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Abstract

Background—We explored a function for tropomyosin (TM) in mammalian myofibril assembly

and cardiac development by analyzing a deletion in the mouse TPM1 gene targeting αTM1, the

major striated muscle TM isoform.

Results—Mice lacking αTM1 are embryonic lethal at E9.5 with enlarged, misshapen, and non-

beating hearts characterized by an abnormally thin myocardium and reduced trabeculae. αTM1-

deficient cardiomyocytes do not assemble striated myofibrils, instead displaying aberrant non-

striated F-actin fibrils with α-actinin puncta dispersed irregularly along their lengths. αTM1’s

binding partner, tropomodulin1 (Tmod1), is also disorganized, and both myomesin-containing

thick filaments as well as titin Z1Z2 fail to assemble in a striated pattern. Adherens junctions are

reduced in size in αTM1-deficient cardiomyocytes, α-actinin/F-actin adherens belts fail to

assemble at apical cell-cell contacts, and cell contours are highly irregular, resulting in abnormal

cell shapes and a highly folded cardiac surface. In addition, Tmod1-deficient cardiomyocytes

exhibit failure of α-actinin/F-actin adherens belt assembly.

Conclusions—Absence of αTM1 resulting in unstable F-actin may preclude sarcomere

formation and/or lead to degeneration of partially assembled sarcomeres due to unregulated

actomyosin interactions. Our data also identify a novel αTM1/Tmod1-based pathway stabilizing

F-actin at cell-cell junctions, which may be required for maintenance of cell shapes during

embryonic cardiac morphogenesis.
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Introduction

Vertebrate cardiac morphogenesis involves a complex developmental program of cardiac-

specific gene expression, cell proliferation, migration, and shape changes, as well as
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assembly of striated myofibrils (Gregorio and Antin, 2000; Auman and Yelon, 2004; Olson,

2006). Myofibril assembly and contractile function are believed to control cardiac cell shape

and interactions during morphogenesis of the heart tube and chamber formation (Manasek,

1981). Cardiac myofibrils assemble at the cell membrane, beginning as fibrillar bundles of

actin filaments with closely spaced Z-bodies (i.e., puncta of α-actinin), maturing into

sarcomeres with regularly spaced Z-lines (striated α-actinin), where myosin (thick)

filaments act as the contractile motor and actin (thin) filaments act as the scaffold (Clark et

al., 2002). Thin filaments are stabilized by both lateral interactions and end-capping;

tropomyosin (TM)-troponin complexes associate along the lengths of thin filaments, which

are capped at their barbed ends by the capping protein CapZ in the Z-line and at their

pointed ends by tropomodulin1 (Tmod1) at the H-zone periphery (Clark et al., 2002).

Hundreds of mutations in genes encoding thin filament-associated proteins, such as actin, α-

actinin, nebulette, troponins I and T, and TM—result in diverse congenital cardiomyopathies

in humans (Szczesna-Cordary et al., 2012). In particular, mutations in TM that affect

regulation of actomyosin contraction result in dilated and hypertrophic cardiomyopathy

(Michele and Metzger, 2000). However, any putative involvement of TM in mammalian

myofibril assembly or in vivo cardiac development remains unclear.

Gene perturbation experiments in Drosophila, zebrafish, and mice have provided insights

into the roles of several thin filament components in de novo myofibril assembly during

striated muscle development. Troponin I is essential for myofibril assembly in Drosophila

indirect flight muscle (IFM); in troponin I-deficient IFMs, developing muscle fibers

assemble clumps and fibrils of disorganized thin and thick filaments with expanded Z-line

structures, but no organized sarcomeres are observed (Nongthomba et al., 2004). This

phenotype is partly (but not completely) due to unregulated actomyosin interactions in

absence of troponin I, since partial rescue of sarcomere assembly is observed upon genetic

deletion of myosin force-producing heads (Nongthomba et al., 2004). Troponin T is

essential for myofibril assembly and development of the mouse heart, where deletion of

troponin T causes failure of myofibril assembly, severe cardiac dilation, and lack of

heartbeat, leading to embryonic lethality at Ê10 (Nishii et al., 2008). Similar observations

demonstrating essential functions for troponins in sarcomere formation, as well as

exacerbation of defects by unregulated actomyosin activity during myofibril assembly, have

been made in studies of zebrafish striated muscles (Sehnert et al., 2002; Huang et al., 2009;

Ferrante et al., 2011). The primary direct evidence for a role of TM in myofibril assembly

comes from the Mexican axolotl, in which the naturally occurring cardiac mutation

eliminates TM expression and disrupts cardiac myofibril assembly via aberrant intracellular

targeting of a host of thin filament and sarcomere-associated proteins and lack of

coalescence of organized sarcomeres (Lemanski, 1973; Lemanski, 1979; Lemanski et al.,

1980; Fuldner et al., 1984; Starr et al., 1989; Erginel-Unaltuna and Lemanski, 1994; La

France and Lemanski, 1994; Zajdel et al., 1998; Zajdel et al., 1999; McLean et al., 2006;

Zajdel et al., 2007). A heart-specific TM isoform (tpm4) is also essential for myofibril

assembly and heartbeat in zebrafish (Zhao et al., 2008), but the lack of confirmed

association of tpm4 with thin filaments makes it unclear whether the myofibril assembly

defects observed in tpm4-deficient zebrafish represent primary or indirect events.

Regardless, to date, no experimental perturbations of TM have been performed during de
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novo myofibril assembly in the developing mammalian heart, and the role of TM in

mammalian myofibril assembly, distinct from its role in the regulation of muscle contraction

in mature myofibrils in the adult heart, remains incompletely understood.

Mammals have four TM genes that encode >40 TM protein isoforms (Gunning et al., 2008).

The principal TM in mammalian striated muscles, including the embryonic heart, is αTM1,

a product of the TPM1 gene (Muthuchamy et al., 1993; Schleef et al., 1993). αTM1 is an α-

helical protein that forms parallel coiled-coil dimers that associate in a head-to-tail fashion

and bind along the sides of thin filaments. In its contractile regulatory function, αTM1 binds

to actin and troponin T in the troponin complex to mediate Ca2+-regulated actomyosin

interactions. The αTM1-troponin complex inhibits the actomyosin interaction in its resting

state; upon Ca2+ binding to troponin C, this inhibition is released, allowing for muscle

contraction (Kobayashi and Solaro, 2005). In addition to its contractile regulatory function,

αTM1 inhibits F-actin binding of sarcomeric α-actinin (as well as other F-actin binding

proteins), thereby establishing domains along F-actin (Goll et al., 1972; Stromer and Goll,

1972; Maruyama and Ohashi, 1978; Zeece et al., 1979; Burgess et al., 1987; Blanchoin et

al., 2001). TM also stabilizes F-actin from depolymerization and severing in vitro; both

nonmuscle TM- and αTM1-coated actin filaments depolymerize from their pointed ends

more slowly than bare F-actin (Broschat et al., 1989; Broschat, 1990; Weber et al., 1994;

Weber et al., 1999). Moreover, TM blocks both the actin-depolymerizing activity of ADF/

cofilin (Bernstein and Bamburg, 1982; Nishida et al., 1984; Ono and Ono, 2002) and the

actin-severing activity of gelsolin (Ishikawa et al., 1989). Due to its head-to-tail association,

binding of the terminal αTM1 molecule at the pointed end is considerably weaker than

binding of adjacent αTM1 subunits to actin along the αTM1 polymer (Wegner, 1979; Yang

et al., 1979).

