this region is well-represented in all three
brain products of the dystrophin gene separable on Western blots (full-length, Dp140 and
Dp71). Furthermore, we have shown that Dpl4() is much more abundant in foetal brain than
in adult brain, a finding that may have implications for the possibility of therapy for the

cognitive problems in muscular dystrophy.

MATERIALS AND METHODS

A dystrophin ¢DNA fragment cncompassing exons 71-74 and part of exon 75 was
produced by PCR ol human dystrophin ¢DNA as previously described [29]. The primers
were: exon 71 forward: 5'-ggggatccgtiactetgateaacite and cxon 74 reverse: 5'-
cgecatgggcatcaticaggagg. PCR products of the appropriate size were cloned into the pT7Blue
(Novagen Inc., Madison, WI, USA) T-tailed vector and subcloned into pMW 172 (derived
from the pET series [30]) after digestion with BamH1 and Srul (the BamH1 site is in the PCR
primer and the Stul site is in the dystrophin cDNA). A sub-Iragment containing exons 73 and
74 was obtained by PCR of this plasmid construct using primers: exon 73 forward: 5'-
geggaiccegetageagaaatggaa, exon 74 reverse: S'-ggaaggectgtiticticetcaag. This was cloned
directly into pET17b (Novagen) alter digestion with BamH] and Srul. The constructs were
electroporated into E. Coli. BL21(DE3) and inducible clones expressing protein of appropriate
size were sclected. Identity of the dystrophin fragment and absence of PCR errors was
confirmed by sequencing the pMW 172 insert. Immunization of Balb/c mice and production of
a mAb pancl was performed as previously deseribed [31].
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Total protein extracts for SDS-PAGE were prepared from post-mortem brain samples
(stored at -800C) by homogenisation in 4 volumcs of boiling SDS sample buffer |32]. Extracts
were further dispersed by sonication before centrifugation at 10,000g for 5 min. The
supernatants were centrifuged again at 100,000g for 20 min. SDS-PAGE on 3-12.5% gradicnt
gels and Western blotting have been described clsewhere [2].

RESULTS

Two dystrophin ¢cDNA subltragments cncompassing exons 71-74 and exons 73-74
were generated by PCR and cloned into pET serics vectors [30] for expression in E. Coli. A
pancl of 21 mAbs was generated using the prowins produced from exons 71-74 as
immunogen. All 21 mAbs also recognised the smaller protein produced from exons 73-74 on
Western blots. Four of the 21 mAbs cross-reacted with utrophin as defined by Western
blotting of HeLa cell extracts, which contain utrophin but no dystrophin | L1{}].

Fig.la shows a dramatic decrease during human development in levels of the recently-

discovered brain apo-dystrophin, Dpl40 [8]. A faint dystrophin band is also detected in adult

Ex71-74 Control
(@) Ad. Foe. Mr Ad. Foe.
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Dp140 —

NS =

Dp71
/NS

(b) 1234567 1234567

Adult Foetal

Figure 1. Comparison of three forms of dystrophin in focial and adult brain.

Post-mortem tissues were from a 60-year-old adult and a 3.5 month foetus. Prestained Mr
markers were from Sigma. (a) The control blot (without primary mAb) identifies two non-
specific (NS) bands which are also present on the blot developed with dystrophin-specitic
exon 73-74 mAb to reveal dystrophin (Dys), Dp140 and Dp71. (b) Strip blots show that
several different exon 73-74 mAbs detect the same dystrophin bands. Two of the mAbs also
recognise utrophin which comigrates with dystrophin (Dys/Utr). Lane 1 is a control (no
primary mAb) and lane 2 is a rather weak mAb which detects only the strongest band (Dp140
in foetal brain).
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Figurc 2. Developmental changes in Dp140 and Dp71 are detected by both a mAb against the
syntrophin-binding region and a mAb which binds closer to the dystrophin C-terminus
(MANDRAI).

