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Alternative splicing of myomesin 1 gene is aberrantly
regulated in myotonic dystrophy type 1

Michinori Koebls , Natsumi Ohsawa Yoshihiro Kino?, Noboru Sasagawa®,
Ichizo Nishino* and Shoichi Ishiura’ ¥

'Depatinent of Life Sciences, Graduate School of Arts and Sciences, The University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo
153-8902, Japan
Laboratory Jor Structural Neuropathology, RIKEN Brain Science Institute, 2-1 Hirosawa, Wako-shi, Saitata 351- 0198, Japan

Department of Applied Biochemistry, School of Engineering, Tokai University, Hiratsuka, Kanagawa 259-1292, Japan
*National Center of Neurology and Psychiatry, Kodaira, Tokyo 187-8551, Japan

Myotonic dystrophy type 1 (DM1) is a multisystemic disease caused by a CTG repeat expan-
sion in the 3-UTR of dystrophia myotonica-protein kinase. Aberrant regulation of alternative
splicing is a characteristic feature of DM. Dozens of genes have been found to be abnormally
spliced; however, few réported splicing abnormalities explain the phenotypes of DM1 patients.
Thus, we hypothesized that other, unknown abnormal splicing events exist. Here, by using
exon array, we identified aberrant inclusion of myomesin 1 (MYOM1) exon 17a as a novel splic-
ing abnormality in DM1 muscle. A cellular splicing assay with a MYOM1 minigene revealed
that not only MBNL1-3 but also CELF1 and 2 decreased the inclusion of MYOM1 exon 17a in
HEK293T cells. Expression of expanded CUG repeat impeded MBNLI1 activity but did not
affect CELF1 activity on the splicing of MYOM1 minigene. Our results suggest that the down-

regulation of MBNL proteins should lead to the abnormal splicing of MYOM1 exon 174 in
DM1 muscle.

Introduction 2001). ‘Second is the finding that transgenic mice

expressing an expanded CUG repeat driven by the
Myotonic dystrophy type 1 (DM1) is an autosomal-  human skeletal actin HSA promoter (HSA™ mice)
dominant, multisystemic disease characterized by  manifest myotonia and abnormal muscle histology
myotonia, muscle weakness, cardiac conduction defi-  (Mankodi et al. 2000). FISH analysis revealed that
cits, insulin resistance and mental retardation (Harper transcripts ' with an expanded CUG/CCUG repeat
2001). DM1 is caused by an expansion of the CTG  exhibited foci in the nuclei of DM cells (Taneja et al.
repeat in the 3'-UTR of the dystrophia myotonica-  1995: Davis et al. 1997; Liquori et al. 2001). It has
protein kinase (DMPK) -gene on chromosome 19  been suggested that the abnormal behavior of the
(Aslanidis et al. 1992; Brook et al. 1992; Buxton et al. expanded CUG/CCUG repeat RNA should cause a
1992; Harley et al. 1992), and a gain-of-function of  lack of proper regulation of alternative splicing by
the expanded repeat is thought to play a major role RINNA-binding proteins.
in the development of the disease (Ranum & Day Aberrant regulation of alternative splicing is a char-
2004). Two lines of evidence supports this gain-of-  acteristic feature of DM pathogenesis, and alternative
function concept. First is the discovery of another  splicing events in more than 30 genes have been
type of DM, DM2. DM2 is caused by repeats at 2  found to be abnormally regulated in patients with
different locus, specifically, the CCTG repeat in

DM (Ranum & Cooper 2006); for example, the
intron 1 of ZNF9 on chromosome 3 (Liquori ef al.  chloride channel 1 (CLCNT) intron 2 and exons 6b

and 7a are abnormally included in patients with DM
(Charlet et al. 2002), and the abnormal inclusion of
exon 7a from murine Cln! has a clear relationship
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with myotonia in DM model mice (Mankodi et al.
2002). The aberrant splicing of multiple genes is
likely to cause multisystemic symptoms in DM.

Two families of proteins, ‘muscleblind-like’
(MBNL) and ‘CUG-BP and ETR-3-like factor’
(CELF), are major candidates in the pathogenesis of
DM. MBNL 15 a family of CCCH-type zinc finger-
containing RINA-binding proteins, and three isoforms
are known in human: MBNL1, MBNL2/MBLL and
MBNL3/MBXL. Our previous study showed that all
three MBNL proteins bound to CHG/CHHG repeat
RNA (where H indicates A, C and U) (Kino et 4l
2004), and MBNL1 and MBNL2 have been shown
to be colocalized with CUG/CCUG inclusions in
DM1 and DM2 cells (Miller et al. 2000; Fardaei et al.
2002; Holt et al. 2009), giving rise to an idea that
MBNL function may be disrupted in DM cells. Actu-
ally, knockout of either Mbnl1 or Mbnl2 caused some
DM-like defects in mice, such as abnormal splicing,
myotonia and histological abnormalities in skeletal
muscle (Kanadia et al. 2003; Hao et al. 2008), which
suggests that the loss of MBNL function because of
the sequestration of CUG/CCUG repeat RNA leads
to the characteristic features of DM.

CUG-BP and ETR-3-like factor proteins are
another family of proteins involved in the pathogene-
sis of DM1. CELF proteins are also a family of highly
conserved RNA-binding proteins, and six genes
belong to this family: CELF1/CUGBP1/CUG-BP/
BRUNOL2, CELF2/ETR-3/CUGBP2/BRUNOL3,
CELF3/TNRC4/BRUNOL1, CELF4/BRUNOLA4,
CELF5/BRUNOL5 and CELF6/BRUNOL6. Sev-
eral lines of evidence has shown that CELF1 and
other members of CELF family play an important
role in the pathogenesis of DM. Remarkably, CELF1
is activated in DM1 cells via PKC-mediated phos-
phorylation (Kuyumcu-Martinez ef al. 2007), and
transgenic mice expressing human CELF1 recapitulate
some of DM-like abrnormalities, especially histological
muscle impairment (Timchenko et al. 2004; Ho et al.
2005).

Several studies have demonstrated that both
MBNL and CELF proteins directly regulate the
alternative splicing dysregulated in patients with DM.
Interestingly, CELF1 and MBNLI1 regulate antago-
nistically the alternative splicing of the cardiac tropo-
nin T exon 5 and insulin receptor exon 11 (Philips
et al. 1998; Savkur et al. 2001; Ho et al. 2004), sug-
gesting that both the elevation of CELF1 and the
loss of MBNL1 function may be involved in the

development of DM. But, notably; DNA microarray

analysis revealed that HSAL mice and Mbnll-
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knockout mice shared most of their splicing abnor-
malities: 128 of 156 abnormal splicing events in
HSA™ mice also found in Mbnll-knockouts (Du
et al. 2010). Thus, the extent to which each of
MBNL and CELF family proteins can account for
splicing abnormalities and the pathogenesis of DM
remains unclear.

Although splicing defects in mulnple genes likely
cause the multisystemic symptoms in patients with
DM, no abnormal splicing event has been found to
explain the development of defects in DM other than
that in CLCN1, whose abnormal splicing may cause
myotonia (Lueck et al. 2007). Given that the MBNL
and CELF families are involved in the global shift in
alternative splicing that occurs during the develop-
ment of skeletal and cardiac muscle (Lin et al. 2006;
Kalsotra ef al. 2008), additional, unknown splicing
abnormalities likely exist in DM muscle.

Searches for abnormal splicing regulation on a
genome-wide scale have been conducted in several

~ lines of model mice (Kalsotra et al. 2008; Du et al.

2010), but such comprehensive studies have rarely
been performed on human patients with DM. Many
efforts have been made to identify alternative splicing
events that are misregulated in DM, and most studies
have been based on the physiological complications of
patients with DM, for example, the aberrant splicing
of CLCN1, IR, sarcoplasmic/endoplasmic reticulum
calcium ATPase 1 (SERCAT) and ryanodine receptor
1 (RYR1) was investigated because patients with DM
show myotonia, insulin resistance and increased
muscle Ca®* levels (Savkur et al. 2001; Charlet et al.
2002; Kimura et al. 2005). Thus, we investigated the
comprehensive splicing profile of muscle tissue of
individuals with DM1 wusing a splicing-sensitive
microarray to identify novel aberrant splicing events
in individuals with DM1. Specifically, we used the
Affymetrix (Santa Clara, CA, USA) GeneChip
Human Exon 1.0 ST Array. This array is a powerful
tool for detecting cassette exons and mutually exclu-
sive exons; with approximately four probes per exon,
this microarray can analyze exon-level expression on
a whole-genome scale.

In a comprehensive search for aberrant splicing
events in patients with DM1, we found a novel splic-
ing abnormality in MYOM1? exon 17a. MYOMI is a
constituent of the sarcomeric M band, suggesting its
involvement in muscle impairment in patients with
DM. A subsequent splicing assay using a MYOM1
minigene system revealed that MBNL and CELF
family proteins function as trans-acting factors in the
alternative splicing of MYOMT1 exon 17a. Our results

© 2011 The Authors
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suggest that the MBNL family is a key regulator of
MYOM]1 altemative splicing.

