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Dysbindin-1, a schizophrenia-related protein, interacts with HDAC3
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HIGHLIGHTS

e Dysbindin-1 interacts with HDAC3 in vivo.

e Dysbindin-1A and -1B interact with HDAC3 but -1C does not.

e Dysbindin-1B expression is increased in the nucleus in the presence of HDAC3.
e The phosphorylation level of HDAC3 increased in the presence of dysbindin-1B.
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DTNBP1 is a key candidate gene associated with schizophrenia. The expression of its protein product,
dysbindin-1, is altered in the brains of schizophrenic patients; however, the physiological functions of
dysbindin-1 in the central nervous system are unclear. Several studies have shown that both dysbindin-1
and histone deacetylase 3 (HDAC3) can be phosphorylated by the DNA-dependent protein kinase com-
plex. In this study, we investigated the relationship between dysbindin-1 and HDAC3. We found that
dysbindin-1 formed a protein complex with HDAC3 in human neuroblastoma cells and in mouse brain.

ggﬁgg;ﬁfema The interaction between dysbindin-1 and HDAC3 occurred in an isoform-specific manner: HDAC3 cou-
Dysbindin-1 pled with dysbindin-1A and -1B, but not -1C. We also found that dysbindin-1B expression was increased
HDAC3 in the nucleus in the presence of HDAC3, and, conversely, that the phosphorylation level of HDAC3
Interaction increased in the presence of dysbindin-1B. Taken together, these results identify a novel binding part-
Isoform ner for dysbindin-1, which may potentially provide a new avenue for research into the neurological

Phosphorylation mechanisms of schizophrenia.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction shown that the expression of dysbindin-1 mRNA and protein is

reduced in the brains of schizophrenic patients {24.25,28.301 Fur-

Schizophreniaisa chronic mental disorder characterized by pos-
itive symptoms such as hallucinations and delusions, and negative
symptoms such as dullness of thinking and behavior, as well as cog-
nitive disorders in memory and learning. Numerous studies have
suggested that genetic factors contribute to schizophrenia, and sev-
eral genes, including DISC1, NRG1, and DTNBPI have beenidentified
as schizophrenia susceptibility genes{i4.1%, 201 DTNBP1 is situated
at chromosomal locus 6p22.3, a location w1th established linkage
to schizophrenia { 17.21,2&}. DTNBP1 has several SNPs that are sug-
gested to influence the risk of developing schizophrenia {i8.201.
Since the SNPs in DTNBPI are in an intron, and not in an exon,
they do not affect the amino acid sequence of the encoded protein,
dysbindin-1; rather, they regulate the expression of dysbindin-
1 mRNA and protein {Z2}. Recent postmortem brain studies have
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thermore, it has been reported that dysbindin-1-deficient mice
are less active and display reduced novelty-seeking behavior, sim-
ilar to the negative symptoms of schizophrenia, and that they
show cognitive deficiencies in learning and memory {1.3,5.7 4.
Therefore, it is thought that dysbindin-1 expression is reduced i in
schizophrenic patients, preventing the protein from fulfilling its
normal physiological function and contributing to the symptoms
of schizophrenia.

Although most studies have addressed the function of
dysbindin-1 in the cytoplasm, dysbindin-1 is also found in the
nucleus { 1€, It has been reported that dysbindin-1 interacts with
nuclear proteins such as nuclear transcription factor Y beta (NF-YB)
and the DNA-dependent protein kinase (DNA-PK) complex {1 5,
Dysbindin-1 mteracts with and is phosphorylated by the DNA-
PK complex {i1&}% The DNA-PK complex also interacts with and
phosphorylates hlstone deacetylase 3 (HDAC3), which is a trans-
criptional regulator {11} HDAC3 is particular in Class I HDACs,
because HDAC3 is able to shuttle between the cytoplasm and
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the nucleus in certain conditions [ 22,211, The knockout of HDAC3
in mouse hippocampus enhances long-term memory, suggest-
ing that HDAC3 is a negative regulator of long-term memory
formation {121, In addition, HDAC inhibitors are expected to be
effective drugs for the treatment of psychiatric disorders, including
schizophrenia, based on evidence showing that histone acetylation
is reduced in patients with psychiatric disorders {4,827 1. Because
both dysbindin-1 and HDAC3 are phosphorylated by the DNA-PK
complex, we sought to investigate the relationship between these
two proteins. The proposed overlap in function and subcellular
distribution profiles between dysbindin-1and HDAC3 strongly sug-
gest a specific interaction; however, this hypothesis has not yet
been directly tested,

Inthis study, we show that dysbindin-1isoforms A and B, but not
C, interact with HDAC3. In addition, the expression of dysbindin-1B
increases in the nucleus in the presence of HDAC3, and it facilitates
the phosphorylation of HDAC3.

2. Materials and methods
2.1. Antibodies

Rabbit polyclonal antibodies against dyshindin-1 were gener-
ated according to the previous report | 1 G,

Anti-V5 and -lamin B mouse monoclonal antibodies were pur-
chased from Life Technologies (Carlsbad, CA). The following rabbit
polyclonal antibodies were purchased from the indicated vendors:
anti-HDAC3 (Abcam, Cambridge, UK), anti-phospho-HDAC3, anti-
myc, and anti-a-tubulin (all Cell Signaling Technology, Inc., Beverly,
MA). Anti-GST goat polyclonal antibodies were purchased from GE
Healthcare (Cleveland, OH).

2.2. Plasmid construction

The ¢cDNAs encoding HDAC3 and the three isoforms of human
dysbindin-1 were cloned from a human fetal brain ¢cDNA library
(BD Biosciences, San Jose, CA) by polymerase chain reaction. The
cDNAs were subcloned into pcDNA3.1 (Invitrogen, Carlsbad, CA)
or pGEX-5X-1 (GE Healthcare), which contain a hexahistidine tag
at the C-terminus. Myc-dysbindin-1 contained six myc tags at the
N-terminus of dysbindin-1. GST-dysbindin-1 contained a GST tag
at the N-terminus and three His tags the C-terminus of dysbindin-
1. V5-HDAC3 contained a V5 tag at the C-terminus of HDAC3. All
constructs were confirmed by sequencing | 1 G1.

2.3. Expression and purification of GST and GST-dysbindin-1 and
GST pull-down assay

GST and GST-dysbindin-1 were purified and GST pull-down
assay was performed according to the previous report [ 1 G].

2.4. Co-immunoprecipitation

Lysates (800 p.g per sample) diluted in 500 L of NP-40 buffer
were precleared with 30 uL of Protein G Sepharose 4 Fast Flow
beads (GE Healthcare) for 2 h at 4°C. The precleared lysates and
antibodies linked to Protein G Sepharose 4 Fast Flow beads were
incubated for 4 h at 4°C. After washing, sample buffer was added,
and the samples were boiled for 5 min at 100 °C. The precipitates
were analyzed by SDS-PAGE and immunoblotting.

2.5. Subcellular fractionation
Subcellular fractionation was performed with a Qproteome

Cell Compartment Kit (Qiagen) according to the manufacturer’s
protocol.
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2.6. HDAC3 phosphorylation level analysis

Immunoprecipitation was performed using 500 pl of a lysate
prepared from HEK293 cells expressing myc-dysbindin-1 and V5-
HDAC3, and anti-V5 antibody-linked Protein G Sepharose 4 Fast
Flow beads. After washing, the precipitates were divided into two
aliquots. To both aliquots, 30 L of CIAP buffer (50 mM Tris-HCl
[pH 9.0], 100mM NacCl, and 1 mM MgCly) were added. To one
aliquot, 1L of calf intestinal alkaline phosphatase (Takara Bio
Inc., Otsu, Japan) was also added. The precipitates ware incubated
overnight at 37°C. The precipitates were analyzed by SDS-PAGE
and immunoblotting.

2.7. Immunoblotting

Samples were separated by SDS-PAGE and transferred to nitro-
cellulose membranes (Protran; Whatman, GE Healthcare). The
membranes were blocked with 5% skim milk in TBST (100 mM
Tris-HCl [pH 7.5], 150 mM Nacl, and 0.05% Tween 20) for 1h at
room temperature and then incubated overnight at 4 C with pri-
mary antibodies in 5% skim milk. After washing, the membranes
were incubated for 1h with horseradish peroxidase-conjugated
secondary antibodies at room temperature. The secondary anti-
bodies were purchased from the indicated vendors: anti-rabbit
and -mouse 1gG (Cell Signaling Technology, Inc.) and anti-goat IgG
(Santa Cruz Biotechnology). Immunoreactive bands were visual-
ized by enhanced chemiluminescence (GE Healthcare) and scanned
using an LAS 3000 scanner (Fujifilm Co. Ltd., Tokyo, Japan).

3. Results
3.1. Endogenous dysbindin-1 interacts with endogenous HDAC3

To provide evidence for the existence of a dysbindin-1-HDAC3
complex, we first examined whether dysbindin-1 could be co-
immunoprecipitated with HDAC3. As shown in Fig. 1A and B,
extracts of human neuroblastoma SH-SY5Y cells were subjected to
immunoprecipitation with anti-HDAC3 or anti-dysbindin-1 anti-
bodies and an IgG control, followed by immunoblotting for endoge-
nous dysbindin~1 or HDAC3, respectively. Co-immunoprecipitation
also demonstrated an interaction between dysbindin-1 and HDAC3
in solubilized mouse forebrain (¥ig. 1C). These results suggest that
dyshindin-1 interacts with HDAC3 in vivo.

