Comparison of PS1 and PS2 vy-Secretase Activities

plays a role in binding to the substrate by recognizing N termi-
nus of C99 (27). So, natural N terminus of C99 or C55 is impor-
tant to assess y-secretase activity correctly. Using C100Flag as a
substrate may result in inaccurate evaluation, because
C100Flag possesses one extra amino acid, methionine, on the N
terminus. Second, we estimated the amount of PS1 or PS2in the
y-secretase complex. Lai et al. (13) reported Psl and Ps2
y-secretase activity as a function of total protein concentration,
but not all PS localizes to the y-secretase complex. Therefore,
y-secretase activity should be calculated as follows: y-secretase
activity/concentration of PS in y-secretase complex. y-Secretase
assembly is not a random process, but occurs sequentially. NCT
and Aphl form the NCT-Aphl subcomplex in the initial step of
complex formation. Two hypotheses have been proposed regard-
ing the subsequent steps in y-secretase complex assembly. One
hypothesis is that PS binds to the NCT-Aph1 subcomplex, fol-
lowed by Pen2, creating a y-secretase complex (28, 29). Alterna-
tively, the PS-Pen2 intermediate may bind to the preexisting NCT-
Aphl subcomplex to form the y-secretase complex (30). To
evaluate the construction process of the y-secretase complex, we
compared PS1 or PS2 in the y-secretase complex by co-immuno-
precipitating Myc-tagged PS1 or PS2 with anti-FLAG antibody
(FLAG tag is on Pen2). Co-immunoprecipitation with other anti-
bodies detecting NCT, Aphi, or PS could lead to inaccurate esti-
mates regarding the amount of Myc-PS in the y-secretase com-
plex. We found that the concentration of PS2 in the y-secretase
complex was much lower than that of PS1. Because we applied a
minimal reconstitution system in yeast, unknown protein(s) may
stabilize PS2. This possibility is currently being explored.

In this study, we reconstituted human PS1 and PS2
y-secretase complexes and compared their AB production
(per <y-secretase complex). PS1 had 24.65 times and 24.61
times higher activity than PS2 in the B-galactosidase and in
vitro AB production assay, respectively. Based on Co-IP
experiments, the amount of PS1 in the y-secretase complex
was 28.14 times higher than that of PS2. Thus, our data sug-
gest that PS1 did not have significantly higher activity than
PS2, as has been reported (13). PS1 and PS2 were 67% iden-
tical at the amino acid level, suggesting that these two pro-
teins have related functions in the y-secretase complex. Our
results suggest that the difference between PS1 and PS2 is
their affinity to the other y-secretase subunits. The contri-
bution of PS1 on vy-secretase activity is more important than
that of PS2 because PS1 knock-out mice exhibit severe phe-
notypes, whereas PS2 knock-out mice do not. We hypothe-
size that the differences in PS1 and PS2 knock-out mice phe-
notypes may result from different amounts of PS1 and PS2
y-secretases, but not differences in their activity.

Currently, PS1 is believed to have a higher activity than PS2
in vy-secretases, while we showed that they have similar activi-
ties. In corroboration of our findings, recent reports have
shown that PS2 y-secretase cleaved more APP than PS1
y-secretase in microglia cells, regardless of the presence of PS1
(31). Thus, when studying y-secretase activity, we should con-
sider the concentration of PS in the active y-secretase complex,
which may aid in clarifying the pathogenesis of FAD caused by
PS loss-of-function FAD mutations.
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Alzheimer’s disease (AD) is characterized by senile pla-
ques caused by amyloid-B peptide (AB) accumulation.
It has been reported that AR generation and accumula-
tion occur in membrane microdomains, called lipid
rafts, which are enriched in cholesterol and glycosphin-
golipids. Moreover, the ablation of cholesterol metabo-
lism has been implicated in AD. Neprilysin (NEP), a
neutral endopeptidase, is one of the major Ap-degrad-
ing enzymes in the brain. Activation of NEP is a possi-
ble therapeutic target. However, it remains unknown
whether the activity of NEP is regulated by its associa-
tion with lipid rafts. Here we show that only the mature
form of NEP, which has been glycosylated in the Golgi,
exists in lipid rafts, where it is directly associated with
phosphatidylserine. Moreover, the localization of NEP in
lipid rafts is enhanced by its dimerization, as shown
using the NEP E403C homodimerization mutant. How-
ever, the protease activities of the mature form of NEP,
as assessed by in vitro peptide hydrolysis, did not differ
between lipid rafts and nonlipid rafts. We conclude that
cholesterol and other lipids regulate the localization of
mature NEP to lipid rafts, where the substrate A accu-
mulates but does not modulate the protease activity of
NEP. © 2011 Witey Periodicals, Inc.

Key words: Alzheimer’s disease; neprilysin; lipid rafts

Alzheimer’s disease (AD) is characterized by the
formation of senile plaques, composed primarily of amy-
loid-B peptide (AB). AB deposition has been thought to
cause neurofibrillary tangles, neuronal cell loss, vascular
damage, and dementia (the amyloid hypothesis; Hardy
and Higgins, 1992). It has recently been suggested that
AD begins with hippocampal synaptic dysfunction
caused by diffusible oligomeric assemblies of AR (Selkoe,
2002).

AB is produced from amyloid precursor protein
(APP) by the action of B- and +y-secretases, although
APP is usually cleaved within the AB sequence by -
secretase. AP is degraded by neprilysin (NEP; Iwata
et al., 2001). NEP is a type II membrane metallopepti-
dase that is capable of degrading not only monomeric
AB but also pathological oligomeric AB (Kanemitsu

© 2011 Wiley Periodicals, Inc.

et al., 2003). It has been reported that NEP levels in the
hippocampus and cortex decline with age (Iwata et al.,
2002; Hellstrom-Lindahl et al., 2008). Thus, analysis of
the mechanisms regulating NEP activity may provide
valuable insights for new therapeutic targets.

Recently, there have been several reports on the
activities of proteases being regulated by their localiza-
tion to membrane microdomains, known as lipid rafts.
Lipid rafts, which are enriched in cholesterol and glyco-
sphingolipids, have been implicated in processes such as
signal transduction, endocytosis, and cholesterol traffick-
ing (Pike, 2004, 2006). Whereas a-secretase cleavage
occurs in nonlipid rafts (Kojro et al, 2001; von
Tresckow et al.,, 2004), AB generation occurs in lipid
rafts (Wada et al., 2003). It has been reported that AP
accumulation is initiated by its association with GMT1 in
lipid rafts (Matsuzaki et al., 2007) and that NEP is par-
tially localized in lipid rafts (Angelisova et al., 1999; Rie-
mann et al., 2001; Kawarabayashi et al., 2004). How-
ever, whether the activity of NEP is regulated by its
localization in lipid rafts is unknown.

Here we show that localization of glycosylated
mature NEP in lipid rafts is regulated by its association
with cholesterol. Moreover, we show with the NEP
E403C homodimerization mutant that this localization is
enhanced by its dimerization. Furthermore, we investi-
gated the protease activities of mature NEP by an in
vitro peptide assay. Unexpectedly, they were comparable
in lipid rafts and nonlipid rafts. These findings suggest
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that cholesterol regulates the localization of mature NEP
in lipid rafts, where the substrate AR accumulates but
apparently does not modulate the protease activity of
NEP.