At the pointed ends of cardiac muscle thin filaments, the N-terminus of αTM1 interacts with

Tmod1, an actin pointed-end capping protein that stabilizes F-actin and regulates F-actin

lengths (Gregorio et al., 1995; Littlefield et al., 2001; Mudry et al., 2003; Moyer et al., 2010;

Gokhin and Fowler, 2011; Yamashiro et al., 2012). Tmod1 and αTM1 function

synergistically, whereby αTM1 greatly enhances the ability of Tmod1 to cap actin filament

pointed ends, while Tmod1 enhances the ability of αTM1 to stabilize F-actin and prevent

pointed-end depolymerization (Weber et al., 1994; Weber et al., 1999; Mudry et al., 2003;

Kostyukova and Hitchcock-DeGregori, 2004). Deletion of Tmod1 is embryonic lethal, with

Tmod1−/− embryos exhibiting normal morphology through E7.5 but showing defects in

cardiac looping morphogenesis, chamber formation, and myofibril assembly by E8.5,

resulting in aborted establishment of the circulation and death by E9.5-10.5 (Chu et al.,

2003; Fritz-Six et al., 2003; McKeown et al., 2008). Tmod1−/− cardiomyocytes display

abnormal bundles of F-actin and α-actinin, as well as occasional premyofibril-like structures

with closely spaced α-actinin puncta along continuous F-actin fibrils, but these structures

fail to mature into striated myofibrils with regulated thin filament lengths (Fritz-Six et al.,

2003). This may be due to lack of Tmod1-αTM1 interactions and destabilization of F-actin,

but whether αTM1 assembles into these structures was not determined. However, Tmod1−/−

hearts exhibit relatively normal thick filament assembly in association with some F-actin
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fibrils, as evidenced by normal striated organization of myomesin, a crosslinker of thick

filaments in the M-line (Fritz-Six et al., 2003).

We set out to decipher the role of αTM1 in mammalian myofibril assembly by studying

mice lacking αTM1, the major cardiac TM isoform, during embryonic development

(Rethinasamy et al., 1998). We discovered that αTM1 is required for both cardiac

development and myofibril assembly. Specifically, we demonstrate that hearts lacking

αTM1 fail to form striated myofibrils. Instead, αTM1-deficient cardiomyocytes assemble

aberrant F-actin fibrils associated with variably spaced sarcomeric α-actinin puncta and

larger α-actinin rod-like structures along their lengths. Tmod1 fails to assemble on the F-

actin fibrils in the absence of αTM1, and αTM1 fails to assemble into continuous F-actin

fibrils in absence of Tmod1, suggesting that F-actin stabilization and length regulation to

form sarcomeres requires cooperation between αTM1 and Tmod1. Moreover, the aberrant

F-actin fibrils in αTM1−/− hearts lack organized patterns of the titin Z1Z2 domain or

myomesin-containing thick filaments. This represents a more severe myofibril assembly

defect than Tmod1−/− hearts (Fritz-Six et al., 2003), highlighting a novel interdependence of

thin and thick filament assembly. Alternatively, absence of αTM1 may lead to degeneration

of partially assembled sarcomeres via unregulated actomyosin interactions, as in troponin I

and T mutants in flies, zebrafish, and mice (Huang et al., 1999; Sehnert et al., 2002;

Nongthomba et al., 2004; Nishii et al., 2008; Ferrante et al., 2011). Moreover, we identify

novel roles for αTM1 and Tmod1 in cardiomyocyte adherens belt assembly and cell

adhesion, maintenance of cell shape, and regulation of heart size. The data presented here

define several critical roles for αTM1 in mammalian cardiac morphogenesis and myofibril

assembly, distinct from αTM1’s better-characterized roles in regulation of muscle

contraction in mature myofibrils.

Results

Deletion of αTM1 results in embryonic lethality at E9.5 due to defects in cardiac
morphogenesis and function

A targeted deletion of exons 9a and 9b from the mouse TPM1 gene was previously

generated by two groups, using different strategies, resulting in a predicted null for the

striated muscle αTM1 protein (Fig. 1A) (Blanchard et al., 1997; Rethinasamy et al., 1998).

The αTM1+/− adults were phenotypically normal, with wild-type αTM1 protein levels in

muscles and myofibrillar fractions despite a 50% reduction in αTM1 mRNA (Blanchard et

al., 1997; Rethinasamy et al., 1998). In contrast, the αTM1−/− mice were reported to be

embryonic lethal sometime between E8 and E11.5 days of gestation, due to unknown causes

(Blanchard et al., 1997; Rethinasamy et al., 1998). Hence, αTM1−/− mice were

uncharacterized. We acquired the strain created by Rethinasamy and colleagues

(Rethinasamy et al., 1998) and out-crossed it onto a C57Bl/6J background to approximately

97% congenicity. As expected, αTM1+/− mice were completely viable and fertile (Table 1),

and phenotypically indistinguishable from αTM1+/+ mice (data not shown). The αTM1+/−

intercrosses failed to produce live αTM1−/− progeny, confirming that targeted deletion of

αTM1 is embryonic lethal (Rethinasamy et al., 1998).
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To determine the lethal stage of the αTM1−/− mice, we performed timed matings of

αTM1+/− mice and analyzed the resulting embryos at various stages of gestation. PCR

genotyping showed that the αTM1−/− embryos were recovered at expected Mendelian ratios

up to E9.5, but not at later stages (Table 1 and Fig. 1B). At E10.5, far fewer αTM1−/−

embryos than expected were recovered, and the few recovered embryos were stunted,

signifying that they were in process of resorption (Table 1). At subsequent times in

development, we failed to find any αTM1−/− embryos, suggesting that loss of αTM1 causes

embryonic lethality between E9.5 and E10.5 (Table 1). To confirm that the αTM1−/− allele

was a true null allele, we performed Western blots on E9.5 embryonic lysates derived from

the αTM1+/− intercrosses. Whereas a 36-37 kD αTM1 polypeptide was detected in both

αTM1+/+ and αTM1+/− embryos, no αTM1 protein was detected in the αTM1−/− embryos

(Fig. 1C), and no αTM1 staining was observed in whole-mount immunofluorescence of

αTM1−/− hearts (data not shown). Interestingly, the αTM1+/− embryos consistently

displayed reduced levels of αTM1 protein (Fig. 1C), suggesting that the compensatory

mechanisms leading to wild-type levels of αTM1 protein in the adult hearts of TM1+/− mice

(Rethinasamy et al., 1998) occur sometime later in development. Despite lower levels of

αTM1 in αTM1+/− embryos (Fig. 1C), the gross morphology and development of the

αTM1+/− embryos were indistinguishable from αTM1+/+ embryos (data not shown).

The earliest developmental phenotype observed in the αTM1−/− embryos is a defect in

cardiac morphology and function. The αTM1−/− developing heart tube appeared enlarged

and irregularly shaped as early as E8.5 (Fig. 2A-B, arrowheads). By E9.5, the enlargement

of the αTM1-null heart was even more pronounced (Fig. 2C-D). In contrast to the αTM1+/+

heart tube, which was smooth with a fairly consistent diameter (Fig. 2C), the E9.5 αTM1−/−

heart tube appeared grossly misshapen with an enlarged ventricle and an abnormal

constriction in the outflow tract (Fig. 2D, arrow). This constriction was particularly evident

in the embryos that survived to a slightly later time in development (23 somite pairs; Fig.