B
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anti-  rabbit anti- rabbit
HDAC3 IgG  lysates dysbindin-119G  lysates
anti-
1 HDAC3
C P
anti- rabbit

dyshindin-119gG lysates

anti-
HDAC3

S

Fig. 1. Interaction between endogenous dysbindin-1 and HDAC3. (A) Co-
immunoprecipitation of dysbindin-1 using anti-HDAC3 antibodies in SH-SY5Y cells.
(B) Co-immunoprecipitation of HDAC3 using anti-dysbindin-1 antibodies in SH-
SY5Y cells. (C) Co-immunoprecipitation of HDAC3 using anti-dysbindin-1 antibodies
in mouse forebrain. IP, immunoprecipitation.
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Fig. 2. Identification of the dysbindin-1 isoforms involved in the interaction with
HDAC3. (A) Schematic representation of dysbindin-1 isoforms. (B) Western blotting
for V5-HDACS3 after affinity precipitation with GST-dysbindin-1 or GST alone, using
lysates of HEK293 cells transfected with V5-HDAC3 (upper panel). GST was used
as a control (lower panel). (C) Co-immunoprecipitation of myc-dysbindin-1 using
anti-V5 antibodies with lysates of HEK293 cells co-transfected with myc-dysbindin-
1 and V5-HDAC3. The lysates (left panel) and immunoprecipitates (right panel) are
shown. Myc-dysbindin-1 (upper panel)and V5-HDAC3 (lower panel) were detected.

3.2. Dysbindin-1 interacts with HDAC3 in an isoform-specific
manner

Among the proteins of the dysbindin family, dysbindin-1 is
the only one that is reportedly associated with schizophrenia.
DTNBP1, the gene encoding dysbindin-1, has three major tran-
script isoforms (¥ig. 2A) in humans of approximately 50, 37, and
33kDa, denoted dysbindin-1A, -1B, and -1C, respectively {281
Expression of these isoforms differs in terms of region, subcellular
localization, and developmental time-course [18,251. To identify
the isoform(s) of dysbindin-1 that interact w1th HDAC3, we con-
structed GST fusion proteins encoding the A to C isoforms of human
dysbindin-1. Affinity pull-down assays of proteins from lysates of
HEK293 cells transfected with V5-HDAC3 were performed, with
GST alone as a control. As shown in Fig. 2B, dysbindin-1A and -1B,
but not -1C or GST alone, prec1p|tated V5-HDAC3, indicating that
dysbindin-1 interacts with HDAC3 in an isoform-specific manner.
To further confirm this isoform-specific interaction, we also per-
formed co-immunoprecipitation using HEK293 cells co-transfected
with myc-tagged dysbindin-1 (isoforms A-C) and V5-HDAC3. As
illustrated in fig. 2C, myc-tagged dysbindin-1A and -1B, but not -
1C, co-immunoprecipitated with V5-HDAC3, in agreement with our
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Fig. 3. Subcellular distribution and change in the localization of dysbindin-1 and
HDAC3.(A) Subcellular distribution of dysbindin-1 and HDAC3. «-Tubulin and lamin
B1 were used as cytoplasmic and nuclear markers, respectively. Cy: cytoplasmic
fraction; Nu: nuclear fraction. (B) Change in dysbindin-1 and HDAC3 localization in
the presence or absence of each other. (C~E) Quantitation of the nuclear expression
of dysbindin-1A (C), -1B (D) and -1C (E). The signal intensity of dysbindin-1 was
standardized to the corresponding protein band of lamin B1. The value of the control
was designated as 1. *Significantly different from the control group (*P<0.05,n=5);
Student’s t-test.

affinity pull-down results. Taken together, these data indicate that
dysbindin-1 interacts with HDAC3 in an isoform-specific manner.

3.3. Formation of the dysbindin-1-HDAC3 complex influences the
subcellular distribution of dysbindin-1B

Previous studies demonstrated that endogenous dysbindin-1
localizes mainly to the cytoplasm, with some diffuse expression
in the nucleus [6,16,], while HDAC3, is able to shuttle between
the cytoplasm and the nucleus in certain conditions {22,311 This
overlapping subcellular distribution suggests that the dysbindin-
1-HDAC3 complex regulates the localization of dysbindin-1 and/or
HDAC3. To confirm the subcellular distribution of dysbindin-1
and HDAC3 in our system, we performed subcellular fraction-
ation of HEK293 cells transfected with myc-dysbindin-1 (isoforms
A-C) or V5-HDACS3, followed by immunoblotting. Lamin B1 and o~
tubulin were used as nuclear and cytosolic markers, respectively.
Dysbindin-1 (isoforms A-C)was localized primarily in the cytoplas-
mic fraction, with a small amount in the nuclear fraction (Fig. 3A).
Next to study the effect of the dysbindin-1-HDAC3 complex, we
co-transfected HEK293 cells with myc-dysbindin-1 (isoforms A-C)
and V5-HDAC3. As shown in Fig. 2B, both dysbindin-1A and -1B
exhibited increased nuclear locahzation in the presence of HDAC3;
however, only the increase in dysbindin-1B was statistically signif-
icant (Fig. D). Alocalization change for HDAC3 was not observed in
either the nuclear or cytoplasmic fraction (¥ig. 3B). Taken together,

]
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Fig. 4. The HDAC3 phosphorylation level is altered in the presence of dysbindin-
1. (A) Western blotting for phospho-HDAC3 and V5-HDAC3 in the presence of
dysbindin-1. (B) Quantitation of phospho-HDAC3 in the presence of dysbindin-1.
The signal intensity of phospho-HDAC3 was standardized to the corresponding pro-
tein band of V5-HDAC3. The value of the control was designated as 1.”Significantly
different from the control group (*P<0.05, n=G); Dunnett’s test.

these results suggest that dysbindin-1B translocates to the nucleus
in the presence of HDAC3.

3.4. Dysbindin-1B promotes HDAC3 phosphorylation

We next investigated the functional significance of dysbindin-
1-HDAC3 complex formation. Because dysbindin-1 and HDAC3
are reported to be phosphorylated by the same DNA-PK complex
111,16}, we assessed the influence of the dysbindin-1-HDAC3 com-
plex on HDAC3 phosphorylation in HEK293 cells co-transfected
with myc-dysbindin-1 (isoforms A-C) and V5-HDAC3. HDAC3 was
immunoprecipitated using anti-V5 antibodies, and HDAC3 phos-
phorylation was detected using anti-phospho-HDAC3 (Ser424)
antibodies. As a negative control, immunoprecipitation was car-
ried out side-by-side in the presence of alkaline phosphatase to
confirm the specificity of the phosphorylation antibody. As shown
in Fig. 4A, the phosphorylation of HDAC3 at Ser424 was signifi-
cantly increased by almost two-fold when dysbindin-1B, but not
-1A or -1C, was co-transfected. The phospho-HDAC3 band inten-
sities were quantified and normalized to the expression level
of HDAC3, as shown in Fig. <B. These data suggest that the
interaction between dysbindin-1B and HDAC3 regulates HDAC3
phosphorylation.

4. Discussion

In this study, we demonstrated an interaction between
dysbindin-1 and HDAC3 in vivo, in both human neuroblastoma cells
and mouse brain tissue. In addition, we showed by GST pull-down
and co-immunoprecipitation assays that dysbindin-1A and -1B, but
not-1C, interact with HDAC3. This isoform-specific interaction may
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be attributable to the differences in amino acid sequence of the
spliced isoforms of dysbindin-1. As shown in Fig. 2A, dysbindin-1A
is the full-length form while -1B has a different, shorter C-terminus
from-1A, and -1C lacks the N-terminus of -1A. Based on our results,
the domain of dysbindin-1 required for the interaction with HDAC3
islikely to be in the N-terminus and common to-1A and -1B. Future
studies are required to delineate the specific region(s) involved in
this interaction.

Previous reports have shown that dysbindin-1 is expressed
in the nuclei of hippocampal neurons in vivo [24], and that
dysbindin-1 has a functional nuclear export signal facilitating
nucleocytoplasmic shuttling of dysbindin-1, which affects its reg-
ulation of synapsin | expression | ], However, the precise function
of dysbindin-1 in the nucleus remains largely unknown. Therefore,
we examined whether the dysbindin-1-HDAC3 complex affects the
subcellular localization of dysbindin-1 (A~C) or HDAC3. Surpris-
ingly, although both dysbindin-1A and -1B bound HDAC3, only
dysbindin-1B exhibited a significant increase in nuclear localiza-
tion in the presence of HDAC3, as demonstrated by subcellular
fractionation. Although Oyamaetal.| 1G] reported that dysbindin-1
bound DNA-PK in an isoform-dependent manner, functional differ-
ences among these three isoforms remain unclear. Future studies
are required to investigate whether this is due to the difference
in amino acid sequence between dysbindin-1A and -1B or other
factors (e.g., subcellular distribution). Previous reports have also
shown that dysbindin-1 can be exported from the nucleus to the
cytoplasm by exportin-1/CRM1-mediated nuclear export. Further-
more, nuclear dysbindin-1 transcriptionally regulates synapsin |
gene expression {&]. Therefore, it is possible that in our system
the dysbindin-1B-HDAC3 complex interfered with the interaction
between dysbindin-1 and CRM1, inhibiting the nucleocytoplasmic
shuttling of dyshindin-1, in addition to its regulation of synapsin
I expression. Further study is required to gain a better under-
standing of the detailed molecular mechanisms through which the
dysbindin-1-HDAC3 complex translocates from the cytoplasm to
the nucleus.

Interestingly, we also found that, of the three dysbindin-1 iso-
forms, HDAC3 phosphorylation increased only in the presence of
dysbindin-1B. Since dysbindin-1A and -1B have different C-termini,
we hypothesize that C-terminal sequence divergence may be the
basis of their isoform-specific interaction properties.

Previous studies suggested that HDAC3 phosphorylation
enhances the deacetylase activity of HDAC3 {11,321, In this study,
we demonstrated that the dysbindin-1-HDAC3 complex facili-
tated HDAC3 phosphorylation, possibly leading to regulation of
its deacetylase activity. HDAC3 forms a complex with NCoR and
SMRT, and this complex deacetylates histones such as H3 and H4
{131 HDAC3 complexes also interact with transcription factors and
repress transcription {13]. Dysbindin-1 may affect transcription
through an interaction with HDAC3.