Results

Microarray-based comprehensive study of splicing in
DM1 muscle detected novel splicing abnormalities

To investigate novel splicing defects in patients with
DM1, we analyzed the splicing profiles of skeletal
muscle derived from three patients with DM1 and
four non-DM controls using the Human Exon 1.0
ST Array. In total, 289 probe sets displayed a signifi-
cant difference (splicing index [SI} >1 or <-1;
P < 0.05) between the two groups, and 39 of them
were designed against exons that are known or pre-
dicted to be alternatively spliced (Table S1 in Sup-
porting Information).

Inclusion of MYOM1 exon 17a was increased in
DM1 muscle

The greatest change was recorded at exon 17a in
MYOMT1 (SI = 2.47), encoding a component of the
sarcomeric M band. We thus focused on this exon as
a candidate whose the abnormal splicing of which
might cause the muscular defects in DM and analyzed
the splicing regulation of MYOM1 exon 17a.

We confirmed the aberrant splicing of MYOM1
exon 17a in DM1 skeletal muscle by RT-PCR
(Fig. 1). Because the alternative splicing of exon 17a
generates two splicing isoforms in murine embryonic
heart (Agarkova et al. 2000), we anticipated that two
isoforms (A and D in Fig. 1A) would be expressed from
MYOM]1 in patients with DM1. The products ampli-
fied from isoforms A and D were expected to be 479
and 191 nucleotides in length, respectively, using the
. primers designed for the flanking exons (17 and 18). As
in mouse skeletal muscle, isoform D was exclusively
expressed in non-DM muscle (Fig. 1B). Isoform D was
also dominant in DM1 muscle, but the expression of
isoform A was significantly increased, in agreement
with our exon array analysis. Furthermore, two addi-
tional products were amplified from the DM1 samples
(Fig. 1B). Sequencing revealed that these products
were . isoforms of MYOMT?1 containing truncated
forms of exon 17a: isoform B lacked .36 nucleotides at
the 3’ end of exon 17a, whereas isoform C lacked
100 nucleotides. As shown in Fig. 1D, the alternative
5’ splice sites of exon 17a used in isoform B and C

are consistent with the consensus sequence of 5" splice
site.

© 2011 The Authors
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Figure 1 The inclusion of MYOM]I exon 17a was increased
in DM. (A) Schematic diagram showing the products of the
alternative splicing of MYOM]1. The number of nucleotides of
exon 172 is shown: exon 17a has two internal 5 splice sites,
generating four splicing isoforms. The names of the isoforms
are given on the left side of the panel. Amrows represent the
primer pairs used for RT-PCR. (B) Total RNA isolated from
homogenized skeletal muscle tissue was subjected to RT-PCR
and electrophoretically resolved on an 8% polyacrylamide gel.
The identity of the bands is indicated on the right side of the
panel. GAPDH was amplified as a loading control. (C) The
histogram illustrates the inclusion of exon 17a (mean = SD of
the five individuals). The percentage of inclusions of exon 17a
was calculated as the ratio of the isoformis containing full
length or part of exon 17a (isoforms A, B and C) to the total
spliced products. The statistical significance of the results is
indicated by **P < (.01 (Student’s t-test). All bands of interest
were gel-isoléted, cloned, and confirmed by sequencing.
(D) Alternative 5’ splice sites of exon 17a.

Both MBNL1 and CELF1 suppressed exon 17a
inclusion

Next, we investigated whether MBNL and CELF
family proteins regulate the splicing of MYOM1 exon
17a using a cellular splicing assay. Because the endog-
enous myomesin gene was not expressed in any of
the cell lines we tested, including HEK293T (see
Fig. 2B, no TF), HelLa and C2C12 cells (data not
shown), we constructed pMYOM1, a minigene that
covered exons 17-18 of human MYOMI and
expressed it in HEK293T cells (Fig. 2A,B). When
transfected into HEK293T cells, the construct pro-
duced the same four isoforms as in DM1 muscle
(Fig. 2B, vector). In HEK293T cells, 44% of the
spliced product contained full length or parts of exon
17a. We then cotransfected pMYOM1 with MBNL

Genes to Cells (2011) 16, 961-972
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‘of minigene splicing by RT-PCR (Fig. 2B). Consis-
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Figure 2 CUG-BP and ETR-3-like factor and MBNL family proteins regulate MYOM?1 splicing. (A) Schematic diagram of
pMYOM1 minigene. Boxes and horizontal lines represent exons and introns, respectively. The genomic region from exon 17-18
was cloned into pEGFP-C1. (B) HEK293T cells were cotransfected with the pMYOMT1, and the expression vector of each protein
indicated. NoTF indicates cells were transfected with pEGFP-C1 vector instead of MYOMT{ minigene. Total RNA from the cells
was subjected to RT-PCR and electrophoretically resolved on an 8% polyacrylamide gel. The upper panel shows representative
results of ‘our splicing assay. All three MBNL proteins, CELF1 and CELF2 significantly repressed the inclusion of exon 17a,
whereas CELF3 promoted its inclusion. The percentage of inclusion of exon 17a was calculated and shown in a histogram as in
Fig. 1B (n = 4). The statistical significance of the results is indicated by **P < 0.01 (Dunnett’s test). (C) The splicing regulation of
MBNLI1 was prevented by long CUG repeat. DM18 and DM480 indicate transfection of dystrophia myotonica-protein kinase 3’
UTR containing CUG repeat (18 and interrupted 480 repeat, respectively). The splicing pattern of pMYOMT1 did not change
when the minigene was cotransfected with either DM18 or DM480 in a ratio of 1:9 in HEK293T cells (left); however, when
pMYOM1 was cotransfected with CUG repeat and MBNL1 in a ratio of 1:10:15, the longer CUG repeat increased the inclusion
of exon 17a (middle). The splicing pattern did not change when pMYOM1 was cotransfected with CUG repeat and CELF1

(right). The inclusion rate of exon 17a was calculated and shown in a histogram as in Fig. 1B (n = 3). The statistical significance
of the results is indicated by *P < 0.05 (Student’s t-test).

and CELF family proteins and examined the patterns = CUG repeat RNA on the MYOM! alternative splic-
ing (Fig. 2C). Unexpectedly, there was no significant
difference between DMI18 and DM480, which
express 3° UTR of DMPK containing (CUG);g and
interrupted (CUG)g0, respectively. Because this may
be due to the relatively low endogenous expression
level of MBNL1 in HEK293T cells (Sen ef al. 2010),
we examined the effect of CUG repeat RINA under
cotransfection of MBNL1. In the presence of abun-
dant MBNL1, DM480 increased the inclusion of
exon 17a. It is unlikely that the effect of DM480
came out as a result of MBNL1-mediated suppression
of exon 17a inclusion because DM480 did not show
any significant effect under CELF1 over-expression.
Thus, CUG repeat should promote the exon inclu-
sion by preventing the function of MBNL1.

tent with the current model of DM pathology, all
three MBNL proteins decreased the inclusion rate of
exon 17a. MBNL1 changed the splicing most, with
9.8% of the spliced product containing exon 17a.
Regarding the CELF proteins, CELF1 and CELF2
promoted the exclusion of exon 17a, whereas CELF3
strongly increased its inclusion. No other CELF pro-
tein had a significant effect on exon 17a splicing. The
comparable expressions of the RNA proteins were
confirmed in the previous study (Kino et al. 2009).
We conducted the minigene assay on MBNL1 and
CELF! in two other cell lines: C2C12 and Hela
(Fig. S1 in Supporting Information). The effects of
MBNL1 and CELF1 in the two cell lines were the
same as in HEK293T; both proteins repressed the

inclusion of exon 17a of pMYOM1, indicating that Region around exon 17a is sufficient for MBNL1

the phenomenon was not specific to HEK293T cells.
Because CUG repeat-mediated downregulation

of MBNL1 function is thought to be a major cause

of aberrant splicing in DM1, we tested the effect of

Genes to Cells (2011) 16, 961-972

and CELF1 regulation :

Surprisingly, MBNL1 and CELF1 regulate the alter-
native splicing of MYOM1 to the same direction. To
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determine whether MBNL1 and CELF! suppress the
inclusion of exon 17a by the same mechanism, we
explored the regions required for the splicing regula-
tion of the two RNA-binding proteins. First, we
examined the contribution of the intronic sequences
using intronic deletion mutant minigenes (A1-AS6,
Fig. 3A). Compared with pMYOM1 minigene, some
mutants altered their basal splicing patterns in
HEK293T cells (Fig. 3B); for example, A5 mutant
showed the increased inclusion of exon 17a with
variant C being predominant, suggesting that the
region 100-500 bp downstream of exon. 17a might
be important for the selection of 5 splice site of
intron 17a (data not shown). As for the regulation of
MBNL1 and CELF1, any deletion mutants we tested
were responsive to both proteins (Fig. 3B). A3-A6
mutants had only a 100-bp intronic fragment left at
the most deleted end of the intron. Thus, for the
responsiveness to MBNL1 and CELF1, at least one
regulatory element should lie in the exons or their
flanking 100-bp intronic regions.