MATERIALS AND METHODS
Vectors and Constructs

Human neprilysin, NEP WT, was inserted into the
pcDNA3.1-3 X FLAG vector (Invitrogen, Carlsbad, CA),
thereby fusing triplet tandem repeats of FLAG tag to its N-
terminus. The expression product of this construct will be
referred to as FLAG-NEP WT. NEP E584V, carrying a cata-
lytically inactive mutant E584V, and NEP E403C, carrying a
homodimerization mutant, were subcloned into the
pcDNA3.1-3 X FLAG vector, yielding FLAG-NEP E584V
and FLAG-NEP E403C, respectively.

Antibodies

The following antibodies were purchased: anti-FLAG
M2 (Sigma, St. Louis, MO); antiflotillin-1 and anticalnexin
(BD Transduction Laboratories, Lexington, KY); anti-mono-
clonal NEP (Leica Microsystems); and HR P-conjugated anti-
mouse IgG (Cell Signaling Technology, Beverly, MA).

Cell Culture and Transfection

HEK293 cells were cultured in DMEM (Sigma) supple-
mented with 10% fetal bovine serum (Sigma). They were
maintained at 37°C in an atmosphere containing 5% CO, in a
tissue culture incubator. DNA transfection was performed by
lipofection with FuGENE 6 Transfection Reagent (Roche,
Indianapolis, IN) when cells were 50% confluent. Then, 24 hr
later, cells were harvested or used in assays.

Isolation of the Membrane Fraction

Cells were dissolved in TBS (0.1 M Tris-HCI, pH 8.0,
150 mM NaCl) containing Complete, EDTA-free protease
inhibitor (Roche) and 0.7 pg/ml pepstatin A (Sigma) and dis-
rupted by passage 20 times through a 21-G needle. The cell
sample was then centrifuged (2,000 rpm, 2 min, 4°C). The
resulting supernatant was then centrifuged again (49,000 rpm,
30 min, 4°C; Optima MAX-E ultracentrifuge; Beckman
Coulter). The pellet formed was dissolved in TBS containing
Complete, EDTA-free protease inhibitors, 0.7 pg/ml pepstatin
A, and 1% Triton X-100; incubated on ice for 1 hr; and
ultracentrifuged again. The resulting supernatant will be
referred to as the membrane fraction.

Enzymatic Deglycosylation

The membrane fraction was solubilized with 1% Triton
X-100 and then deglycosylated through treatment with the
following: 1) endoglycosidase H (endo H; BioLabs), according
to the manufacturer’s instructions, and 2) 1 U N-glycosidase F
(Endo F; Roche) per 45 pg of protein. The membrane frac-
tion was denatured by boiling for 3 min in 1% SDS and 2-
mercaptoethanol (ME), suspended in a reaction buffer (50
mM EDTA, 1% 2-ME, 0.5% Triton X-100, 0.1% SDS, 1 U
N-glycosidase F) containing Complete, EDTA-free protease
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inhibitors and 0.7 pg/ml pepstatin A and incubated at 37°C
overnight.

Isolation of Lipid Rafts by Sucrose Density Gradient
Centrifugation

Cells were lysed on ice in MBS buffer (25 mM MES,
pH 6.5, 150 mM NaCl) containing 1% Triton X-100, Com-
plete, EDTA-free protease inhibitors, and 0.7 pg/ml pepstatin
A. Cell disruption was achieved by passing the lysate 10 times
through a 21-G needle and then 20 times through a 27-G
needle. The lysate was incubated at 4°C for 30 min, and an
equal amount of 80% sucrose was then added to it. The sam-
ple and sucrose buffer, containing 5-40% sucrose, were
sequentially loaded to the bottom of a tube and then centri-
fuged (36,000 rpm, 18 hr, 4°C; CP 70 WX ultracentrifuge;
Hitachi). Fractions were collected from the top to the bottom.
Equal volumes of these samples were analyzed by Western
blotting.

Methyl-B-Cyclodextrin Treatment

HEK293 cells overexpressing FLAG NEP-WT were
washed with PBS, treated with 10 mM methyl-B-cyclodextrin
(MBCD; Trappsol) for 20 min in a CO, incubator at 37°C,
and collected. Lipid rafts fractions were treated with 50 mM
MBCD on ice for 1 hr, dissolved in a double volume of TBS
containing Complete, EDTA-free protease inhibitors and 0.7
pg/ml pepstatin A, and centrifuged (49,000 rpm, 1 hr, 4°C).
The supernatants were removed and the pellets dissolved in
TBS.

Western Blotting

Equal amounts of protein samples were separated by
SDS-PAGE or Blue Native-PAGE and transferred to Immo-
bilon-P PVDF membranes (Millipore, Billerica, MA). In the
case of Blue Native-PAGE, the membranes were washed and
destained using methanol. The membranes were soaked in
PBS containing 5% nonfat dried milk and 0.05% Tween for 1
hr and then incubated overnight at 4°C with primary antibod-
ies diluted in PBS containing 0.05% Tween, 0.1% BSA, and 1
mM NaNj;. After washing, the membranes were incubated
with HRP-conjugated secondary antibody for 1 hr. Antigen—
antibody complexes were detected by enhanced chemilumi-
nescence using a LAS-3000 Luminescent Image Analyzer
(Fujifilm). Signals were quantified in MultiGauge software
(version 2.3; Fujifilm).

Assay of NEP-Dependent Neutral Endopeptidase Activ-
ity

NEP activity was measured in vitro by incubation at
37°C for 1 hr in 100 mM MES (pH 6.8) containing Com-
plete, EDTA-free protease inhibitors, 10 uM Z-Leu-Leu-Leu-
H, and as a substrate 50 puM Z-Ala-Ala-Leu-p-nitroanilide
(ZALL-p-NA; Peptide Institute), in the presence or absence
of 10 uM thiorphan, a specific inhibitor of NEP.

Interaction of NEP With Various Lipids

Lipid-spotted membrane (P-6002; Echelon Biosciences)
was treated with TBS containing 1% skim milk and gently
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Fig. 1. NEP localization and activity in lipid rafts. A: Western blot
analysis of lipid rafts fractionated from HEK293 cells overexpressing
FLAG-NEP WT by a sucrose density-gradient centrifugation
method. An anti-FLAG antibody was used to detect NEP. Lipid rafts
were detected using an antibody raised against the raft marker floti-
lin-1. Nonlipid rafts (fraction 5) were detected using an antibody
raised against the nonraft marker calnexin. B: Deglycosylation of the
membrane fraction prepared from HEK293 cells overexpressing
FLAG-NEP WT. The membrane fraction was treated with endogly-
cosidase H (endo H) and endoglycosidase F (endo F) or left

agitated for 1 hr at room temperature. SH-SY5Y neuronal
cells were fractionated by sucrose density gradient centrifuga-
tion as shown previously, and each fraction was added to an
equal volume of TBS containing protease inhibitor cocktail.
After centrifugation at 49,000 rpm for 1 hr, the precipitate
was dissolved in TBS containing protease inhibitor cocktail
and incubated with the P-6002 membrane for 1 hr at room
temperature. After incubation, the membrane was washed
with TBS containing 0.1% Tween three times and incubated
with anti-NEP monoclonal antibody diluted 1:2,000 for 1 hr
at room temperature. The bound NEP was detected with an
ECL advance kit (GE Healthcare, Amersham, United Kingdom).

