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tively, are reported to have the A allele. In our control
population, the A allele frequency was 34.0%, indicating
that this allele is relatively common in Mongoloids and
Hispanics.

The mechanism by which SNP rs1076560 affects alcoholic
susceptibility has not yet been clarified, but alternative splic-
ing of DRD2 may play a role. SNP 151076560 is located in
intron 6, 1.4 kb downstream from alternative exon 6 and 83 bp
upstream from exon 7. The DRD2 transcript region includ-
ing SNP rs1076560 is purine-rich (5-AGAGG G(G/U)GAA
AGGGA GGGG-3"), and a purine-rich region in an intron
has been reported to promote splicing of its upstream exon
[2].

To determine whether rs 1076560 affects the alternative splic-
ing of DRD2, we are currently trying to carry out a splicing
assay using minigenes that contain allele A or allele C. The
studies of D2L knockout mice [11] and cultured cells [7] show
distinct functions of D2L and D28, so the difference in the alter-
native splicing of DRD2 may affect the dopamine system, which
has an important role in alcoholism. Additional evidence for a
relationship between DRD?2 and alcohol-drinking behavior was
provided by an animal study in which ethanol treatment of pri-
mary cells was found to alter DRD?2 splicing [4]. In conclusion,
SNP 151076560 may affect alternative splicing of the DRDZ gene

~and the balance of DRD2 isoforms, causing different individuals
to have different reactions to alcohol.
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Abstract

Myotonic dystrophy type 1 (DM1) is an autosomal dominant disorder that causes muscle wasting, myotonia, cardiac conduction
abnormalities, and other multi-systemic symptoms. Current evidence supports a pathogenic mechanism involving aberrantly
expanded CTG repeats in the 3'-untranslated region of the DM protein kinase (DMPK) gene. The repeats are thought to recruit
various RNA-binding proteins such as muscleblind-like (MBNL) proteins into foci in the nuclei of DM cells, resulting in loss of
function. However, aberrant regulation of transcription or subsequent RNA processing of MBNL-family mRNAs might also be
part of the pathogenic mechanism of DM. We used real-time RT-PCR analysis to examine the possibility that MBNL mRNA
expression is altered in DM1 patients. We also examined mRNA expression for members of the CUG-BP and ETR-3-like factor
(CELF) family of RNA-binding proteins given that CELF proteins regulate alternative splicing and are also implicated in DM.
We found that DM1 muscles displayed aberrant regulation of alternative splicing as reported previously; however, the levels of
MBNL and CELF mRNA expression did not show any significant changes. Our results suggest that the expression and stability
of the mRNA for these RNA-binding proteins are unaffected in DM1.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Alternative splicing; CUG-BP- and ETR-3-like family; Muscleblind; Myotonic dystrophy

1. Introduction protein kinase (DMPK) on chromosome 19q. This gene
contains CTG trinucleotide repeats within its 3’-un-
Myotonic dystrophy (DM) is an autosomal dominant translated region (UTR) [2,3]. The expansion of this

disorder and the most common form of muscular dys- repeat has been known to trigger the pathogenesis of

trophy affecting adults [1]. Multiple systems are affected DMI and interestingly, the number of repeats is thought

in DM patients, and characteristic symptoms include to be correlated with symptom severity [3).

muscle hyperexcitability (myotonia), cataracts, defects The gene affected in DM2 is zinc-finger protein 9

in cardiac conduction, mental retardation, and insulin (ZNF9). This gene contains CCTG tetranucleotide

resistance [1]. repeats in intron 1, and as in DM, expansion of this
Two forms of DM have been identified thus repeat is believed to be the cause of this disease [4].

far, DM1 and DM2. The gene affected in DM1 is DM The most strongly supported pathogenic hallmark is
that the expanded repeat-containing mRNA transcribed

from the altered DMPK and ZNF9 genes forms foci that

" Corresponding author. Tel.: +81 5454 6739. are retained within the nuclei of DM cells [4-6]. Given
E-mail address: cishiura@mail.ecc.u-tokyo.ac.jp (S. Ishiura). that DM1 and DM2 have phenotypic overlap in spite
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of the different loci of DMPK and ZNF9, this finding
suggests that the expanded repeats themselves cause
DM. Indeed, transgenic mice expressing human skeletal
actin containing expanded CUG repeats manifest some
DM symptoms, including myotonia [6].

The nuclear foci found in DM cells appear to recruit
certain RNA-binding proteins, thus disrupting the prop-
er functions of these proteins (loss of function) [7,8].
One family of RNA-binding proteins thus affected is
the muscleblind (MBNL) family, consisting of MBNL1,
MBNIL.2, and MBNL3 in humans [8]. Each of these pro-
teins has been shown to co-localize with RNA foci in
both DM1 and DM2 celis [8]. The MBNL proteins are
zinc-finger proteins that bind to both CUG and CCUG
repeats [9,10], and act as regulators of alternative splic-
ing of certain genes that are strongly implicated in some
of the symptoms of DM1. In particular, the myotonia
and insulin resistance of DM1 are caused by defects in
chloride channel and insulin receptor (IR) proteins,
respectively, that arise because the MBNL protein is
trapped in the nuclear foci and thus suffers loss of func-
tion [11-13]. Importantly, MBNLI-knockout mice
exhibit some DM symptoms such as myotonia and cat-
aracts {113, which strongly supports the involvement of
MBNL proteins in the pathogenesis of DMI.

Another group of proteins strongly implicated in DM
pathogenesis is the CUG-BP and ETR-3-like factor
(CELF) family, which regulates alternative splicing
[14-19], translation [20,21], and deadenylation [22].
Upregulation of CUG-BP protein expression has been
implicated in the DM1 mechanism [14,23], suggesting
that abnormal activation of CUG-BP might be involved
in DMI1 pathogenesis. In addition, some studies have
suggested a strong involvement of CELF in DM patho-
genesis, indicating that CUG-BP transgenic mice exhibit
DM-like symptoms [23,24]. CUG-BP and other CELF
members can regulate alternative splicing of various
pre-mRNAs that are important in DM]1 pathogenesis,
including pre-mRNAs for IR and cardiac troponin T
(cTNT) [16,24-28].