(A) 1122 1977 2265 4618 4815
pMYOM1 -
622 1477

AL R =2 2760 4120 :
A2 B P
a3 W 1877 -
A4 B— =3 Ses m
As B &3 4518 -
A6 B—————— -
Exon 17 Exon 17a - Exon 18
(122 bp) (288 bp) 100bp (197 bp)

(B8)

100r  m Vector

—_ CELF1

a‘:; 80 o MBNL1

.g 60 -

3

2 40

s

3 20} g .
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Figure 3 Intronic deletion analysis of pMYOMI1. (a) A sche-
matic diagram showing deletion mutants. Deletion seres of
pMYOM1 were generated by PCR-mediated mutagenesis.
The numbers indicate the positions of nucleotides at the ter-
mini of exons and the junction of deleted regions. (b) Splicing
analysis of pMYOM1 deletion mutants in HEK293T cells.
Deletion mutants A1-A6 were cotransfected with an empty
vector, MBNL1, or CELF1 in HEK293T cells, and the inclu-
sion of exon 17a was analyzed by RT-PCR. The percentage
of inclusion of exon 172 was calculated and shown in a histo-

gram as in Fig. 1B (» = 4). The statistical significance of

the results is indicated by *P < 0.05 (Dunnett’s test against
vector).
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We then investigated the region around exon 17a
using the chimeric minigene system (Kino et al.
2009). In this system, we used a vector that carried a
sequence covering exon 1-2 of mouse tropomyosin 2
(Tpm?2), a gene distinct from MYOM1 (Fig. 4A). We
could insert an arbitrary exon together with its flank-
ing introns into intron 1 of the vector; for example,
we inserted Tpm2 exon 9 as a reference (Fig. 4A,
Tpm2-ex9). When Tpm2-ex9 minigene was expressed
in HEK293T cells, exon 9 in intron 1 was success-
fully recognized as an exon, and MBNL1 hardly
changed the splicing pattern of Tpm2-ex9 (Fig. 4B).
Then, we examined a series of Tpm2-based chimeric
minigenes that contained MYOM1 exon 17a and its
flanking introns or a hybrid of the regions around
Tpm2 exon 9 and MYOM! exon 17a (Fig. 4A). Like
Tpm2-ex9 minigene, the inserted exons of these chi-
meric minigenes were alternatively spliced. Among the
minigenes, Tpm2-ex17a, 172-9 and 5ex17a were
more responsive to MBNL1 than Tpm2-ex9
(Fig. 4B). Because these minigenes shared 158 bp of
the 5 region of MYOM1 exon 17a, we substituted
this segment in Tpm2-ex17a minigene with a corre-
sponding one of Tpm2 exon 9. The resulting mini-
gene, A5’ex17a, little. changed its splicing pattern
when co-expressed with MBINL1 (Fig. 4C). These
data suggest that a cis-element for MBNL1 may be
located in the former half of exon 17a.

We compared the effect of CELF1 on Tpm2-
ex17a and Tpm2-ex9 minigenes (Fig. 4D). This anal-
ysis revealed that Tpm2-ex17a, but not Tpm2-ex9,
was responsive to CELF1, suggesting that the regula-
tory element(s) for CELF1 may be in the region
around MYOM1 exon 17a.

Mutation in MBNL1-recognition motifs
extinguished the responsiveness to MBNL1

A recent report has described YGCY sequence as a
MBNL1-recognition motif (Goers et al. 2010), which
is consistent with our previous study that revealed
MBNL1 bound to CHHG repeat RINA (where H
indicates A, U and C) (Kino et al. 2004; Goers et al.
2010). Because several studies have shown that
MBNL1 requires its recognition motif{(s) in the target
sequence to regulate splicing (Ho ef al. 2004; Hino
et al. 2007), we searched YGCY motifs in- the
MBNL1-responsive region of exon 17a and found
four motifs with two UGCU sequences arranged in
tandem (Fig. 5A). To investigate whether MBNL1
regulates the splicing of exon 17a via these motifs, we
introduced mutations into each YGCY sequence. We

Genes to Cells (2011) 16, 961-972
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Figure 4 Splicing regulation in chimeric minigenes. (A) Structure of the Tpm2-based chimeric minigene. Fragments of Tpm2 cov-
ering exons 1-2 were inserted downstream of EGFP. Test exons together with their flanking regions were inserted into intron 1
of Tpm2. Intronic fragments derived from MYOMT are indicated by double lines, whereas those derived from Tpm2 (regions
flanking exon 9) are indicated by thin lines. Exonic sequences of MYOM]1 exon 17a and Tpm2 exon 9 are indicated by grey and
black boxes, respectively. The numbers indicate the nucleotide length of each exonic and intronic sequences. (B) Splicing assay
results using Tpm2-based chimeric minigenes in HEK293T cells. Upper bands correspond to the spliced products containing an
exon inserted between Tpm2 exon 1 and 2. ‘vec’ and ‘M’ indicate empty vector and MBNL1, respectively. Compared with
Tpm2-ex9, Tpm2-ex17a, 172-9 and 5’ex17a minigenes exhibited evident responses to MBNL1. The percentage of inclusion of
exon 17a was calculated and shown in a histogram as in Fig. 1B (n = 3). The statistical significance of the results is indicated by
*P < 0.05, **P < 0.01, ***p < 0.001 and P < 0.0001 (Student’s ¢-test). (C) Splicing regulation of chimeric minigenes lacking
the former half of exon 17a. Results of the splicing assay are shown as in B. The structures of minigenes are shown in A
(D) Sequence around exon 17a is sufficient for CELF1-mediated exon 17a exclusion. Tpm2-ex17a and Tpm2-ex9 minigenes were
tested for their responsiveness to CELF1 (C1). The splicing assay was performed as in B, except that CELF1 was used in place of
MBNL1. The responsibility to CELF1 was increased in the presence of exon 17a and its flanking introns.

mutated an additional UGCU motif in intron 17 CELF1 was also cotransfected with these mutated
because MBNL1 may require two or more YGCY . series of minigenes to discriminate the regulatory
motifs to regulate splicing by inducing and stabilizing ~ mechanism of CELF1 from that of MBNL1
a hairpin structure in a target RNA (Warf etal.  (Fig. 5C). All the point-mutated minigenes retained
2009). When we expressed each of the mutated  the responsiveness to CELF1 in a comparable level
minigenes with or without MBNL1 in HEK293T  (data not shown). Importantly, CELF1 decreased the
cells, mutl minigene showed a dramatic decrease in inclusion of exon 17a in mutl minigene, which
the responsiveness to MBNL1, whereas the other  lacked a cis-element for MBNL1. Therefore, CELF1
mutations did not change their splicing patterns  regulated the altemative splicing of MYOMT1 exon
(Fig. 5B). ! 17a in a distinct pathway from that of MBNL1.
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the results is indicated by *P < 0.05, **P < 0.01, ***P < 0.001 and 1P < 0.00001 (Student’s t-test). )

Discussion

In this study, using splicing-sensitive microarrays, we
investigated the comprehensive splicing profiles of
patients with DM1 and non-DM individuals, and
identified the abnormal inclusion of MYOM? exon
17a as a novel splicing defect in DM1. The protein
encoded by MYOM1 is a constituént of the sarco-
meric M band, where it anchors the giant protein
titin and maintains the thick filament lattice (Lange
et al. 2005a,b). Like other myofibrillar proteins,
MYOMLI is composed primarily of immunoglobulin-
like (motif I) and fibronectin type III (motif II)
domains with the arrangement II-II-I-I-I-I-I-II-1I-II-
II-1I (Lange et al. 20052). Exon 17a encodes a poly-
peptide with an EH-domain inserted between the
third and fourth motif I domains; the EH-domain
makes MYOM1 more elastic, like the PEVK domain
in titin (Bertoncini et al. 2005; Schoenauer et al.
2005). However, the physiological importance of the
inclusion of this exon is unclear. In DM1 muscle, we
observed increased expression of isoform C (Fig. 1B).
This isoform generates a truncated form of MYOM1
because of the presence of a premature termination
codon in exon 18. Thus, the elevation of isoform C
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may cause a dominant negative effect and inhibit
sarcomere formation in DM1 muscle. Because we
focused on the regulatory mechanism of the alterna-
tive splicing of MYOM1, we did not study physiolog-
ical significance of the finding. We are going to assess
the pathological importance of the alternative splicing
of MYOM1. Treatment of antisense oligonucleotide
that prevents exon 17a inclusion is worth applying to
DM model mice.