3D), whose hearts additionally showed an excessive elongation of the inflow tract (Fig. 3C,

D). The surface of the αTM1−/− heart tube also displayed wrinkles, which were more

noticeable in later-stage embryos (Figs. 2D and 3B,C). The αTM1−/− hearts continued to

grow abnormally until the embryos were resorbed around E10.5 (Fig. 3). Moreover, the

αTM1−/− embryonic hearts failed to contract; of 100 embryos collected between E8.5 and

E9.5, 66 of the αTM1+/+ and αTM1+/− embryos had beating hearts (66/72), but 0 of the

αTM1−/− embryonic hearts displayed contractions (0/28), as revealed by direct visual

inspection during dissection. Normal cardiac function is required for vasculogenesis of the

embryonic yolk sac during embryonic development (Lucitti et al., 2007; McKeown et al.,

2008), and the αTM1+/+ embryos had well-vascularized yolk sacs with large vessels

containing blood cells (Fig. 2E), as expected. In contrast, the αTM1−/− yolk sacs failed to

undergo embryonic vasculogenesis and appeared pale with no discernable blood vessels

(Fig. 2F), consistent with a functional defect in cardiac muscle contraction. Thus, loss of

αTM1 results in defects in cardiac morphogenesis and function during embryogenesis.

Deletion of αTM1 results in abnormal cardiomyocyte morphology and organization

To examine whether cardiomyocyte morphology and organization were affected by loss of

αTM1, we performed histological analyses of sagittal sections of E9.5 hearts. In αTM1+/+

McKeown et al. Page 5

Dev Dyn. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hearts, the ventricular wall was organized into a compact myocardium, two cell layers thick,

with cells closely apposed to one another and few gaps (Fig. 2G, G′, arrowhead). At this

stage, the cardiomyocytes also began to form trabeculae extending from the compact

myocardium into the cardiac jelly (Fig. 2G, Tr). However, in αTM1−/− hearts, the

myocardium was uncompacted, instead appearing thinner and lacey, with frequent gaps

between adjacent cells and between the two cell layers (Fig. 2H, H′, open arrowheads).

Moreover, the ventricular wall was only one cell layer thick in some regions of the αTM1−/−

heart (Fig. 2H′, black arrowhead). The E9.5 αTM1−/− hearts also had fewer and wispier

trabeculae. Comparison of αTM1+/+ and αTM1−/− hearts at higher magnification using

transmission electron microscopy (TEM) revealed that the αTM1−/− cardiomyocytes were

often widely separated, with expanded intercellular spaces and abnormally long cellular

extensions (Fig. 2I,J). Thus, cardiomyocyte organization and interactions are defective in the

αTM1−/− heart.

Attenuated cell morphologies and expanded spaces between cells in the absence of αTM1

could account for the abnormally large hearts in the αTM1−/− embryos (Figs. 2D, 3).

Alternatively, the enlargement could reflect increased numbers of cells in the αTM1−/−

heart. To distinguish between these possibilities, we counted cells in whole mounts of the

heart by two independent confocal microscopy approaches, using immunofluorescence

staining for sarcomeric α-actinin as a marker for cardiomyocytes. First, we counted the

number of dividing cardiomyocytes, as indicated by phospho-histone-H3 staining, and found

that αTM1+/+ and αTM1−/− embryos had similar numbers of dividing nuclei at E9.5 (data

not shown). Next, we also assayed cell number by counting the number of Hoechst-stained

nuclei per defined region of interest in the embryonic heart. This analysis demonstrated that

both αTM1+/+ and αTM1−/− hearts had the same average number of nuclei (αTM1+/+ =

19.63±4.2 and αTM1−/− = 19.67±5.8 nuclei per 46 μm × 46 μm area, n=10 areas from 2

embryos of each genotype). Thus, the overall number of cells and the proportion of dividing

cells were unchanged in the αTM1−/− embryonic hearts, indicating that the malformed

larger heart was likely due to the attenuated cell shapes and abnormal intercellular gaps

between the cardiomyocytes.

Striated myofibrils fail to assemble and adherens junctions are dramatically smaller in
αTM1-deficient cardiomyocytes

αTM1 is a major component of the myofibril, localizing along the thin filaments in the

sarcomere, stabilizing the thin filaments and playing a key role in thin filament regulation of

muscle contraction (Clark et al., 2002; Kobayashi and Solaro, 2005). To examine myofibril

structure and organization in αTM1−/− hearts, we performed TEM on E9.5 mouse embryos.

In αTM1+/+ and αTM1+/− embryos, cardiomyocytes displayed well-organized myofibrils

characterized by repeating, ~2-μm-long sarcomeres, with electron-dense Z-lines alternating

with bundles of aligned thin and thick filaments (αTM1+/− hearts shown in Fig. 4A, B). As

expected from previous ultrastructural studies of cardiac morphogenesis (Manasek, 1968;

Markwald, 1973; Chacko, 1976; Navaratnam et al., 1986), I-bands were not evident in

myofibrils at this stage of cardiac development, but H-zones and M-lines were occasionally

observed in the middle of some sarcomeres (Fig. 4A, B, asterisks). In favorable sections,

striated myofibrils were observed inserting into robust, electron-dense adherens junctions at
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the membrane where two cardiomyocytes contact one another closely (Fig. 4A, C, arrows).

However, myofibril assembly is asynchronous, and, in some regions, loose bundles of thin

and thick filaments were also observed interspersed between skeins of irregularly arranged,

electron-dense Z-bodies, likely representing nascent or pre-myofibrils (data not shown)

(Markwald, 1973). Nevertheless, we identified myofibrils in every cell examined in the

αTM1+/− embryonic hearts (data not shown).

In contrast, in αTM1−/− embryonic hearts, no obvious sarcomeric structures were observed

in any of the αTM1−/− cardiomyocytes. Instead, the αTM1−/− cardiomyocytes displayed

numerous disordered thick filaments interspersed among a few irregular electron-dense

structures resembling Z-bodies with associated thin filaments (Fig. 4D, F, G, white

arrowheads). In other regions, large accumulations of scattered thick filaments were

observed with no associated Z-bodies (Fig. 4E and data not shown). Also occasionally

observed were large, electron-dense, rod-like structures that appeared to have filaments

running lengthwise through them and faint periodic banding across their narrow dimension

(Fig. 4F, G). Notably, the membranes of adjacent αTM1−/− cardiomyocytes tended not to

contact one another over extended distances, and the electron-dense adherens junctions were

very small, with few or no attached myofibrils or myofilaments (Fig. 4E, arrows). In some

cases, the gaps between cells in regions between the small electron-dense adherens junctions

were sizeable, leading to cells with highly elongated processes and extremely irregular

shapes (Figs. 2J and 4E and data not shown). Thus, in the absence of αTM1, neither thin nor

thick filaments assemble into myofibrils, and adherens junctions are abnormally small, with

no attached myofibrils.

αTM1-deficient cardiomyocytes assemble aberrant F-actin fibrils with α-actinin puncta

To further characterize the filamentous structures containing thick filaments and Z-bodies in

the αTM1−/− cardiomyocytes, we performed whole-mount immunofluorescence staining for

F-actin and sarcomeric α-actinin in E9.5 hearts. In the αTM1+/+ embryonic hearts,

cardiomyocytes displayed well-organized myofibrils (Fig. 5A-C, G-I), with typical striated

α-actinin at Z-lines (Fig. 4H,I, lines) and striated F-actin with apparent H-zone gaps (Fig.