Loss of function of MBNL proteins [11,13] and
altered activity [23,24,29] or localization of CELF pro-
teins [30] have been suggested as possible pathogenic
mechanisms in DM. However, aberrant regulation of
transcription or subsequent RNA processing of MBNL-
and CELF-family mRNAs might also be part of the
DM mechanism. To our knowledge, however, this has
not been previously addressed.

The functions of non-coding RNA have been the sub-
ject of increased attention. These functions include roles
in DNA replication, chromosome maintenance, and reg-
ulation of transcription, as well as RNA processing,
translation, and mRNA stability. One study reported
that expanded CUG repeats in DMPK tend to form a
double-helical RNA hairpin, which could be a source
of microRNA and/or small interfering RNA. It also

noted that MBNL contains a sequence that is almost
complementary to the CUG repeats of DMPK [31]
These findings suggest that the CUG repeats in DMPK
mRNA may silence expression of MBNLI1, although
this mechanism has not been confirmed experimentally.

In the present study, we examined whether altered
expression of MBNL and CELF proteins has any rele-
vance for understanding DM pathogenesis. Using RT-
PCR, we compared the expression of MBNL and CELF
mRNA in DMI1 patients and non-DM individuals to
determine whether expression is indeed altered in DM1.

2. Materials and methods
2.1. Tissue samples

Biopsy materials were obtained from the biceps (bra-
chii muscle) or quadriceps (femoris muscle) of 20 DM1
patients (11 males and 9 females, 11-68 years old) and
12 confirmed non-DM individuals with no histological
abnormality. All samples were stored at —80 °C. Clini-
cally, all DM1 samples had muscle weakness with myo-
tonia. Myotonic discharge that was detectable by EMG.
Onset was during childhood or adolescence except for a
21-year-old patient who had congenital onset. Patholog-
ically, all DM1 samples showed myopathic change with
variation in fiber size. Some displayed fibers with inter-
nalized nuclei (>5%; 16/20 patients, 90%), type 1 fiber
predominance (10/20,50%), endomysial fibrosis (16/
20,80%), adipose tissue replacement (6/20,30%), sarco-
plasmic mass (7/20, 35%), and pyknotic nuclear clumps
(17/20,85%). Relatively extensive fibrosis was seen in
three patients and mild adipose tissue replacement in
two.

All biopsy materials used in this study were acquired
with informed consent.

2.2. Real-time RT-PCR

Total RNA was isolated from the biopsy samples
using Concert™ Cytoplasmic RNA Reagent (Invitrogen,
Carlsbad, CA), treated with DNase, and purified by
standard phenol-chloroform extraction and isopropa-
nol precipitation. cDNA synthesis was performed using
a template consisting of 100 ng total RNA and the Ther-
moScript™ RT-PCR System (Invitrogen) with a mixture
of oligo(dT), and random hexamers on a 10-pl scale.
The cDNA was then diluted 50-fold with sterile water,
and 10 pl of diluted cDNA was used for the real-time
RT-PCR measurements.

All primers used for generation of a standard curve
template and for the quantification of IR-A, IR-B,
GAPDH, B-actin, HPRT, MBNL and CELF mRNAs
were designed using Primer 3 software (Whitehead Insti-
tute for Biomedical Research, Totowa, NJ). The primer
sequences (shown 5 — 3’) were as follows. IR-A:
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TGCTG CTCCT GTCCA AAGAC and GAGAT
GGACT GGGGA CGAAA; IR-B: TTCGT CCCCA
GAAAA ACCTC and CACCG TCACA TTCCC
AACAT; GAPDH: GAGTC AACGG ATTTG
GTCGT and AATGA AGGGG TCATT GATGG; B-
actini. GACAG GATGC AGAAG GAGAT TACT
and TGATC CACAT CTGCT GGAAG GT; HPRT:
TGAGG ATTTG GAAAG GGTGT and CATCT
CGAGC AAGAC GTTCA; MBNLl: GGGTIT
TGTTG GTTTC ACTG and TGTCC CGAAT
TGGTG TGA; MBNL2: CCACC ACGCC TGTTA
TTGTT and CCCTG CATAC CTCCA GTTTG:
CUG-BP: CTGGA AGCCA GAAGG AAGGT and
GCAGG TCCTG ATCAC CAAAC; ETR-3: CAGGG
TGATG TTCTC TCCAT TT and GCCTC GACTC
AGCCC ATC.

Total RNA from skeletal muscle (BD Biosciences,
Franklin Lakes, NJ) was reverse-transcribed to synthe-
size the cDNA, which was then used as the template
for the standards. Three housekeeping genes were cho-
sen as calibration standards: B-actin, HPRT, and
GAPDH.

cDNA calibrators were prepared by PCR amplifica-
tion of HEK293 cell cDNA with the primers listed
above. The resulting PCR products yielded unique
bands by agarose gel electrophoresis and were purified
by gel extraction using GeneEluteTM Agarose Spin
Columns (Sigma, St. Louis, MO) followed by stan-
dard phenol-chloroform extraction. The concentra-
tions of these calibrators were determined using a
spectrophotometer (NanoDrop Technologies, Wil-
mington, DE). Concentrations were calibrated from
1.0x107° to 1.0x107° pg/pl by serial 10-fold dilu-
tions. The PCR products above were cloned into
pGEM®TEY yector (Promega, Madison, WI) and
their sequences were confirmed with the CEQTM
8000 Genetic Analysis System (Beckman Coulter, Ful-
lerton, CA).

Real-time PCR was performed on a 7300 Real-
Time PCR System (Applied Biosystems, Foster City,
CA) using SYBR Premix Ex Tag™ (TaKaRa Bio,
Tokyo, Japan). The thermal profile consisted of an
initial incubation at 95°C for 10s followed by 40
cycles at 95°C for 5s and 60 °C for 34s. To assure
specific amplification, dissociation temperatures were
measured after each run. The 7300 Real-Time PCR
System software was used to determine the crossing
points for the individual samples, including those for
the calibration standards. The expression levels of
the target genes were normalized relative to expression
of the B-actin gene.

For each run, data acquisition and analysis was per-
formed using the 7300 Real-Time PCR System software.
As all samples were available only in a limited amount,
the mean values and p-values were determined by Stu-
dent’s z-test, but not the variance.