The alternative splicing of MYOM1 exon 17a is
strictly regulated in a developmental- and tissue-
dependent manner: the expression of exon 17a is
restricted to embryonic heart, soleus and extraocular
muscle (Agarkova et al. 2000). Thus, the aberrant
inclusion of exon 17a-in DMI1 muscle is consistent
with other splicing abnormalities that show embry-
onic splicing patterns in DM1 muscle. MBNL1 regu-
lates the developmental switch of alternative splicing
in heart and skeletal muscle (Lin et al. 2006; Kalsotra
et al. 2008), and the depletion of MBNL1 function is
thought to play a major role in the aberrant transition
of splicing to the embryonic or fetal patterns (Du
et al. 2010). Our cellular splicing assay revealed that
over-expression of MBNL family proteins decreased
the inclusion of exon 17a, and the regulation of

Genes to Cells (2011) 16, 961-972
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MBNL1 required the UGCU motifs in the 5" region
of exon 17a (Figs 2B and 5B). As MBNL1 recognizes
a UGCU motif to bind to its target pre-mRNA
(Goers et al. 2010), it is anticipated that MBNL1 reg-
ulates the alternative splicing of exon 17a by its direct
binding to MYOM!? pre-mRNA. Although we did
not test downregulation of MBNL1, the expanded
CUG repeat increased the inclusion of exon 17a in a
MBNL1-dependent manner (Fig. 2C), suggesting that
abnormal splicing of MYOM/1 exon 17a in patients
with DM1 may be due to the loss of MBNL function
caused by trinucleotide repeat—-mediated sequestering
of MBNL proteins. \

The essential UGCU motifs for MBNL1 regula-
tion were located in the 5" region of exon 17a. This
is consistent with our previous study on the alterna-
tive splicing regulation of murine Clenl, which
revealed that MBNL1 bound to the 5 end of exon
7A to repress its splicing. It has been suggested that
the location of YGCY motifs in the flanking introns
of the regulated exon determines whether MBNL1
promotes or suppresses splicing (Goers et al. 2010). In
addition to this, our studies on alternative splicing of
Clen1 and MYOMT revealed the importance of exon-
ic region for MBNL1 function. Generally, in an exonic
region, there are some regulatory elements named
exonic splicing enhancer (ESE), which serve as bind-
ing sites for serine/arginine-rich (SR) proteins that
facilitate the exon inclusion. So, we speculate that the
interaction of MBNL1 with UGCU motifs may
prevent SR proteins from binding to ESE in exon
17a and thus inhibit the exon inclusion in normal
muscle. As shown in Fig. 5B, the mutation in the
tandem UGCU motifs decreased the responsiveness
to MBNL1, in that MBNL1 promoted the isoform D
production; however, mutl minigene responded to
the over-expression of MBNL1 by increasing the
ratio of isoform C. This result suggests that MBNL1
can influence the choice of 5 splice sites of intron
17a. The production of isoform C was also promoted
when the 5’ region of intron 172 was deleted (see
Fig. 3, A5, data not shown). As there are several
UGCU sequences in this deleted region, MBNLI1
might bind to the 5 region of intron 17a and prevent
the usage of 5" splice sites for isoform A and B.

In contrast to the result of MBNL proteins, the
regulation of CELF proteins was inconsistent with
the current pathomechanism of DM. Although the
elevation of CELF1 and CELF2 has been observed in
patients with DM1 (Timchenko et al. 1996), over-
expression of either of the two proteins decreased the
inclusion of exon 17a, that is, restored the splicing
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pattern in non-DM patients (Fig. 2B). Over-expres-
sion of CELF3 promoted strongly the inclusion of
exon 17a; however, it is unlikely that CELF3 regu-
lates MYOM1 alternative splicing in- vivo because
CELF3 is expressed selectively in brain, and no
expression of CELF3 was detected by RT-PCR in
DM1 cDNA used in this study (data not shown, and
also see the study by Nezu et al. 2007). As MBNL1
and CELF1 regulate the alternative splicing of
MYOMT1 to the same direction, we tried to dedicate
the regulatory mechanisms of these two proteins.
Remarkably, the minigene with mutations in the tan-
dem UGCU motifs in exon 17a decreased respon-
siveness to MBNL1 but not to CELF1 (Fig. 58,C),
suggesting that CELF1 can regulate the MYOM1
alternative splicing independently of the MBNLI1
binding to its pre-mRNA. Furthermore, double
expression of CELF1 and MBNL1 more suppressed
the inclusion of exon 17a than those by the each pro-
tein (data not shown), which indicates the redundant
function of MBNL1 and CELF1 in the regulation of
the MYOM1 alternative splicing. As CELF1 can
repress the exon inclusion of Tpm2-ex17a minigene,
it is likely that cis-element(s) for CELF1 may be
located in exon 17a and its flanking introns. Actually,
we found UGU-rich sequence around the boundary
of intron 17 and exon 17a (Fig. 5A). Because we had
previously shown that CELF1 bound specifically to
UGU repeat RNA (Takahashi efal. 2000), the
UGU-rich sequence might serve as a CELF1-binding
site. When we think of the difference between
CELF1 and MBNL1 in the regulation of the
MYOMT1 alternative splicing, it is interesting that
there were no UGU-rich regions around the cis-
elements for MBNL1; the nearest UGU-rich region
was 83 nt away from the UGCU motifs. Therefore,
it is unlikely that MBNL1 and CELF1 may prevent
the same SR protein from binding to MYOM1 pre-
mRNA. The identification of cs-element for CELF1
would be helpful to understand the regulation of the
MYOM]1 alternative splicing; however, we plan to
report the element in more detail in future.
Considering the fact that abnormal splicing of
MYOM1 exon 17a was observed in patients with
DM1 (Fig 1B), the elevation of CELF1 and CELF2
might have little effect on exon 17a splicing in DM1
muscle. Actually, expression of the expanded CUG
repeat prevented MBNL1 function but did not pro-
mote CELF1 activity (Fig. 2C). It is possible that
DM480 might not express enough CUG repeat tran-
scripts to lead hyperphosphorylation of CELF1 in
our system; however, even so, the same level of
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expression of DM480 sequestered MBNL1 and
‘worsened’ the splicing pattern of MYOMT1. Thus,
MBNL1 should be a main factor of the abnormal
splicing of MYOM1 in DM1 muscle.

In conclusion, we found the aberrant inclusion of
MYOMT1 exon 17a as a novel splicing abnormality in
DM1 skeletal muscle. This is an interesting example
of the splicing abnormalities in DM1 because the
alternative splicing of MYOM1 is regulated by MBNL
proteins and CELF1/2 to the same direction. Our
results suggest that the abnormal behavior of CELF1/2
is negligible in aberrant splicing of MYOM] in patients
with DM1; otherwise, another splicing factor may be
involved with splicing abnormalities in DMI.
Although coniprehensive analysis using DNA micro-
array is a powerful tool to eluc1date a broader
network in DM1 pathomechanism, we only focused
on one abnormal splicing event. There are several
interesting candidates of splicing abnormalities in our
microarray data. Surprisingly, only a few exons,
including LDB3/ZASP exon 11, have been reported
to be aberrantly spliced in patients with DM, and the
other abnormal splicing events known to occur in
patients with DM were not detected in this study.
However; the probe signals’ for known abnormally
spliced exons of IR, CLCN1, SERCA1, MBNLI1,
MBNL2, nebulin-related anchoring protéin (NRAP)
and dystrophin (DMD) showed changes consistent
with previous reports, although the statistical signifi-
cance of the changes did not satisfy our criterion,
possibly due to the marked variability in DM abnor-
malities. Notably, a large portion of the mis-spliced
candidates (13 exons) were related to the actin cyto-
skeleton, which may reflect the skeletal muscle histo-

logical abnormalities and muscle weakness of patients
with DM1.

Experimental procedures
Tissue samples and RT-PCR

For RT-PCR. validation, biopsied materials were obrained
from the biceps brachii or quadriceps femoris of five patients
with DM1 and five age-matched non-DM individuals without
DM1-type histological abnormalities (Table S3 in Supporting
Information). All clinical materals used in this study were
obtained for diagnostic purposes with written informed con-
sent. The studies were approved by the Ethical Committee.
All biopsy samples were stored at —80 °C. Clinically, three of
five patients with DM1 displayed a predominance of type 1
fibers. Clinical features of ‘non-DM patients’ are summarized
in Table S3 in Supporting Information. Note that they were
not diagnosed as any known myopathy including DM. Total
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RNA was extracted using the Trizol reagent (Invitrogen,
Carlsbad, CA, USA) without DNase treatment. Typically,
0.5 pg of total RNA was reverse-transcribed for RT-PCR
using a PrimeScript 1st Strand ¢cDNA Synthesis kit (Takara
Bio, Otsu, Japan) with random hexamer primers. Sequences of
the primers used in RT-PCR. for MYOM1 (ex17a Fw and
ex172 Rv) and GAPDH (GAPDH Fw and GAPDH Rv) are
shown in Table S2 in Supporting Information. The products
were electrophoretically resolved on an 8% polyacrylamide gel
that was stained with ethidium bromide and analyzed using an
LAS-3000 luminescence image analyzer (Fujifilm, Tokyo,
Japan). The rato of exon 17a inclusion in MYOM1 was calcu-
lated as (17a inclusion)/(17a inclusion + 17a skipping) x 100
(see Fig. 1).

Microarray analysis

For microarray analysis, we used muscle samples from three
patients with DM1 and four age-matched non-DM individuals
(Table S3 in Supporting Information). Non-DM individuals
were clinically diagnosed not as DM. Total RNA was
extracted as described earlier, and its concentration and purity
were calculated using NanoDrop NID-1000 (NanoDrop Tech-
nologies, Wilmington, DE, USA) and an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). Total
RNA samples were submitted to Kurabo Industries (Osaka,
Japan; an authorized service provider for Affymetrix Japan
K.K., Tokyo, Japan) for analysis using a GeneChip Human
Exon 1.0 ST Array (Afifymetrix Technologies) according to a
standard protocol. The CEL files were further analyzed using
exon array analyzer (Gellert et al. 2009), a web-based analytic
tool, with the following criteria: probe set, core; algorithm,
RMA; filters, default; P-value, <0.05; and SI, >1 or <—1. In
this tool, gene level nonmalized intensity (NI) and SI are cal-
culated as following: NI = (probe set intensity)/(expression

level of the gene), SI = log 2 (NIpp1/Nluonpm) (Gellert et al.
2009).