5G,I, arrowheads), as expected. In contrast, the αTM1−/− embryonic hearts failed to form

striated myofibrils, and instead assembled F-actin fibrils decorated with puncta of α-actinin

along their lengths (Fig. 5DF, J-L). These linear F-actin fibrils displayed irregular variations

in F-actin intensity along their lengths, but no distinct H-zone gaps in F-actin (Fig. 5J, L,

arrowheads). The increased F-actin intensities coincided with the α-actinin puncta,

suggesting that the α-actinin puncta observed in αTM1−/− cardiomyocytes might be

immature Z-bodies corresponding to the electron-dense structures observed by TEM (Fig.

4D, F, G). In addition to the linear strings of α-actinin puncta along F-actin fibrils, longer

and thicker rods of α-actinin were also observed in some regions, which stained relatively

poorly for F-actin (see below). These aberrant F-actin fibrils were most likely due to

defective myofibril assembly, rather than degeneration of mature striated myofibrils after

assembly, because no striated myofibrils were observed in αTM1−/− hearts even in the

earliest stages of morphogenesis (3-5 somites; data not shown).
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One current model of myofibrillogenesis proposes that early pre-myofibrils are

characterized by α-actinin puncta forming immature Z-bodies, spaced ~0.75 μm apart along

continuous F-actin fibrils (Dabiri et al., 1997; Du et al., 2008). Pre-myofibrils then develop

into mature myofibrils with α-actinin-containing Z-lines spaced >1.6 μm apart (Dabiri et al.,

1997; Sanger et al., 2000; Du et al., 2003; Du et al., 2008). To test whether the filamentous

structures in the αTM1−/− embryonic heart might correspond to pre-myofibrils in the normal

myofibril assembly pathway, we measured distances between adjacent α-actinin Z-lines (or

puncta) in high-magnification images of F-actin- and α-actinin-stained fibrils in E9.5

αTM1+/+ and αTM1−/− embryonic hearts (Fig. 5G-L). In αTM1−/− hearts, we measured

linear α-actinin/F-actin fibrils with at least 3 collinear α-actinin-staining puncta, and with F-

actin staining extending beyond α-actinin on both ends of the fibril (Fig. 5J-L). While the

average Z-Z distances were the same between αTM1+/+ and αTM1−/− hearts (1.6±0.09 μm

(n=82) and 1.6±0.36 μm (n=45) (p=0.76), respectively), the distances between α-actinin

puncta in the αTM1−/− hearts were much more variable. An F-test for variance between the

αTM1+/+ and αTM1−/− Z-Z distances returned p=2.84×10-25, indicating that the difference

in variance was highly significant, and a histogram of the data confirmed that the αTM1−/−

Z-Z distances were more widely dispersed than the αTM1+/+ Z-Z distances (Fig. 5M). Thus,

while the average Z-Z distances are the same in the αTM1−/− aberrant F-actin fibrils and

αTM1+/+ striated myofibrils, the αTM1−/− Z-Z distances are much more variable.

Furthermore, the average αTM1−/− Z-Z distance of ~1.6 μm is much larger than that

measured for pre-myofibrils (Sanger et al., 2000), indicating that the structures in the

αTM1−/− embryonic heart are not likely to be pre-myofibrils but, instead, represent aberrant

α-actinin/F-actin fibrils.

The giant protein titin is believed to be a key player in the assembly and spacing of Z-bodies

(Kontrogianni-Konstantopoulos et al., 2009), and the Z-line region of titin is thought to be

one of the earliest assembling components of myofibrils, colocalizing with sarcomeric α-

actinin in early Z-bodies of nascent and premyofibrils (Peckham et al., 1997; Turnacioglu et

al., 1997; Ayoob et al., 2000). To determine whether titin assembly is coordinated with

assembly of sarcomeric α-actinin puncta in the aberrant α-actinin/F-actin fibrils in

αTM1−/− cardiomyocytes, we immunostained embryonic hearts with antibodies against the

Z-line epitope of titin, Z1Z2. In E9.5 αTM1+/+ hearts, titin Z1Z2 localized to the Z-lines of

striated myofibrils, colocalizing with sarcomeric α-actinin, as expected (Fig. 6A-D, I-M). In

contrast, in E9.5 αTM1−/− hearts, titin Z1Z2 staining accumulated in a disorganized fashion

in the vicinity of the α-actinin/F-actin fibrils, but failed to consistently colocalize with the

α-actinin puncta or rods (Fig. 6E-H). The association of titin Z1Z2 with some but not all of

the α-actinin puncta was evident in high-magnification images of regions where individual

α-actinin puncta are well resolved (Fig. 6N-W). We conclude that assembly of α-actinin

into Z-bodies is incompletely coordinated with assembly of the Z1Z2 domain of titin, and,

therefore, supporting the conclusion that the aberrant α-actinin/F-actin fibrils in the

αTM1−/− hearts are not premyofibril intermediates along a normal myofibril assembly

pathway.

An alternative model to regulate Z-body assembly and spacing is based on assembly of 1.6-

μm-long myosin thick filaments and their interactions with the oppositely polarized actin
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filaments extending from adjacent Z-bodies (Holtzer et al., 1997; Sanger et al., 2005). Our

TEM observations of thick filaments in the vicinity of Z-bodies (Fig. 4D-G) raise the

possibility that thick filament components may partially assemble with these structures.

Therefore, we immunostained embryonic hearts for myomesin, a marker of thick filament

assembly that crosslinks myosin thick filaments at the M-line (Agarkova and Perriard, 2005;

Schoenauer et al., 2005; Schoenauer et al., 2008). In the myofibrils of αTM1+/+ hearts,

myomesin localized at the M-line in the middle of the sarcomere, exhibiting a striated

pattern of staining alternating with α-actinin at the Z-line, as expected (Fig. 7A-C, G-I). In

the αTM1−/− hearts, myomesin accumulated in disorganized clumps in the vicinity of the α-

actinin/F-actin fibrils (Fig. 7D-F), similar to titin Z1Z2 (Fig. 6E-H), suggesting that thick

filament components may assemble, but in a disordered fashion. At higher magnification, in

regions where individual α-actinin puncta were well resolved, occasional discontinuous

concentrations of myomesin staining were associated with these structures, but, again, failed

to exhibit a regular pattern with respect to α-actinin (Fig. 7JL). This was consistent with the

TEM of αTM1−/− cardiomyocytes showing scattered thick filaments accumulated around

areas with electron-dense Z-bodies (Fig. 4D-G). Therefore, we conclude that 1.6-μm-long

myosin thick filaments crosslinked by myomesin at the M-line are unlikely to coordinate the

assembly and distribution of Z-bodies containing α-actinin along the aberrant F-actin

fibrillar structures in the αTM1−/− cardiomyocytes.