Figure 3. Detection of dystrophin in adult human muscle and brain extracts by mAbs against
the central helical rod domain (MANDYS1) and the syntrophin-binding region (ex 73-74).
The muscle (Mu) lanes were overloaded in order to detect the low levels of full-length
dystrophin in brain (Br), while maintaining cqual amounts of total protein in all lanes.

human brain by cxon 73-74 mAbs. In contrast w0 the deercase in Dpl4d(), increased Dp71
levels are seen in adult brain (Fig. la). There are also two bands in brain (ca. 75kD and
125kD) produced by a non-specific (NS) reaction of the second antibody detection system and
the smaller one almost co-migrates with Dp71. The distinction between Dp71 and the non-
specific 75kD band can be seen more clearly on surip blots (Fig. 1b). Dp71 staining occurs

within the lanes only, whercas non-specific staining is seen both within and between the lanes.

Fig.Ib also shows more clearly the farge ditferences in Dpl40 and Dp71 expression between
adult and foctal brain and the fact that these differences are detected by several ditfferent
dystrophin mAbs. Two of the exon 73-74 mAbs in Fig.1b cross-react with utrophin (lancs 4
and 7). so a clear decrease in utrophin during development can be scen, as well as an increase
in dystrophin (lanes 5 and 6; sce also Fig.la). The absence of utrophin degradation products
also shows that there has been little proteolysis of dystrophin/utrophin-like proteins in either
extract. Equal amounts of total protcin were loaded in cach lane.

Fig.2 shows that very similar results were obtained when an exon 73-74 mAb was
comparced with a C-terminal dystrophin mAb (MANDRA; exons 76-79 |31]). This shows
that at lcast some Dp 140 and Dp71 molecules contain the syntrophin-binding site in both
foetal and adult brain. We cannot conclude that all apo-dystrophin molecules have the
syntrophin hinding site, however, because mAbs vary in their intensity of staining (cf. Fig. 1h).
This is a problem that arises only when comparing two different mAbs and not when
comparing two different tissues with the same mAb as in Fig. la.

Fig.3 shows a Western blot of muscle and brain extracts developed with mAbs against
cither the dystrophin rod domain or the exon 73-74 encoded, syntrophin binding region.
Dystrophin in brain is detected both by the rod domain mAb, MANDYSI, and by the
dystrophin-specific exon 73-74 mAb, whercas if most brain dystrophin lacked exons 71-74,
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staining by MANDYS! would be much stronger. The MANDYSI staining of brain
dystrophin is slightly stronger. but MANDYS] also appcars o have a higher avidity for
skeletal muscle dystrophin than the exon 73-74 mAb (Fig.3). Quantitation by
microdensitometry of the photographic negative gave values Tor the ratio of dystrophin in
brain to dystrophin in muscle of 0.088 for MANDYS1 and 0.066 tor the cxon 73-74 mAb,
only 25% lowcer. Similar results were obtained with mouse extracts (not shown). Dp71 was
detected by the mAb against the exon 73-74 region but not by the rod domain mAb (exons
31/32) because the Dp71 promoter in the dystrophin gene is 3' to these exons (Fig.3). The two
mAbs used in Fig. 2 were also used to stain dystrophin in skeletal muscle (in which alternative
splicing of exons 71-74 does not occur) and. in this case, MANDRAT was slightly weaker by
25 10 50%. Taken together, the results suggest that splicing out ol cxons 71-74, it it is
manifested at all at the protein level, is Tound in less than 50% ol all dystrophin protein

molceules and may occur in all three forms of dystrophin.