RESULTS

Localization and Peptidase Activity of NEP in
Lipid Rafts

To evaluate the peptidase activity of NEP in lipid
rafts, we fractionated lipid rafts by sucrose density gradi-
ent centrifugation. We analyzed the localization of
membrane-bound NEP extracted from HEK293 cells
overexpressing FLAG-NEP WT. A raft marker, flotillin-
1, was detected in fraction 2 and a nonraft marker, cal-
nexin, in fractions 5 and 6 (Fig. 1A). FLAG-NEP was
detected as a single band in fraction 2 and doublet bands
in fractions 5 and 6. To distinguish these doublet bands,

— endoH endoF

(kDa)
115

a1 D
o O O

o

NEP activity
(nmollmg protimin)

- K W
o

(=]

o

nonTF mock NEP NEP
WT EB84V

untreated as a control (=), and then analyzed by Western blotting
with an anti-FLAG antibody. C: Comparison of the specific enzy-
matic activity of the mature form NEP in lipid rafts (fraction 2) and
nonlipid rafts (fraction 5), as assessed by p-INA peptide assay. Values
represent the mean * SD of three experiments. D: Neprilysin-
dependent neutral endopeptidase activity in membrane fractions
prepared from nontransfected HEK293 cells (non-TF) and cells trans-
fected with vector (mock), FLAG-NEP WT (NEP WT) or the cata~
lytically inactive mutant FLAG-NEP E584V. Values represent the
mean * SD of three experiments.

we deglycosylated the membrane fraction by treating it
with endoglycosidase H (endo H) and endoglycosidase F
(endo F; Fig. 1B). Although the upper band, the mature
form, was resistant to endo H treatment, the lower band
was deglycosylated by endo H. We will refer to the lat-
ter as the immature form of NEP. Resistance to endo H is
acquired on transport of the protein to the Golgi appara-
tus, and this glycosylation is important for the catalytic
activity of NEP (Lafrance et al., 1994). We compared
the specific enzymatic activity of the mature form of
NEP in lipid rafts (fraction 2) and nonlipid rafts (fraction
5); the contents of mature NEP were equalized by den-
sitometric measurement of mature NEP levels after im-
munoblotting with an anti-FLAG antibody. The NEP
activities of fractions 2 and 5, as assessed by p-NA pep-
tide assay, were comparable (Fig. 1C). In this assay, cata-
lytically inactive NEP E584V was used as a negative
control (Fig. 1D).

Localization of NEP in Lipid Rafts Is Dependent
on Cholesterol

Only mature NEP was detected in lipid rafts (Fig.
1A). We thus hypothesized that cholesterol in lipid rafts
regulated the localization of mature NEP. To test this,
we depleted HEK293 cells overexpressing FLAG-NEP
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MBCD - MBCD +
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NEP
Calnexin
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Fig. 2. Delocalization of NEP from lipid rafts in cells treated with MBCD. HEK293 cells overex-
pressing FLAG-NEP WT were treated with methyl-B-cyclodextrin (MBCD; +) or left untreated
(=), and lipid rafts were fractionated as described in Materials and Methods.

MpBCD - +

input

sup ppt

ppt sup

NEP

Flotillin-1

Fig. 3. Delocalization of NEP from fractionated lipid rafts after
MBCD treatment. The lipid raft fraction, isolated from HEK293 cells
overexpressing FLAG-NEP WT, was treated with (+) MBCD or left
untreated (-) and separated into a supernatant (Sup) and a pellet (Ppt)
by ultracentrifugation. The distribution of NEP was determined by
Western blotting with an anti-FLAG antibody.

WT of cholesterol by treating them with 10 mM
methyl-B-cyclodextrin (MBCD) for 20 min, and then
fractionated the lipid rafts. More than 50% of cholesterol
can be depleted from HEK293 cells by this treatment
(Kojro et al., 2001). NEP became delocalized from lipid
rafts following MBCD treatment, although flotillin-1
remained associated with them (Fig. 2).

We confirmed that the in vitro depletion of cho-
lesterol from the lipid rafts fraction caused the delocaliza-
tion of NEP from lipid rafts. We treated the fractionated
lipid rafts with 50 mM MBCD for 1 hr at 4°C and sepa-
rated them into supernatants and pellets by ultracentrifu-
gation (Fig. 3). NEP and flotillin-1, associated with lipid
rafts, were detected, as expected, in the pellets formed
from lipid rafts not treated with MBCD. However,
some of the NEP associated with lipid rafts was detected
in supernatants prepared from lipid rafts treated with
MBCD treatment. Flotillin-1 remained exclusively in
the pellets, suggesting that flotillin-1 was not associated
with choresterol.

Journal of Neuroscience Research

Localization of NEP in Lipid Rafts Is Enhanced by
Its Dimerization

To understand better the mechanism of NEP local-
ization in lipid rafts, we investigated whether NEP dime-
rization facilitated the assembly of the enzyme in lipid
rafts. We lysed HEK293 cells overexpressing FLAG-NEP
WT in buffers containing different detergents and then
analyzed NEP protein complexes by Blue Native-PAGE.
Although NEP complexes were dissociated by NP-40
and Triton X-100, the 300-kDa complexes were resistant
to treatment with DDM and digitonin (Fig. 4A). Next,
we investigated the effect of dimerization on the localiza-
tion of NEP in lipid rafts. It has been reported that rabbit
NEP carrying an E403C mutation forms a covalent
homodimer (Hoang et al., 1997). We introduced this
mutation into human NEP and assessed its effect on the
localization of NEP in lipid rafts. FLAG-NEP WT and
FLAG-NEP E403C were detected as single 120-kDa
bands after their separation by SDS-PAGE under reduc-
ing conditions (Fig. 4B). A 250-kDa FLAG-NEP E403C
homodimer was detected under nonreducing conditions
(Fig. 4B). These results indicate that, as in rabbit NEP,
the E403C mutation caused human NEP to form of a
covalent homodimer. Interestingly, although NEP WT
complexes (Fig. 4A,C) were not resistant to Triton X-
100, the NEP E403C mutant was resistant to Triton X-
100 and formed a disulfide-bonded complex the same
size as the NEP WT complex. Although we cannot
exclude the possibility that the complex includes other
proteins, the 300-kDa complex (Fig. 4A,C) appears to
represent a covalent NEP homodimer.