αTM1 and Tmod1 exhibit co-dependent assembly into myofibrils

Tmod1 is an actin-capping protein that binds αTM1 and localizes to the pointed ends of the

thin filaments in striated muscle sarcomeres (Gregorio and Fowler, 1995; Gregorio et al.,

1995; Littlefield et al., 2001; Fritz-Six et al., 2003; Gokhin and Fowler, 2011). Based on the

interdependence of Tmod1-αTM1 effects on F-actin assembly and stability (Weber et al.,

1994; Mudry et al., 2003), we reasoned that Tmod1 assembly onto thin filament pointed

ends might depend on αTM1 and, conversely, that αTM1 assembly onto thin filaments

might depend on Tmod1. In αTM1+/+ embryonic hearts, Tmod1 localized to the pointed

ends of the thin filaments at the H-zone, alternating with the α-actinin stripes at the Z-line

(Fig. 8A-D). By contrast, in αTM1−/− embryonic hearts, Tmod1 exhibited irregular and

diffuse staining in the vicinity of the aberrant α-actinin/F-actin fibrils and elsewhere in the

cytoplasm (Fig. 8E-H). While Tmod1 accumulated near the α-actinin/F-actin fibrils in

αTM1−/− embryonic hearts, Tmod1 was not concentrated into puncta, organized in a

periodic pattern, or associated with the larger rod-like α-actinin/F-actin structures (Fig. 8E-

H). This suggests that Tmod1 may not bind tightly to the thin filament pointed ends in the

absence of αTM1. This could lead to F-actin instability and filaments with unregulated and

variable lengths, consistent with the gradual tapering of F-actin staining intensity further

away from some of the α-actinin puncta in the F-actin fibrils (Fig. 5).

Next, to test whether Tmod1 is required for αTM1 assembly into myofibrils, we examined

αTM1 localization in Tmod1−/− hearts. Tmod1−/− embryos die at E9.5 due to aborted

cardiac morphogenesis and lack of beating (Chu et al., 2003; Fritz-Six et al., 2003). Previous

studies have shown that Tmod1−/− cardiomyocytes fail to assemble striated myofibrils, with

F-actin and sarcomeric α-actinin accumulating in large bundles and rod-like structures in the

cytoplasm, and less frequently forming premyofibril-like structures with continuous F-actin
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and closely-spaced α-actinin puncta (Chu et al., 2003; Fritz-Six et al., 2003; McKeown et

al., 2008). In Tmod1+/+ embryonic hearts, αTM1 was localized in a striated pattern with F-

actin along the myofibrils, as expected (Fig. 8I-L). However, in Tmod1−/− hearts, αTM1

was associated with the regions containing large bundles of F-actin, and also diffuse in the

cytoplasm in regions with little or no F-actin (Fig. 8M-P). αTM1 was not detected on the F-

actin rods that form in the absence of Tmod1 (Fig. 8M-P, red arrowhead). These rods

contain sarcomeric α-actinin as well as F-actin (McKeown et al., 2008), and may be similar

to the rod-like structures of sarcomeric α-actinin and F-actin observed in αTM1−/−

embryonic hearts (Fig. 6G, 8G). Collectively, these data show that Tmod1 and αTM1

require one another for normal assembly into myofibrils.

Adherens belts of α-actinin/F-actin fail to assemble in αTM1- or Tmod1-deficient
cardiomyocytes

In addition to myofibril assembly defects, αTM1−/− cardiomyocytes showed defects in cell-

cell contacts (Fig. 2H′,J; Fig. 4E). To further investigate this defect, we immunostained

E9.5 hearts for the cell junction marker N-cadherin to demarcate cell boundaries (Shiraishi

et al., 1993) and imaged the outermost cell layer by confocal microscopy. In αTM1+/+

embryos, N-cadherin outlined the cardiomyocytes in the outer wall of the heart, revealing

cell boundaries arranged in a continuous cobblestone pattern, similar to an epithelial sheet

(Fig. 9A) (Shiraishi et al., 1993). The junctions of the αTM1−/− cardiomyocytes also stained

brightly for N-cadherin, indicating that their cadherin-based adhesive junctions were

present. Both membrane and cytoplasmic staining of N-cadherin were brighter in the

αTM1−/− cardiomyocytes, suggesting compensatory upregulation of N-cadherin to stabilize

adhesive junctions (Fig. 9B). However, αTM1−/− cardiomyocytes displayed highly irregular

shapes with convoluted contours (Fig. 9B, arrowheads), suggesting defects in cell adhesion

and morphology in the absence of αTM1, consistent with the TEM images (Figs. 2J, 4E).

Moreover, in the αTM1−/− hearts, the N-cadherin staining imaged in a single optical section

revealed apparent gaps in the tissue (Fig. 9B, asterisks), which likely corresponded to the

wrinkled surface of the myocardium observed in the gross morphology of the embryos

(Figs. 2 and 3B, and data not shown). This is unlike αTM1+/+ hearts, where the N-cadherin

junctions and the cardiomyocytes were all in the same plane on the outer surface (Fig. 9A),

corresponding to a relatively smooth myocardial surface (Fig. 2) (Shiraishi et al., 1993). To

quantify the tortuous contours of the N-cadherin staining on the αTM1−/− cardiomyocyte

membranes, we measured the linearity indices of several cells in both αTM1+/+ and

αTM1−/− embryos. In this assay, the contour length of the cell membrane between two

vertices (the intersection points formed at the contacts between 3 cells) was divided by the

shortest distance between the vertices (Otani et al., 2006). If the cell boundaries were

relatively straight, then the linearity index was close to 1, as seen in αTM1+/+ hearts (Fig.

9C). Conversely, if the cell boundaries were tortuous, then the linearity index was greater

than 1, as observed in αTM1−/− hearts (Fig. 9C). Thus, while αTM1 is dispensable for N-

cadherin assembly at the membrane, αTM1 is required for normal cell boundaries and

embryonic cardiomyocyte shapes.

N-cadherin adherens junctions at the apical poles of cardiomyocytes in the embryonic heart

are stabilized by circumferential belts of sarcomeric α-actinin and F-actin that form a
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continuous nonstriated ring around the periphery of each cardiomyocyte (Schultheiss et al.,

1990; Shiraishi et al., 1993). The continuous adherens belts of sarcomeric α-actinin and F-

actin can be visualized in the outer 2 μm of the cells at the surface of the myocardium, and

are distinct from the striated myofibrils that traverse the cell interior (Fig. 10A-C).

Strikingly, in the αTM1−/− embryonic hearts, the continuous belts of sarcomeric α-actinin

and F-actin demarcating the cell boundaries were absent (Fig. 10D-F). Instead, the αTM1−/−

cardiomyocytes displayed numerous and irregularly arranged F-actin fibrils with puncta of

sarcomeric α-actinin (Fig. 10D-F), similar to the abnormal structures in the cardiomyocyte

interior (Fig. 5). In addition, some F-actin- and α-actinin-containing rod-like structures were

occasionally observed near the cell surface in the αTM1−/− embryonic cardiomyocytes (Fig.

10D-F, arrowheads). Thus, while N-cadherin assembles at the membrane (Fig. 9B) and

small adherens junctions form in the absence of αTM1 (Fig. 4E), αTM1 is required for

assembly of sarcomeric α-actinin and F-actin into continuous circumferential adherens belts

at the cell periphery near the myocardial surface.

The interdependence of αTM1 and Tmod1 assembly into myofibrils (Fig. 8) suggests that

absence of Tmod1, which leads to impaired αTM1 assembly (Fig. 8M-P), might also result

in defective adherens belts, similar to the absence of αTM1 (Fig. 10D-F). Indeed,

examination of the outer myocardial surfaces of Tmod1−/− embryonic hearts revealed a

complete lack of continuous adherens belts of sarcomeric α-actinin and F-actin (Fig. 10G-I).