Constructs

PCR-amplified fragments of MYOM! containing from exon
17 to exon 18 were cloned between the BspEl and EcoRI
sites in pEGFP-C1 (Clontech, Mountain View, CA, USA).
The genomic region covering exon 17 to exon 18 was
divided into three fragments, and each fragment was amplified
from human genomic DNA by PCR using pairs of primers

- MYOM1-1 to MYOMI1-3 (Table S2 in Supporting Informa-

tion). The first and second fragments were joined at the Accl
site, and the second and third fragments at the Xhol site. To
make intron-deleted minigenes, pairs of primers were
designed to the flanking ends of the deleted regions. PCR
products were gel-purified and circularized by self-ligation.
Construction of pEGFP-Tpm?2-ex1-2 vector and Tpui2-ex9
has been previously described (Kino et al. 2009). The chimeric
minigenes of Tpm2-ex17a, 17a-9 and 9-17a were generated by
insertion of PCR-amplified fragments into the pEGFP-Tpm2-
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ex1-2 vector or Tpm2-ex9. For Tpm2-ex17a, a fragment
corresponding to exon 17a and 100 bp of the both flanking

introns was amplified from pMYOM1 with Tpm2-ex17a_Fw

and Tpm2-ex17a_Rwv, and this fragment was inserted between
Bglll and Sall sites of pEGFP-Tpm2-ex1-2. The fragments
for 17a~9 and 9-17a were amplified from Tpm2-ex17a with
two primers complementary either to exon 172 (17a-9_R or
9-17a_F) or to pEGFP-C1 vector sequence (GFP-F or
EGFP-C rv1). To insert these fragments into Tpm2-ex9, a
Bglll-recognition site in €xon 9 and appropriate restriction
sites in multicloning site were ‘used. Because exon 17a would
generate premature termination codons when ligated with
exon 1, we inserted a cytosine nucleotide into exon 1 of
Tpm2-ex17a and 17a-9 by PCR-based site-directed muta-
genesis (Weiner & Costa 1994). Construction of the rest of
the chimeric minigenes and site-directed mutagenesis of the
pMYOM1 were performed using the PCR overlap extension
method (Ho et al. 1989). A pair of primers with overlapping
region was designed to the region around the junction of a
chimeric minigene or the mutation site of a mutated mini-
gene. The first round of PCR was carried out using each of
the overlapping primers and each of two oligonucleotides
complementary either to the 5" or to 3’ ends of the minigene,
to amplify overlapping portions of minigene from pMYOM!1
or appropriate chimeric minigenes. Sequences of all the prim-
ers used in construction are shown in Table S2 in Supporting
Information. The other constructs used in this study have
been described previously (Kino et al. 2004, 2009; Nezu et al.
2007; Mori et al. 2008; Onishi et al. 2008). Briefly, the
coding regions for the RINA-binding proteins were PCR-
amplified from a human c¢DNA library and cloned into
pSecDK, a mammalian expression vector with a myc-tag that
was modified from pSecTagA (Invitrogen) to delete the Igk
chain leader sequence. The constructs have been confirmed
to express intended proteins in a comparable level (Kino et al.

.2009). DM18 and DM480 contain a fragment of the 3’

region of DMPK with a CTG18 and interrupted CTG480
repeats, respectively.

Cellular splicing assay

Cells transfected with plasmids for the expression of a protein
and minigene were harvested 48 h post-transfection. Typically,
cells were cultured in 12-well plates and transfected with
0.4 pg of protein expression plasmid (or cognate empty vector)

and 0.1 pg of minigene expression plasmid using FuGENE6.0’

{Roche Applied Sciences, Indianapolis, IN, USA). Total RNA
was extracted with a GenElute Mammalian Total RNA Mini-~
prep kit (Sigma-Aldrich, St. Louis, MO, USA) without DNase
treatment. Typically, 1.0 pg of total RNA was reverse-tran-
scribed with a PrimeScript 1st Strand ¢cDNA Synthesis kit
(Takara Bio) using oligo(dT) primers. PCR was performed
using two oligonucleotides complementary to the EGFP
sequence (GFP-F) and the last exon of minigene (ex17a Rv
for pMYOM1 and deleted or mutated minigenes; Tpm2-Rv
for chimeric minigenes), respectively. The products were elec-

Genes to Cells (2011) 16, 961-972

trophoretically resolved on an 8% polyacrylamide gel that was
stained with ethidium bromide and analyzed using an LAS-
3000 luminescence image analyzer. ’
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Differential Effects of the HESR/HEY
Transcription Factor Family on Dopamine
Transporter Reporter Gene Expression Via
Variable Number of Tandem Repeats
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The 3'-untranslated region (UTR) of the human dop-
amine transporter (DATT) gene contains a variable
number of tandem repeats (VNTR) domain, which is
thought to be associated with dopamine-related psy-
chiatric disorders, personality, and. behavior. However,
the molecular and neuronal functions of polymorphisms
within the VNTR domain are unknown. We previously
identified the: transcription factor HESR1 (HEY1) as a
VNTR-binding protein. Hesr1 knockout mice exhibit
DAT up-regulation in the brain and low levels of spon-
taneous activity. Other members of the HESR (HEY)
family, including HESR2 (HEY2) and 3 (HEYL), have
simitar DNA-binding domains. In this study, we
analyzed the effects of HESR1, -2, and -3 on DAT?
expression in human neuroblastoma SH-SY5Y cells
using luciferase reporter assays. We found that the

VNTR domain played an inhibitory role in DAT7 reporter-

gene expression and that HESR1 and -2 inhibited
expression via both the core promoter and the VNTR.
The inhibitory effects of HESR family members on DAT
reporter gene expression differed depending on the
number of repeats in the VNTR domain. We also found
that each Hesr was expressed in the dopaminergic
neurons in the mouse midbrain. These results suggest
that the HESR family is involved in DAT expression via
the VNTR domain. © 2011 Wiley-Liss, Inc.

Key words: dopamine; genetic polymorphism; VNTR;
luciferase reporter assay

The dopaminergic nervous system plays important
regulatory roles in locomotion, cognition, reward, affec-
tion, and hormone release (Bannon et al., 2001; Jackson
and Westlinddanielsson, 1994; Missale et al., 1998; Uhl,
2003). Thus, dopamine and its related genes are thought
to be involved in neuropsychiatric disorders and behav-
ioral traits. The human dopamine transporter (DATT)
gene is involved in many dopamine-related disorders.
DAT levels are reduced in Parkinson’s disease (PD) and
elevated in attention deficit hyperactivity disorder
(ADHD), Tourette’s syndrome, and major depression
(Madras et al., 1998; Muller-Vahl et al., 2000; Brunswick

© 2011 Wiley-Liss, Inc.

et al, 2003; Krause et al., 2003). In addition, several
psychoactive drugs, including cocaine, amphetamine,
and methylphenidate, are known to inhibit dopamine
reuptake by DAT (Giros et al., 1991, 1992; Kilty et al.,
1991; Shimada et al., 1991; Giros and Caron, 1993).

A functional genetic polymorplnsm has been
described in the 3'-untranslated region (UTR) of exon
15 in DAT1 (Michelhaugh et al.,, 2001). This 3’-UTR

contains a 40-bp-long variable number of tandem repeats

(VNTR) domain (Fig. 1; Vandenbergh et al., 1992;
Michelhaugh et al., 2001). The polymorphism within
this region is known to be associated with such neuro-
psychiatric disorders as ADHD, PD, alcoholism, and
drug abuse (Cook et al., 1995; Ueno et al, 1999;
Vandenbergh et al, 2000; Ueno, 2003; D’souza and
Craig, 2008) and with modified gene expression depen-
ding on the genotype in vivo (Heinz et al, 2000;
Jacobsen et al., 2000; Mill et al,, 2002; D’souza and Craig,
2008) and in mannnalian cell lines (Fuke et al., 2001,
2005; Inoue-Murayama et al., 2002; Miller and Madras,
2002; Greenwood and Kelsoe, 2003; Mill et al., 2005;
VanNess et al, 2005; D’souza and Craig, 2008). It is
expected that this region contains binding sites for inter-
acting proteins, but, because these factors have not been
described, the molecular and neuronal functions of the
polymorphism are unknown (Michelhaugh et al., 2001).

