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Abstract The angiotensin II (Angll) type 1 (AT,) receptor
is a seven transmembrane-spanning G-protein-coupled
receptor, and the activation of AT; receptor plays an
important role in the development of load-induced cardiac
hypertrophy. Locally generated Angll was believed to
trigger cardiac hypertrophy by an autocrine or paracrine
mechanism. However, we found that mechanical stress can
activate AT, receptor independently of Angll. Without the
involvement of Angll, mechanical stress not only activates
extracellular signal-regulated kinases in vitro, but also
induces cardiac hypertrophy in vivo. All of these events
are inhibited by candesartan as an inverse agonist for AT,
receptor. It is conceptually novel that AT, receptor directly
mediates mechanical stress-induced cellular responses, and
inverse-agonist activity emerges as an important pharma-
cological parameter for AT -receptor blockers that deter-
mines their efficacy in preventing organ damage in
cardiovascular diseases.
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Introduction

Cardiac hypertrophy is one of the most important organ
damages induced by pressure overload such as hyperten-
sion. Cardiac hypertrophy is not only an adaptive state that
precedes heart failure, but also an independent risk factor
for major cardiac events, such as ischemic heart disease,
arrthythmia and sudden death (Levy et al. 1990). Therefore,
it is important to eclucidate the molecular mechanism
underlying the development of cardiac hypertrophy. Many
experimental studies have shown that various humoral
factors such as vasoactive peptides, the sympathetic
nervous system, cytokines and growth factors contribute
to the development of cardiac hypertrophy. All components
of the renin-angiotensin system such as angiotensinogen,
renin, angiotensin-converting enzyme and angiotensin
receptors have been identified in the heart (Baker et al.
1992; Lee et al. 1993). Angiotensin II (Angll) evokes
hypertrophic responses such as protein synthesis and
reprogramming of gene expression via Angll type 1 (AT))
receptor in cardiomyocytes (Lee et al. 1993).

However, mechanical stress is by far the most important
stimulus for the development of cardiac hypertrophy.
Actually, mechanical stress induces a variety of hypertro-
phic responses in cardiomyocytes (Komuro and Yazaki
1993). Furthermore, pretreatment of cardiomyocytes with
AT -receptor blockers (ARBs) significantly attenuates all of
these mechanical stretch-induced hypertrophic responses
(Sadoshima et al. 1993; Yamazaki et al. 1995). These
results indicate that mechanical stress induces cardiac
hypertrophy through the AT, receptor. It has been proposed
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that Angll is stored in cardiomyocytes and that mechanical
stretch induces the secretion of stored Angll into the culture
medium, resulting in the induction of cardiomyocyte hyper-
trophy by the autocrine mechanism (Fig. 1a) (Sadoshima et
al. 1993). However, we found a novel mechanism for
mechanical stress-induced AT,-receptor activation without
the involvement of Angll, and discovered that this activation
is inhibited by the inverse agonist candesartan (Fig. 1b)
(Zou et al. 2004).

Mechanical stress-induced AT -receptor activation
without the involvement of AngII

To examine whether Angll is secreted from cardiomyocytes
into the culture medium by stretch, we first measured Angll
concentration in the medium conditioned by stretching
cardiomyocytes. We did not detect a significant increase in
Angll concentration after stretch (Angll concentration
without stretch, 0.7+1.6x107'2 M; Angll concentration
with stretch, 2.0+3.5x107'2 M) (Zou et al. 2004). The
concentration of Angll in the conditioned medium was not
sufficient to evoke extracellular signal-regulated protein
kinase (ERK) activation in cardiomyocytes, because the
magnitude of ERK activation by stretch was equivalent to
that observed when the cardiomyocytes were stimulated by
107 to 1077 M of AnglII (Zou et al. 2004). Furthermore, a
neutralizing antibody to AngII did not suppress the stretch-
induced ERK activation in cardiomyocytes, although the
antibody abolished AngII (10”7 M)-induced ERK activation
(Zou et al. 2004). These results suggest that stretch-induced
ERK activation is largely dependent on AT, receptor, and
that Angll, even if secreted from cardiomyocytes, plays a
marginal role in stretch-induced ERK activation.