2.3. Splicing assays

c¢DNAs produced as described above were used as
templates for the RNA splicing assay. PCR was per-
formed using the primers and thermal conditions
described below. For the ¢cTNT splicing assay, the for-
ward and reverse primers (shown 5’ — 3’) were ATAGA
AGAGG TGGTG GAAGA GTAC and GTCTC
AGCCT CTGCT TCAGC ATCC, respectively; 35
cycles of amplification were performed, each consisting
of 30s at 96 °C, 30s at 63 °C, and 30s at 72 °C, fol-
lowed by a final 5 min extension at 72 °C. For the IR
splicing assay, the forward and reverse primers were
CCAAA GACAG ACTCT CAGAT and AACAT
CGCCA AGGGA CCTGC, respectively; 35 cycles of
amplification were performed, each consisting of 30 s
at 96 °C, 30s at 60 °C, and 30 s at 72 °C, followed by
a final 5 min extension at 72 °C. The PCR products were
resolved on a 10% polyacrylamide gel that was stained
with ethidium bromide and analyzed using an LAS-
3000 luminescence image analyzer (Fujifilm, Tokyo,
Japan).

3. Results
3.1. Aberrant splicing in DMI

We used RT-PCR to examine several genes already
known to undergo abnormal alternative splicing to
determine whether aberrant regulation of alternative
splicing was evident in the study samples. Cardiac tro-
ponin T (¢TNT) is known to shift from an immature iso-
form to a mature isoform during heart development and
it has been reported that cardiac tissues and skeletal
muscle from DMI1 patients display an inappropriate
retention of fetal exon 5 of ¢TNT [32]. Our RT-PCR
analysis using RNA isolated from 20 DM patients and
12 non-DM individuals showed significant promotion
of exon 5 inclusion in DM skeletal muscle (Fig. 1a), thus
supporting the previous findings. Furthermore, as was
also reported previously, inclusion of exon 5 was nota-
bly promoted in DM tissues, with a 1.8-fold increase
in the average ratio of exon 5 inclusion (Fig. 1b).

Alternative splicing of the 36-nucleotide exon 11 of
the insulin receptor (IR) gene yields two isoforms, IR-
A (exon 11 removed) and IR-B (exon 11 retained).
The IR-B isoform is predominant in the insulin-respon-
sive tissues that are responsible for glucose homeostasis,
such as adipose tissues, liver, and skeletal muscle
whereas in skeletal muscle from DM1 patients, the IR-
A isoform is most common [14]. This switching of IR
isoforms has not been observed in other myopathies
[14]. We found that retention of IR exon 11 was strongly
suppressed in DM patients, whereas IR-B was predom-
inant in non-DM individuals. The average ratio of exon
11 retention decreased from 0.56 (non-DM) to 0.26
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Fig. 1. Alternative splicing of cardiac troponin T (¢TNT) and insulin receptor (IR) RNA. (a) Splicing products obtained by RT-PCR amplification
of RNA isolated from non-DM control (n=8) and DM1 (n = 8) biopsy samples. The exon utilization for each splicing product is shown. (b)
Quantification of the RT-PCR products was performed among 20 DM1 samples and 12 non-DM individuals by using LAS-3000 luminescence image
analyzer (Fujifilm). The graphs show the ratio of the alternative exon inclusion of ¢cTNT and IR.

(DM; Fig. 1b). Therefore, the biopsy tissues used in this
study manifested aberrant regulation of alternative
splicing — a characteristic feature of DM pathogenesis.

3.2. Expression of mRNAs for MBNLI, MBNL2,
CUG-BP, and ETR-3

An important consideration in interpreting the
observed changes in splicing patterns is that both
MBNL loss of function and CELF activation could
explain our results [12]. For example, the retention of
¢TNT exon 5 is promoted by CELF but repressed by
MBNL proteins. Conversely, the retention of IR exon
11 is promoted by MBNL but repressed by CELF pro-
teins. Therefore, we sought to determine whether the
observed altered splicing patterns resulted from loss of
MBNL function and/or activation of CELF function.

To determine the degree of change detectable by this
method, we measured the expression of insulin receptor
isoform B (IR-B), which has been shown by gel electro-
phoresis to be downregulated in DM patients (Fig. 1).
The results indicated that, as predicted, the DM patients
expressed significantly less IR-B compared to the non-
DM group (Fig. 2a). However, nine DM samples (out
of 20) showed particularly high levels of downregulation
such that their expression levels did not reach the range
in which the accuracy of this method is assured by the
standard curve. However, when these data were omitted
from the analysis, this quantification method still suc-
cessfully showed a 2- to 3-fold difference in expression

levels, thus testifying to the suitability of this method
for our experiment. Expression of IR-A was also mea-
sured and no significant differences were observed
between non-DM and DM patients (Fig. 2a), as was
expected from the results shown in Fig. 1.

We also performed real-time PCR analysis to
measure the expression of MBNL and CELF mRNA.
Total RNA was extracted from 20 DM and 12 non-
DM biopsy samples, and the RNA was reverse-
transcribed using a mixture of oligo(dT) and random
hexamers. To allow for rigorous calibration of the
data, we also examined mRNA expression for three
commonly used housekeeping proteins, B-actin, GAP-
DH, and hypoxanthine—guanine phosphoribosyl trans-
ferase (HPRT). Comparing the relative mRNA level
of each protein to that of the other two mRNAs
allowed us to identify the gene with the most stable
expression. We found that while the HPRT/GAPDH
and B-actin/GAPDH ratios exhibited significant varia-
tion, the HPRT/B-actin ratio remained relatively con-
stant among all smples. This indicated that HPRT
and B-actin were reliable housekeeping genes; there-
fore, we selected the [B-actin gene for normalization
of the real-time PCR data.