Next, we compared the localization of mature
forms of NEP WT and NEP E403C in lipid rafts. The
ratio of the amount of mature NEP localized in lipid
rafts to the total amount of mature NEP was 1.3 times
higher in HEK293 cells overexpressing homodimeric
mutant NEP E403C (47.7%) than in those expressing
NEP WT (35.7%; Fig. 4D). These results demonstrate
that the localization of NEP in lipid rafts was enhanced
by its dimerization.
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Fig. 4. Dimerization and localization of human NEP E403C in lipid
rafts. A: Membrane fractions prepared from HEK293 cells overex-
pressing FLAG-NEP WT (NEP WT) or vector (mock) were
dissolved in buffer containing detergents, such as NP-40, Triton
X-100, DDM, and digitonin (all at a concentration of 1%). NEP
complexes were analyzed by Blue Native-PAGE (BN-PAGE) or
SDS-PAGE, followed by Western blotting with an anti-FLAG anti-
body. B: Membrane fractions obtained from HEK293 cells overex-
pressing FLAG-NEP WT (WT) or FLAG-NEP E403C (E403C)
were analyzed by SDS-PAGE, performed with (left) or without
(right) 2-ME. C: Membrane fractions obtained from HEK293 cells
overexpressing FLAG-NEP WT (WT) or FLAG-NEP E403C
(E403C) were dissolved in buffer containing 1% Triton X-100 (T)
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or 1% of DDM (D). The resulting lysates were analyzed by Blue
Native-PAGE (BN-PAGE) and Western blotting with an anti-FLAG
antibody. D: Effect of the E403C mutation on the distribution of
NEP in lipid rafts. Lipid rafts from HEK293 cells overexpressing
FLAG-NEP WT (NEP WT) or FLAG-NEP E403C (NEP E403C)
were fractionated by sucrose density-gradient centrifugation and ana-
lyzed by Western blotting with an anti-FLAG antibody. The ratio of
the amount of mature NEP localized in lipid rafts to the total
amount of mature NEP was determined by densitometric measure-
ment of protein bands corresponding to the mature form of NEP.
Values represent the mean * SD of three experiments. Statistical
analysis was performed using a two-tailed Student’s t-test. *P < 0.05
was considered to indicate statistical significance (bottom graph).
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Direct Inteaction of NEP With Lipids

The results described above suggest that NEP is
localized in lipid rafts, possibly by its direct association
with cholesterol. Finally, interaction of NEP with lipids
was investigated by using lipid-spotted P-6002 mem-
brane. Fractionated rafts (fraction 2 in Fig. 1A) and non-
rafts fractions (fraction 5 in Fig. 1A) were concentrated
by ultracentrifugation and incubated with lipids. After
washing of the P-6002 membrane, lipid-bound NEP
was detected by the specific antibody. Unexpectedly,
NEP both in lipid rafts and in nonrafts fractions inter-
acted with phosphatidylserine and cardiolipin but not
with cholesterol (Fig. 5).

DISCUSSION

In this study, we found that only the mature form
of NEP, glycosylated in the Golgi, and not the imma-
ture form, residing in the ER, was localized in lipid rafts
(Fig. 1A,B). This indicates that complete glycosylation is
required for the association of NEP with lipid rafts. Two
possible explanations for this were considered. One is
that maturation may be necessary for NEP to bind to a
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carrier protein such as a glycosylphosphatidylinositol
(GPI)-anchored protein. The other is that a small con-
formational change caused by maturation increases the
affinity of NEP for molecules found in lipid rafts, such
as sphingolipids and cholesterol. With regard to the for-
mer, there have been several reports concerning carrier
proteins. One study found that, when the transmem-
brane and C-terminal domains of BACE1 were replaced
with a GPI anchor signal sequence, it was translocated
to lipid rafts (Cordy et al.,, 2003). Another study found
that the addition of the N-terminal domain of growth-
associated protein 43 (GAP43) to the N-terminus of
NEP increased the amount of NEP present in lipid rafts
by 1.3-fold (Hama et al., 2004). With regard to the lat-
ter possible explanation, we found evidence that the
localization of the mature form of NEP in lipid rafts was
dependent on the content of cholesterol (Figs. 2, 3).
Interestingly, although NEP was completely delocalized
by cholesterol depletion, flotillin-1, a lipid raft marker,
was not delocalized from lipid rafts by treatment with
MBCD (Fig. 2). In this regard, flotillin-1 has been
reported to be enriched in detergent-resistant microdo-
mains that are MBCD resistant, although the mechanism
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remains to be investigated (Rajendran et al,, 2003).
Moreover, to examine whether the delocalization of
NEP from lipid rafts was caused by its direct association
with cholesterol, we extracted lipid raft membranes and
treated them with MBCD in vitro (Fig. 3). Consistently
with the results presented in Figure 2, NEP was delocal-
ized from lipid rafts membrane by cholesterol depletion,
although not completely so (Fig. 3). The difference in
the efficiency of NEP delocalization between cell and
cell-free systems may be caused by the different condi-
tions used (reaction temperature, membrane state, effects
of ultracentrifugation). We conclude that the localization
of mature NEP in lipid rafts depends on their cholesterol
content.

We investigated the direct association of NEP with
pure phospholipids and cholesterol (Fig. 5). Both NEP
in rafts and nonrafts directly interacted with phosphati-
dylserine and cardiolipin. Cardiolipin is a major phos-
pholipid of inner membrane of mammalian mitochon-
dria, so phosphatidylserine might be the major interactor
of NEP in lipid rafts. Moreover, immunocytochemical
analysis showed that the clustered localization of endoge-
nous NEP in SH-SY5Y cells became dispersed after
MBCD treatment (Supp. Info. Fig. 1). Therefore, we
conclude that NEP directly associated with phosphatidyl-
serine in cholesterol-rich lipid rafts and MBCD-induced
cholesterol depletion triggers the destruction of lipid
composition and releases the NEP from rafts. However,
the protease activities of mature NEP were unexpectedly
comparable in lipid raft and nonlipid raft fractions, as
assessed by p-NA peptide assay. It is possible that the
fractionated lipid rafts did not reflect intracellular condi-
tions (Pike, 2004). However, this result suggests that the
association with lipid rafts does not itself modify the pro-
tease activity of NEP.

Considering the localization of A in lipid rafts
through association with cholesterol (Kakio et al., 2002),
we hypothesized that the localization of mature NEP in
lipid rafts facilitated its association with AR and thereby
altered AP degradation. Recent studies have shown that
lipid raft-dependent endocytosis is the predominant AR
uptake mechanism (Lai and McLaurin, 2011), that there
are correlations between memory deficits and intracellu-
lar AB levels in several mouse AD models (Billings
et al., 2005; Knobloch et al., 2007; Bayer and Wirths,
2008), and that intracellular AR level correlates with
extracellular amyloid deposition (Yang et al, 2011).
Thus, it seems reasonable to conclude that NEP is local-
ized and active in lipid rafts. Indeed, NEP is detected
primarily in presynapses and on or around axons in the
hippocampal formation (Fukami et al., 2002), and pre-
synaptic NEP efficiently degrades AR (Iwata et al,
2004). Considering these findings, together with the fact
that the €4 allele of apolipoprotein E (apoE) is a risk fac-
tor in nonfamilial AD (Kim et al., 2009), we suggest
that cholesterol, overloaded by aging or a high-fat diet,
enlarges the area occupied by lipid rafts, thereby decreas-
ing the likelihood of NEP and AB coming into contact
with each other. As a result, AR becomes more abun-

dant, oligomerizes, and causes memory deficits. How-
ever, it should be noted that cholesterol itself is a crucial
contributor to synaptic structure and function. It has
been reported that brain-derived neurotrophic factor
(BDNF)-dependent cholesterol biosynthesis plays an im-
portant role in synapse development (Suzuki et al.,
2007). It would therefore be important to maintain nor-
mal cholesterol metabolism during AD therapy.