Next, to examine the possibility that mechanical stress
can directly activate the AT, receptor without the involve-

a
" » Autocrine
Biratol mechanism
l Angll
Mechano- AT,
receptor receptor
Hypertrophic responses

Sadoshima et al. 1993

Fig. 1 A novel mechanism of mechanical stress-induced angiotensin
IT (AnglI) type 1 (AT, )-receptor activation without the involvement of
Angll. a Mechanical stretch induces the secretion of stored Angll, and
Angll subsequently evokes hypertrophic responses via AT, receptor
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ment of Angll, we used human embryonic kidney (HEK)
293 cells and COS7 cells, neither of which showed a
detectable expression of AT receptor and angiotensinogen.
Neither mechanical stretch nor AngII (1077 M) activated
ERKs in HEK293 cells (Fig. 2a), but forced expression of
AT, receptor conferred the ability to activate ERKs in
response to both mechanical stretch and AnglI (Fig. 2b).
Pretreatment with candesartan inhibited the ERK activation
induced not only by AngllI but also by mechanical stretch in
HEK293 cells expressing AT; receptor (Fig. 2b). In
addition, basal ERK activity was decreased by candesartan
in HEK293 cells expressing AT; receptor (Fig. 2a,b) (Zou
et al. 2004). Similar results were obtained in experiments
using COS7 cells.

We also stretched HEK293 cells expressing AT;-mutant
receptor with impaired AngllI binding (Yamano et al. 1992).
AnglI did not activate ERKs in these cells, as expected.
However, ERKs were strongly activated by mechanical
stretch, and this activation was inhibited by candesartan
(Zou et al. 2004). To confirm whether mechanical stretch
activates AT, receptor independently of Angll in cardio-
myocytes, we stretched cardiomyocytes prepared from
angiotensinogen-deficient mice, in which AnglIl is not
produced (Tanimoto et al. 1994). Mechanical stretch
activated ERKs in the cardiomyocytes prepared from both
neonatal and adult angiotensinogen-deficient mice. Pre-
treatment with candesartan markedly suppressed stretch-
induced ERK activation in these cells (Zou et al. 2004).

Finally, we examined whether mechanical stress could
induce cardiac hypertrophy in vivo through the AT; receptor
in the absence of Angll. We imposed a pressure overload on
the heart by constricting the transverse aorta of adult male
angiotensinogen-deficient mice. Pressure overload induced
cardiac hypertrophy even in angiotensinogen-deficient mice
(Fig. 2c). Furthermore, although treatment with candesartan
did not reduce blood pressure in the right carotid artery, the

b

“Stretch”

Direct activation without
involvement of Angll

Hypertrophic responses

Zou et al. 2004
by an autocrine mechanism (Sadoshima et al. 1993). b AT, receptor
can be activated directly by mechanical stress through an Angll-
independent mechanism (Zou et al. 2004)
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p-ERKs
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Fig. 2 Angiotensin II (Angll)-independent activation of ERKs via
angiotensin II type 1 (AT,) receptor by mechanical stretch. Modified
from Zou et al. (2004). a Neither mechanical stretch nor AnglI activated
ERKs in HEK293 cells. HEK293 cells were stretched by 20% (St) or
exposed to 10”7 M Angll for 8 min. b In HEK293 cells expressing AT,
receptor, both mechanical stretch and Angll activated ERKs (lanes 2
and 6). Pretreatment with 10”7 M candesartan inhibited the activation of
ERKSs induced not only by Angll (/ane 4) but also by mechanical stretch

development of cardiac hypertrophy was significantly
attenuated by candesartan (Fig. 2¢) (Zou et al. 2004).
Based on these results, we proposed that mechanical
stress activates the AT; receptor independently of AngII,
which is inhibited by candesartan as an inverse agonist.

Mechanoreceptors and cardiac hypertrophy

Mechanical stress to cardiomyocytes is the most important
stimulus that triggers hypertrophic responses (Komuro and
Yazaki 1993), and we propose that the AT, receptor may be
a receptor for mechanical stress. We previously reported
that AT, receptor is not indispensable for load-induced
cardiac hypertrophy, because pressure overload induced
cardiac hypertrophy in AT ,-receptor-knockout mice
(Harada et al. 1998a, b). Interestingly, in AT;,-receptor-
deficient cardiomyocytes, basal activities of tyrosine kinase
were upregulated and mechanical stretch induced stronger
activation of tyrosine kinases than in wild-type cells,
through epidermal growth factor (EGF)-receptor tyrosine
kinases (Kudoh et al. 1998). These results suggest that

27

(lane 7). ¢ Cardiac hypertrophy in angiotensinogen-deficient mice
induced by pressure overload. Ten-week-old male angiotensinogen-
deficient mice, treated with saline (NS) or candesartan (Can), were
subjected to a sham or transverse aorta-constricting (Z4C) operation.
Echocardiography was done 2 weeks later. Pressure overload induced
cardiac hypertrophy even in angiotensinogen-deficient mice. Pretreat-
ment with candesartan attenuated this development. Top M-mode
echocardiograms, bottom gross appearance of the heart

some mechanisms compensate for the lack of AT, receptor
and that pressure overload induces cardiac hypertrophy
even in the absence of the AT, receptor.