Instead, the sarcomeric α-actinin assembled into numerous thick rod-like structures that

stained weakly for F-actin (Fig. 10G-I, arrowheads), and F-actin additionally assembled into

large aggregates that stained poorly for α-actinin (Fig. 10G-I, asterisks). Thus, absence of

either αTM1 or Tmod1 prevents assembly of continuous adherens belts of α-actinin and F-

actin, further highlighting the overlapping functions of αTM1 or Tmod1 in cardiomyocytes.

However, the phenotypes are distinct in that the large α-actinin/F-actin rods are

considerably more abundant in the Tmod1−/− hearts than in αTM1−/− hearts. Likewise,

αTM1−/− hearts contain abundant long, thin F-actin fibrils with α-actinin puncta, which are

less frequently observed in Tmod1−/− hearts (compare Fig. 10D with 10G; Fig. 5; also see

(Fritz-Six et al., 2003; McKeown et al., 2008)).

Discussion

The study is the first to illuminate roles for αTM1 in mammalian myofibril assembly and

cardiac development by a comprehensive analysis of the phenotype of hearts from αTM1-

deficient mice, using a combination of histology, TEM imaging, and immunofluorescence

localization of myofibril assembly markers. Here, we demonstrate that mice lacking αTM1

are embryonic lethal at E9.5, due to profound defects in cardiac development, loss of

beating, failure of myofibril assembly, and lack of normal thick and thin filament

interactions. Our work extends previous studies on TM-deficient axolotl and zebrafish hearts

by showing that cardiomyocytes from αTM1-deficient mouse hearts also fail to assemble

striated myofibrils. A novel finding is that αTM1-deficient cardiomyocytes display aberrant

non-striated F-actin fibrils with highly variable Z-body spacing, indicating that αTM1 is

required for regular sarcomere periodicity. In addition, comparison of αTM- and Tmod1-

deficient cardiomyocytes revealed that Tmod1 and αTM1 depend on one another for

assembly into thin filaments. Moreover, unexpectedly, both myomesin-containing thick
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filaments as well as titin Z1Z2 fail to assemble in a striated pattern, highlighting

interdependence of thick and thin filament assembly.

Our work is also the first to define a new function for αTM1 in cell shape and cell adhesion

by showing that αTM1-deficient hearts have defects, with lack of formation of adherens

belts at apical poles of cardiomyocytes. Importantly, deficiency of either αTM1 or its

binding partner Tmod1 impairs F-actin stability in adherens belts, pointing to a novel

αTM1/Tmod1-based pathway in regulating the stability of F-actin in the heart. These data

point to key requirements for αTM1 in myofibrillogenesis, adhesion, and morphogenesis in

the developing heart, and suggest novel molecular mechanisms of αTM1-based

cardiomyopathies. An important limitation of our study is that we cannot readily distinguish

whether the observed myofibril and adherens belt disorganization phenotypes are primary

effects of αTM1 deletion, or secondary effects due to global loss of cardiac function. Future

studies will benefit from examination of myofibril assembly and adherens junctions at

earlier developmental stages, as well as in experimental models of congenital

cardiomyopathies arising from TPM1 gene defects.

αTM1 function in myofibril assembly and cardiac development

Comparison of the αTM1−/− phenotype reported here with the phenotype of cardiac mutant

axolotls is instructive for elucidating the mechanisms of αTM1 function in cardiac myofibril

assembly. In the cardiac mutant axolotl heart, absence of αTM1 leads to widespread

abnormalities in the targeting and organization of thin filament and sarcomere-associated

proteins during cardiac development, leading to failure of myofibril assembly and a lack of

contraction and beating (Lemanski, 1973; Lemanski, 1979; Lemanski et al., 1980; Fuldner et

al., 1984; Starr et al., 1989; Erginel-Unaltuna and Lemanski, 1994; La France and Lemanski,

1994; Zajdel et al., 1998; Zajdel et al., 1999; McLean et al., 2006; Zajdel et al., 2007). This

phenotype is remarkably similar to that observed in the αTM1−/− mouse heart described

here. Similarly, deletion of cardiac troponin T in mice results in embryonic lethality at Ê10

due to impaired cardiac myofibril assembly, sarcomere disruption, an abnormally thin

cardiac wall with reduced trabeculae, and lack of heartbeat (Nishii et al., 2008), quite similar

to the αTM1−/− mouse heart. Troponin T is also essential for myofibril assembly in

zebrafish striated muscles (Sehnert et al., 2002; Huang et al., 2009; Ferrante et al., 2011). It

is noteworthy that the defects in myofibril assembly reported for the zebrafish troponin T

mutants are accompanied by reduced assembly of αTM1 onto thin filaments (Sehnert et al.,

2002; Ferrante et al., 2011), indicating that troponins are required for stable αTM1

association with thin filaments. Thus, secondary loss of αTM1 may partly account for the

myofibril assembly defects observed in the troponin T mutants. Indeed, in vitro biochemical

studies have shown that troponin T strengthens αTM1 binding to F-actin, thereby enhancing

αTM1’s ability to stabilize F-actin from depolymerization and severing (Wegner and Walsh,

1981; Broschat, 1990; Weigt et al., 1990; Hill et al., 1992). On the other hand, deletion of

cardiac troponin I in mice does not result in defects in embryonic cardiac myofibril

assembly, likely due to compensation by fetal troponin I (Huang et al., 1999).

A number of previous studies have suggested that thin and thick filament assembly are

independent (Markwald, 1973; Epstein and Fischman, 1991; Epstein and Bernstein, 1992;
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Rudy et al., 2001; Fritz-Six et al., 2003; Kontrogianni-Konstantopoulos et al., 2006), but our

data suggest that this is not the case for myofibrils assembling in the embryonic mouse

heart. In the absence of αTM1, sarcomeric F-actin assembles into long, linear fibrils with α-

actinin puncta along their lengths, but, while myomesin accumulates in the vicinity of these

fibrils, it is not organized into an alternating pattern with the α-actinin puncta. TEM also

indicates that thick filaments are interspersed with Z-bodies in αTM1-deficient

cardiomyocytes, but their organization and localization are irregular. Other studies have

proposed that the thick filaments are the earliest myofibril components to become striated

independent of thin filaments (Wang et al., 1988; Guan et al., 1999), yet our data argue

against that, as no striated myomesin or thick filaments were observed in αTM1-deficient

hearts. Therefore, αTM1 is required to achieve assembly of organized thick filaments during

myofibrillogenesis. Titin has been proposed act as a thick filament scaffold during this

process (Kontrogianni-Konstantopoulos et al., 2009), and, therefore, one possibility is that

failure of proper titin incorporation (as shown by nonstriated immunostaining for titin Z1Z2)

causes lack of thick filament organization.

An alternative explanation for impaired thick filament organization is that, in absence of

αTM1, most of the F-actin colocalizes with the α-actinin puncta, consistent with α-actinin

binding along more of the actin filaments, resulting in insufficient thin filament extensions

with accessible myosin binding sites. This agrees with the presence of many expanded α-

actinin rod-like structures rather than narrow Z-lines in αTM1-deficient cardiomyocytes.