We further investigated the effects of dimerization
on the localization of NEP in lipid rafts. We introduced
the E403C mutation into human NEP for the first time.
The mutation was originally discovered in rabbit NEP,
in which it causes the formation of a covalent homo-
dimer (rabbit NEP normally exists as a monomer). Our
results show that human NEP E403C, like rabbit NEP
E403C, forms a covalent homodimer. In contrast,
human NEP WT, like porcine NEP WT (Kenny et al.,
1983), forms a noncovalent homodimer (Fig. 4A,B).
Moreover, the noncovalent human NEP WT homo-
dimer, though not resistant to NP-40 or Triton X-100,
was resistant to DDM and digitonin. DDM and digito-
nin dissolve proteins modestly, so the complex remained
intact after treatment with these detergents. Interestingly,
the localization of mature NEP to lipid rafts was
enhanced by its homodimerization (Fig. 4D). With
regard to the endopeptidase activity of NEP E403C,
Vmax/Km for this mutant was decreased by 50% com-
pared with that for wild-type by using either [D-Ala?
Leu’] enkephalin or Suc-Ala-Ala-Leu-NH-Np as a sub-
strate (Hoang et al., 1997). Although the NEP E403C
mutant seems to be artificial and to have no physiologi-
cal significance, these results imply that the protease ac-
tivity of NEP might be modulated by its dimerization.

In conclusion, we have shown that cholesterol reg-
ulates the localization of mature NEP in lipid rafts,
where its substrate, AB, accumulates. Cholesterol does
not, however, modulate the protease activity of NEP.
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ABSTRACT

Myotonic dystrophy type 1 (DM1) is an autosomal dominant disorder of muscular dystrophy character-
ized by muscle weakness and wasting. DM1 is caused by expansion of CTG repeats in the 3/-untranslated
region (3-UTR) of DM protein kinase (DMPK) gene. Since CUG-repeat RNA transcribed from the expansion
of CTG repeats traps RNA-binding proteins that regulate alternative splicing, several abnormalities of
alternative splicing are detected in DM1, and the abnormal splicing of important genes results in the
appearance of symptoms. In this study, we identify two abnormal splicing events for actinin-associated
LIM protein 3 (PDLIM3/ALP) and fibronectin 1 (FNT) in the skeletal muscles of DM1 patients. From the
analysis of the abnormal PDLIM3 splicing, we propose that ZASP-like motif-deficient PDLIM3 causes
the muscular symptoms in DM. PDLIM3 binds o-actinin 2 in the Z-discs of muscle, and the ZASP-like
motif is needed for this interaction. Moreover, in adult humans, PDLIM3 expression is highest in skeletal
muscles, and PDLIM3 splicing in skeletal muscles is regulated during human development.

ZASP-like motif

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Myotonic dystrophy (Dystrophia Myotonica; DM) is an autoso-
mal dominant disorder and is the most common form of muscular
dystrophy to affect adults [1]. Multiple systems are affected in
patients with DM. The characteristic symptoms of DM are muscle
hyper-excitability (myotonia), progressive muscle loss, muscle
weakness, cataracts, defects in cardiac conduction, cognitive
impairment, and insulin resistance [1]. Two forms of DM have been
identified, DM1 and DM2. The gene that is affected in DM1 is DM
protein kinase (DMPK) on chromosome 19q. This gene contains tri-
nucleotide CTG repeats within its 3’-untranslated region (UTR)
[2-4]. The expansion of this repeat triggers the pathogenesis of
DM1 and, interestingly, the number of repeats is thought to corre-
late with symptom severity [4]. The gene that is affected in DM2 is
zinc finger protein 9 (ZNF9). This gene contains tetranucleotide CCTG
repeats in intron 1 and, as in DM1, expansion of this repeat is
believed to cause this disease [5]. There is strong evidence that
the expanded repeat-containing mRNA species transcribed from
the altered DMPK and ZNF9 genes form foci that are retained within
the nuclei of DM cells [5-7]. Since DM1 and DM2 overlap phenotyp-
ically, despite having different genetic loci, this finding suggests
that the expanded repeats themselves cause DM [6].

* Corresponding author.
E-mail addresses: cishiura@mail.ecc.u-tokyo.ac.jp, cc077725@mail.ecc.u-to-
kyo.ac.jp (S. Ishiura).
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There is evidence to suggest that the expanded CUG repeats
transcribed from a mutated allele cause RNA gain-of-function ef-
fects that affect the functions of other cellular factors, leading to
abnormalities in RNA splicing. The mis-spliced genes include those
for chloride channel 1 (CLCN1), cardiac troponin T (cTNT/TNNT2),
sarcoplasmic/endoplasmic reticulum Ca-ATPase 1 (SERCA1), insulin
receptor (IR), microtubule-associated protein tau (MAPT), and amy-
loid precursor protein (APP) [8-13]. The splicing patterns of some
of these genes are also aberrantly regulated in patients with DM2
[10,14,15]. These results suggest that certain RNA-binding proteins
that regulate the pre-mRNA splicing of these genes are abnormally
influenced by the mutant transcript that contains CUG/CCUG
repeats [16]. The RNA-binding MBNL and CELF families of proteins
have been identified, and cellular studies have demonstrated that
CLCN1, ¢INT, SERCA1, and IR are directly regulated by these
proteins [17-20].

To determine the splicing abnormality and gene expression
resulting from the expanded CUG mRNA, we used human exon ar-
rays to compare the mRNA splicing patterns of the skeletal muscles
of patients with DM1. We found remarkable perturbations of splic-
ing, and identified more than 100 splicing events that were altered
in DM1 muscles (Koebis, submitted). Among these altered splicing
events, we focused on the PDLIM3/ALP (PDZ and LIM domain pro-
tein 3 o-actinin-associated LIM protein), PDZ and LIM domain pro-
tein 3 and the o-actinin-associated LIM proteinactinin-associated
LIM protein, which binds to the spectrin repeat of o-actinin 2 via
the PDZ domain in the Z-discs of muscles [21,22]. As Z-discs are
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essential for force transmission and muscle integrity [23], we
hypothesized that abnormal PDLIM3 splicing contributes to the
symptoms of DM1.

We found that PDLIM3 splicing was regulated during develop-
ment and in a tissue-specific manner, and that the abnormal
PDLIM3 splicing was closely related with the altered splicing of
SERCA1 in each DM1 patient. We suspect that PDLIM3 splicing is
regulated by the same molecular mechanism that regulates SER-
CA1, and that abnormal splicing is developmentally regulated.

2. Materials and methods
2.1. Human skeletal muscle biopsies

Biopsies were obtained from the biceps brachii muscle or quad-
riceps femoris muscle of six DM1 patients and seven non-DM indi-
viduals without muscular disease (Supplementary Table). Of the
non-DM individuals, three lacked histologic abnormalities, while
four showed mild atrophy or atrophy of only the type 2 fibers.
All the biopsies were stored at —80 °C. Clinically, all the DM1
patients had muscle weakness with myotonia. Four of the DM1
patients had congenital onset of the disease, and two experienced
onset during childhood or adolescence. Pathologically, all the DM1
patients showed an immature fiber type or myopathic changes
with variable fiber sizes. All biopsies were acquired with the
informed consent of the patients.