We found no significant differences between DM and
non-DM individuals with respect to mRNA levels for
MBNL1, MBNL2, CUG-BP, and ETR-3 using real-
time PCR (Fig. 2b), suggesting that the expression or
stability of these mRNAs is not affected in DM. Howev-
er, as shown in Fig. 2b, substantial individual variation
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Fig. 2. (a) Expression of isoform A and B of insulin receptor in DM and non-DM samples determined by Real-time PCR. (b) Real-time RT-PCR
analysis of relative expression levels of MBNL1, MBNL2, CUG-BP, and ETR-3 mRNAs in 21 DM-patients and 12 non-DM individuals. All data
were normalized relative to B-actin mRNA expression. The values shown in the graphs have been divided by the average value for non-DM

individuals.

in Jevels of these mMRNAs was observed. We had predict-
ed that the CELF and MBNL mRNA levels would be
correlated with the extent of altered splicing seen in
DM patients; however, our results did not support this
hypothesis. Instead, DM individuals exhibiting signifi-
cantly increased retention of ¢cTNT exon 5 did not nec-
essarily display significant abnormalities in IR splicing.
Furthermore, mRNA expression of the four RNA-bind-
ing proteins examined in this experiment did not result
in a significant change in IR splicing (data not shown).

The mRNA expression levels for the remaining
MBNL and CELF proteins were so low that quantifying
them was technically difficult in both DM and non-DM
individuals. Previous reports have also described low

expression levels for these proteins in muscles of normal
individuals [33,34].

4. Discussion

The objective of this study was to determine whether
a difference exists in mRNA expression levels of MBNL
and CELF proteins between DM and non-DM muscles.
Measurement by real-time RT-PCR showed that
mRNA expression levels for these proteins were not sig-
nificantly altered in DM patients. However, splice vari-
ants of MBNL proteins were not distinguished in this
experiment because the primers for the real-time PCR
assay were designed to amplify a fragment common to
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all the known variants. MBNL1 has at least nine vari-
ants [10], some of which lack zinc-finger motifs and
therefore probably do not interact with mRNA. The rel-
evance of the other variants remains largely unknown.
The observation that the MBNLI1 isoform with exon 5
retained localizes in nuclei, where alternative splicing
takes place, and therefore it has the largest potential
(i.e., the most opportunity) to influence alternative splic-
ing is noteworthy (Kino et al., unpublished data). Thus,
the abundance ratio of these variants may be altered in
DM1, which may influence MBNL1 function in cells.

We also found that levels of CUG-BP and ETR-3
mRNA were not significantly different for DM and
non-DM  individuals. During heart development,
CUG-BP and ETR-3 undergo strong downregulation,
whereas MBNL1 and MBNL2 expression is maintained
[35]. Our findings suggest that expression of CUG-BP
and ETR-3 mRNA is regulated normally throughout
muscle development in DM patients. Whether the
expression of CUG-BP and ETR-3 is altered at the pro-
tein level in DM patients is thus an important question.
While increased levels of CUG-BP protein have been
observed in DM tissues [14,23], this increase could be
a result of altered posttranscriptional processing affect-
ing translation, phosphorylation, or proteolytic degra-
dation rather than altered regulation of transcription
or mRNA stability.

In summary, our data confirmed the occurrence of
aberrant splicing regulation in DM1 patients and dem-
onstrated that these abnormalities are not associated
with any altered expression of MBNL or CELF mRNA.
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Abstract

Recently, neuroligins (NLs)3 and 4X have received much attention as autism-related genes. Here, we identified syntrophin-y2
(SNTG2) as a de novo binding partner of NL3. SNTG2 also bound to NL4X and NL4Y. Interestingly, the binding was influenced
by autism-related mutations, implying that the impaired interaction between NLs and SNTG?2 contributes to the etiology of autism.

© 2007 Elsevier Inc. All rights reserved.
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Neuroligin (NL) is a neural cell adhesion molecule,
which was identified as a ligand for B-neurexin [1]. Rodents
possess three NLs, all of which interact with B-neurexin,
while humans have five NLs. The trans-synaptic interac-
tion between NL and B-neurexin strongly induces both
pre- and postsynaptic maturation [2-4]. Interestingly,
mutations of human NL3 and NL4X are implicated in aut-
ism and mental retardation [5-9]. Autism is characterized
by impaired reciprocal social interaction and communica-
tion and restricted, stereotyped patterns of interests and
activities. Here, we investigated the de novo binding part-
ners of NL3 using yeast two-hybrid screening, and found
that syntrophin-y2 (SNTG?2) interacted with NL3, NL4X,
and NL4Y, which are autism-related NL isoforms. Inter-
estingly, the interactions between the NLs and SNTG2
are very noteworthy in terms of the etiology of autism
because they are influenced by autism-related mutations.

Abbreviations: NL, neuroligin; PDZ, PSD/Dlg/ZO-1 homology; PSD,
postsynaptic density; DIV, days in vitro; CNS, central nervous system.
* Corresponding author. Fax: +81 3 5454 6739,
E-mail address: cishiura@mail.ecc.u-tokyo.ac.jp (S. Ishiura).
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Materials and methods

Plasmid construction. Tag sequences and cDNA fragments were cloned
into the pcDNA3.1 expression vector (Invitrogen, Carlsbad, CA) or in
pECFP vector (Clontech, Palo Alto, CA) using conventional molecular
biological techniques. The nucleotide sequences of the DNA inserts were
confirmed using sequence analysis. The following NLin (intracellular
region of human neuroligin) constructs were made: NL3in (731-848 aa),
NL4Xin (698816 aa), and NL4Yin (698-816 aa). For APBM mutants,
the C-terminus of NLs (six amino acids: HSTTRV) was deleted. For
ATMD32 mutants, TMD32, the N-terminus 32 amino acids of NL3in,
was deleted (see Fig. 1). The YFP-NLs contained each NL signal sequence
followed by the enhanced yellow fluorescent protein (EYFP) and the
mature N-terminus of each of the NLs inserted into pcDNA3.1 expression
vector. The Myc x 6 tagged NLs also contained each NL signal sequence
followed by Myc X 6 tags and the mature N-terminus of each of the NLs
inserted into pcDNA3.1 expression vector. The full-length human syn-
trophin-y2 (NCBI Accession No. NP_061841, hSNTG2) was inserted into
the revised pACT2 vector to express the GAL4AD-fusion proteins in the
yeast two-hybrid system. The FLAG-tagged SNTG?2 contained three
FLAG tags followed by the N-terminus of SNTG2. The Myc-tagged
SNTG2 contained SNTG2 followed by six Myc tags.