Angll type 2 (AT,) receptor is also a high-affinity
receptor for Angll. We have not examined whether AT,
receptor, like AT, receptor, is activated by mechanical
stress because most of the known Angll functions in the
cardiovascular system are mainly mediated through AT,
receptor (Timmermans et al. 1993). Above all, the role of
AT, receptor in cardiac hypertrophy remains enigmatic. In
one study, aortic constriction caused cardiac hypertrophy to
a similar degree in AT,-receptor-deficient mice and wild-
type mice (Wu et al. 2002). In contrast, in another study,
cardiac hypertrophy was prevented after aortic constriction
in AT,-receptor-deficient mice compared with wild-type
mice (Senbonmatsu et al. 2000).

Cardiac hypertrophy is induced by activation of other G-
protein-coupled receptors (GPCRs) than AT, receptor, such
as the receptors for endothelin 1 (ET-1) and catecholamines
(Yamazaki et al. 1996; Zou et al. 1999). However, we found
that mechanical stretch did not induce significant activation
of ERKs in COS7 cells overexpressing either ET-1 type A
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receptor or (32 adrenoceptor (Zou et al. 2004). Therefore,
the activation of GPCRs by mechanical stretch without the
involvement of their agonists is not a general phenomenon
but specific to some GPCRs including AT receptor.

At present, it remains unclear how the AT, receptor senses
mechanical stress and translates it into biochemical signals
inside the cells. There are a few hypothetical mechanisms by
which mechanical stress could activate AT, receptor without
the involvement of AnglIl. First, membrane tension may
directly induce the conformational change in the AT,
receptor. Second, mechanical stretch may activate specific
mechanosensors, which subsequently activate the AT,
receptor. Potential candidates for mechanosensors, such as
muscle LIM protein within the Z-disc (Knoll et al. 2002),
integrin-linked kinase (Bendig et al. 2006; White et al. 2006)
and melusin (Brancaccio et al. 2003) within the costameres
(band-like structures linking sarcolemmal membrane to
Z-discs) and stretch-sensitive ion channels (Kung 2005; Orr
et al. 2006), might activate the AT, receptor, although the
underlying mechanism remains to be determined.

Inverse agonism of ARB

ARBs specifically inhibit the diverse physiological effects
mediated by AT, receptor. ARBs not only have strong blood
pressure-lowering effects in hypertensive patients, but also
induce regression of left ventricular hypertrophy and
decrease cardiovascular morbidity and mortality in patients
with heart failure (Cohn and Tognoni 2001; Lindholm et al.
2002; Pfeffer et al. 2003). Many ARBs are available for
clinical use, and they show unique pharmacological charac-
ters. The inverse-agonist activities of ARBs could be a novel
and important pharmacological parameter defining the
beneficial effects on organ protection.

Before the early 1990s, GPCR ligands were simply
classified as agonists or antagonists (Bond and Ijzerman
2006). Both agonists and antagonists bind to GPCRs with
high affinity; however, only agonists are able to activate the
receptor. Therefore, agonists possess both high affinity and
intrinsic activity, whereas antagonists possess high affinity
without intrinsic activity. However, compounds that were
originally described as antagonists were demonstrated to
produce effects opposite to those observed with agonists
(Costa and Herz 1989). Such ligands are classified as
“inverse agonists.” Inverse agonists, by definition, stabilize
the inactive conformation of receptors and reduce the
constitutive activity of the receptor or the agonist-independent
receptor activity (Bond and [jzerman 2006). In contrast,
antagonists inhibit responses in competition with agonists, but
they are not able to reduce the constitutive activity of the
receptor or the agonist-independent receptor activity (Bond
and [jzerman 2006).
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With regard to ARBs, it was reported that olmesartan and
EXP3174 (active metabolite of losartan) reduce the consti-
tutive activity of AT; mutant receptor (AT;-N111G mutant),
but losartan does not reduce them (Miura et al. 2003a; Miura
et al. 2006). According to a recent paper, knockin mice with
a constitutively activating mutation (AT;-N111S with a C-
terminal deletion) (AT,-MUT mice) showed low-renin
hypertension with relative hyperaldosteronism together with
progressive renal and cardiac fibrosis (Billet et al. 2007).
Interestingly, administration of candesartan, but not losartan,
normalized blood pressure in AT;-MUT mice. And, in
mechanical stress-induced AT -receptor activation, candesar-
tan inhibited mechanical stress-induced ERK activation (Zou
et al. 2004), but losartan did not (unpublished data).

Some ARBs work as inverse agonists because they reduce
the constitutive activity of AT, receptor or inhibit the agonist-
independent mechanical-stress-induced AT;-receptor activa-
tion. Recently, many clinical studies have shown that ARBs
have excellent preventive effects on organ damage. ARBs
with potent inverse-agonist activity may provide therapeutic
benefits in the prevention of organ damage (Fig. 3).