This phenotype is also expected from in vitro studies showing that αTM1 inhibits α-actinin

binding to F-actin (Goll et al., 1972; Stromer and Goll, 1972). Thus, insufficient association

of myosin thick filaments with F-actin in the absence of αTM1 may impair the transition of

the punctate α-actinin/F-actin fibrils into striated myofibrils. Moreover, unregulated

actomyosin contractility may cause degeneration of partially assembled myofibrils in

αTM1-deficient hearts, as observed in troponin I and T mutants (Huang et al., 1999; Sehnert

et al., 2002; Nongthomba et al., 2004; Nishii et al., 2008; Ferrante et al., 2011). These

conclusions agree with studies in cultured myocytes suggesting that actomyosin contractility

is important for formation and maintenance of myofibrils (Soeno et al., 1999; De Deyne,

2000; Ramachandran et al., 2003; Kagawa et al., 2006).

Co-dependent assembly of αTM1 and Tmod1 in cardiac myofibrils

The pointed-end capping protein Tmod1 binds to αTM1 and enhances the ability of αTM1

to stabilize F-actin (Weber et al., 1994; Weber et al., 1999). In a complementary fashion, the

presence of αTM1 on F-actin enhances Tmod1’s capping and stabilization of F-actin

pointed ends (Weber et al., 1994). Moreover, antibody inhibition studies in cultured

cardiomyocytes have demonstrated that loss of the αTM1-Tmod1 interaction results in a

dramatic disassembly of the thin filaments and subsequent loss of contractile activity

(Mudry et al., 2003). Our data indicate that αTM1 and Tmod1 also cooperate to promote F-

actin stability in vivo, since Tmod1 fails to assemble along the F-actin fibrils in αTM1-

deficient hearts—an observation consistent with failure of Tmod1 assembly in cardiac

mutant axolotl hearts (McLean et al., 2006)—and, likewise, αTM1 fails to assemble along

F-actin fibrils in Tmod1-deficient hearts. Mutually cooperative binding of Tmod1 and

αTM1 to F-actin may promote polymerization of stable, length-regulated thin filaments
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extending from α-actinin-containing Z-bodies during myofibril assembly. Interdependence

of αTM1 and Tmod1 in stabilizing F-actin structures is highlighted by the failure of

continuous, membrane-associated adherens belts of sarcomeric α-actinin and F-actin to form

in the absence of either αTM1 or Tmod1 in the embryonic heart.

Despite common functions of αTM1 and Tmod1 in stabilizing F-actin, loss of Tmod1 has a

different developmental phenotype in the embryonic heart than does loss of αTM1. Heart

development in the absence of Tmod1 is arrested at the stage of looping morphogenesis

(E8.5), and the Tmod1-deficient heart tube twitches asynchronously rather than beats

regularly (Chu et al., 2003; Fritz-Six et al., 2003; McKeown et al., 2008). By contrast, the

αTM1-deficient heart loops and appears to form chambers; however, these chambers

expand abnormally up to E10.5, leading to large dysmorphic hearts that fail to twitch or

beat. These differences in phenotypes may arise from unique αTM1 or Tmod1 functions in

myofibril assembly or crosstalk with other developmental processes. For example, Tmod1-

deficient cardiomyocytes assemble F-actin fibrils and occasional myomesin striations,

suggesting that some myofibrils achieve contractile function, explaining the twitching of the

Tmod1-deficient heart tubes (Fritz-Six et al., 2003). However, the aberrant α actinin F-actin

fibrils in αTM1-deficient hearts do not contain myomesin striations or organized thick

filaments. Hence, αTM1 and Tmod1 appear to share common functions in F-actin

stabilization during myofibril assembly, but distinct functions in regulating productive thin

and thick filament interactions, with αTM1 but not Tmod1 required for the latter. In

addition, the inability of Tmod1-deficient hearts to progress past the looping stage suggests

that Tmod1 has unique functions at an earlier developmental stage than αTM1.

The actin cytoskeleton plays key roles in the morphogenesis of the early heart tube (looping

morphogenesis) and in myofibril assembly and contraction in cardiomyocytes. It has been

proposed that looping morphogenesis, the process by which the linear heart tube becomes

looped, resulting in chamber specification, is dependent on myofibril assembly and

organization in the cardiomyocytes of the early heart tube (Manasek, 1981). Studies have

shown that while actin polymerization is required for cardiac looping morphogenesis

(Itasaki et al., 1989; Shiraishi et al., 1992; Latacha et al., 2005), actomyosin-based

contractile function is not (Remond et al., 2006). These results, in conjunction with our

findings that both Tmod1- and αTM1-deficient mouse hearts exhibit aberrant myofibril

assembly with defects in looping and chamber morphology, highlight the importance of

myofibril assembly in cardiac morphogenesis.

αTM1 function in cell-cell adhesion, shape maintenance, and heart size

A surprising finding of this study is that αTM1 is required for cardiomyocyte shape

maintenance and regulation of heart size. αTM1-deficient embryos have enlarged heart

tubes with abnormal constrictions and wrinkled surfaces, which are not due to increased cell

number in the heart. Instead, the enlarged hearts are due to defects in cell shape and cell

adhesion, with reduced adherens junctions and highly expanded spaces between the

cardiomyocytes, evidenced by both TEM and histology. To the best of our knowledge, this

is a novel phenotype in the mouse heart. One possible explanation for this phenotype is that

αTM1 may control cell shape and adhesion indirectly via its function in myofibril assembly.
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Association of striated myofibrils with adherens junctions plays a role in maintenance of

cardiomyocyte shape during embryonic heart development (Auman et al., 2007) as well as

in the adult heart (Ferreira-Cornwell et al., 2002; Kostetskii et al., 2005). Therefore, loss of

αTM1 with concomitant failure of myofibril assembly could, in turn, be responsible for

attenuated assembly of adherens junctions, leading to the observed morphological defects.

Alternatively, αTM1 may directly control cell shape and adhesion by stabilizing the

circumferential adherens belts of sarcomeric α-actinin and F-actin located at the apical poles

of the cardiomyocytes. TM isoforms localize to cell-cell junctions in epithelia (Temm-Grove

et al., 1998; Dalby-Payne et al., 2003; Bakin et al., 2004; Weber et al., 2007; Nowak et al.,

2009), and other TMs have been implicated in human epithelial cell cancers (Stehn et al.,

2006; Helfman et al., 2008), suggesting critical roles for TMs in the stability and function of

cell-cell junctions. Lack of adherens belts providing circumferential tension may explain the

convoluted contours of the cardiomyocyte membranes evidenced by N-cadherin staining in

αTM1-deficient hearts, as well as the large spaces between neighboring cells.

It is most likely that the absence of contractile force underlies how deletion of αTM1 leads

to defective adherens junctions and abnormal cell shapes. Indeed, mechanical forces have

been shown to drive assembly of focal contacts, adhesive structures, and myofibrils

themselves in cardiomyocytes (Sharp et al., 1993; Sharp et al., 1997; Yu and Russell, 2005).

Because αTM1-deficient cardiomyocytes exhibit a failure of actomyosin-based contractility,

it is conceivable that this lack of force generation blocks adherens junction formation and

induces abnormal cell shape alterations. In zebrafish, actomyosin-based contractility in

cardiomyocytes restricts such cell shape alterations, likely by imparting mechanical

robustness or stiffness to the cell (Auman et al., 2007). Analogously, actomyosin-based

contractility has also been proposed to control the biconcave shape of mature erythrocytes

(Fowler, 1986) and the polarized architecture and morphogenesis of epithelial sheets (Lecuit

and Lenne, 2007; Gorfinkiel and Blanchard, 2011).