Antibodies. We purchased the following rabbit polyclonal antibodies:
anti-GFP (Molecular Probes, Eugene, OR) and anti-FLAG (Sigma, St.
Louis, MO). In addition, we obtained the following mouse monoclonal
antibodies: anti-synaptophysin (Chemicon), anti-MAP2, anti-FLAG M2
(Sigma), anti-Myc, and anti-V5 (Invitrogen).
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PDZ

Fig. 1. Schematic depiction of the conmstructs of NLs and SNTG2.
Vertical-striped, black, gray, and horizontal-striped rectangles show the
TMD32 domain, PDZ binding motif (PBM), PDZ domain, and PH
domain, respectively.

Western blotting. Samples were run on 7.5% SDS-polyacrylamide gels
and transferred to PVDF membranes (Immobilon-P; Millipore). The
membranes were blocked with 5% skim milk in TPBS (PBS with 0.05%
Tween®20) for 1 h at room temperature and then incubated for 1-2 h with
primary antibodies in TPBS. After washing, the membranes were incu-
bated for 1 h with HRP-conjugated secondary antibodies. The immuno-
reactive bands were visualized using ECL.

Yeast two-hybrid screening. Yeast two-hybrid assays were performed
using the MATCHMAKER GAL4 Two-Hybrid System (Clontech). The
c¢DNA fragments encoding the intracellular region of human NL3 (711~
828 aa, NCBI Accession No. NP_061850, hNL3in) were amplified by PCR
and cloned into the EcoRI and BamHI restriction sites of the pAS2-1C
vector to serve as bait in the yeast two-hybrid screening. The pAS2-1C
vector is the pAS2-1 vector (Clontech) revised as a single-copy plasmid in
yeasts. The nucleotide sequences of the DNA inserts were confirmed by
sequence analysis to verify that the inserts did not contain mutations. The
human fetal brain MATCHMAKER cDNA library in the pACT2 vector
(Clontech) served as prey in the yeast two-hybrid screening. The inserts
were expressed as fusion proteins with the DNA-binding and DNA-acti-
vating domains of GALA4. Details of the other constructs used in the yeast
two-hybrid assays are presented in Fig. 1.

Yeast was transformed using the lithium acetate method with 30%
polyethylene glycol 4000. In screening the NL3in-binding partners, 5 ug
cDNA library per plate were introduced into transformants of NL3in in
pAS2-1C. Transformants were selected on ~LWHA and ~LWH + 3-AT
plates, and then the surviving transformants were selected using the
B-galactosidase assay. We screened more than 1 x 10° cells. The intensity
of the interactions between NLs and SNTG2 was examined using the
3-AT assay.

Immunoprecipitation. COS-7 cells were transfected with Myc-tagged
constructs of NL and FLAG-tagged constructs of SNTG2 using FuGENE
6 (Roche, Basel, Switzerland). Cells from two 10-cm plates were homog-
enized in 500 pl of Lysis Buffer (50 mM Tris/HC! [pH 8.0] containing
200 mM NaCl, 5mM DTT, 1 mM EDTA, 1% (w/v) Triton X-100, and
protease inhibitor cocktail). Then, the lysates were centrifuged at 100,000g
for 15min at 4°C. The supernatant was precleared with protein G
Sepharose 4 fast flow beads (Amersham Biosciences, Piscataway, NI} for
1 h and then incubated with 1 pl of anti-FLAG M2 antibody fixed on 15 pl
beads. After the beads were washed five times with homogenization buffer,
the precipitates were analyzed using SDS-PAGE and immuncblotted with
either anti-Myc or anti-FLAG antibody.

Immunocytochemisiry and image analysis. Cortical neurons and COS-7
cells were fixed with PBS containing 2% or 4% (w/v) paraformaldehyde for
15 min, and permeabilized with 0.1% (w/v) Triton X-100 in PBS for
15 min. After the buffer was exchanged for 3% (w/v) BSA in PBS, the cells
were incubated with the first antibody in 3% BSA in PBS for 1 h, washed
with PBS, and then incubated with the second antibody in 3% BSA in PBS
for 1 h. After washing with PBS, the samples were embedded in Mowio}
(Calbiochem, La Jolla, CA). When only the cell surface was stained, the
cells were incubated with the first antibody in PBS for 20 min, washed with
PBS, and incubated with the second antibody for 20 min before washing

and fixing. Z-stacks of four to 10 images were acquired on a Zeiss LSM510
meta laser scanning confocal microscope (Carl Zeiss, Jena, Germany).
Brightest point projections of the Z-stacks were used for image analysis.

Neuronal cultures and transfection. Neurons were dissociated from
the cerebral cortices of E18 rats and cultured at a density of
5% 10%cells/em® in Neurobasal medium with 2% B27 supplement
(Invitrogen), 200 mM L-glutamine, and 10 mM L-glutamate at 37 °C
under a controlled atmosphere containing 10% CO,. After 7 or 11 days
in virro, the neurons were transfected with 1 pg DNA per well in 12-
well plates using Lipofectamine™ 2000 (Invitrogen) according to the
manufacturer’s directions.

Results

Library screening identified syntrophin-y2 as an
NL3in-binding protein

While some reports have implied that GABA synapses
are somehow involved in the pathology of autism [10,11],
no scaffolding protein which exclusively localizes in the
inhibitory synapse has been identified as a binding partner
of NL3, which is thought to be strongly tied to autism [5,6].
NLs have been reported to be associated with both excit-
atory and inhibitory synapses. Therefore, we hypothesized
that some unknown scaffolding proteins were associated
with NL in inhibitory synapses, and that the interactions
were involved in the pathology of autism. To identify these
unknown scaffolding proteins, we performed yeast two-hy-
brid screening using the intracellular region of NL3
(NL3in) as bait to screen a human fetal brain cDNA
library. Syntrophin-y2 (SNTG2) was identified as a puta-
tive candidate. We confirmed the authenticity of the clone
by transforming it back into yeast with NL3in.