Conformational change of GPCR

The AT; receptor, as well as other GPCRs, undergoes
spontaneous isomerization among its inactive states (favored
in the absence of agonist) and its active states (induced or
stabilized by the agonist) (Gether 2000; Perez and Karnik
2005). In general, activation of GPCRs by agonists involves
specific movements of the transmembrane (TM) helices
following agonist binding (Gether 2000; Karnik et al. 2003).

Angll

Organ damage

Fig. 3 Inverse-agonist activity of angiotensin II type 1 (AT, )-receptor
blockers (ARB). ARBs with potent inverse-agonist activities have
therapeutic benefits in the prevention of organ damage because
inverse agonists can inhibit agonist-independent-receptor activation
by mechanical stress. CAM Constitutively active mutant
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Structure—function analyses have demonstrated that the
separation of TM3 and TM6 is a common structural change
in GPCR activation (Gether 2000; Karnik et al. 2003).
Agonist-induced activation of the 32 adrenoceptor involves
disruption of an ionic lock between TM3 and TM6 (Yao et
al. 2006). With regard to AT receptor, the bindings of Angll
to Asn''" in TM3 and to His™ in TM6 are crucial for
receptor activation (Miura et al. 1999), and the mutations in
Asn'"! confer constitutive activity of the receptor (Feng et al.
1998; Groblewski et al. 1997) by releasing helical con-
straints involving TM2 (Miura and Karnik 2002; Miura et al.
2003b), TM6 (Martin et al. 2007) and TM7 (Boucard et al.
2003; Miura et al. 2003b).

Binding of an inverse agonist causes a transition of
GPCR from a native, or partially active, state to an inactive
state (Gether 2000; Perez and Karnik 2005) (Fig. 4). A
recent study using a fluorescence resonance energy transfer
(FRET) approach demonstrated that, in &;a-adrenergic
receptor, the conformational changes induced by an inverse
agonist are different from those induced by an agonist
(Vilardaga et al. 2005).

Our finding of mechanical stress-induced AT-receptor
activation still leaves many issues to be solved, especially
regarding mechanical stress-induced conformational change

Fig. 4 Sequential binding and
conformational stabilization
model for the molecular
mechanism of ligand action on
G-protein-coupled receptors
(GPCRs). Modified from Gether
(2000). The hypothetical GPCR
is represented by seven helices
in gray, viewed from the extra-
cellular side. The unaligned
receptor exists in a unique state,
[R], that can undergo transitions
to at least two other stabilized
states, [Ro] and [R*]. [R]

is an inactive state stabilized by
an inverse agonist, and [R*] is
an active state stabilized by an
agonist. Receptor activation
occurs sequentially through a
series of conformational
changes. [R'] and [R"] are
intermediate (partially active)
states between [R] and [R*]

o 0©

% O

[R,]: Inactive state
- stabilized by inverse agonist

O¢—_'

29

of AT, receptor. It would be a great challenge to determine
the structural basis of how mechanical stress activates the
AT; receptor and how candesartan exerts an inverse
agonism.

Conclusions

We demonstrated that mechanical stress can induce car-
diomyocyte hypertrophy both in vitro and in vivo through
the AT, receptor without the involvement of Angll, and that
these hypertrophic responses can be inhibited by candesar-
tan, an ARB with potent inverse-agonist activity. A
growing body of evidence has suggested that the local
renin-angiotensin system plays an important role in injury
to various organs (Bader et al. 2001; Baker et al. 1992; Lee
et al. 1993). It remains to be determined whether activation
of the AT receptor without Angll occurs in other organs,
and whether inverse agonists prevent organ damage more
effectively than competitive antagonists. Further studies
will be required to elucidate the exact molecular mecha-
nisms of mechanical stress-induced AT-receptor activation
and to clarify the clinical relevance of inverse-agonist
activity of ARBs.

[R]: unaligned inactive state

o o0©

o _0°©

+¢+A

O Agonist lougrge
|
= O

%€ 0O r

> Intermediate states
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Deficiency of Myo18B in mice results in embryonic lethality
with cardiac myofibrillar aberrations
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Myo18B is an unconventional myosin family protein expressed predominantly in muscle cells. Although
conventional myosins are known to be localized on the A-bands and function as a molecular
motor for muscle contraction, Myo18B protein was localized on the Z-lines of myofibrils in striated
muscles. Like Myo18A, another 18th class of myosin, the N-terminal unique domain of the protein
and not the motor domain and the coiled-coil tail is critical for its localization to F-actin in myocytes.
Myo18B expression was induced by myogenic differentiation through the binding of myocyte-
specific enhancer factor-2 to its promoter. Deficiency of Myo18B caused an embryonic lethality in
mice accompanied by disruption of myofibrillar structures in cardiac myocytes at embryonic day
10.5. Thus, Myo18B is a unique unconventional myosin that is predominantly expressed in myocytes
and whose expression is essential for the development and/or maintenance of myofibrillar structure.