2.2. RNA extraction and reverse transcription (RT)

Total RNA samples were isolated from the biopsies using TRIzol
(Invitrogen, Carlsbad, CA), according to the manufacturer’s proto-
col but without DNase treatment, and purified by phenol-chloro-
form extraction and isopropanol precipitation. Total RNA samples
from other tissues were taken from the Human Total RNA Master
Panel Il (Clontech, Mountain View, CA). All total RNA samples were
stored at —80 °C.

The cDNA samples were synthesized using the PrimeScript 1st
Strand cDNA Synthesis Kit (TaKaRa Bio, Shiga, Japan) in a total vol-
ume of 10 pl using the oligo(dT) primers and the total RNA samples
(0.5 pg for biopsies; 1.0 pg for other tissues). The cDNA of fetal
skeletal muscle (BioChain, Hayward, CA) was synthesized using
the total RNA sample from a male, 20-week-old donor. All the
cDNA samples were stored at —20 °C.

2.3. Polymerase chain reaction (PCR)

PCR was performed using ExTaq DNA polymerase (TaKaRa Bio),
according to the manufacturer’s protocol. The primer sequences,
annealing temperatures, and cycle numbers used are listed in Table
1. The following conditions were used for the PCR: initial denatur-
ation at 96 °C for 2 min, followed by quantitative cycles (96 °C for
305, annealing temperature for 30s, and 72 °C for 1 min), and a
final extension step (72 °C for 5 min). The numbers of cycles were
adjusted such that the amplification occurred within the logarith-
mic phase.

The PCR products were resolved by electrophoresis on an 8%
polyacrylamide gel or a 1% agarose gel. The gels were strained with
ethidium bromide and analyzed using LAS-3000 imaging system
(Fujifilm, Tokyo, Japan). The intensity of the band signals was
quantified using the Multigauge software (Fujifilm). The splicing
percentages of PDLIM3 were calculated as (PDLIM3b band)/(All iso-
form’ bands), those of SERCA1 were calculated as (SERCA1b band)/
(All isoform’ bands). The mean values are shown, and the P-values
were determined using the Student's t-test. The correlation of the
splicing percentages for PDLIM3 and SERCAI1 for every DM1 patient
is represented by the Pearson product-moment correlation coeffi-
cient. The PCR products were cloned into the pGEM-T Easy vector
(Promega, Madison, WI) and sequenced.

3. Results
3.1. Aberrant splicing in patients with DM1

To identify aberrant alternative splicing in DM1, we performed
RT-PCR on the biopsies of non-DM1 individuals and DMT1 patients
(Supplementary Table). From the exon array results, we selected
the following six candidate exons (Table 1): PDLIM3 exon 4; FN1
exon 25 and exon 33; PKP2 exon 6; TTN exon 45; and EGLN2 exon
4. These genes are highly expressed in skeletal muscles or these
exons are alternative exons. As a positive control (PC), we used
SERCA1, which is known to undergo abnormal splicing in DM1
patients and DM1 model (HSA™®) mice [12]. Assuming that the per-
centage of exon inclusion or exclusion relative to the total number
of transcripts changes significantly, as for SERCAT exon 22, the
same physiologic abnormality with abnormal splicing should occur
in DM1 muscle. Using RT-PCR, we detected aberrant splicing for
PDLIM3 exon 4 (Fig. 1A and B; P=0.0015) and FNI exon 33 (data
not shown; P=0.0051), as well as for SERCAT exon 22 (Fig. 1C;

Table 1
Primers used in RT-PCR.
Gene Accession number Exon DM?1 isoform® Primer name Primer sequence (5'-3') Annealing Cycle”
PDLIM3 NM_001114107 ex4 Ex4 + ex5,6— PDLIM3_ex4_Fw CAGCTCACCAGCTGTGTCTC 66 °C 27
PDLIM3_ex4_Rv GAGCCATCGTCCACCATTCC
FN1 NM_002026 ex25 - FN1_ex25_Fw ATGGACAGGAAAGAGATGCG 66 °C 30
FN1_ex25_Rv AAAAGTCAATGCCAGTTGGG
ex33 ex33+ FN1_ex33_Fw CCTGGGAGCAAGTCTACAGC 66 °C 31
FN1_ex33_Rv TAGCATCTGTCACACGAGCC
PKP2 NM_001005242 ex6 - PKP2_ex6_Fw TCCAGGTGCTGAAGCAAACC 66 °C 32
PKP2_ex6_Rv TCGCTTTTCTCCCATCAGCG
TIN NM_003319 ex45 - TTN_ex45_Fw AGCACAGCCAACCTGAGTCT 54°C 31
TTN_ex45_Rv CCGGTTCACCCTCTAAAACA
EGLN2 NM_053046 ex4 - EGLN2_ex4_Fw CTGGGCAGCTATGTCATCAA 64 °C 30
EGLN2_ex4_Rv TGGACACCTTTCTGTCCTGA
SERCA1 (PC) NM_004320 ex22 ex22— SERCA1_ex22_Fw ATCTTCAAGCTCCGGGCCCT 63.5°C 25
SERCA1_ex22_Rv CAGCTCTGCCTGAAGATGTG

* The DM1 isoform predominates in the skeletal muscles of patients with DM1.
b ‘Cycle’ refers to a quantitative cycle of RT-PCR for biopsies.
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Fig. 1. PDLIM3 splicing is abnormal in patients with DM1. (A) Exon array analysis of PDLIM3 in four non-DM1 and three DM1 biopsies. NI, normalized exon intensity
(NI = exon level signal/gene level signal); SI, splicing index (SI = log, Nlpy/Nlpon-on). Statistical significance was analyzed using the Student’s t-test for Nl,oqn.pm and Nlpw;
*P <0.05. (B) The level of PDLIM3b (exon 4 inclusion isoform) is increased in DM1 muscles. RT-PCR of endogenous PDLIM3 in DM1 skeletal muscles (n = 6; Nos. 1, 2, 3, 4, 5, and
6) and non-DM1's (n = 6; Nos. 2, 3, 4, 5, 6, and 7) was performed using the primer set (arrowhead 1, 2). The lower panel shows the percentages of exon 4 inclusion isoform
relative to the total level of transcripts (means + SD). Statistical significance was analyzed by the Student’s t-test (**P < 0.0015). (C) PDLIM3 splicing correlates with SERCA1
splicing in each DM patient. RT-PCR of endogenous SERCA? in DM1 skeletal muscles (n = 6; Nos. 1,2, 3, 4, 5, and 6) and non-DM1 skeletal muscles (Cont.) using the primer set
(arrowhead 3, 4). The right panel shows the correlation between the percentage of PDLIM3 exon 4 inclusion isoform (% PDLIM3b) and SERCA1 exon 22 exclusion isoform (%
SERCA1D) relative to the total level of transcripts. R? is the Pearson product-moment correlation coefficient, and the correlation is significant at R? > 0.87, P = 0.0064.

P=0.022). The remaining four exons did not show significant mis-
splicing.