Moreover, to determine the SNTG2-binding regions in
NLs, we performed the HIS3 assay using various con-
structs (Fig. 1) that express mutant NL-fusion proteins in
yeasts (Table 1). We examined the binding of NL3, 4X,
and 4Y to SNTG2 in yeasts. All of the autism-related

Table 1

Results of the HIS3 assay of the NL mutants

Construct HIS3 assay
Vector (DBD) -+

NL3in et
NL3inAPBM +
NL3inR737C ++
NL3inR737CAPBM -+
NL3inATMD32 ++
NL4Xin bt
NL4XinAPBM +
NL4XinR704C 4+
NL4XinR704CAPBM +
NL4Yin B
NL4YinR704C ++

‘We examined the strength of the interactions between NL or NL mutants
and SNTG2 using the HIS3 assay. Since the HIS3 gene product, which is
required for cell growth on plates lacking histidine, is competitively
inhibited by 3-AT, the concentration of 3-AT at which yeast transfor-
mants can grow represents the activity of HIS3. Therefore, it reflects the
strength of the interaction. Six, five, four, three, two, and one plus (+)
indicate 3-AT concentrations of 20, 15, 10, 5, 1, and 0 mM, respectively.
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NLs bound to SNTG2. The deletion of the PDZ binding
motif (PBM) from NL3, 4X, and 4Y disrupted this binding
to SNTG2. Notably, the introduction of an R—C point
mutation, an autism-related mutation [9], weakened the
binding. Similarly, the deletion of TMD32, the region
including the autism-related mutation, also weakened the
binding of NL3 to SNTG2. These results suggest that the
binding of NLs to SNTG2 depends mainly on PBM and
s stabilized by TMD32.

NLs bound to SNTG2 in COS-7 cells

Next, we confirmed that NLs would bind to SNTG2 in
COS-7 cells using immunoprecipitation. Myc-NL3 and
Myc-NL4X were co-immunoprecipitated with SNTG2
when FLAG-SNTG2 was immunoprecipitated using anti-
FLAG antibody, whereas Myc-NL3 and Myc-NL4X were
not immunoprecipitated by normal IgG, suggesting that
NL3 and NIL4X specifically interacted with SNTG2
(Fig. 2). In addition, Myc-NL4Y bound to FLAG-SNTG2
in COS-7 cells (data not shown).

We also examined the binding of NL mutants to
SNTG?2 in COS-7 cells. As with the HIS3 assay, the dele-
tion of PBM in NL drastically weakened the binding to
SNTG?2 (Fig. 3A), indicating that the interaction between
SNTG2 and NL in mammalian cells is mostly dependent
on PBM. In contrast, the autism-related R704C mutation
in NL4X did not seem to alter the binding (Fig. 3B). This
result seems to be inconsistent with HIS3 assay. However,
we suppose that we couldn’t detect the effect of the aut-
ism-related R704C on the interaction between NL4X
and SNTGQG2 because immunoprecipitation is not sensitive
enough to detect minute differences of affinity. We also
examined the regions of SNTG2 involved in its binding
to NLs in COS-7 cells. The deletion of either the N- or

IB:a-Myc

IB:o-FLAG

Fig. 2. The binding between SNTG2 and NLs in COS-7 cells. Myc-NLs
were co-immunoprecipitated with FLAG-SNTG2 using anti-FLAG M2
antibody in Lysis buffer. Immunoprecipitation using normal mouse IgG
was the negative control. Arrowheads and stars indicate Myc-NLs and
FLAG-SNTG2, respectively. Both arrowheads may denote the posttrans-
lational modification of NLs.

C-terminal half of SNTG2 dramatically weakened the
binding to NL3 and NL4X (Fig. 3C), suggesting that
both the N-terminal part, including the PDZ domain,
and the C-terminal half of SNTG2 are involved in the
binding to NL.

NLs partially colocalize with SNTG2 in both COS-7 cells
and rat cortical neurons

To determine whether NL and SNTG2 colocalize
because of their interaction, we immunostained COS-7 cells
expressing YFP-NLs and SNTG2-myc. When YFP-NL3
or YFP-NL4X was expressed after transfecting COS-7
cells, it formed a small cluster on the cell surface
(Fig. 4A). When SNTG2-myc was also expressed, it par-
tially colocalized with YFP-NL (Fig. 4B); however,
SNTG2-myc did not alter the localization of YFP-NL on
the cell surface substantially, and vice versa.

Next, we examined the localization of exogenous NL3
and SNTG2 in rat cortical neurons at DIV9. When YFP-
NL3 was expressed by transfection, YFP-NL3 formed
small clusters on the surface of soma and dendrites, just
like endogenous NL3 (Fig. 4C). Clusters of YFP-NL3
often colocalized with SNTG2-myc when neurons were
doubly transfected, supporting the idea that NL3 is associ-
ated with SNTG?2 in neurons and that SNTG2 functions as
a scaffolding protein.

Discussion

This study revealed functional differences among NLs,
which were related to binding to syntrophin-y2 (SNTG2).
Here, SNTG2 was identified as a de novo binding partner
of autism-related NLs using yeast two-hybrid screening.
SNTQG2 is a member of the syntrophin family, whose mem-
bers have a PDZ domain near the N-terminus and a PH
domain near the C-terminus. Syntrophins play a key role
as scaffolding proteins in both neuromuscular junctions
and the CNS, where they interact with dystrophin and dys-
trobrevin [12]. Interestingly, the CNS syntrophins have
been reported to localize exclusively in the inhibitory post-
synaptic regions by binding to dystrophin and dystrobrevin
{13,14}. Therefore, SNTG2 may be an unknown NL-bind-
ing scaffolding protein in inhibitory synapses.