We previously identified and characterized HESR 1
(HEY1) as a trans-acting repressor of gene expression
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_that acts through the 3-UTR. of DAT1 via a yeast one-
hybrid system (Fuke et al., 2005). In addition, we also
showed that HESR1 binds directly to the region by
electrophoretic mobility shift assay (EMSA) and represses
the expression of the endogenous DATI gene in the
HEK293 cell line by RT-PCR assay (Fuke et al., 2006).
In Hers1 knockout (KQ) mice, DAT1 expression was
enhanced, and the mice exhibited a reduction in sponta-
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(B) AGGAGCATGTCCTATCCCTGGACGCATGCAGGGCCCCCAC
{C) AGGAGCGTGTACTACCCCAGAACGCATGCAGGGCCCCCAC
D) AGGAGCGTGTACTACCCCAGGACGCATGCAGGGCCCCCAC
{(E) TGGAGCGTGTACTACCCCAGGACGCATGCAGGGCCCCCAC
(F) AGGAGCGTGTCCTATCCCCGGA . .
CCGGACGCATGCAGGGCCCCCAC
(G) AGGAGCGTGTACTACCCCAGGATGCATGCAGGGCCCCCAC
(H) AGGAGCGTGTACTACCCCAGGACGCATGCAGGGCCCCCAT
(1) TGGAGCGTGTACTACCCCAGGATGCATGCAGGGCCCCCAC

Fig. 1. Genomic structure of DATYI and allelic variants of the
VNTR domain in exon 15. A: The coding region (black box), non-
coding region (open box), VNTR. domain, and constant parts of the
repeat units (gray box) are shown. Exon 15 of DATY contains a stop
codon (solid arrowhead) and polyadenylation signal (open arrow-
head). Upstream of the VNTR domain arc six. nuclcotides
(AATAAA) that resemble a polyadenylation signal. The allelic
variants of the VNTR indicate the repeat unit type (A-I) for cach
allele. B: Nucleotide sequence of each unit of the VNTR poly-
morphism in the 3’-UTR of DATT.
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neous locomotor activity and exploration to novelty
(Fuke et al., 2006). These findings suggest that the
human HESR1 gene and the polymorphisms could be
related to many psychiatric disorders and behavioral
traits. However, it is possible that other factors affect
DAT1 expression via the VNTR domain, insofar as
more than one interacting factor is expected to bind this
region (Michelhaugh et al, 2001). Conflicting results
have been reported from studies using different cell lines,
which may express different transcription factors (Fuke
et al., 2001, 2005; Inoue-Murayama et al., 2002; Miller
and Madras, 2002; Greenwood and Kelsoe, 2003; Mill
et al., 2005; VanNess et al., 2005; D’souza and Craig,
2008). These results suggest that DAT1 expression can
be altered by cell-specific factors depending on the
VNTR alleles present.

The Hesr family genes Hesrl, -2, and -3 (Heyl,
Hey2, and HeyL) were identified as the hairy/enhancer
split-type basic helix-loop-helix (bHLH) genes. They
have been shown to be direct transcriptional targets of
the Notch signaling pathway, which is essential for neu-
ral development (Kokubo et al., 1999; Leimeister et al.,
1999; Nakagawa et al., 1999; Henderson et al., 2001;
Iso et al, 2001, 2003; Wang et al, 2002; Sakamoto
et al., 2003). HESR family genes carry a bHLH domain
essential for DNA binding as well as an Orange domain
and YRPW motif, which mediate interaction with pro-
teins and affect dimerization or recruitment of corepre-
ssors (Fischer and Gessler, 2007; Fig. 2). HESR proteins
repress the expression of target genes by binding to E-
or N-box bHLH-binding consensus sites (Nakagawa
et al., 2000; Iso et al., 2001, 2003). The bHLH domain
is highly conserved among HESR family members
(Steidl et al., 2000), and Hesrl and -2 repress gene
expression via the same sequence (Kokubo et al., 2007).
Thus, HESR1 along with HESR?2 and -3 may be candi-
date factors regulating DAT expression via the VNTR.
However, any roles of HESR2 and -3 in DAT gene
expression have not yet been characterized.

Basic Helix

Loo Helix

HESR1 50-RKRRRGIIEKRR RDRINNSLSELRRLVP SAFEKQGSAKLE KAE | LQMTVDELKML-104
HESR2 49-RKKRRGIEKRR RDRINNSLSELRRLVP TAFEKQGSAKLE KAE |LQMTVDELKML-103
HESR3 44-RKKRRGIIEKRR RDRINSSLSELRRLVP TAFEKQGSSKLE KAEYLQMTVDELKML-98

B bHLH Orange

YRPW

3

: 3

Fig. 2. Structurc of HESR family mcmbers. Ay Comparison of the
primary sequences of the bHLH domain among human HESR family
members (HESR 1, 50104 amino acids; HESR2, 49-103 amino acids;
and HESR 3, 44-98 amino acids). Thosc residucs that differ among the
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family members arc underscored. The primary sequences of the bBHLH
domain in the mouse Hesr family are identical to those in the human
protein. B: Structure of the HESR family with the three major
domains noted: bHLH domain, Orange domain, and YRPW motif,
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Fig. 3. Luciferase reporter vector and its activity in SY-SH5Y
cells. A: Schematic diagram of the luciferase reporter vectors CP-
Luc and CP-Luc/exon 15. CP-Luc contains only the DAT core
promoter, whercas CP-Luc/exon 15 contains both the corc pro-
moter and the 3-UTR with 10r, which is the most common

In this study, we sought to clarify whether HESR2
and -3, as well as HESR, also affect DAT1 expression
in human neuroblastoma cells via the 3-UTR, including
the VNTR. region. Luciferase reporter constructs were
made containing the endogenous DAT? core promoter
and the VNTR with 6, 7, 9, 10, or 11 repeats, which is
consistent with the sequences reported previously (Fuke
et al., 2001). The differential effects on VNTR among
HESR1, -2, and -3 were also characterized. Further-
more, we conducted immunohistochemistry for Hesrs
and tyrosine hydroxylase (TH), a marker of dopaminer-
gic neurons, in mouse midbrains to analyze localization
of Hesr proteins for the investigation of HESR family
function in the brain dopamine systems, because localiza-
tion of HESR proteins in the adult brain has not been
reported, although dopaminergic neurons localize in the

- specific brain regions (Bjorklund and Dunnett, 2007).

MATERIALS AND METHODS
General Procedure

First, to characterize the role of the 3-UTR in DAT
expression, a CP-Luc or CP-Luc/exon15 (10r) reporter vector
and empty vector (control) were expressed in cells. Ten
repeats is the most common allele in the population (Fuke
et al.,, 2005; D’souza and Crig, 2008). CP-Luc contained
only the DAT core promoter, whereas CP-Luc/exonl5 con-
tained both the core promoter and the 3-UTR (Fig. 3).
Next, the empty vector or each HESR was cotransfected with
CP-Luc or CP-Luc/exon15 (10r). Finally, to compare the
VNTR alleles and HESRs, each repeat (6, 7, 9, 10, or 11r) of
CP-Luc/exon15 and the HESR. or vector were cotransfected.
The relative luciferase activity was standardized to that of the
vector. In the experiment examining the repeat effect, the
relative luciferase activity was standardized to that of 10r in
each group. In addition, the localization of Hesrs in the
mouse midbrain was detected by immunohistochemistry.

B Relative Luciferase Activities
with VECTOR
0 1 2 3. 4

da

CP-Luc/exonls
(10 repeat)

allcle. B: Negative rcgulation of gene expression through the 3'-
UTR of DAT in SY-SH5Y cells. CP-Luc or CP-Luc/exon 15
and empty vector were transfected into the cells. Relative lucife-

rasc activity is expressed as the mean * SEM. *P < 0.0001,
Student’s t-test.

Cloning and Construction

Two kinds of luciferase reporter vectors were prepared:
CP-Luc and CP-Luc/exon 15 (see Fig. 3A). CP-Luc con-
tained the human DAT core promoter (-240 to +2; Fig. 1A;
Kouzmenko et al.,, 1997; Sacchetti et al., 1999) cloned from
the DAT1-8317 plasmid (Sacchetd et al., 1999), a gift from
Dr. Michael J. Bannon (Wayne State University, School of
Medicine, Detroit, MI), upstream of the firefly luciferase site
in the modified pGL3 vector (Promega, Madison, WI). CP-
Luc/exon 15 contained the human DAT core promoter and
3'-UTR region including the VNTR domain downstream of
the luciferase site in CP-Luc. There are five kinds of VNTR
alleles (6, 7, 9, 10, and 11r), which is consistent with the
sequence (Fig. 1B) reported in our previous study (Fuke
et al., 2001). These reporter vectors are the same as the
constructs used in our previous study (Fuke et al., 2005);
schematic structures of the reporter vectors are shown in
Figure 3A. Additional information on these constructs is
described in our previous work (Fuke et al., 2005).