The three isoforms of PDLIM3 splicing were observed. The
normal isoforms are PDLIM3a (“exons 5 and 6 inclusion and exon
4 exclusion” isoform) and PDLIM3c (“exon 5 inclusion and exons 4
and 6 exclusion” isoform), which predominate in non-DM1

muscles, whereas the DM1 muscles contained the PDLIM3b iso-
form (“exon 4 inclusion and exons 5 and 6 exclusion” isoform).
The pattern of FNT splicing revealed that the exon 33 exclusion iso-
form was more common than the exon 33 inclusion isoform in
non-DM1 muscles, whereas the exon 33 inclusion isoform predom-
inated in DM1 muscles.
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To gain insight into the factors that regulate the splicing of
PDLIM3, we compared the percentages of splicing of SERCAT and
PDLIM3 for each patient with DM1. PDLIM3 splicing showed a sta-
tistically significant correlation with SERCA1 splicing (Fig. 1C;
R?=0.87; P=0.0064). However, there was also a correlation be-
tween the splicing of SERCA1 and FN1 (R*>=0.82; P=0.032; data
not shown). Nevertheless, we focused on the correlation between
PDLIM3 and SERCAT1, since this correlation was stronger than that
between FN1 and SERCA1, and the expression of PDLIM3 is high
in skeletal muscles.

We considered that PDLIM3 splicing might also be regulated by
MBNL family proteins, such as MBNL1, 2, and 3, as SERCAT splicing
is regulated by MBNL1 [19,24]. SERCA1b (exon 22 exclusion iso-
form) is seen in DM1 skeletal muscle and DM1 model mice: HSA'®
[12]. During the development of fast-twitch fibers, SERCA1b is
expressed in the fetal and neonatal stages but it is completely
replaced by SERCAla (exon 22 inclusion isoform) in adult muscle
fibers [25,26]. Therefore, we performed a cellular splicing assay
for PDLIM3 in HEK-293, Hela, and SH-SY5Y cells. The overexpres-
sion of MBNL1, 2, and 3 resulted in the shifting of SERCAT splicing
from SERCA1b (exon 22 exclusion isoform) to SERCAla (exon 22
inclusion isoform), whereas the shifting of PDLIM3 splicing from
PDLIM3b to PDLIM3a or PDLIM3c was negligible (data not shown).

Furthermore, the overexpression under the same conditions of
CELF family proteins, such as CUGBP1, ETR-3, CELF3, 4, 5, and 6,
showed that CUGBP1 and CELF3 increased SERCA1b (exon 22
exclusion isoform), although this result was not statistically signif-
icant. PDLIM3 splicing was not regulated by either CUGBP1 or
CELF3.

3.2. PDLIMS3 splicing during skeletal muscle development

Using RT-PCR, we investigated whether the shift in isoforms oc-
curred during the development of skeletal muscle (Fig. 2A). The
detection of an isoform shift would indicate that PDLIM3 splicing
is regulated by factors that change according to developmental

A Skeletal muscle Brain Liver

CNS Muscle Internal

Fig. 2. Patterns of PDLIM3 splicing during the development of skeletal muscles and
various tissues. (A) RT-PCR of endogenous PDLIM3 in fetal, non-DM, and DM1
skeletal muscles and other tissues. The fetal skeletal muscle isoform is PDLIM3b
(exon 4 inclusion isoform), which is the same as that in the DM1 skeletal muscles
(DM-2, DM-5), brain, and liver but not the same as that in the adult skeletal muscle
(Cont.). PDLIM3b does not change to other isoforms during the development of the
brain (fetus, 26-40 weeks: adult, 43 years old) or liver (fetus, 22-40 weeks; adult,
51 years old), except in the skeletal muscles. (B) Endogenous PDLIM3 splicing in
various tissues. The intensities of the bands obtained after 28 cycles of PCR for the
exon 4 exclusion isoforms (PDLIM3a and PDLIM3c) are greater in the heart, skeletal
muscle, and gland tissues. Reverse transcription of all the tissue samples was
performed using 1.0 pg of total RNA.

stage. In addition, this might suggest that alteration of the physio-
logic properties of PDLIM3 is related to DM1 pathogenesis.

PDLIM3b was mainly expressed in fetal skeletal muscles (Fetus;
20 weeks) (Fig. 2A), whereas PDLIM3a and PDLIM3c¢ were predom-
inantly detected after birth (Cont.; 6 months of age). PDLIM3 splic-
ing changed between 20 weeks (Fetus) and 6 months of age
(infant), albeit not in the brain or liver. The change in PDLIM3 splic-
ing was specific for skeletal muscle. PDLIM3b was expressed
mainly in DM1 skeletal muscles, but also in fetal muscles and other
tissues. Thus, PDLIM3 splicing is fetal-type in DMI1, and it is
thought that the condition of the DM1 muscle resembles that of fe-
tal muscle.

To examine how PDLIM3 splicing and expression are regulated
in each tissue we performed RT-PCR on various adult tissues
(Fig. 2B). PDLIM3 splicing could be categorized into two tissue
groups: muscle and other tissues. In muscle (heart and skeletal
muscles), PDLIM3a and PDLIM3c were expressed predominantly,
while in other tissues, the main product was PDLIM3b. In glands,
low-level expression of PDLIM3a was observed. These results sug-
gest that PDLIM3 splicing is regulated in a muscle-specific manner.
Furthermore, we detected PDLIM3 expression in all tissues, with
the exceptions of the kidneys and spleen. The level of PDLIM3
expression was high in the heart and skeletal muscles, and low
in the central nervous tissues. We conclude that PDLIM3 expression
is regulated in a muscle-specific manner.

4. Discussion

In the present study, we show that the splicing of PDLIM3 exon
4 and FN1exon 33 occurs aberrantly in patients with DM1 (Fig. 1B).
Aberrant FNT splicing was originally identified in patients with
DM1, although it has also been reported in an array analysis of
DM1 model (MBNL#*43) mice [27]. The splicing changes of FN1
have also been observed during heart development in wild-type
mice [27]. Aberrant PDLIM3 splicing has already been reported
{15], although it has not been fully analyzed in patients with DM1.

In the present study, we show that PDLIM3 splicing produces
three isoforms of exons 4, 5 or 6, and that in patients with DM1,
PDLIM3b (“exon 4 inclusion, exons 5 and 6 exclusion” isoform)
predominates. PDLIM3 binds to o-actinin 2 via its PDZ domain
[21], and the ZASP-like motif (encoded by exon 6) is necessary
for this interaction [28,29]. Therefore, it is possible that the
PDLIM3b proteins are unable to bind sufficiently to o-actinin 2,
resulting in the symptoms of DM1 muscle. Furthermore, some
mutations of PDLIM3 have been reported in dilated cardiomyopa-
thy (DCM) [30] and hypertrophic cardiomyopathy [31]. In addition,
PDLIM3~/~ mice develop cardiomyopathy that resembles human
arrhythmogenic right ventricular cardiomyopathy (ARVD/C) with
mild left ventricular involvement [32]. Therefore, PDLIM3 may be
necessary for the physiologic functions of heart muscle. However,
skeletal muscle functions and development are normal in
PDLIM3-deficient mice [22]. We propose that abnormal PDLIM3
splicing affects the heart more than the skeletal muscles in patients
with DM1.

PDLIM3 is in the same family as Cypher/ZASP/LDB3 [33], and
abnormal Cypher splicing has been observed in DM1and DM2 mus-
cles [15,34]. Moreover, Cypher has been linked to cardiomyopathy
in mice and humans [34-36]. Moreover, Cypher-knockout mice die
prenatally of severe congenital myopathy [34], and human Cypher
mutations have been linked to a novel autosomal dominant mus-
cular dystrophy [36]. Therefore, it seems that two abnormal splic-
ings of PDLIM3 and Cypher are related to the symptoms observed
for DM1 muscles.