The interaction between SNTG2 and NLs was mainly
dependent on the PBM-PDZ interaction because it was
disrupted by the deletion of PBM in NLs (Table 1 and
Fig. 3A). Meanwhile, the binding of NLs to SNTG2
was influenced by factors other than the PBM-PDZ
interaction, involving TMD32 in NLs and the region
including PH in SNTG2 (Table 1 and Fig. 3B and C).
Since deletion of the PBM disrupted the binding, we pos-
tulated that these non-PBM-PDZ factors somehow stabi-
lize the PBM-PDZ core interaction. In particular, the
effect of TMD32 on binding is interesting because it
was previously reported to be necessary for the proper
localization of NL1 [15] In addition, TMD32 is variable
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Fig. 3. (A) Effects of the deletion of PBM in NLs on the binding between SNTG2 and NLs in COS-7 cells. Various Myc-tagged NLs were co-
immunoprecipitated with FLAG-SNTG? in Lysis buffer. The deletion of PBM in NLs weakened the binding of NLs to SNTG2. Arrowheads and stars
indicate Myc-NLs and FLAG-SNTG2, respectively. (B) The effect of R704C in NL4X, the autism-related mutation, on the binding to SNTG2 in COS-7
cells. Various Myc-tagged NL4Xs were co-immunoprecipitated with FLAG-SNTG? in Lysis buffer. Under these conditions, the effect of the R704C
mutation on the binding to SNTG2 was not detected. (C) The role of PDZ or the PH domain of SNTG2 in binding to NL. Whenever the regions
containing the PDZ or PH domain were deleted, binding to NL was weakened. Therefore, both these regions might be involved in the interaction between
NL and SNTG2. Black, gray, and white arrowheads and the star indicate Myc-NLs, the FLAG-tagged region containing the PDZ domain, the FLAG-
tagged region containing the PH domain of SNT2G2, and the FLAG-tagged full-length SNTG, respectively.

in comparison with other parts of NL. These findings led  the NL localizes in the inhibitory synapse. In this exper-

us to hypothesize that due to the diversity of TMD32,
NLs are functionally different from each other and the
sequence of TMD32 for each NL determines whether

iment, we could not examine the interaction between
SNTG2 and NL2, which has been reported to localize
in the inhibitory synapse exclusively. However, NL2 is
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Fig. 4. (A) Localization of NL3 and NL4X on the surface of COS-7 cells. Only YFP-NL3 and YFP-NL4X on the cell-surface were immunostained using
anti-GFP antibody and the secondary antibody conjugated with Oregon Green 488 without membrane permeabilization. They were clustered on the cell
surface. (B) Localization of NLs and SNTG2 in COS-7 cells. The upper panels are negative controls. YFP or YFP-NL of cell-surface, SNTG2-Myc and
merged images are shown on the left, center, and right, respectively. Co-transfected YFP-NL and SNTG2-Myc partially colocalized. Scale bar, 20 um., (C)
Localization of NL3, NL4X, and SNTG2 in rat cortical neurons. Neurons were transfected with YFP-NL3 and SNTG2-Myc at DIV7 using
Lipofectamine 2000. After a 48-h incubation, the neurons were fixed, immunostained, and observed under confocal microscopy. The boxed area is
enlarged in the bottom row. The clusters of YFP-NL3 of cell-surface sometimes colocalized with the cluster of SNTG2-Myc (arrowhead). Scale bar,

20 pm.

expected to bind to SNTG2 much stronger than any
other NL, considering that both NL2 and SNTG?2
dominantly localize in the inhibitory synapse [13,14,16].
The interaction will be determined in future.

Recently, some reports have suggested that the balance
between excitatory and inhibitory synapses is disrupted in
patients with autism [17,18]. A postmortem analysis of
the brains of subjects with autism indicated that glutamic
acid decarboxylase (GAD) was reduced in the autistic pari-
etal and cerebellar cortices [11], suggesting that the impair-
ment of GABAergic synaptic transmission causes autism.
Meanwhile, the binding of NLs to SNTG2, a putative
inhibitory-synaptic scaffolding protein, were affected by
autism-related mutations in NLs in our experiments. Total-
ly, the interactions between NLs and SNTG2 at the inhib-

itory synapse may be deeply involved in the etiology of
autism. In future, screening autistic individuals for SNTG2
mutations may elucidate the association between autism
and the binding of SNTG?2 to NLs.
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Abstract

Dystroglycan (DG) complex, composed of aDG and BDG, provides a link between the extracellular matrix (ECM) and cortical cyto-
skeleton. Although the proteolytic processing of BDG was reported in various physiological and pathological conditions, its exact mech-
anism remains unknown. In this study, we addressed this issue using the cell culture system of rat schwannoma cell line RT4. We found
that the culture medium of RT4 cells was enriched with the protease activity that degrades the fusion protein construct of the extracel-
lular domain of DG specifically. This activity was suppressed by the inhibitor of matrix metalloproteinase-2 (MMP-2) and MMP-9, but
not by the inhibitors of MMP-1, MMP-3, MMP-8, and MMP-13. Zymography and RT-PCR analysis showed that RT4 cells secreted
MMP-2 and MMP-9 into the culture medium. Finally, active MMP-2 and MMP-9 enzymes degraded the fusion protein construct of the
extracellular domain of fDG. These results indicate (1) that RT4 cells secrete the protease activity that degrades the extracellular domain

of DG specifically and (2) that MMP-2 and MMP-9 may be involved in this process.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Dystroglycan; Extracellular matrix; Matrix metalloproteinase; MMP-2; MMP-9

The dystroglycan (DG) complex is a cell adhesion
molecular apparatus expressed in a wide variety of tissues
ubiquitously [1,2]. DG is encoded by a single gene Dagl
and cleaved into two proteins, oDG and BDG, by post-
translational processing [1]. aDG is a cell surface periphe-
ral membrane protein, which interacts with laminin in the
extracellular matrix (ECM) [1-3]. BDG is a type I integral
membrane protein, which anchors aDG to the cell mem-
brane via the N-terminus of the extracellular domain and
associates with dystrophin via the C-terminal cytoplasmic

* Abbreviations: DG, dystroglycan; ECM, extracellular matrix; MMP,
matrix metalloproteinase; EDTA, ethylenediaminetetraacetic acid; PMSF,
phenylmethanesulfonyl fluoride; GST, glutathione S-transferase;
SDS-PAGE, sodium dodecyl] sulfate—polyacrylamide gel electrophoresis;
RT-PCR, reverse transcription-polymerase chain reaction.
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domain [4,5]. Thus the DG complex provides a tight link
between the ECM and cortical cytoskeleton.