All of the HESR family expression vectors were
made by cloning the ¢cDNA into myc-pcDNA modified from
pcDNA 3.1+ (Invitrogen, Carlsbad, CA), an expression
vector for mammalian cell lines. The Myc-tag is located
upstream of the multicloning site. Myc-pcDNA was also used
as a control vector (the vector described in Figs. 3-6). Myc-
pcDNA and Myc-HESR1 (human) are the same as the con-
structs described in our previous study (Fuke et al., 2005).
Myc-Hesrl (mouse) was a gift from Dr. Hiroki Kokubo
(Division of Mammalian Development, National Institute of
Genetics, Mishima, Japan). Human HESR2 and -3 c¢cDNAs
were amplified from a fetal brain ¢cDNA library (Clontech,
Palo Alto, CA) by PCR with oligonucleotide primers and
the high-fidelity DNA polymerase PrimeStar (TaKaRa, Shiga,
Japan). Mouse Hesr2 and -3 cDNAs were amplified
from cloned cDNAs in pBluescript (gifts from Dr. Hiroki
Kokubo) by PCR with oligonucleotide primers and PrimeStar
(TaKaRa). Each oligonucleotide primer was designed to

Joumal of Neuroscience Research



contain a restriction site (italicized). The primer sequences are
as follows: human HESR2, Fw (Xhol) 5-TTACTCGAGAT
GAAGCGCCC-3' and Rv (Apal) 5'-TTAGGGCCCT
TAAAAAGCTCCAAC-3; human HESR3, Fw (Xhol) 5'-
TTACTCGAGATGAAGCGACCC-3 and Rv (Xhol) 5'-
TTACTCGAGTCAGAAAGCCCC-3; mouse Hesr2, Fw
(Xhol) 5-TTACTCGAGATGAAGCGCCCT-3' and Rv
(Apal) 5'-ATAGGGCCCTTAAAAGCTGGCTCC-3; and
mouse Hesr3, Fw (Xhol) 5-TTACTCGAGATGAA
GCGGCC-3' and Rv (Apal) 5-TTAGGGCCCTCAGAAA
GCC-3'. These amplified fragments were cloned into T-
Vectors (Promega p-GEM T Easy Kit) and sequenced by the
dideoxy chain termination method with CEQ DTCS and
CEQ8000 (Beckman Coulter, Brea, CA). Finally, the frag-
ments were digested with each restriction enzyme and sub-
cloned into myc-pcDNA.

Cell Culture and Transient Transfection: Luciferase
Reporter Assay

The methods used for culture, transfection, cell harvest-
ing, and luciferase activity measurements followed the standard
methods of the Dual-Luciferase Reporter Assay System
(Promega). SH-SY5Y cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Sigma, St. Louis, MO) supple-
mented with 10% FBS at 37°C in an atmosphere of 5% COs.
SH-SYSY cells were plated into 24-well plates and cultured
until they grew to 80% confluence before transfection. The
cells were transfected with 1 pg total plasmid using Lipofect-
amine 2000 reagent (Invitrogen). The firefly luciferase
reporter gene (0.5 pg) and each HESR or vector (0.5 pg)
were coexpressed in the cells. Plasmid pRL (Promega) con-
taining the sea pansy luciferase gene was cotransfected (20 ng)
as an internal control to normalize the transfection efficiency
in all experiments. After 48 hr, the cells were harvested and
stored at —80°C. Luciferase activity was assayed using the
Dual-Luciferase Reporter Assay System (Promega). The firefly
and sea pansy luciferase activity was measured using a Centro
LB 960 (Berthold, Bad Wildbad, Germany) for 10 sec after a
2-sec delay, and then the value of each sample was calculated
as light units of firefly luciferase per that of sea pansy. Each
HESR group and its controls were measured at the same time
on a Centro LB 960.

Animals

Adult (9-week-old) male C57BL6/] mice (CLEA Japan,
Tokyo, Japan) were kept under a controlled temperature (23—
25°C) and photoperiod (LD 14:10, lights off at 22:00 hr).
Food and water were available freely. All experiments were
conducted according to the Regulations for Animal Experi-
mentation at the University of Tokyo (Tokyo, Japan).

Tissue Preparation

The mice were deeply anesthetized using sodium pento-
barbital (50 mg/kg body weight) and then perfused intracar-
dially with 0.05 M phosphate-buffered saline (PBS; pH 7.4)
followed by 4% paraformaldehyde in 0.05 M phosphate buffer
(PB). The brains were removed and postfixed with the same
fixative for 2 hr and immersed in 30% sucrose in 0.05 M PB

Journal of Neuroscience Rescarch

HESRs Affect Gene Expression Via the DAT 3'-UTR 565

for several days at 4°C. Serial coronal brain sections (20 um)
including the midbrain ventral tegmental area (VTA) and sub-
stantia nigra (SN; —3.04 to —3.49 to the bregma) were made
with a cryostat and collected according to a brain map (Franklin
and Paxinos, 2008). Five animals were used in this experiment.

Immunohistochemistry

Immunoperoxidase staining. Free-floating sections
of the midbrain were incubated with 0.6% H,;O, in 10 mM
PBS for 30 min at room temperature (RT) before and after
rinsing with 10 mM PBS. Next, the sections were incubated
with 5% normal goat serum (INGS; Vector Laboratories,
Burlingame, CA), 0.4% Triton X-100, and 10 mM PBS for
1 hr at RT and then with a primary rabbit antibody against
Hesrl (working dilution 1:500; Chemicon, Temecula, CA),
Hesr2 (1:1,000; Chemicon), or Hesr3 (1:500; Chemicon)

. containing 5% INGS, 0.4% Triton X-100, and 10 mM PBS

for 3 nights at 4°C. After washing with 10 mM PBS, the
sections were reacted with biotinylated goat anti-rabbit IgG
(1:200; Vector Laboratories) in 5% NGS, 0.4% Triton X-100,
and 10 mM PBS overnight at 4°C. The sections were rinsed
with 10 mM PBS three times and then incubated in avidin-
biotin-peroxidase complex (ABC) solution (Vectastain Elite
ABC Kit; Vector Laboratories). Next, the sections were
reacted with 0.05% 3,3'-diaminobenzidine (DAB) in 0.01%
H,0O5 and 100 mM Tris-HCI to visualize Hesr1-, -2-, or -3-
immunoreactive (-ir) cells.

For single staining of the TH-ir (a marker of dopami-
nergic neurons) cells, similar steps were taken, except for the
steps involving incubation with the primary or secondary anti-
body and visualization. The sections were incubated with a
mouse anti-TH antibody (1:10,000; Chemicon) overnight at
4°C. The sections were then reacted with biotinylated goat
anti-mouse IgG (1:200, Vector Laboratories) in 5% NGS,
0.4% Triton X-100, and 10 mM PBS overight at 4°C after
washing with 10 mM PBS three tmes. The sections were
rinsed with 10 mM PBS three times and then incubated in
ABC solution (Vector Laboratories). Next, the sections were
reacted with 0.02% DAB solution to visualize TH-ir cells.

For double labeling, the same staining steps as for TH
were performed after staining for each Hesr. Instead of DAB,
a Vector SG Kit was used for visualization of TH after the
ABC reaction. Immunostained sections mounted on slides
were dehydrated through a graded ethanol series, cleared with
xylene, and then coverslipped with an embedding agent.

Fluorescence immunohistochemistry for Hests
and TH. Free-floating sections were rinsed with 10 mM
PBS. The sections were then incubated with 5% normal don-
key serum (NDS; Jackson Immunoresearch, West Grove, PA),
0.4% Triton X-100, and 10 mM PBS for 1 hr at RT and
then with the primary rabbit antibody against Hesrl (1:500;
Chemicon), Hesr2 (1:1,000; Chemicon), or Hesr3 (1:500;
Chemicon) and the primary mouse antibody for TH
(1:10,000; Chemicon) in 5% NDS, 0.4% Triton X-100, and
10 mM PBS for 2 nights at 4°C. After washing with 10 mM
PBS, the sections were reacted with donkey anti-rabbit IgG
(1:200; Jackson Immunoresearch; Cy3) and donkey anti-
mouse IgG (1:200; Jackson Immunoresearch; Cy2) in 5%
NDS, 0.4% Triton X-100, and 10 mM PBS ovemight at
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4°C. Next, the sections were rinsed with 10 mM PBS before
and after incubating with Hoechst 33342 (1:1,000; Dojindo,
Tokyo, Japan) for 15 min. The immunostained sections were
mounted on slides and then coverslipped. Images were cap-
tured with a digital CCD camera (DP70; Olympus, Tokyo,
Japan) and the microscope software manager DP (Olympus)
and analyzed in Photoshop CS4 (Adobe, San Jose, CA).

Statistical Analysis

Statistical analysis was performed in JMP 8.0 (SAS Insti-
tute). All values are reported as the mean = SEM. Each value
was standardized to that of CP-Luc/exonl5 (10r) (Fig. 3),
vector (Figs. 4, 5), or 10r (Fig. 6) in each group. Student’s -
test was performed to detect statistical significance between
two experimental objects. Tukey-Kramer’s honestly significant
difference (HSD) test was used as a post hoc test after one-
way ANOVA. Tukey-Kramer’s HSD test is a standard
method of JMP to find significant d1ﬁ"crence among data after
ANOVA. In addition, two-way ANOVA. was:conducted to
detect interactive effects between the number of VNTR

CP-Luc
(A)

 Huftian HESR

1.6
14
1.2

0.8
0.6
0.4
0.2

Relative Luciferase Activity

Fig. 4. Effects of the HESR. ﬁmﬂy on the lumfcras(. actwlty of CP-
Luc. Cells were transfected with the CP-Luc reporter ‘construct and
human (A) and mousc (B) Hesrs or with empty vector. The values

CP-Luc/exon15 (10repeat)

A) Human HESR

Relative Luciferase Activity

HESR2

Fig. 5. Effects of the HESR family on the luciferase activity of CP-
Luc/exon 15 (10r). Cells were transfected with CP-Luc/cxon 15
(10r) and human (A) and mouse (B) Hesrs or with empty vector.