Introduction

Myosins constitute a large superfamily of actin-based
motor proteins that use ATP to play fundamental roles
in many forms of eukaryotic cell motility, such as cell
migration, cytokinesis, phagocytosis, and trafficking. A
total of 40 myosin genes have been identified in humans
to date; however, physiological and biological functions
of more than half of their products are still unknown.
(Mermall et al. 1998; Wu et al. 2000; Berg et al. 2001).
We previously isolated a novel unconventional myosin,
MYO18B, from a homozygously deleted region at chromo-
some 22q12.1 in a human lung cancer cell line (Nishioka
et al. 2002). Inactivation of this gene by genetic and/or
epigenetic alterations in human cancer cells suggests that
the MYO18B gene functions as a tumor suppressor in
human carcinogenesis (Nishioka ef al. 2002; Tani et al.
2004; Yanaihara ef al. 2004; Nakano ef al. 2005). Like
other myosins, MYO18B has a myosin head motor domain
with an ATP-binding motif and a GPA actin-binding
motif. It also contains a neck region with an IQ motif
that is thought to participate in binding to myosin light
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chains or calmodulin and a C-terminal tail with a coiled-
coil domain that likely mediates dimer formation. Further-
more, MYO18B has unique N- and C-terminal extensions
(Fig. 1A), which should give a distinction against other
classes of myosins. However, physiological functions of
MYOI18B are largely unknown. Here, we showed the
N-terminal unique domain of MYO18B is crucial for
its localization to F-actin, and analysis of Myo18B gene
targeted mice revealed that Myo18B protein is crucial for
the development and/or maintenance of myofibrillar
structure in myocytes.

Results

Contribution of N-terminal extension of Myo18B
protein to its localization on F-actin

To characterize the functions of Myo18B, we used C2C12
cells because the Myo18B transcription is increased by
myogenic differentiation in C2C12 mouse myoblast cells
(Salamon et al. 2003). Western blot analysis reveals that
endogenous Myo18B protein level increases along with
C2C12 cells differentiation (Fig. 1B). Then, we carried
out immunofluorescence analysis of C2C12 cells using two
independent antibodies against Myo18B. Endogenous
Myo18B protein stained very faintly in undifferentiated
C2C12 cells, but better in multinucleated differentiated
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Figure 1 Intracellular localization of endogenous and deletion mutants of Myo18B protein in C2C12 cells. (A) Structure of MYO18B
protein, positions of antigens for antibodies and EGFP-fusion protein structures used below are shown. (B) Western blot analysis of C2C12
cells with induction of myogenic differentiation using antibodies, anti-MYO18B-N1 (upper panel), anti-MYO18B-C2 (upper middle
panel), anti-Myogenin (lower middle panel), and anti-o tubulin (lower panel). Confocal images of immunocytochemistry of differentiated
C2C12 cells (C-J) using anti-MYO18B-N1 (C and green in F) and anti-MYO18B-C2 (G and green in J) are shown. Arrows in F and
] indicate differentiated and multinucleated C2C12 cells. Localization of EGFP-fusion deletion mutants of MYO18B is shown (K-Z).
MYO18B-EGFP (K-N), Nter-EGFP (O-R), EGFP-moter (S-V) and EGFP-ANter (W—Z) were expressed in C2C12 cells. The cells
were co-stained with phalloidin (D, H, L, P, T, X and red in E J, N, R, V, Z) and TOTO-3 (E,[L M, Q, U, Y and bluein EJ, N, R, V,

Z). Bars = 50 um (F), 20 um (J, N, R, V, Z).

C2C12 cells that were positive for myoglobin and skeletal
myosin (data not shown). This result is consistent with
the result of Western blot analysis. In differentiated
C2C12 cells, Myo18B was predominantly distributed on
F-actin with a punctate pattern (Fig. 1C-]). Previously
Myo18B protein was reported to be localized in the
nucleus of differentiated C2C12 cells and striated muscles
(Salamon et al. 2003); however, the antibodies did not
indicate a nuclear distribution of Myo18B protein in
both differentiated C2C12 cells and striated muscles.
To reveal which domain of Myo18B contributes to the
localization on F-actin, we prepared expression vectors for
EGFP-fused MYO18B full-length (MYO18B-EGFP)
protein and for deletion mutants (Fig. 1A). Exogenously