In conclusion, in this study we provide the first evidence of
an interaction between dysbindin-1 and HDAC3 that regulates
the subcellular distribution of dysbindin-1 and HDAC3 phosphor-
ylation. Further study is needed to elucidate the influence of
dysbindin-1on the downstream pathway of HDAC3, such as the his-
tone acetylation, possibly providing a novel target for the treatment
of schizophrenia.
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It is common for neurotransmitters to possess multiple
receptors that couple to the same intracellular signaling
molecules. This study analyzes two highly homologous
G-protein-coupled octopamine receptors using the model
animal Caenorhabditis elegans. In C. elegans, the amine
neurotransmitter octopamine induces activation of cAMP
response element-binding protein (CREB) in the choliner-
gic SIA neurons in the absence of food through activation
of the Gg-coupled octopamine receptor SER-3 in these
neurons. We also analyzed another Gg-coupled octop-
amine receptor, SER-6, that is highly homologous to
SER-3. As seen in ser-3 deletion mutants, octopamine-
and food-deprivation-mediated CREB activation was
decreased in ser-6 deletion mutants compared with wild-
type animals, suggesting that both SER-3 and SER-6 are
required for signal transduction. Cell-specific expression
of SER-6 in the SIA neurons was sufficient to restore
CREB activation in the ser-6 mutants, indicating that
SER-6, like SER-3, functions in these neurons. Taken
together, these results demonstrate that two similar G-
protein-coupled receptors, SER-3 and SER-6, function in
the same cells in a nonredundant manner.  © 2014 Wiley
Periodicals, Inc.

Key words: G-protein-coupled receptor; CREB; octop-
amine; C. elegans; food deprivation

Amine neurotransmitters, such as dopamine, nor-
adrenaline, and serotonin, signal primarily through
G-protein-coupled receptors (GPCRS). Each neurotrans-
mitter is capable of binding multiple receptors, which in
turn couple different G proteins, allowing a single neuro-
transmitter to activate multiple intracellular signaling
pathways. In many cases, multiple receptors bind to the
same neurotransmitter and activate the same intracellular
signaling cascades. The «-adrenergic receptors, for
example, consist of three subtypes, o, oy, and ag. All
three receptors bind to both adrenaline and noradrenaline,
couple to G protein Gq, and induce activation of phos-
pholipase C. The physiological significance of having

© 2014 Wiley Periodicals, Inc.

multiple receptors with the same function is not well
understood. Studies in receptor-knockout mice suggest
that these receptors may not be entirely redundant, in
part because expression of each receptor is restricted to
distinct cell types (Chen and Minneman, 2005).

Reecent studies have shown that GPCRs are capable
of regulating each other through the formation of hetero-
dimers in vivo and in doing so acquire new functions
(Gupta et al., 2010; Pei etal,, 2010; He et al., 2011). Func-
tionally similar receptors have been shown to form hetero-
dimers when expressed heterologously in cultured cells,
suggesting that these types of receptors can work coopera-
tively. For example, the ay,-adrenergic receptor facilitates
internalization of the ay,-adrenergic receptor by forming a
hetero-oligomer, without affecting the pharmacology or
signaling of either receptor (Stanasila et al.,, 2003). Simi-
larly, the oyp-adrenergic receptor is capable of binding the
oyg-adrenergic receptor, facilitating its expression on the
surface of the cell (Hague et al., 2004). This heterodimer
behaves as a single functional entity with increased signal-
ing (Hague et al., 2000). Together, these interactions sug-
gest that similar receptors may perform nonredundant
functions when expressed in the same cell. This study ana-
lyzes two homologous receptors, SER-3 and SER-6,
which likely couple to the same G protein signaling in the
model organism Cacenorhabditis elegans.

Amine neurotransmitters regulate activation of
cAMP response element-binding protein (CREB) in C.
elegans (Suo et al., 2006, 2009). CRED is a transcription
factor that plays essential roles in a variety of biological
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processes (Lonze and Ginty, 2002; Johannessen et al,
2004). It binds to specific DNA sequences called cAMP
response elements (CRE) and regulates expression of its
target genes upon phosphorylation (Mayr and Montminy,
2001). Using a reporter for CREB activation, we previ-
ously found that CREB is activated in the cholinergic
SIA neurons in the absence of food (Suo et al., 2006).
This signaling is mediated by the amine neurotransmitter
octopamine, which is considered to be the biological
equivalent of mammalian noradrenaline (Roeder, 1999),
because food-deprivation-mediated CREB activation was
decreased in the octopamine-deficient mutant tbh-1 and
CREB can be activated by addition of exogenous octop-
amine. SER-3, a putative Gg-coupled octopamine recep-
tor, and EGL-30, an a subunit of Gq, function in the SIA
neurons to induce CREB activation. Furthermore, this
octopamine signaling is suppressed by dopamine through
activation of the dopamine receptors DOP-2 and DOP-3
(Suo et al., 2009).

In addition to SER-3, C. elegans has another puta-
tive octopamine receptor, SER~6, that is highly homolo-
gous to SER-3. SER-6 has been shown to bind
octopamine and is believed to couple Gq because of its
ability to activate inward currents upon octopamine treat-
ment when heterologously expressed in Xenopus oocytes,
which presumably i1s mediated by endogenous Ca’"-
gated chloride channels (Mills et al., 2017) In this study,
we show that SER-6 is involved in octopamlne—med1ated
CREB activation and functions in SIA neurons, similarly
to SER-3. Interestingly, loss of either SER-3 or SER- 6
leads to diminished signaling, indicating that both recep-
tors are required for normal signaling. These two similar
octopamine 1ecept01s are therefore working in the same
cells and functlon in a nonr edundant manner in vivo.

MATERIALS AND METHODS

Strains

Culturing and genetic manipulation of C. elegans were
performed as described previously (Brenner, 1974). The alleles
used in this study were as follows: ser-3(ad1774) I (Suo et al.,
2006), ser-6(tm2104) IV and ser-6(tm2146) IV (gifts from the
National BioResource Project [NBRP], Ministry of Education,
Culture, Sports, Science and Technology [MEXT], Tokyo,
Japan), octr-1(0k371)X (Wragg et al., 2007), tyra-3(0k325)X
(Wragg et al., 2007), unc-64(e246) Il (Brenner, 1974), tbh-
1(0k1196) (Suo et al., 2006), and tzIs3[cre::gfp; lin-15(+)
(Kimura et al., 2002). All mutants used in the CREB activity
assay carry cre::gfp reporter. These mutants were generated by
mating tzls3 males with other mutants. The resulting genotypes
were confumed by PCR. thh-1(ok1196);tzIs3, ser- 3(ad1774) t-
zIs3, and unc-64(e246)IlI;tzIs3 were constructed previously
(Suo et al., 2006).

Cloning of ser-6

Total C. elegans RNA was extracted from all stages of a
wild-type Bristol N2 strain using Trizol reagent (Gibco BRL,
Rockville, MD). The cDNA of SER-6 was synthesized using a
gene-specific primer (5'-TACATACAATTGAATTTCAG-3")

and the Prime Script 1st strand cDNA synthesis kit (TaKaRa).
PCR was carried out with a SER-6 reverse primer (5'-GAA
CAATTATTACTGAACTGC-3) and an SL1 primer (5'-
GGTTTAATTACCCAAGTTTGAG-3') matching the 5'-
trans-spliced leader sequence found on C. elegans RNAs (Blaxter
and Liu, 1996) using PfuUltra High-Fidelity DNA Polymerase
(Stratagene, La Jolla, CA). The resulting PCR product was cloned
into pCR-Blunt (Invitrogen, Carlsbad, CA) and sequenced.

Phylogenetic Analysis

The amino acid sequences of SER-6 and other biogenic
amine receptors of human and invertebrates were aligned with
Clusta] W (DNA Databank of Japan), using relatively well-
conserved regions excluding the N terminus, second extracellu-
lar Joop, third intracellular loop, and the C terminus of these
receptors. The phylogenic tree was drawn with PHYLIP by the
Fitch-Margoliash method and visualized with TreeView.

Analyses of CRE-Mediated Gene Expression

CREB activation assays were performed as described pre~
viously (Suo et al., 2006, 2009). Briefly, animals carrying cre::gfp
were synchronized by a hypochlorite treatment, and the result-
ing eggs were placed on NGM plates seeded with Escherichia coli
OP50 (Brenner, 1974). Animals were incubated for 2 days at
20°C, transferred to new NGM plates, and incubated for an
additional 24 hr. Animals were then transferred onto assay plates
and incubated for 4 hr at 20°C. Each assay plate contained 1.7%
AgarNoble (BD Diagnostics, San Jose, CA) with or without 3
mg/ml octopamine-hydrochloride (Sigma-Aldrich, St. Louis,
MO), with bacterial food spread on its surface. For food-
depletion assays, synchronized animals were incubated on
NGM plates seeded with or without OP50 at 20°C for 6 hr.
For soaking assays, synchronized animals were incubated for 4
hr at 20°C on 60-mm NGM plates seeded with bacterial food
and overlaid with ~5 ml water. After incubation, animals were
collected in M9 bufter (Brenner, 1974) containing 50 mM
NaNj; and mounted on glass slides. The number of SIA neurons
expressing green fluorescent protein (GFP) was counted for
each animal using a fluorescence microscope (Olympus BX53)
to quantify CREB activation. All counting was performed by
an experimenter blinded to the genotype and incubation condi-
tions of the animals. Statistical significance was evaluated by an
analysis of variance followed by a Tukey-Kramer multiple-
comparisons test in GraphPad Prism. Images of animals were
obtained with the fluorescence microscope.