Relative Luciferase Activity =

g

repeats and HESRs. Differences were considered significant
at P < 0.05.

RESULTS

Lusciferase Activity of CP-Luc and
CP-Luc/Exon15 (10r) in SH-SY5Y Cells

To determine the effect of the VNTR domain on
DATT expression, we made luciferase reporter constructs
(Fig. 3). The relative luciferase activity of CP-Luc was
3.68 * 0.15, whereas that of CP-Luc/exon 15 (10r) was
1.00 % 0.03. A significant difference was noted between
CP-Luc and CP-Luc/exon 15 (10r) (P < 0.0001, n
8; Fig. 3). These results indicate that the 3'-UTR
including the VNTR domain strongly inhibited lucife-
rase expression in this reporter assay.

Effects of Human HESR and Mouse Hesr Family
on Lusciferase Activity of CP-Luc

We next exaitined the effect of HESR family
members on expressmn of the CP-Luc plasmid (Fig. 4A).
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' Hesrl :
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represent thc mecan = SEM. of rclative luciferase activity of the
reporter construct in each group. *P < 0.0001 vs. vector, {P <
0.0003 vs. vector, Student’s t-test.
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Relative Luciferase Activity
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The values represent the mean = SEM. of relative luciferase activity

of the reporter construct in cach group. *P < 0.0001 vs. vector,
Student’s ¢-test.
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Fig. 6. Diffcrential cffects of the HESR family on the VNTR alleles.  the mean = SEM. of relative luciferase activity of the reporter
Cells were transfected with CP-Luc/exon 15 containing the indi-  construct in each group. *P < 0.05, **P < 0.01, {P < 0.01 vs. the

cated number of repeats and human (b,d,f) or mousc Hesrs (c,e,g)  other repeats, Tukey-Kramer’s HSDD test after onc-way ANOVA.
or with empty vector (a). Relative luciferase activity is expressed as
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With the expression of human HESR family members,
the luciferase activity of CP-Luc relative to the vector
control (1.00 * 0.04) was as follows: HESR1, 0.36 *
0.01; HESR2, 0.74 * 0.02; and HESR3, 1.44 £ 0.06.
The activity of CP-Luc with HESR1 or 2 was signifi-
cantly lower than that with the vector control (P <
0.0001, n = 8 in each group), whereas that with
HESR3 was higher than the control (P < 0.0001, n = 8
in each group).

With the expression of mouse Hesr family members
(Fig. 4B), the luciferase activity of CP-Luc relative to the
vector control (1.00 * 0.04) was as follows: Hesr1, 0.39
* 0.01; Hesr2, 0.60 £ 0.01; and Hesr3, 0.79 £ 0.01.
The activity of CP-Luc with Hesrl (P < 0.0001), -2 (P
< 0.0001), or -3 (P < 0. 0003) was significantly lower
than with the vector (n = 8 in each group). These results
indicate that only human HESR3 stimulated the expre-
ssion of the CP-Luc construct containing the human
DAT1 core promoter, whereas expression of the other
family members inhibited expression.

Effects of Human HESR and Mouse Hesr Family
on Lusciferase Activity of CP-Luc/Exon 15 (10r)

To investigate the role of the VNTR domain, we
cotransfected HESR. genes with CP-Luc/exon 15 (10r).
With the expression of human HESR family members
(Fig. 5A), the luciferase activity of the CP-Luc/exon 15
(101) relative to the vector control (1.00 £ 0.03) was as
follows: HESR1, 0.21 % 0.01; HESR?2, 0.42 = 0.01; and
HESR3, 0.90 * 0.04. These results illustrate that the
luciferase activity of CP-Luc/exon 15 (10r) with HESR1
or 2 was significantly lower than with the vector (P <
0.0001, n = 8 in each group), although no significant
decrease was observed with HESR3 (P = 0.07, n = 8).

The same trend was observed for mouse Hesr (Fig.
5B). With the expression of mouse Hesr family proteins,
the luciferase activity of CP-Luc/exon 15 (10r) with
each Hesr relative to the vector control (1.00 % 0.07)
was as follows: Hesrl, 0.25 * 0.01; Hesz2, 0.51 * 0.01;
and Hesr3, 0.83 * 0.09. The. level of luciferase aqtivity
with Hesrl or -2 was significantly lower than that with
the vector (P < 0.0001, n = 8 in each group), whereas
no significant decrease in activity was detected with
Hest3 (P = 0.16, n = 7).

Comparison of Effects of HESR Family
and VNTR on Lusciferase Activity
of CP-Luc/Exonl5 (nr)

We investigated the effect of human and mouse
HESR family members on the VNTR domain by first
evaluating the effect of the repeat number. Luciferase
expression from the CP-Luc/exon 15 construct is shown
in Figure 6a. The following levels of activity were calcu-
lated: 6r, 0.99 * 0.02; 7r, 1.28 * 0.06; 9r, 1.16 *
0.07; 10r, 1.00 = 0.03; and 11r, 0.95 *= 0.04. One-way
ANOVA indicated that there was a significant effect of
the number of repeats (Fy 35 = 8.0167, P < 0.0001).
Post hoc analysis indicated that the luciferase activity

level associated with 7r was significantly higher than that
with 6, 10, or 11r (P < 0.01) and that the level of activity
associated with 9r was significantly higher than that associ-
ated with 11r (P < 0.05; n = 8 in each group; Fig. 6a).

The effect of human HESR1 on the VNTR repeat
number is shown in Figure 6b. With the expression of
HESR 1, CP-Luc/exon 15 activity (6r, 1.38 * 0.11; 71,
1.41 = 0.11; 9r, 1.29 = 0.11; 10r, 1.00 = 0.06; and
111, 1.14 = 0.10) was compared with that for the vector
alone (6r, 4.69 £ 0.11; 7r, 6.06 £ 0.28; 9, 548 =
0.35; 10r, 4.72 £ 0.16; and 11r, 450 £ 0.19). One-
way ANOVA indicated a significant effect of the num-
ber of repeats (Fy34 = 3.006, P < 0.032). Post hoc anal-
ysis indicated that the luciferase activity associated with
7r was significantly higher than that associated with 10r
(n = 7 for 11r, n = 8 in the other groups; Fig. 6b). In
addition, two-way ANOVA indicated that there was a
significant interaction between the number of repeats
with HESR1 (or vector) (Fy g0 = 5.04, P < 0.002).

We also investigated the effects of mouse Hesrl
(Fig. 6¢). With the expression of Hesrl, CP-Luc/exon
15 activity (6r, 1.70 = 0.08; 7r, 1.65 + 0.05; 91, 1.46
* 0.04; 10r, 1.00 £ 0.02; and 11r, 1.41 £ 0.06) was
compared with the control vector (61, 3.90 % 0.09; 7r,
5.04 £ 0.23; 9r, 456 = 0.29; 10r, 3.92 £ 0.13; and
11r, 3.74 %= 0.16). As shown for human HERS1, one-
way ANOVA indicated that there was a significant effect
of the number of repeats (F4 35 = 25.7587, P < 0.0001).
Post hoc analysis indicated that the level of Iuciferase ac-
tivity associated with 6r was significantly higher than
that associated with 9r (P < 0.05) or 11r (P < 0.01),
and that the level for 7r was also higher than that for
11r (0.05). Furthermore, the lowest level of activity was
observed for 10r (P < 0.01, n. = 8 in each group; Fig.
6¢c). In addition, two-way ANOVA indicated that there
was a significant interaction between the number of
repeats with Hesrl or the control vector (Fy50 = 6.34,
P < 0.002).

We also investigated the effects of human HESR2
and mouse Hesr2. With the expression of human
HERS2, CP-Luc/exon 15 activity (6r, 1.08 = 0.07; 7x,
1.10 = 0.06; 9r, 0.99 £ 0.04; 10r, 1.00 * 0.02; and
11r, 0.85 * 0.02) was again compared with the control
vector (6r, 2.36° = 0.05; 7r, 3.05 = 0.14; 9r, 2.76 =+
0.17; 10r, 2.36 * 0.08; and 11r, 2.26 * 0.10) (Fig. 6d).
One-way ANOVA indicated that there was a significant
effect of the number of repeats (Fy35 = 4.6640, P <
0.004). Post hoc analysis indicated that the level of luci-
ferase activity associated with 6 or 7r was significantly
higher than that associated with 11r (P < 0.01, n = 8 in
each group; Fig. 6d). In addition, two-way ANOVA
indicated that there was a significant interaction between
the number of repeats with HESR2 (or the control
vector) (Fy70 = 5.29, P < 0.0009). '

With the expression of mouse Hesr2 (Fig. 6e), CP-
Luc/exonl5 activity (6r, 1.32 * 0.02; 7r, 1.32 £ 0.03;
9r, 1.30 = 0.03; 10r, 1.00 = 0.01; and 11r, 1.04 =
0.04) was again compared with the control vector (6r,
1.94 £ 0.04; 7r, 2.51 = 0.11; 9r, 2.26 = 0.14; 10r,
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