Because of these characteristics, the DG complex needs
to be disrupted efficiently when tissue remodeling takes
place in both physiological and pathological conditions.
As a candidate for such a molecular mechanism, we have
reported previously the proteolytic processing of DG by
the putative matrix metalloproteinase (MMP) activity [6].
Because the 30 kDa C-terminal fragment of BDG created
by this processing behaves as an integral membrane protein
biochemically, we predicted that the cleavage site of this
processing would exist in the extracellular domain of
BDG [6]. We also reported that this processing of BDG
was activated in the skeletal muscle of Duchenne muscular
dystrophy (DMD) and sarcoglycanopathy [7,8]. Similar
phenomena were reported in other types of cells, such as
cutaneous cells, carcinoma cells, and sympathetic neurons
after axotomy [9-13].
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At present, however, we do not know what type of
MMP is actually responsible for the processing of PDG
or if this MMP activity really cleaves the extracellular
domain of PDG specifically. In this study, we addressed
these issues using the cell culture system of rat schwanno-
ma cell line RT4.

Materials and methods

Cell culture. Rat schwannoma cell line RT4 was described previously
[6,7]. RT4 cells were grown in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal calf serum, 16.7 mM glucose, 2 mM glutamine, 100 U/ml
penicillin G sodium, and 100 pg/ml streptomycin. Culture medium was
changed every 3 days. When cells grew to near confluence, they were
digested with 0.25% trypsin/0.02% EDTA and planted in 10 cm? plate at a
density (3 x 10%/dish) for 3 days in the culture medium without serum and
antibiotics. Living cells were harvested by scraping the culture dishes with
rubber policemen and homogenized in a buffer containing 50 mM Tris—
HCI, pH 74, 150 mM NaCl, 0.6 ug/ml pepstatin A, 0.5 ug/ml aprotinin,
0.5 pg/ml leupeptin, 0.75 mM benzamidine, and 0.1 mM PMSF, while the
culture medium was gathered and concentrated 20-fold so that the final
volume equals that of the total cell homogenate.

Proteolysis of fusion proteins. Glutathione S-transferase (GST) fusion
proteins of BDG, oDG, and dystrophin were prepared as described pre-
viously (Fig. 1) [14]. BDG fusion proteins corresponding to amino acids
654~750 (BDGext) and 775895 (BDGint) correspond to the entire
extracellular and intracellular domains of BDG, respectively (Fig. la).
oDG fusion proteins corresponding to amino acids 30-341 (aDG N-ter)
and 343-652 (aDG C-ter) correspond to the N- and C-terminal domains
of aDG, respectively (Fig. 1a). Dys corresponds to amino acids 3054—3271
of dystrophin. Forty nanograms/microliter of fusion proteins were incu-
bated at 37 °C with the RT4 cell homogenate or concentrated cell culture
medium. In addition, BDGext was incubated at 37 °C with the concen-
trated RT4 cell culture medium in the presence or absence of various
inhibitors of MMPs. These included (2R)-[(4-biphenylylsulfonyl)amino}-
N-hydroxy-3-phenylpropionamide (Merck Biosciences), doxycycline
hydrochloride (Calbiochem), Ac-Arg-Cys-Gly-Val-Pro-Asp-NH, (Cal-
biochem), and CL-82198 (Calbiochem), which are commercially available
inhibitors of MMP-2/MMP-9, MMP-1/MMP-8, MMP-3, and MMP-13,

respectively [15-18). Forty nanograms/microliter of BDGext was also
incubated with 2 ng/ul of active human MMP-2 and recombinant human
MMP-9 (Calbiochem) at 37 °C. Samples were analyzed by SDS-PAGE
and immunoblotting using anti-GST-HRP conjugate (Amersham Biosci-
ences). Molecular mass standards were obtained from BIO-RAD (preci-
sion plus protein standards).

Zymography. Zymography of RT4 cell homogenate and culture
medium were performed according to von Moers et al. [19]. RT4 cells were
harvested and homogenized in 1% SDS, while the cell culture medium was
gathered and concentrated to the same volume as the cell homogenate.
Samples as well as 1 ng of active tuman MMP-2 and recombinant human
MMP-9 were loaded on a 10% SDS—polyacrylamide gel containing 1 mg/
ml gelatin. Electrophoresis was carried out at 100 V for 2.5 h. The gel was
then washed twice for 10 min and once for 1 h with 2.5% Triton X-100,
50 mM Tris—HCI, pH 7.5 at 20 °C, to remove SDS and to re-nature the
gelatinases. For activation of the enzymes, the gel was incubated in § mM
CaCly, 50 mM Tris-HCl, pH 7.5, for 18 h at 37°C under continuous
shaking. After fixation in 40% methanol, 10% acetic acid for 30 min at
20 °C, the gel was stained with 0.5% Coomassie brilliant blue G-250 for
1 h, rinsed in distilled water for 2 h, and destained in 7% acetic acid.

Reverse transcription-polymerase chain reaction (RT-PCR ). Total
RNA was extracted from RT4 cells using Isogen reagent (Wako). First
strand cDNA was synthesized using SuperScript™ TI1 kit (Invitrogen), and
served as a template for RT-PCR. Primers used to amplify MMP-2 and
MMP-9 were as follows: MMP-2, forward, 5-GACCTTGACCAGAAC
ACCATCG-3', reverse, 5'“GCTGTATTCCCGACCGTTGAAC-3/;
MMP-9, forward, 5'-CCCCACTTACTTTGGAAACGC-3, reverse, 5'-
AGCCACGACCATACAGATGCTG-3'. PCR products were analyzed
on a 2% agarose gel, sub-cloned into the T vector and sequenced using the
Thermo Sequenase fluorescent labeled primer cycle sequencing kit
(Amersham Pharmacia) on the DSQ-1000L DNA sequencer (Shimazu)

Results

Degradation of the extracellular domain of DG by the
concentrated RT4 cell culture medium

We have reported previously that the putative MMP
activity that processes PDG is expressed in RT4 cells [6].
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Fig. 1. DG fusion protein constructs. (a) Shown are the fusion protein constructs of DG. TM indicates the single transmembrane domain of BDG. (b)
GST fusion proteins were separated by SDS-PAGE and stained with Coomassie brilliant biue. GST fusion proteins corresponding to «DG C-ter, aDG
N-ter, BDGint, 8DGext, Dys, and GST are indicated by asterisks. Molecular mass standards (Da x 10%) are shown on the left.