Analyses of ser-6 Expression Patterns

The transcriptional reporter fusion gene ser-6::gfp was
generated using the fusion PCR method as described elsewhere
(Hobert, 2002) using the primers Y54fusionA (5'-GTTAA
GCTCCTCGAACTTTCGG-3"), Y54fusionB (5'-AGTCGA
CCTGCAGGCATGCAAGCTGCCCAGCGTCAGTGATA
GC-3"), Y54fusionE (5'-CTCTCAAACTTTCCGGCGC-3'),
fusionD (5'-AAGGGCCCGTACGGCCGACTAGTAGG-3'),
fusionF (5-GGAAACAGTTATGTTTGGTATATTGGG-3'),
and fusionC (5'-AGCTTGCATGCCTGCAGGTCGACT-3).
The region corresponding to 5.0-kb upstream and a part of
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exon 1 of ser-6 gene was amplified with  the  primers
Y54fusionA and Y54fusionB by LA Taq (TaKaRa) using
genomic DNA as the template. The resulting PCR product
was fused to 2=1876 of pPI95.75, ser-6::¢fp was injected into
N2 wild-type animals together with ceh-17::dsred (Pujol et al.,
2000; Suo ct al., 2006y, thh-1::dsred (Alkema et al., 2005; Suo
et al., 2006), pBlueseript (Stratagene), and the transformation
marker pRF4, which contains the dominant roller mutation rol-
6(su1006) (Kramer et al., 1990), as described by Mello et al,
(1991). Concentrations of the injected plasmids were 30, 10,
10, 30, and 20 ng/pl, respectively. Images of transformants
were obtained with a confocal laser microscope (Leica inverted
microscope DMIGOGO 13).

Cell-Specific Rescue of ser-6

To express ser-6 i the SIA neurons, cDNA of ser-6 was
fused to the celi-17 promoter, which induces gene expression in
only the SIA and ALA neurons. The coding sequence of ser-6
was amplified with the corresponding forward (3'-TTCGCC
ACCGGTAAAAATGATTTTGCTATC-3) and reverse (5/-
AAATAAGCGGCCGCTCAAAATTTTGGCTTC-3') primers
by PfuUlwa High-Fidelity DNA Polymerase (Stratagene) using
subcloned ser-6 ¢DNA as the template. The PCR product was
digested with the restriction enzymes Agel and Nofl and cloned
into Agel- and Nofl-digested celi-17::dop-21 (Suo et al., 2009) to
obtain ceh-17::50r-6. ceh-17::50-6 was  then injected into  ser-
6(tm2104);t21s3 together with the transformaton marker lin-
44::gfp (Murakami et al., 2001) and pBluescript (Stratagene). The
concentrations of the injected ceh-17::se1-6, lin-44::9fp, and pBlue~
seript were 10, 20, and 70 ng/pl, respectively. Animals carrying
lin-44::9fp, reflected by expression of GFP in the tail hypodermis,
were analyzed in the rescue experiments.

Generation of Heterozygous Mutants and
Overexpression of ser-3 and ser-6

To generate  heterozygous mutant  animals,  ser-
3(ad1774);ser-6(tm2104);tz1s3 males, unc-64(c246)111z1s3 her-
maphrodites, ser-3(ad1774);unc-64(e246)11;tz1s3  hermaphro-
dites, or ser-6(tm2104);unc-64(c246)I1L;tzIs3  hermaphrodites
were mated before each assay. wnc-64 homozygous animals
exhibit an uncoordinated phenotype (Unc; Brenner, 1974).
Only non-Unc F1 animals were tested, because Unc animals
result from self-fertilization.

To obtain strains that overexpress SER-6 in the SIA neu-
rons, ceh-17::ser-6 was injected into ser-3(ad1774);tz1s3, together
with lin-44::¢fp and pBluescript (Stratagene). The concentrations
of the injected expression plasmids, lin-44::¢fp, and pBluescript
were 10, 10, and 80 ng/l, respectively. CRED activation was
analyzed using transformants that express GFP in the tail
hypodermis.

To obtain strains that overexpress SER-3 in the SIA neu-
rons, the cch-17::ser-3 fusion construct (Suo et al., 2006) was
injected into ser-3(ad1774);tzIs3 together with lin-44:.¢fp and
pBluescript (Stratagene). The concentrations of the injected
expression plasmids, lin-44::¢fp, and pBluescript were 10, 10,
and 80 ng/pl, respectively. The transformant was then mated
with tzIs3 males, and the sibling #zIs3 animals carrying the ceh-
17::ser-3 fusion construct were mated with ser-6(tm2104);tz1s3
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males to obtin ser-6(nm2104);121s3 carrying the ceh-17::50r-3
fusion gene.

RESULTS

SER-6 Is Highly Homologous to the Ggq-Coupled
Octopamine Receptor SER-3

SER-6 was identified as an amine neurotransmitter
receptor by comparing the amino acid sequences of amine
receptors between human and C. elegans (Chase et al.,
2004). Srinivasan et al. (2008) showed that ser-6 deletion
mutants have a defect in serotonin-induced reduction of
fat storage. Furthermore, Mills et al. (2012) showed that
SER-6 is required for octopamine-mediated alteration of
octanol sensitivity. SER-6 has also been shown to func-
tion as an octopamine receptor and possibly couple to the
Gq signal pathway by an electrophysiological experiment
using Xenopus oocyte heterologously expressing SER-6
(Mills et al., 2012).

We cloned ¢cDNA of ser-6 and compared the amino
acid sequence of SER-6 with that of SER-3 (Fig. 1A,B).
SER-3 is likely a Gg-coupled octopamine receptor and
increases intracellular Ca®" concentration in response to
10 nM octopamine when expressed in HEK293 cells
(Petrascheck et al., 2007). As expected, SER-3 and SER-
6 were highly homologous. The phylogenic tree includ-
ing human and invertebrate amine receptors (Fig. 1C)
shows that SER-6 i1s homologous to other Gg-coupled
octopamine receptors of invertebrates, including SER-3
and insect octopamine receptors AmOAMB  and
DmOAMDB (Han et al., 1998; Grohmann et al., 2003).
Among mammalian amine receptors, SER-6 was most
closely related to the human oyg-adrenergic receptors,
which are also Gg-coupled receptors.

SER-6 Is Involved in Octopamine-Dependent
CREB Activation in the SIA Neurons

In C. elegans, CREDB activation can be detected by
fluorescence in animals carrying a cre::gfp reporter, in which
CRE is fused to a GFP sequence (Kimura et al., 2002).
Using this reporter, we have shown that food deprivation
induces CREB activation in the SIA neurons (Suo et al,,
2006, 2009). This response appears to be mediated through
octopamine, because exogenously applied octopamine sim-
ilarly activates CREB in the SIA neurons, and mutants in
the tbh-1 gene, which encodes a tyramine B-hydroxylase
required for octopamine synthesis (Alkema et al., 2005),
exhibit decreased response to food deprivation. SER-3 has
been shown to function in the SIA neurons to transmit
octopamine signaling through EGL-30, the o subunit of
Gq. Here, we determined whether SER-6 is also involved
in this CREB activation.

Animals carrying cre::gfp were exposed to 3 mg/ml
octopamine for 4 hr or deprived of food for 6 hr. The
number of SIA neurons in each animal expressing GFP
was then counted to quantify CREB activation. Wild-
type animals exhibited significant GFP expression in the
SIA neurons following octopamine treatment or food
deprivation (Fig. 2B,E). C. elegans has four SIA neurons
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Fig. 1. Gene structure of ser-6 and comparison between SER -6 and other
amine receptors. ser-6 cDNA was cloned, and the structure of this gene
was identified. Black bars indicate the region deleted in the 127104 and
tm2146 alleles (A). The amino acid sequence of SER-6 was aligned with
SER-3 (B). Predicted transmembrane (TMs) regions are overscored.
Amino acid residues conserved between SER~6 and SER -3 are indicated
by gray shading. Numbers in parentheses represent the number of amino
acids not shown in the figure. According to the phylogenic tree of SER -6
and other biogenic amine receptors of human and invertebrates, SER -3
and SER-6 are highly' homologous (C). The amino acid sequences of each
receptor were aligned with Clustal W using relatively conserved regions,
excluding the N terminus, second extracellular loop, third intracellular
loop, and C terminus. The phylogenic tree was calculated by using the
PHYLIP package and:the Fitch-Margoliash method. Receptor sequences
used and the GenBank accession numbers are as follows: C. elegans octop-
amine receptors (ceSER-3, NP491954; ceOCTR-1, CCD83472.1), C.
elegans dopamine réceptors (ceDOP-1, CCD68411.1; ceDOP-2,

(SIADL, SIADR;,'SIAVL, and SIAVR) and there was no
apparent difference in GFP expression rates of these four
neurons. As reported previously, this CRE-mediated
gene expression was dependent on SER-3, with ser-3
mutants showing decreased responses to exogenous
octopamine and food deprivation (Fig. 2F). Next, we
examined two deletion alleles of ser-6, tm2104 and
tm2146, and found that octopamine-mediated GFP
expression was decreased in both mutants (Fig. 2D,G,H).
These results suggest that SER-6 is also required for
octopamine-dependent CREB activation in the SIA neu-
rons. CREB activation levels induced by food deprivation
were also decreased in ser-6 animals (Fig. 2G,H), suggest-
ing that SER-6 is involved in food deprivation-induced
CREB activation in the SIA neurons.

The response to food deprivation was significantly
attenuated in octopamine-deficient tbh-1 mutants (Fig. 2J).
However, a small response was observed, consistent with
previous reports (Suo et al, 2006), suggesting that the
response to food deprivation is partially octopamine inde-
pendent. The level of CREB activation observed in the
ser-3 mutants in the absence of food was similar to that of
tbh-1. We also analyzed tbh-1;ser-3 double mutants and
found that tbh-1;ser-3 responded to food deprivation
slightly more strongly than ser-3 and tbh-1 single mutants

D1
hos

CBY85347.1; ceDOP-3, NP_001024907.21 ceDOP-4, CCD65696.1),
C. elegans tyramine receptors (ceTYRA-2, CCD83463.1; ceTYRA-3,
CCD83479.1; ceSER-2, NP_001024335.1), C. elegans serotonin recep-
tors (ceSER-1, CCD63419.1; ceSER-4, CCD73768.1; ceSER-7,
CCD83456.1), insect a-adrenergic-like  octopamine  receptors
(dmOAMB, AAC17442; amOAMB, CADG67999; paOA1, AAP9I3817.1;
bmOAR1, NP_

001091748.1), human dopamine receptors (hD1, P21728; hD2, P14416;
hD3, P35462; hD4, P21917; hD5, P21918), human serotonin receptors
(h5HT1a, 138209; h5HT1b, JN0268; h5HT1d, A53279; h5HTle,
A45260; h5HT1f, A47321; h5HT2a, A43956; h5HT2b, S43687;
h5HT2¢, JS0616; h5HT4, Q13639; h5HT7, A48881), and human adre-
nergic receptors (halA, NPO00671; halB, NP0O00670; halD,
NP000669; ha2A, A34169; hal2B, A37223; hoa2C, A31237; hP1,
QRHUB1; h32, QRHUB2; h3, QRHUB3). A human trace amine
receptor 3 (hTAR3, AAO24660) was used as an out group. bm, Bombyx
mort; pa, Periplaneta americana; dm, Drosophila melanogaster; am, Apis mellifera.