988  Genes to Cells (2008) 13, 987-999

expressed MYO18B-EGFP in C2C12 cells was predom-
inantly distributed on actin stress fibers as endogenous
Myo18B, and localized in cytoplasm with a punctate
pattern (Fig. 1K—N). When cells had a protruded region,
which is a region where F-actin is actively polymerized,
MYO18B-EGFP co-localized to these sites as well (data
not shown) consistent with results shown previously in
NIH3T3 cells (Ajima et al. 2007). Analysis of an EGFP-
fused N-terminal half (1-1357 a.a.) and C-terminal half
(1357-2567 a.a.) of MYO18B protein revealed that the
N-terminal half of MYO18B is necessary, but dimerization
with a coiled-coil domain in the C-terminal half of
MYOI18B, is not necessary for localization on F-actin
(data not shown). The N-terminal half of MYO18B was

© 2008 The Authors
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further divided into the N-terminal extension (Nter-EGFP)
and the motor region (EGFP-moter) and both were
expressed in C2C12 cells. EGFP-moter was homogenously
distributed throughout the cytoplasm (Fig. 1S-V), whereas
Nter-EGFP was localized clearly on F-actin (Fig. 10-R).
A vector of MYO18B without the N-terminal extension
(EGFP-ANter) was also expressed. EGFP-ANter was
localized in the cytoplasm with a punctate pattern as
MYO18B-EGFP, but its localization on actin stress fibers
was unclear (Fig. 1W—2Z). Taking these results together, it
was concluded that the N-terminal extension of MYO18B
protein greatly contributes to the localization of MYO18B
on actin stress fibers.

© 2008 The Authors

Myocardial defects in Myo18B-deficient mice

Intracellular localization of Myo18B protein in
striated muscle cells

To reveal the localization of Myo18B protein in skeletal and
cardiac muscles, we carried out immunohistochemistry
using anti-MYO18B antibodies. Myo18B showed a
stripe pattern in muscle cells, suggesting that Myo18B is
localized in either the A-bands or the Z-lines. The cells
were co-stained with an O-actinin antibody, a marker
of the Z-lines. Ot-actinin showed a stripe pattern in the
same region, but the bands for -actinin were thinner
and sharper than those for Myo18B. The result indicated
that Myo18B is localized in the Z-lines and in the

Genes to Cells (2008) 13, 987—-999
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region adjacent to the Z-lines in both skeletal and car-
diac muscles (Fig. 2A,B,C and D,E,F). Co-staining of
Myo18B with type II myosin showed that Myo18B did
not co-localize with type II myosin in adult skeletal
muscles (Fig. 2G,G’,H,H’,L,I') or in cardiac muscles
of E10.5 wild-type embryos, either (Fig. 2],K,L). A
confocal X-Z scan image confirmed that Myo18B
was localized in myofibrils between the A-bands
(Fig. 2G",H",I'). These results suggest that Myo18B
is not used as a molecular motor in the A-bands for

Genes to Cells (2008) 13, 987-999

Figure 2 Intracellular localization — of
endogenous Myo18B protein in striated
muscles. Confocal images of frozen sections
of skeletal muscle (A, B, C and G, G’, H,
H’, I, I'), cardiac muscle (D, E, F) of adult
mice and sections of paraffin embedded
cardiac muscle of an E10.5 embryo (J, K, L)
that are immunohistochemically stained
with anti-MYO18B-N1 (A, D, G, G’, J and
greenin C, E I, I, L), anti-Ot-actinin (B, E
and red in C, F), anti-skeletal myosin (H,
H’ and red in I, I') and anti-myosin heavy
chain B (K and red in L) antibodies are
shown. The localization of Myo18B is indi-
cated by arrows and that of the A-bands is
indicated by triangles (G-L). X~Z scan at
the doted line in G, H, I, along the longi-
tudinal axes of myocytes are shown in G/,
H’,I'. Bars = 5 um.

muscle contraction and plays a distinct role from con-
ventional myosins.

Regulation of Myo18B expression in myogenic
differentiation of C2C12 mouse myoblast cells

Because Myo18B protein is induced by myogenic differ-
entiation, Myo18B gene expression could be strictly
regulated by myogenic transcriptional factors. To analyze
the transcriptional regulation of the Myo18B gene, we