DISCUSSION

Changes in Dpi40 during brain development have not been described previously and
the decrease we have found is at least as dramatic, if not even greater, than the decrease in
utrophin levels which occurs over the same period (Fig.Th and [33]). The Dp 140 sequence
begins with exon 51 of dyswophin but the promoter and first exon are found in intron 44 |8},
A minority of Duchcnne muscular dystrophy patients show cognitive impairment and
correlations have been made with genetic deletions in the exon 40-52 region [8]. These
deletions would particularly atfect synthesis or function of Dp 140, which may therefore have
a role in preventing cognitive impairment [8]. 11, as seems likely from our results, Dpl140
functions carly in development, prospects for therapeutic intervention must be more remote.
The full-Iength dystrophin gene and primary RNA transcript may be wo large for cxpression
in dividing cclls and tissues 134), so some of the functions of dystrophin may have to be
performed in foctal tissucs by utrophin or Dp140. Dystrophin and Dp71 levels were higher in
adult brain; in our carlicr work, Northern blot data suggested a decrease in Dp71 mRNA
levels over the same developmental period [5] but Blake ct al {6] also found higher Dp71
protein levels in adult tssues. Splicing out of exon 78, a characteristic of Dp71 4], also
decreases during development [23], supporting the Northern blot data. There is no obvious
explanation for this discrepancy, unless Dp71 prowin is wurned over more rapidly in foctal
tissucs. The changes in Dpl40 and Dp71 observed with exon 73-74 mAbs are not due o
splicing differences between adult and foetal brain because the same results were obtained
with a mAb which binds outside the spliced region of dystrophin (Fig.2).

PCR studics predict a mixture of alternatively-spliced “dystrophin” RNAs in brain,
some lacking exons 71-74 while others are intact or Jack exon 78 only |22, 23). It has not been
cestablished whether these "deletions™ oceur in dystrophin, apo-dystrophins or both, although
exon 78 is known to be absent trom Dp71 [4]. In theory, it should be possible o detect the
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partial absence of exons 71-74 using mAbs against this region. provided the protein products
ol alternate splicing are present in excess over "normal” proteins, Bics et al [23] found litile
or no unspliced dystrophin mRNA in human brain and the major mRNA species lacked exons
71-74. A similar pattern was seen in mouse brain, except that a band of unspliced dystrophin
mRNA was also present. If the ratio of these mRNA species were reflected in the ratio of
dystrophin protein products, we would expect our exon 73-74 mAbs to deteet much less of
these than other dystrophin mAbs (mAbs with different avidities tor the same antigen will
produce bands of ditfcrent intensity on Western blots, but we took this account by comparing
their binding to skeletal muscle dystrophin.).

Our general conclusion is that we did not find the large ditfercnces in mAb binding
that we expected trom the PCR data; we could clearly detect exon 73-74-¢encoded protein in
full-length dystrophin and in the short forms, Dp71 and Dpl40, but alternatively spliced
proteins might be present at levels of 25-50% of the total. Furthermore, mousc brain extracts
gave very similar results o human brain (results not shown) in spite ol species ditferences in
the PCR data [23). One possible explanation lor our results is that dystrophin lacking the
syntrophin-binding region could be less stable and wrned over more rapidly than "normal”
dystrophin. Another example of decrcased protein levels due to protein instability, rather than
lack of mRNA., is the loss of dystroglycan from the muscle membrancs of mdx mice and
DMD patients [35, 36]. In this casc, dystroglycan mRNA levels are unchanged and the
absence of dystrophin in mdx and DMD is thought to lead to more rapid turnover of
dystroglycan [35]. Rafacl ct al [28)} showced that dystrophin lacking exons 71-74 could be
over-expressed in a transgenic mouse and that it brought normal muscle function back to mdx
mice, which lack dystrophin, Levels of this internally-deleted dystrophin and levels of
membrane dystrophin-associated proteins (dystroglycan) were even higher than in normal
mice. This does not suggest that the spliced dystrophin is particularly unstable in muscle,
though differential stability cannot be ruled out since a dircet comparison with full-length,
over-cxpressed dystrophin was not made. Also the brain was not studicd in this transgenic
mouse, nor in mice over-expressing Dp71 [37. 38].

To summarisc. we have detected exon 73-74-encoded sequences in all three forms of
dystrophin in brain (full-length, Dp71 and Dp140) and such unspliced forms of dystrophin
appear Lo be more abundant than the PCR data on mRNA predicted. Whether alternatively-
spliced torms are concentrated in particular arcas of the brain remains o he investigated by
immunolocalisation studics. Unfortunately, mAbs cannot deteet the internally-deleted protein
directly, but only as a rcduction in mAb staining intensity. Production of a mAb which
specifically recognises the "abnormal” exon 70/75 junction in the deleted protein would solve

this problem, but such an Ab may be echnically ditTicult to produce.
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