(Fig. 2K). The reason for this increase is unknown. How-
ever, because CREB activation was not decreased by the
thh-1 mutation in the double mutants, it is likely that the
CREB activity observed in the ser-3 mutants is octopamine
independent. In contrast, the level of CREB activation in
the ser-6 mutants was higher than that in the bh-1 mutants,
and the level of CREB activation in the tbh-1,ser-6 mutants
was similar to that in the tbh-1 mutants (Fig. 2L). These
results suggest that some octopamine-dependent signaling
is occurring in the absence of ser-6. These experiments
were repeated in ser-3;ser-6 double mutants, and their
responses to exogenous octopamine and food deprivation
were similar to those of the ser-3 mutants (Fig. 21).

CRERB is activated in the SIA neurons when animals
are soaked in water, and this soaking response is inde-
pendent of octopamine (Suo et al., 2006). ser-6 mutants
responded normally to soaking (Fig. 2G), exhibiting
robust activation of CREB. This result confirms that the
SIA neurons are present in ser-6 mutants and that CREB
can be activated in these neurons under certain condi-
tions. Reduced octopamine-mediated CREB activation
seen in the ser-6 mutants is therefore not the result of
abnormal development of SIA neurons.

In addition to SER-3 and SER-6, the C. elegans
genome contains another octopamine receptor, OCTR-
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Fig. 2. Octopamine- and food deprivation-induced CREB activation in
the SIA neurons, Animals carrying erezsgfp were cultured on agar plates con-
taining 0 (A, C) or 3 mg/ml (B, D) octopamine. Fluorescent images were
obtained from wild-type background animals (A,B) and ser-6(1m2104)
mutants (C,D) after 4 hr of incubation. GFP expression was induced by
exogenous octopamine in the SIA neurons of wild-type but not ser-6
mutants. The bracket marked with an asterisk indicates autofluorescence of
the intestine. Wild-type, ser-3(ad 1774), ser-6(1n2104), ser-6(tm2146), ser-
3ad1774)ser-60tm2104), thhi-1(ok1196), thh-1(ok 1196)ser-3(ad 1774), 1bh-
Hok1196);ser-6(tn2104), octr- 1{ok371), and tyra-3(ok325) mutants carrying
aezgfp were incubated on plates containing 0 or 3 mg/ml octopamine
(OA) for 4 hr, incubated on NGM plates with or without food for 6 hr, or

1, as well as the tyramine receptor TYRA-3, which has
been shown to bind octopamine, albeit weakly (Wragg
et al., 2007). We therefore investigated whether OCTR-1
and TYRA-3 are involved i octopamine-mediated
CREB activation. The octr-1 and fyra-3 mutants responded
normally to exogenous octopamine and food deprivation,
suggesting that these receptors are not involved in the
octopamine-mediated CREB activation seen in the SIA
neurons (Fig. 2M,N).

SER-6 Functions in the SIA Neurons to Activate
CREB

The observation that octopamine-induced CREDB
activation was reduced in both ser-3 and ser-6 single
mutants indicates that both SER-3 and SER -6 are required
for CREB activation. Furthermore, the observation that
the response to food deprivation in ser-3;ser-6 double
mutants was not smaller than that of either ser-3 or ser-6
single mutants also suggests that SER-3 and SER-6 are not
redundant. One possibility is that they function in different
neurons. Notably, it has been shown that both SER-3 and
SER-6 are required for regulation of octanol sensitivity by
octopamine and that they function in different neurons for
this regulation (Mills et al., 2012). Another possibility 1s
that SER -3 and SER -6 function in the same (SIA) neurons
and there may be some interaction at the molecular level.
It has been previously reported that ser-6 is expressed in a
subset of head and tail neurons (Srinivasan et al., 2008).
However, it has not been determined whether ser-6 is
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soaked i water (SO) i the presence of food for 4 hr. The number of
GFP-expressing SIA neurons per animal was then determined (E-N).
Error bars indicate the standard errors of the mean. At least 53 animals were
tested. *1P < 0.001 (Tukey-Kramer muldple-comparisons test) compared
with +OA of wild-type animals. *2P < 0.001 compared with —food of
wild-type animals, *3P < 0.001 compared with —food of sa-6(nu2104)
mutants. *4P 2 0.05 compared with ~—food of ser-3 mutants. *51 < 0.001
compared with —food of bhi-1 mutants and ser-3 mutants. *6P > 0.05
compared with —food of hh-1 mutants. *7P < 0.001 compared with
—food of ser-6(t1m2 104) mutants. Scale bars = 10 pun. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

expressed in the SIA neurons. We generated a ser-6::9fp
reporter fusion gene in which 5 kb of upstream sequence
plus a portion of exon 1 are fused to the gfp gene. This
fusion gene was coinjected along with the ceh-17::dsred
reporter. The ceh-17 promoter was used because it induces
gene expression in only the four SIA neurons and one
additional neuron (the ALA neuron; Pujol et al., 2000).
The ceh-17::dsied reporter therefore labels the SIA neurons
with DsRed expression. A thh-1::dsred reporter construct
was also introduced to label the octopaminergic RIC neu-
rons. In these transformants, GFP expression was observed
in multiple neurons, with GFP colocalizing with DsRed
(Fig. 3), suggesting that ser-6 is expressed in both the SIA
and the RIC neurons.

To determine whether SER-6 functions in the SIA
neurons, we performed a cell-specific rescue experiment.
We introduced the celi-17::ser-6 fusion construct, in which
the ceh-17 promoter was fused to SER-6 ¢cDNA, into ser-
6(tm2104) mutant animals. These transformants should
express SER-6 in only the SIA and ALA ncurons. As
shown in Figure 4, the transgenic animals responded to
exogenous octopamine as robustly as did the wild-type
animals, suggesting that expression of SER-6 in the SIA
neurons is sufficient to restore CREDB activation upon
octopamine. CREB activation of the transformants in
response to food deprivation was not significantly different
from that of the wild-type animals, also suggesting that
SER-6 functions in the SIA neurons for food-deprivation
response. However, there was no significant difference
between CREB activation levels for food deprivation of
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Fig. 3. Expression pattern of ser-6. Fluorescent (A—C) and correspond-
ing differential interference contrast (D) images were obtained from
N2 animals carrying the ser-6::gfp, ceh-17::dsred, and tbh-1::dsred con-
structs. The SIA- and RIC-neuron-specific promoters, cefi-17 and tbhi-
1, respectively, were used to label the SIA and RIC neurons with
DsRed. Merged images show the colocalization of GFP and DsRed.
Arrowheads indicate SIA neurons. Arrows indicate RIC neurons.
Scale bar =10 pum. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

ser-6 animals and the transformants. Therefore, it remains
possible that ser-6 also functions in other cells.

Both SER-3 and SER-6 Are Required for Normal
CREB Activation in SIA Neurons

The present results suggest that SER-3 and SER-6
function in the same cells and that both of these receptors
are required for normal signaling, despite having similar
functions. One: explanation for the decreased CREB
activation seen dn ser-3 and ser-6 single mutants is a
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Fig. 4. SIA-neuron-specific rescue of the ser-6 CREB activation phe-
notype. The transgenes ceh-17::ser-6 and lin-44::gfp were introduced
into a ser-6(tm2104) mutant carrying cre::gfp. The ceh-17 promoter
induces gene expression in only the SIA and ALA neurons. The lin-
44::9fp construct was used as a cotransformation marker. Transform-
ants were incubated on plates containing 0 or 3 mg/ml octopamine
for 4 hr or on NGM plates with or without food for 6 hr (C). At
least 72 animals were tested. Error bars indicate the standard errors of
the mean. CREB activity in wild-type animals and ser-6(tm2104)
mutants shown in Figure 2E,G is reprnted (A,B). *1P<0.001
(Tukey—Kramer multiple-comparisons test) compared with +OA of
ser-6 mutants. *2P > 0.05 compared with +OA of wild-type animals.
*3P < 0.001 compared with —food of wild-type animals. *4P > 0.05
compared with —food of wild-type animals.

decrease in the total number of octopamine receptors. A
specific level of octopamine receptor may be required for
normal signaling, and removal of either of these two
genes results in an insufficient quantity of octopamine
receptors. To address this possibility, we assayed CREB
activation in double heterozygous ser-3/+;ser-6/+ ani-
mals. The double heterozygous animals responded slightly
more weakly to exogenous octopamine treatment than
wild-type animals (Fig. 5B). However, the response of
the double heterozygous animals was much stronger than
that of the ser-3 or ser-6 single mutants, which was essen-
tially zero (Figs. 2F-H, 5B). This result suggests that hav-
ing both ser-3 and ser-6 is important for CREB activation
rather than the quantity of octopamine receptor genes.
The response to food deprivation was not different
between ser-3/+;ser-6/+ double heterozygous animals
and wild-type animals (Fig. 5A,B). Furthermore, we ana-
lyzed the ser-3/ser-3;ser-6/+ and ser-3/+ ;ser-6/ser-6 het-
erozygous animals and found that ser-3/ser-3;ser-6/+
were similar to ser-3 single mutants (P> 0.05; Figs. 2F,
5C) and that ser-3/+ ser-6/ser-6 were similar to ser-6 sin-
gle mutants (P> 0.05; Figs. 2G, 5D) with respect to their
response to food deprivation. These results suggest that
removing one copy of the ser-3 or ser-6 gene has little
effect on the response to food deprivation, which further
supports the idea that normal CREB activation requires
the existence of both octopamine receptors rather than
just a specific quantity of receptor.