© 2008 The Authors
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compared the genomic structure in the 5 region of the
human MYO18B and mouse Myo18B genes using the
Clustal W multiple sequence alignment program (http://
align.genome.jp/). The nucleotide sequence between
the =350 nucleotide and a putative transcription start site
(+1) of the human gene was highly conserved in the
mouse gene. Furthermore, we screened repetitive elements
upstream of the promoter region of the Myo18B gene using
the RepeatMasker program (http://www.repeatmasker.
org). Repetitive elements started roughly 500 nucleotides
upstream from the putative transcription start site (Fig. 3A).
Therefore, to define the critical elements for regulation
of Myo18B mRINA expression in myocytes and during
their differentiation, a series of MYO18B promoter dele-
tion constructs were cloned with reporter vectors for the
luciferase assay (Fig. 3A). These vectors were introduced
into C2C12 cells and the differentiation was induced.
The MYO18B-456 promoter activity in differentiated
C2C12 cells was 2-3 times higher than that in undiffer-
entiated cells. The induction of promoter activity was kept
with MYO18B-310 and MYO18B-196 constructs, but
was decreased with the MYO18B-131 construct and
diminished with MYO18B-105 or —69 constructs

© 2008 The Authors
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(Fig. 3B). So, the segments of nucleotides —196 to —131
and —131 to —105 of the MYO18B gene were suggested
to bear an enhancer element for myocyte differentiation.
A putative AP2-response element was present between
nucleotides —196 and —131, and an AT-rich putative
MEF2-response element was between nucleotides —131
and —105, and both element were conserved in human
and mouse (Fig. 3A). Therefore, reporter vectors with a
mutation in each putative binding site of the MYO18B
promoter were further constructed. A reporter construct
with a mutation in the putative AP2-response element
showed similar promoter activity as MYO18B-456
promoter. In contrast, a reporter construct with a mutation
in the putative MEF2-response element showed slight
induction by myogenic differentiation (Fig. 3C). These
results suggest that MEF2 plays an important role in the
induction of Myo18B expression in myocytes.

Generation of Myo18B gene targeting mice and
embryonic lethality of homozygous knockouts

A targeting vector was constructed by insertion of the
bacterial nls-LacZ and NeoR genes into exon 2 containing

Genes to Cells (2008) 13, 987-999
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Figure 4 Targeted disruption of the mouse Myo18B gene and its expression. (A) Targeting strategy with the targeting vector (fop), a
restriction map of the wild-type Myo18B allele covering exon 2 to exon 4 (middle), and the targeted allele disrupted by a homologous
recombination (bottom) are shown. ATG, SA-F + SA-R; PCR primer sets for ES screening and genotyping for short arm, F + R; PCR
primer sets for genotyping wild-type allele, and F + LacZ; PCR. primer sets for genotyping targeted allele, P; probe for Southern blot
analysis, and 15-kb/13-kb of the expected fragment lengths are indicated. E, EcoRI; S, Sphl; nls-LacZ; nuclear localization signal-f
galactosidase gene, NeoR; neomycin resistant gene, DTA; Diphtheria toxin A gene. Arrows above gene cassettes indicate the direction of the
genes. (B) Representative results of PCR and Southern blot analyses for genotyping of ES cells and F1 mice are shown. The 2.2-kb PCR
fragments represent a disrupted allele (upper), and 15 kb and 13 kb EcoRI/SphI genomic DNA fragments represent the wild-type and
the disrupted alleles, respectively (lower). (C) Representative results of PCR -mediated genotyping of embryos are shown. The primers
are shown by arrows in A. +/+, Myo18""*; +/—, Myo18""~; and —/—, Myo18™~. (D) Results of Western blot analysis for Myo18B protein
in cultured whole embryo are shown. Upper left and right panels are blots by anti-MYO18B-N1 and anti-MYO18B-C2 antibodies,
respectively. Both lower panels are blots by anti 0-tubulin antibody. Myo18B protein is indicated by arrows, and non-specific bands are
indicated by*.

the translation initiation codon of the mouse Myo18B
gene (Fig. 4A). Two independent Myo18*"~ES cell clones,
109 and 153, were established, used to make Myo18 mutant
chimeric and heterozygous mice. Targeting disruption
of the gene in ES clones and heterozygous mice was
confirmed by PCR and Southern blot analyses (Fig. 4B).
The mice appeared healthy and fertile, with no indication
of physical abnormalities.

Heterozygous mice were then mated to obtain mice with
Myo18B deficiency. However, no live Myo18B ™~ offspring
was born from either line, implying that Myo18B™"~

Genes to Cells (2008) 13, 987-999

embryos had died during embryogenesis. To determine the
time of death, embryos from different developmental stages
were genotyped by PCR (Fig. 4C) and macroscopically
inspected (Table 1). Up to E10, the expected Mendelian
ratio of viable Myo18B™~ embryos was observed. However,
atE10.5to E11, 12 of 31 Myo18B " embryos were abnormal
and 4 empty deciduas were observed. At E11.5 to E13.5,
none of the remaining 9 Myo18B ™~ embryos were normal
and the number of empty deciduas increased. Myo18B™"~
dead embryos were shown to have either dilated pericardial
cavities, internal hemorrhage or resorption.