We hypothesized that PDLIM3 splicing is regulated by MBNL
family proteins, as well as SERCA1 splicing, since a significant
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correlation between SERCA1 and PDLIM3 splicing was detected in
each patient with DM1 (Fig. 1C). However, in the cellular splicing
assay, we were unable to demonstrate that MBNL or CELF family
proteins regulate PDLIM3 splicing (data not shown). In the same as-
say, SERCAT splicing was found to be regulated by MBNL. Although
we carried out the splicing assay with HEK-293, Hela, and SH-SY5Y
cells, we did not detect the factors that regulate PDLIM3 splicing.
Possible reasons for this outcome are: (1) our splicing assay could
not detect a minor splicing event; (2) some factor that acts with
MBNL is necessary for the regulation of PDLIM3 splicing; and (3)
factors other than MBNL regulate PDLIM3 splicing. If the amount
of transfected vector that encodes each factor was increased, we
might resolve issue (1) above. For issues (2) and (3), splicing factors
other than MBNL might be abnormal in DM1. Currently, we are un-
able to conclude which of the above possibilities is the one most
likely to be true.

Abnormally spliced exons in DM1 can be divided into two
groups: (1) that in which the splicings become muscle-specific
during development and (2) that in which the splicings change
after birth [15]. PDLIM3 exon 4 is in the former category, as the
splicing pattern changed from the fetus at 20 weeks to the infant
at 6 months of age (Fig. 2A). The SERCA1T exon 22 is in the latter cat-
egory [15,19]. The former group contains many gene exons that
have developmental functions. Therefore, PDLIM3 may be associ-
ated with muscle development. The developmental abnormality
of PDLIM3~!~ mice was observed in the heart [32], not in the skel-
etal muscles [22]. Moreover, PDLIM3 may regulate muscle differen-
tiation, since disruption of PDLIM3 expression affects the
expression of myogenin and MyoD [37].

In each human tissue, PDLIM3 splicing was regulated in a tissue-
specific manner (Fig. 2B). PDLIM3a (exon 6 inclusion isoform) was
detected only in skeletal muscles and the heart. Therefore, exon 6
may have a muscle-specific function in mature muscles. As
PDLIM3Db (exon 4 inclusion isoform) was detected in the other tis-
sues, exon 4 may have functions other than those it executes in
skeletal muscles. Since PDLIM3 expression was much higher in
the heart and skeletal muscles than in other tissues, the roles of
PDLIM3 in other tissues may be minor.
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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 reported 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 (MYOMT) exon 17a as a novel splic-
ing abnormality in DM1 muscle. A cellular splicing assay with a MYOM! minigene revealed
that not only MBNL1-3 but also CELF1 and 2 decreased the inclusion of MYOM? 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 17a in

DM1 muscle.

Introduction

Myotonic dystrophy type 1 (DM1) is an autosomal-
dominant, multisystemic disease characterized by
myotonia, muscle weakness, cardiac conduction defi-
cits, insulin resistance and mental retardation (Harper
2001). DM1 is caused by an expansion of the CTG
repeat in the 3-UTR of the dystrophia myotonica-
protein kinase (DMPK) gene on chromosome 19
(Aslanidis et al. 1992; Brook et al. 1992; Buxton et al.
1992; Harley ef al. 1992), and a gain-of-function of
the expanded repeat is thought to play a major role
in the development of the disease (Ranum & Day
2004). Two lines of evidence supports this gain-of-
function concept. First is the discovery of another
type of DM, DM2. DM2 is caused by repeats at a
different locus, specifically, the CCTG repeat in
mtron 1 of ZNF9 on chromosome 3 (Liquori et al.
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2001). Second is the finding that transgenic mice
expressing an expanded CUG repeat driven by the
human skeletal actin HSA promoter (HSA™ mice)
manifest myotonia and abnormal muscle histology
(Mankodi ef al. 2000). FISH analysis revealed that
transcripts with an expanded CUG/CCUG repeat
exhibited foci in the nuclei of DM cells (Taneja et al.
1995; Davis et al. 1997; Liquori et al. 2001). It has
been suggested that the abnormal behavior of the
expanded CUG/CCUG repeat RNA should cause a
lack of proper regulation of alternative splicing by
RNA-binding proteins.

Aberrant regulation of alternative splicing is a char-
acteristic feature of DM pathogenesis, and alternative
splicing events in more than 30 genes have been
found to be abnormally regulated in patients with
DM (Ranum & Cooper 2006); for example, the
chloride channel 1 (CLCNTY) 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 Clinl 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 is a family of CCCH-type zinc finger-
containing RNA-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 al.
2004), and MBNL1 and MBNL2 have been shown
to be colocalized with CUG/CCUG inclusions in
DMT1 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/BRUNOLS5 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 abnormalities, especially histological
muscle impairment (Timchenko ef 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 MBNL1 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 ef al. 2004), sug-
gesting that both the elevation of CELF!1 and the
loss of MBNL1 function may be involved in the
development of DM. But, notably, DNA microarray
analysis revealed that HSA™ mice and Mbnl1-
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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 Mbnl1-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 multiple 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 ef 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 (SERCAY) and ryanodine receptor
1 (RYR1) was investigated because patients with DM
show myotonia, insulin resistance and increased
muscle Ca®>" levels (Savkur ef al. 2001; Charlet ef al.
2002; Kimura ef al. 2005). Thus, we investigated the
comprehensive splicing profile of muscle tissue of
individuals with DM1 using 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 MYOMT1 exon 17a. MYOMI1 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 frans-acting factors in the
alternative splicing of MYOM1 exon 17a. Our results
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suggest that the MBNL family is a key regulator of
MYOMT alternative 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
MYOM1 (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
MYOMT1 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 MYOM1 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! exon 17a was increased
in DM. (A) Schematic diagram showing the products of the
alternative splicing of MYOM1. The number of nucleotides of
exon 17a 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. Arrows 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 isoforms 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 < 0.01 (Student’s t-test). All bands of interest
were gel-isolated, 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 MYOM1 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
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Figure 2 CUG-BP and ETR-3-like factor and MBNL family proteins regulate MYOM1 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 MYOM? 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
MBNL1 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 pMYOM1 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 pMYOM]1 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 -test).

and CELF family proteins and examined the patterns
of minigene splicing by RT-PCR (Fig. 2B). Consis-
tent with the current model of DM pathology, all
three MBINL 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 RINA 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
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
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CUG repeat RNA on the MYOM]1 alternative splic-
ing (Fig. 2C). Unexpectedly, there was no significant
difference between DM18 and DM480, which
express 3 UTR of DMPK containing (CUG);g and
interrupted (CUG)4g0, respectively. Because this may
be due to the relatively low endogenous expression
level of MBNL1 in HEK293T cells (Sen et al. 2010),
we examined the effect of CUG repeat RNA 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.

Region around exon 17a is sufficient for MBNL1
and CELF1 regulation

Surprisingly, MBNL1 and CELF1 regulate the alter-
native splicing of MYOM1 to the same direction. To
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