To address the effect of the gene dosage further, we
next assessed CREB activation in animals overexpressing
either SER-3 or SER-6. SER-3 was overexpressed in the
SIA neurons of the ser-6 deletion mutant using the ceh-
17::ser-3 fusion construct, and SER -6 was overexpressed in
the SIA neurons of ser-3 deletion mutant using the ceh-
17::ser-6 fusion construct. These animals therefore lacked
either SER -6 or SER-3 but overexpressed the other recep-
tor in the SIA neurons, in addition to endogenous expres-
sion. It has been shown that multiple copies (typlcally over
100 copies) of genes are retained in transgenic animals
when transformed by injection (Fire et al,, 1991). In ser-3
mutants overexpressing SER-6, CREB activation induced
by exogenous octopamine or food deprivation was similar
to that for ser-3 deletion mutants alone (P> 0.05; Figs. 2F,

E). This result suggests that SER-6 alone cannot induce
activation of CREB, even when SER-6 is overexpressed.
In ser-6 mutants overexpressing SER-3, some spontaneous
CREB activation was observed on the control plates that
did not contain octopamine but did contain food (Fig. 5F,
first bar). However, this activation was not seen on NGM
plates containing food (Fig. 5F, third bar); the cause of this
difference is unknown. One possible explanation is that,
because control plates for octopamine treatment contained
less salts and peptone than NGM plates, these compounds,
or the difference in the condition of the bacteria growing
on these plates, might have affected CREB activation in
this strain. Nonetheless, a moderate increase in CREB acti-
vation was observed upon exogenous octopamine treat-
ment in the ser-3-overexpressing animals (Fig. 5F),
suggesting that SER-3 can partially respond to exogenous
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Fig. 5. Octopamine- and food deprivation-mediated CREB activity in
heterozygous and overexpressing animals. Double heterozygous ani-
mals (B), ser-3/ser-35e-6/+ animals (C), ser-3/- ser-6/ser-6 animals
(D), ser-6-overexpressing animals (B), and ser-3-overexpressing animals
(F) carrying cresglp were incubated on plates containing 0 or 3 mg/ml
octopamine for 4 hr, incubated on NGM plates with or without food
for 6 hr, or soaked in water (SO in the presence of food for 4 hr.

octopamine without SER~6 when overexpressed. In con-
trast, the level of CREB activation induced by food depri-
vation in ser-3-overexpressing animals was not different
from that of ser-6 mutants (P> 0.05). Collectively, these
results suggest that both ser-3 and ser-6 are required for full
activation of CREB regardless of their quantity and that
ser-3 but not ser-6 can partially function by itself only when
it is overexpressed.

DISCUSSION

It is common for neurotransmitters to possess multiple
receptors that couple to the same intracellular signaling.
When expressed in a heterologous system, such function-
ally similar receptors function in a nonredundant manner
through receptor-receptor interactions. This study ana-
lyzed two homologous octopamine receptors of C. elegans,
SER-3 and SER -6, which have been shown to couple to
the same class of G proteins (Petrascheck et al., 2007; Mills
et al, 2012). These receptors were both required for
octopamine-mediated CREB activation in the SIA neu-
rons. Cell-specific rescue experiments revealed that SER-
6, like SER-3, functions in the SIA neurons, indicating
that these receptors function in the same cells. These results
suggest that SER-3 and SER-6 act together to transmit
octopamine signaling in the SIA neurons.

Using SER-3- and SER-6-overexpressing animals,
we further demonstrated that both SER-3 and SER-6 are
required for normal CREB activation by octopamine;
overexpression of one receptor in the absence of the other
could not fully restore normal CREB activation. ser-3-
overexpressing animals did respond to exogenous octop-
amine in the absence of ser-6, although the response was
much weaker than that in the wild-type animals. In con-
trast, SER-6 could not activate CREB without SER-3
even when overexpressed. These results indicate that,
when overexpressed, SER-3 can partially bypass the
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The number of GFP-expressing SIA neurons per animal was then
determined. At least 43 animals were tested. Error bars indicate stand-
ard errors of the mean. CREB activity in wild-type animals shown in
Figure 2E is reprinted (A). *1P<0.01 (Tukey=Kramer muldple-
comparisons  test)  compared  with +OA  of  wild-type animals.
*2P > 0,05 compared with —food of wild-type animals. *3P < 0.001
compared with -OA of ser-3(oc);ser-6 animals.

requirement for SER-6. In addition, CREB activation by
food deprivation was stronger in ser-6 mutants than in ser-
3 mutants or ser-3;ser-6 double mutants (Fig. 2), suggest-
ing that SER-3 can also partially activate CREDB without
SER-6 in this condition. One possible mechanism in
which SER-3 and SER-6 function cooperatively is that
SER -6 functions in part to assist the function of SER-3
by controlling the quantity of functional SER-3. Another
possibility 1s that SER-3 and SER -6 form a dimer and that
the heterodimer transmits stronger signals than monomers
or homodimers. It has been shown that structurally similar
GPCRs can form heterodimers and that dimerization
affects their membrane expression as well as their signaling
strength (Stanasila et al., 2003; Hague et al., 2004, 20006). It
also remains possible that, even though SER-3 and SER-6
are structurally similar, they transmit different intracellular
signals in vivo and these signals converge to activate
CREB fully. Further efforts, including expression of SER -
3 and SER-6 in a heterologous expression system, would
be required to elucidate the precise mechanisms by which
these receptors function cooperatively.

We found that SER-3 and SER-6 are coexpressed
in the SIA neurons. Although both SER-3 and SER-6
are also expressed in other necurons, the expression pat-
terns of these receptors overlap only partially. Neurons
expressing only SER-3 or SER-6 are unlikely to be able
to respond to octopamine stimulation by fully activating
CREB, unlike the SIA neurons. It therefore is possible
that, by utilizing multiple functionally similar receptors
differentially expressed across several cells types, the nerv-
ous system diversifies its sensitivity to neurotransmitters,
allowing for more complex neuronal regulation.
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ABLIM1 splicing is abnormal in skeletal muscle of patlents
with DM1 and regulated by MBNL, CELF and PTBP1
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Myotonic dystrophy type 1 (DM1) is an RNA-mediated disorder characterized by muscle
weakness, cardiac defects and multiple symptoms and is caused by expanded CTG repeats
within the 3’ untranslated region of the DMPK gene. In this study, we found abnormal splicing
of actin-binding LIM protein 1 (ABLIM1) in skeletal muscles of patients with DM1 and a DM1
mouse model (HSA™). An exon 11 inclusion isoform is expressed in skeletal muscle and heart
of non-DM1 individuals, but not in skeletal muscle of patients with DM1 or other adult
human tissues. Moreover, we determined that ABLIM1 splicing is regulated by several splice
factors, including MBNL family proteins, CELF1, 2 and 6, and PTBP1, using a cellular splic-
ing assay. MBNL proteins promoted the inclusion of ABLIM1 exon 11, but other proteins and
expanded CUG repeats repressed exon 11 of ABLIMI1. This result is consistent with the
hypothesis that MBNL proteins are trapped by expanded CUG repeats and inactivated in DM1
and that CELF1 is activated in DM1. However, activation of PTBP1 has not been reported in
DM1. Our results suggest that the exon 11 inclusion isoform of ABLIM1 may have a muscle-
specific function, and its abnormal splicing could be related to muscle symptoms of DM1.

Introduction the cause of several symptoms and cellular abnormal-
ity in patients with DM. First, the number of CUG
repeats correlates with symptom severity in DM1
(Mahadevan et al. 1992). Second, nuclear accumula-
tion of expanded CUG and CCUG repeats in RINA
is observed in cells derived from patients with DM1

and DM2, respectively (Taneja ef al. 1995; Davis

Myotonic dystrophy (dystrophia myotonica, DM) is
an autosomal dominant disorder and is the most com-
mon form of muscular dystrophy that affects adults.
Characteristic symptoms of DM include muscle hype-
rexcitability (myotonia), progressive muscle atrophy,
muscle weakness, cataracts, defects in cardiac conduc-