© 2008 The Authors
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Table 1 Genotypes and phenotypes of Myo18B heterozygous intercrosses

Empty Aspects of Myo18B™~
Total  Myol8B™*  Myo18B*~  Myo18B"~ (D/V)*  decidua  dead embryost
Newborn line 153 112 50 62 0
line 109 107 40 67 0
Embryo (line 153) E11.5-13.5 55 14 24 9 (9/0) 8 1D; 1H; 7R
E10.5-11 139 37 67 31 (12/19) 4 1D; 7H; 4R
E9.5-10 74 13 37 19 (0/19) 0

*The number of dead (D) and viable (V) embryos is shown as D/V in parentheses.
1The number of Myo18B dead embryos with dilated pericardiac cavity (D), internal hemorrhage (H), and resorption (R) is shown.

To verify the knockout of the targeted region, Western
blot analysis with lysates of cultured whole embryos
(Fig. 4D) were carried out. A prominent 290-kD band
was detected in the lysate of wild-type (Myo18B*'™")
embryos. The intensity of the band decreased in
Myo18B*~ embryos, and the band disappeared in
Myo18B™~ embryos.

Myo18B expression probed by the knocked-in
bacterial LacZ gene in Myo18*'~ mice

B-Galactosidase, the gene product of nls-LacZ, generates
blue signals by hydrolyzing X-Gal. Therefore, the knocked-
in nls-LacZ gene under the transcriptional control of the
endogenous Myo18B promoter signals the pattern of
Myo18B mRINA expression in Myo18"~ embryos and
mice. The whole mount X-Gal staining of Myo18*/"~
embryos revealed that nls-LacZ was expressed in heart
and somites at E9.5 and E11.5 (Fig. 5A—-C). At E13.5,
nls-LacZ expression was prominent in muscles of the
cardiac atriums and ventricles (Fig. 5D left and lower right
panel), and was also detected in myotomes and muscle
mass (Fig. 5D left and upper right panel). In Myo18*'~ adult
mice, nls-LacZ was expressed prominently in cardiac and
skeletal muscles (Fig. SE,F) as well as in smooth muscles of
several tissues, and in some parts of testis and brain (data
not shown). The pattern of Myo18B expression indicated
by X-gal staining was similar to that previously shown by
tissue Northern blot analysis (Salamon ef al. 2003).

Cardiac defects in Myo18B™"~ embryos

Macroscopically, the Myo18B™ embryos appeared to be
normal in early developmental stages, with no detectable
abnormality up to E9.5. Abnormal embryos were found
as early as E10.5. From E10.5 to E13.5, the number
of resorbed or growth-retarded embryos (Fig. 6D)
increased, and some unresorbed Myo18B™~ embryos
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showed severe internal hemorrhage in the cardiac and
ventral body wall regions (Fig. 6B) or pericardiac cavity
dilation (Fig. 6H).

Therefore, Myo18B™~ embryos and control (Myo18B*'*
and Myo18B""~ embryos) littermates were histologically
analyzed at various developmental stages. At E9.5,
Myo18B~ embryos showed a normal looping of the linear
heart tube and correct cardiac morphology compared with
control embryos (data not shown). At E10.5, the forma-
tion of the cardiac chambers was initiated correctly in
Myo18B"~ embryos that were neither resorbed nor hem-
orrhagic. However, some Myo18B™~ embryos at E10.5
to E12.5 showed striking abnormalities in the myocardium
(Fig. 6EH). Variable degrees of pericardial effusion were
observed (Fig. 6H). The lumens of both the right and
left cardinal veins and the right atrium in Myo18B™~
embryos were morbidly enlarged (Fig. 6FH) when
compared with controls (Fig. 6E,G).

Abnormal myofibrillar organization in Myo18B™/~
cardiac myocytes

Ultrastructural analysis of comparable areas from the
left ventricular free walls of Myo18B*"* and Myo18B™"
embryos revealed abnormalities in sarcomeric assembly in
the Myo18B~"~ embryos. Myo18B™~ cardiac myocytes had
normal sarcomeres length with structures of intercalated
disks and Z-lines, but displayed a disorganized alignment
of parallel thick and thin filaments (Fig. 7B,C) when
compared with Myo18B** cardiac myocytes (Fig. 7A).
Additionally, in transverse sections of myofibrils,
Myo18B™"* myocytes showed ordered alignment of thick
filaments and of thin filaments surrounding thick filaments
(Fig. 7D,D’); however, Myo18B~ myocytes showed
disordered alignment and unbalanced distribution of thick
and thin filaments (Fig. 7E,E’,EF). These data indicate
that Myo18B is necessary for the development and/or
maintenance of normal cardiac myofibril structure.
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