tion, cognitive impairment and insulin resistance
(Harper 2001). There are two forms of DM, DM1
and DM?2, which are caused by expansion of a CTG
repeat in the 3" untranslated region (3’-UTR) of DM
protein kinase (DMPK) and a CCTG repeat in intron
1 of CCHC-type zinc finger and nucleic acid binding
protein (CNBP/ZNF9), respectively (Brook et al.
1992; Mahadevan et al. 1992; Fu et al. 1993; Liquori
et al. 2001). Accumulating evidence suggests that
transcribed RNA CUG or CCUG repeats may be
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et al. 1997; Liquori et al. 2001). Third, HSALR trans-
genic mice, which express an expanded CUG repeat
RNA inserted into the 3"-UTR of the human skeletal
muscle actin (HSA) gene, manifest myotonia and
abnormal muscle histology (Mankodi ef al. 2000).
Therefore, understanding the pathomechanism of
DM is important to determine how expanded repeat
RNAs perturb normal cellular function.
Abnormalities of alternative splicing have been
found in cells from patents with DM and some DM
mice models. Abnormal splicing has been reported in
several genes, such as chloride channel 1 (CLCNT;
Charlet et al. 2002b; Mankodi er al. 2002), troponin
T type 2 (cardiac) (TINNTZ2/cTNT; Philips et al.
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1998), bridging integrator 1 (BINT; Fugier et al.
2011), ATPase, Ca®* transporting, cardiac muscle, fast
twitch 1 (ATP2A1; Kimura et al. 2005), L-type Ca>*
channel and voltage sensor (Cavl.1; Tang ef al
2012), insulin receptor (INSR; Savkur ef al. 2001)
and microtubule-associated protein tau (MAPT; Ser-
geant ef al. 2001), as well as others. Among them, it
was shown that abnormal alternative splicing of
CLCNT1, BINT and INSR caused myotonia, muscle
weakness and insulin resistance, respectively. These
aberrant splicings are caused by an imbalance of two
RNA-binding protein families, muscleblind-like
splicing regulator (MBNL), and CUGBP and the
Elav-like family member (CELF). It has been shown
that the functions of MBNL proteins are disrupted in
cells of patients with DM because MBNL proteins
are sequestered by expanded repeat RNAs within
nuclei. MBNL1, MBNL2 and MBNL3 proteins were
colocalized with both CUG and CCUG repeat RNA
foci (Fardaei et al. 2002). In addition, it has been
shown that MBNL1 binds directly to CUG and
CCUG repeat RNAs in a length-dependent manner
in vitro (Miller et al. 2000; Kino et al. 2004). More-
over, MBNL knockout mice, Mbnl143/43 (Kanadia
et al. 2003) and Mbnl2™'~ (Hao et al. 2008), showed
abnormal splicing of many genes, as seen in patients
with DM and HSA™ mice, and manifested some
DM-like symptoms, such as myotonia, abnormal mus-
cle histology ‘and cataracts. However, CELF1 protein
expression is elevated in the muscle of patients with
DM and DM mouse models in which CELF1 is stabi-
lized by PKC-mediated phosphorylation (Savkur et al.
2001; Timchenko et al. 2001; Kuyumcu-Martinez
et al. 2007). In addition, phosphorylation of CELF1 is
altered by activation of GSK3p signaling in DM (Salis-
bury ef al. 2008; Jones et al. 2012). However, the
mechanism of PKC and GSK3f activation by
expanded repeat RNAs remains unclear. In addition,
CELF1 over-expression in mice (MDAFrtTA/TRE-
CUGBP1 mice: CELF1 is over-expressed in skeletal
muscle by feeding doxycycline-containing food; Ward
et al. 2010) caused abnormal splicing of several genes
and manifested some DM-like symptoms, such as mus-
cle atrophy, weakness and abnormal muscle histology.
Importantly, cellular studies have showed that alterna-
tive splicing of CLCNI1, TNNTZ2, BIN1, ATP2A1
and INSR is regulated directly by MBNL and/or
CELF proteins in an antagonistic manner (Ho er al.
2004; Dansithong et al. 2005; Hino et al. 2007; Kino
et al. 2009; Fugier et al. 2011). Apart from MBNL and
CELF, it has been reported that polypyrimidine tract
binding protein 1 (PTBP1) and its homologues

Genes to Cells (2015) 20, 121-134

regulate alternative splicing of many exons that are
spliced in a neuron- or muscle-specific manner, such
as c-stc N1 (Chan & Black 1997), o-actinin SM
(Southby er al. 1999), a-tropomyosin exon 2 (Goo-
ding et al. 1998), NMDAR1 exon 5 (Zhang et al.
1999) and TNNT?2 exon 5 (Philips et al. 1998; Charlet
et al. 2002a). Moreover, Ptbpl expression is repressed
during differentiation in neurons (Boutz ef al. 2007a;
Makeyev et al. 2007) and C2C12 myoblast (Boutz
et al. 2007b; Bland et al. 2010), and during maturation
of heart after birth (Zhang ef al. 2009). Also, an RNA-
binding protein, fox-1 homologue (Caenorhabditis
elegans) 1 (RBFOX1/FOX1) is mainly expressed in
muscle, heart and neurons, and it regulates tissue-spe-
cific splicing (Jin et al. 2003). In addition, it has been
shown that Fox1 expression is up-regulated during
differentiation of neuroblastoma and myoblast (Under-
wood et al. 2005). Therefore, it has been thought that
the reduction of PTBP1 and the increase of FOX1 are
involved in differentiation of neuron or muscle, or in
maturation of muscle and heart.

Previously, we attempted to identify novel missp-
licing events that could be associated with DM mus-
cle symptoms. To determine the splicing abnormality
and gene expression resulting from expanded CUG
repeat RINAs, we carried out exon arrays using
muscle biopsies of patients with DM1. More than
100 splicing events were altered in DM1 muscles and
identified  aberrant  splicing of myomesin 1
(MYOMT1), PDZ and LIM protein 3 (PDLIM3), and
fibronectin 1 (FN1) (Koebis et al. 2010; Ohsawa
et al. 2010). In this study, we report the abnormal
splicing of exon 11 of actin-binding LIM protein 1 (AB-
LIM1) in skeletal muscle of patients with DM1 and
HSA™ mice. The inclusion isoform of ABLIM1
exon 11 (ex11+) was expressed specifically in normal
adult heart and skeletal muscle, but not in other tis-
sues. ABLIM1 protein is expressed mainly in the ret-
ina, brain and muscle and is localized to the Z-disk
of cardiac muscle (Roof et al. 1997). As Z-disks are
essential for force transmission, muscle integrity and a
nodal point of signaling toward the nucleus (Frey
et al. 2004; Frank et al. 2006), abnormal ABLIM1
splicing may contribute to the symptoms of DM1.

Results

Aberrant splicing of the ABLIM1 gene in DM1
muscle

To identify aberrant alternative splicing in DM1, we
analyzed splicing profiles using an exon array in

© 2014 The Authors
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biopsies of non-DM individuals (control) and patients
with DM1 (Koebis er al. 2010). The results suggest
that alternative splicing of ABLIMT (NC_000010.10)
exon 4 and exon 11 is misregulated in DM1 (Fig. S1
in Supporting Information). To verify these resules,
we carried out reverse transcription polymerase chain
reaction (RT-PCR) for ABLIM1 using biopsies from
non-DM individuals  and  padents  with DM
(Table ST in Supporting Information). We found that
an inclusion of ABLIMT exon 11 (ex11+) is sup-
pressed in DM1 muscles (Fig. 1A-C; P = 0.020).
However, the change in ABLIMT exon 4 was not
confirmed (Fig. S2 in Supporting Information). As a
positive control, we also analyzed the splicing of
ATP2A T exon 22, which is known to undergo abnor-
mal splicing in padents with DM1 (Kimura er al,
2005), and the inclusion of exon 22 was suppressed in
DM1 muscles (Fig. S2 in Supporting Information;
P =0.022). We investigated whether the ratio of the
two isoforms (ex11+ or ex11-) shifts during develop-
ment of skeletal muscle by RT-PCR (Fig. 1D,E). 1f a
shift is identified, ABLIM1 splicing might be regulated
by factors that change during development. In
addition, the alteration in physiological properties of
ABLIM1 might be related to DM1 pathogenesis. Only
ABLIM1 ex11— was predominantly expressed in fetal
skeletal muscle (fetus: 20 weeks), whereas ABLIM1
ex11+ was predominantly expressed in skeletal muscle
after birth (cont.: 4 years old). In brain and liver,
ABLIMT ex11— was predominantly expressed, and no
ABLIM1 ex11+ was detected in either fetus or adult
tissues. The change in ABLIM1 splicing was specific
to skeletal muscle. ABLIM1 splicing is of the fetal type
in DM1, and it is believed that the condition of DM1
muscle appears to be the same as those of fetal muscle.
(Fig. 1E) shows the changes in ABLIM1 splicing in
skeletal muscle at several stages: fetus, 8 months,
4 years and 31 years. The change gradually occurred
after birth, and ABLIM1 ex11+ drastically increased
between 8 months and 4 years. We also examined the
ABLIM1 splicing pattern in several human tissues
(Fig. 1F). ABLIM1 ex11+ was detected in heart and
skeletal muscle; this suggests that ABLIM 1 splicing is
regulated in a cardiac and skeletal muscle-specific
manner. The expression level was higher in heart than
in skeletal muscle.

MBNL, CELF and PTBP1 proteins regulate
ABLIMI1 exon 11 splicing

To examine whether the MBNL family and CELF
family of proteins regulate ABLIM1 exon 11 splicing,

© 2014 The Authors
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we investigated  endogenous ABLIMT splicing in
human embryonic kidney (MEK) 293 cells transfected
with a splicing factor (Fig. 2A). The expression of
those splicing factors was confirmed by Western blot-
ting using anti-Myc antibody. Anti-Actin was used as
an internal control (Fig. 2B). The inclusion of AB-
LIMT exon 11 was increased by over-expression of
MBNL family proteins (two isoforms of MBNLI,
EXP40 and EXP42 were used). The CELF family
did not change the splicing pattern of endogenous
ABLIMT in HEK293 cells. We also evaluated the
over-expression of MBNL family members in mouse
myoblast (C2C12) and human neuroblastoma (SH-
SY5Y) cells, but we did not detect any exon 11
inclusion in these cell lines (data not shown) probably
because the efficiency of transfection is likely low. In
the same assay, ATP2AT exon 22 splicing was regu-
lated by all three MBNL proteins (Fig. S3 in Sup-
porting Information). To explore splicing factors that
promote ABLIM1T exon 11 exclusion, we created a
minigene containing human ABLIM1T exons 10, 11
and 12 (Fig. 3A). Our minigene construct does not
include internal regions of introns 10 and 11,
because, in general, these regions have littde influence
on splicing (Cooper 2005), and the introns are too
long to make the minigene construct. The ABLIM1
minigene and splicing factor constructs were cotrans-
fected into C2C12 cells, and the splicing pattern of
the ABLIM1 minigene was examined (Fig. 3B). The
expression of those splicing factors was confirmed by
Western  blotting  using anti-Myc antibody. Anti-
Actin was used as internal control (Fig. 3C). The
expression of FOX1 construct was confirmed by real-
tme PCR (Fig. S4 in Supporting Information)
because it was not detected by Western blotting for
unknown reasons. FOX1 protein might be cleaved at
the front of Myc-tag, or the conformation of Myc-
tagged FOX1 might be difficult to detect by Western
blotting.

All MBNL proteins and FOX1 up-regulated exon
11 inclusion. In contrast, CELF1, 2 and 6, and
PTBP1 down-regulated exon 11 inclusion. It is
reported that the expression of Mbnl and Foxl
increases during C2C12 differentiation, whereas those
of Celfl and Ptbpl decrease. (Bland et al. 2010). The
exon 11 inclusion was almost undetectable in
PTBP1-expressing cells, as seen in DM1 muscles.
Thus, we investigated PTBP1 expression levels in
patients with DM1 by quantitative RT-PCR.
However, its expression did not change significantly
in skeletal muscle of patients with DM1 compared
to the control (Fig. S5 in Supporting Information).

Genes to Cells (2015) 20, 121-134
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Figure 1 Aberrant ABLIM1 splicing in patients with DM1. (A) ABLIM! ex11+ (exon 11 inclusion isoform) is decreased in
DM1. RT-PCR of endogenous ABLIM1 from DM1 skeletal muscles (n = 6; 1, 2, 3, 4, 5, 6) and non-DM1 muscles as control
(n==6;2,3,4,5, 6,7) (B) Percentages of exon 11 inclusion relative to the total transcripts are represented [means =% standard
deviation (SD)]. Statistical significance was determined by Student’s t-test (*P < 0.05). (C) A part of the exon—intron structure of
ABLIM1 and a primer set, we used for RT-PCR (arrowheads 1 and 2). (D) The ABLIM1 ex11+ (exon 11 inclusion isoform) is a
dominant isoform in adult skeletal muscle. On the other hand, ex11— (exon 11 exclusion isoform) is predominant in DM1 and
fetal skeletal muscle, and other tissues from the fetus and adult. The change in isoforms from the fetus to adult in skeletal muscle
of non-DM does not occur in brain or liver. (E) ABLIM? isoform changes from fetus to adult in skeletal muscle. Ex11+ is
increased gradually after birth. (F) Endogenous ABLIMT splicing in various human tissues. ABLIMT ex11+ is detected specifically
in heart and skeletal muscle. ABLIM1 ex11— is expressed ubiquitously in other tissues.
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Figure 2 Endogenous ABLIMT splicing in HEK293 cells is regulated by MBNL family proteins. (A) EXP40 and EXP42 are
spliced isoforms of MBNL1. EXP42 includes exon 6 of the MBNLI gene, but EXP40 does not. Splicing factor constructs were
transfected into HEK293 cells, and ABLIM1 exon 11 inclusion was analyzed by RT-PCR shows the percentage of exon 11 inclu-
sion relative to the total transcripts [means = standard error of the mean (SEM), n = 3]. Statistical significance was evaluated by
analysis of variance (anova) and Dunnett’s multiple comparison tests (*P < 0.05, **P < 0.01). (B) The lower figure shows the
expression of splicing factor proteins detected by Western blotting using anti-Myc antibody. Anti-Actin was used as an internal

control.

Next, we carried out knockdown experiments by
RNA interference (RNA{) using siRINA to examine
whether regulation of ABLIM1 splicing depends on
the dose of endogenous Mbnll, Celfl, Celf2 or
Ptbpl in mouse C2C12 myoblasts. We tested two or
three different siRNAs targeting each mouse Mbnll,
Celfl, Celf2 or Ptbpl. The knockdown efficiency of
siMBNL1 (No. 82), siCELF1 (No. 16), siCelf2 (No.
11), siCelf2 (No. 12), siPtbpl (No. 37), siPtbpl (No.
38) was especially high (Fig. S6 in Supporting Infor-
mation), so those siRNAs and two control siRNAs
(Medium GC and Low GC) as negative control were
used for ABLIM1 minigene splicing assay (Fig. 3D).
ssMBNL1 (No. 82) and siCELF1 (No. 16) are
siRNAs designed for human MBNL! and CELF1,

© 2014 The Authors

but the homologies of the target sequences of the
siRINAs are high between human and mouse (96%;
24 Dbases/25 bases), and it seems that there is no
nonspecific targets in mouse genome according to
the BLAST search (NCBI). Therefore, we used
siMBNL! (No. 82) and siCELF1 (No. 16) for
C2C12 experiments. ABLIM1 minigene splicing assay
showed that siMBNL1 (No. 82) repressed exon 11
inclusion compared to control siRINAs (Cont. Med
and Low; Fig. 3D). In contrast, siCelf2 (No. 11),
siPtbpl (No. 37) and siPtbpl (No. 38) promoted
exon 11 inclusion, but siCELF1 (No. 16) and siCelf2
(No. 12) did not alter exon 11 splicing (Fig. 3D).
These results suggest that splicing of ABLIM1 mini-
gene exon 11 is regulated by endogenous Mbnll and
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ABLIMT splicing is abnormal in DM1 muscle

Figure 3 ABLIM T minigene splicing is regulated by the MBNL funily, CELF family, FOX1T and PTBP1 i C2CI12 cells. (A)
Design of the ABLIM I ext1 minigene, which contains the exon-intron sequence from exon 10 to exon 12, Internal introns 10
and 11 were excluded. Arrowheads indicate primer positions for RT-PCR. (B3) The MBNL family, CELFL, 2 and 6, FOXT and
PTBPT regulare ABLIM ! minigene splicing in C2C12 cells. The ABLIM I minigene (0.3 pg) and mock control or the splice fac-
tor vector (1.3 pg) were tansfected into C2C12 cells, The lower panel shows the percentage of exon 11 inclusion relative to the
total manseripts (means & SEM, p = 3). Statistical significance was assessed by anova and Dunnett’s multiple comparison test
(*P < 0,05, **p < 0.01), {(C) The upper figure shows the expression of splicing factor constructs by Western blotting using anti-
Myc antibody. Anti-Actin was used as an internal control. (D) ABLIMT minigene splicing was affected by knockdown of endoge-
nous Mbnll, Celf2 and Pibpl, bur not Celfl in C2C12 cells. The ABLIM T minigene (0.6 pg) and control duplex RINAs (Cont.
Med and Cont, Low) or duplex RINAs against the splicing factors (48 pmol) were mansfected into C2C12 cells on 12-well plates.
The bar graph shows the percentage of exon 11 inclusion (means £ SEM, n = 3) and resuls of determination of statistical signifi-

cance (**P < 0,01},

Ptbp1, but not Celfl. Endogenous Celf2 may regu-
late splicing of ABLIMT minigene.

CELF family, PTBP1 and expanded CUG repeats
antagonize MBNL1 in the regulation of ABLIM1
splicing

To determine whether CELF and PTBP1 can antag-
onize the effect of MBNL1, CELFI, 2 and 6, and
PTBP1 were cotransfected with MBNL1, as well as
the ABLIM! minigene. The expression of those
splicing factors was confirmed by Western blotting
using anti-His antibody (Fig. S7 in Supporting Infor-
mation). As shown in (Fig. 4A), CELF1 (lanes 3, 4),
CELF2 (lanes 5, 6), CELF6 (lanes 7, 8) and PTBPI
(lanes 9, 10) decreased the ratio of exon 11 inclusion
in a dose-dependent manner. CELF2 and PTBP1
antagonized MBNL1 more strongly than did CELF1
or CELF6. Therefore, we carried out the same assay
using a lower dose of CELF2 and PTBP1 (Fig. 4B),
and a dose-dependent effect was observed. These
results show that CELF1, 2 and 6, and PTBP1 are
involved in regulation of ABLIM{ exon 11 splicing
by antagonizing MBNL1. We also investigated the
effect of DMPK constructs harboring 0 CTG repeats
(DMO), 18 CTG repeats (DM18) or 480 interrupted
CTG repeats (IDM480) in the 3-UTR. DM480
repressed exon 11 inclusion more strongly than DMO
and DM18 (Fig. 5). The result suggests that aberrant
ABLIM1 splicing in patients with DM1 is caused by
expanded CUG repeats, not caused by the secondary
effects. To determine whether expanded CUG
repeats can antagonize the effect of MBNL1, DMPK
constructs were cotransfected with MBINLI1, as well
as the ABLIM1 minigene. DM480 significantly sup-
pressed exon 11 inclusion promoted by MBNL1
compared to DMO and DM18 (Fig. 5). These results
suggest that expanded CUG repeat RINAs antagonize
the effect of MBNL1 on ABLIM1 splicing, most
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likely due to sequestration of MBNLT in the exp-
anded CUG repeat RNAs.

Aberrant Ablim1 splicing in a DM mouse model

To further confirm that expanded CTG repeats affect
ABLIMT splicing in wvivo, we examined transgenic
mice (HSA™) carrying 250 CTG repeats in the 3'-
UTR of the HSA gene (Mankodi er al. 2000). The
ABLIMT gene structure differs markedly between
mice and humans (Fig. 6A, right). Exon 11 of mouse
Ablim1 is homologous to exon 11 of human AB-
LIM1. RT-PCR analysis showed that both exon 11
and exon 12 of mouse Ablim1 are alternatively
spliced, producing three isoforms, Ablin1-1 (exon 11
and exon 12 inclusions), Ablim1-11 (exon 11 inclu-
ston) and Ablim1-111 (exons 11 and 12 exclusion) in
wild-type mice. The inclusion of exon 11 (isoforms 1
and 1I) was predominant in wild-type mice (FVB),
whereas these isoforms were rare in skeletal muscle of
HSA™ mice (Fig. 6A, left). The abnormality was
similar to that exhibited by one of the patients with
DM. We also examined Ablim1 splicing in C2C12
during muscle cell differentiation (Fig. 6B). Ablimi1-
[T was expressed in unditferentiated myoblasts (d0),
whereas  Ablim1-1 and  Ablim1-11 were gradually
detected during differenuation (from days 2 to 12).
These results indicate that the expression of expanded
CTG repeat RNAs is the cause of aberrant splicing
of ABLIM1, thus inhibiting the inclusion of mature
muscle-specific exons.

Discussion

We identified aberrant splicing of ABLIM1 exon 11
in the skeletal muscle of patients with DMI.
Recently, it was reported that ABLIM1 splicing is
abnormal in the heart of patients with DM1 (Kosh-
elev et al. 2010). ABLIM1 ex11+ (exon 11 inclusion
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