Experimental Procedures

Mice and genotyping

The targeted αTM1 deletion in the TPM1 gene was generated previously (Rethinasamy et

al., 1998) and maintained as heterozygotes. αTM1+/− mice were backcrossed onto the

C57Bl/6J background for at least 6 generations, to 97% congenicity. Mouse genotypes were

identified by PCR using the following primer sets: TmKOfwd

CTCATCTGTTACACTGAAACTCTTGG and TmKOrev

CATGTTTCAGCAGTGTTGGCTG, which correspond to sequences in exon 9a of the

TPM1 gene and the inserted HPRT gene, respectively, and result in a 650-bp band in the

targeted allele; TmWTfwd CATCTCTGCCTTCCACTTCCTG and TmWTrev

CCTGCTCTGGAATTCATAACAAGG, which give a 900-bp band from the wild-type

allele corresponding to the targeted/deleted region of exon 9a. Timed matings of αTM1+/−

mice were performed to obtain αTM1+/+, αTM1+/−, and αTM1−/− mice. The targeted

Tmod1 gene deletion was also generated previously (Fritz-Six et al., 2003; McKeown et al.,

2008), and timed matings of Tmod1+/− mice were performed to obtain Tmod1+/+ and

Tmod1−/− mice. All experiments were performed according to NIH animal care guidelines,
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as approved and enforced by the Institutional Animal Care and Use Committee at The

Scripps Research Institute.

Western blotting

Embryonic tails were removed for genotyping, and the remaining portion of the embryo was

snap-frozen in liquid nitrogen and stored at −80°C until the embryos were genotyped (up to

1 week). Then 30 μl of 2× Laemmli sample buffer was added, vortexed for 10 sec, sonicated

for 30 sec, boiled for 10 min, and the sample was split and loaded into 2 lanes on different

halves of the same gel. Proteins were separated on 12.5% SDS-PAGE gels and transferred to

nitrocellulose. Antibodies were a mouse monoclonal to exon 9a of αTM1 (CH1;

Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), and a pan-

actin mouse monoclonal (C4; kindly provided by J.L. Lessard, Cincinnati Children’s

Hospital Medical Center, Cincinnati, OH). HRP-goat anti-mouse IgG and HRP-goat anti-

rabbit IgG were used for secondary detection, and bands were visualized by enhanced

chemiluminescence.

Embryonic morphology and histology

Timed pregnant mice were sacrificed, and embryos were dissected from the uterus in PBS

(pH 7.4) + 0.1% Triton X-100. For morphological analysis, embryos were staged by somite

pair number and imaged live on an Olympus SZ-PT dissecting microscope with a Nikon

CoolPix 990 camera. For histology, embryos were fixed in 10% formalin overnight, washed

in 70% ethanol, dehydrated in an ethanol series, and then mounted in 3% agarose prior to

processing for paraffin embedding, sectioning, and staining with hematoxylin and eosin.

Multiple serial sections were stained and analyzed for each time point and genotype.

Immunofluorescence

Whole-mount immunofluorescence was performed as previously described (McKeown et

al., 2008). Antisera and fluorophores were as follows: mouse monoclonal anti-α-actinin

(EA53; 1:200; Sigma-Aldrich), mouse monoclonal antibody to exon 1b of αTM1 (TM311;

1:200; Sigma-Aldrich), affinity-purified rabbit polyclonal anti-human Tmod1 (R1749; 10

ug/ml), rabbit polyclonal anti-myomesin (EH; 1:1000; kindly provided by E. Ehler, Kings

College London, UK), affinity-purified rabbit polyclonal anti-titin (Z1Z2; 1:100; kindly

provided by C.C. Gregorio, University of Arizona, Tucson, AZ), rat monoclonal anti-N-

cadherin hybridoma supernatant (1:10; kindly provided by D. Vestweber, Max-Planck

Institute, Münster, Germany), rabbit anti-phospho-histone H3 serum (1:500, kindly provided

by K.F. Sullivan, National University of Ireland, Galway, Ireland), rhodamine-phalloidin

(1:500; Sigma-Aldrich), Alexa-647-phalloidin (1:200; Invitrogen), and Hoechst dye

(1:1000; Sigma-Aldrich). Fluorescent secondary antibodies were: Alexa 488-goat anti-rabbit

IgG (1:200; Invitrogen), Alexa 546-goat anti-mouse IgG (1:200, Invitrogen), Alexa 647-goat

anti-mouse IgG (1:200; Invitrogen), and Cy2-donkey anti-rat IgG (1:200; kindly provided

by C.M. Waterman-Storer, National Institutes of Health, Bethesda, MD).

McKeown et al. Page 16

Dev Dyn. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Confocal microscopy and image analysis

Z-series and single optical sections were collected on a Bio-Rad 2100 Radiance laser-

scanning confocal microscope mounted on a Nikon microscope using a 100× (NA 1.3)

objective, or on a Zeiss LSM 710 confocal microscope using a 100× (NA 1.4) objective. For

Z-series, images were over-sampled such that images were captured using 0.2-μm steps with

an optical section thickness of 0.8 μm. Volume reconstructions and measurements were

performed using Volocity 6.2 (Improvision, Perkin-Elmer). When necessary, fluorescent

images from different color channels were manually aligned based on images of Z-stacks of

fluorescent beads. Images were compiled using Adobe Photoshop, and figures were

constructed in Adobe Illustrator.

TEM

Embryos were dissected in PBS (pH 7.2), temporarily placed in 3% PFA in 0.2 M Hepes

(pH 7.2), and then fixed in 4% PFA + 1.5% glutaraldehyde in 0.1 M cacodylate buffer (pH

7.4) on ice. Embryos were then processed and imaged on a Philips CM100 transmission

electron microscope equipped with an Olympus Megaview III CCD camera as previously

described (Gokhin et al., 2010).

Statistics

Differences between means were detected using Student’s t-test, and differences between

variances were detected using the F-test. Statistical significance was defined as p<0.05.

Statistical analysis was performed in Microsoft Excel.
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Key findings

1. A function for tropomyosin (TM) in mammalian myofibril assembly and cardiac

development was explored via a deletion in the mouse TPM1 gene targeting

αTM1, the major striated muscle TM isoform.

2. Mice lacking αTM1 are embryonic lethal at E9.5 due to aberrant myofibril

assembly and/or degeneration of partially assembled sarcomeres, leading to a

grossly enlarged, misshapen, and non-beating heart with an abnormally thin

myocardium and reduced trabeculae.

3. Failure of α-actinin/F-actin adherens belt assembly in both αTM1- and Tmod1-

deficient cardiomyocytes identifies a novel αTM1/Tmod1-based pathway

stabilizing F-actin at cell-cell junctions.
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Figure 1. αTM1−/− embryos do not express αTM1
(A) Schematic of the wild-type and targeted αTM1 (TPM1) gene locus, indicating

replacement of exons 9a and 9b by the HPRT gene as described in Figure 1 from

(Rethinasamy et al., 1998), modified with current TPM exon nomenclature (Gunning et al.,

2008). Forward and reverse primers for wild-type and targeted alleles are indicated (see

Materials and Methods). (B) PCR genotyping of E8.5 yolk sac DNA from representative

wild-type (+/+) and heterozygous (+/-) embryos. (C) Western blots of E8.5 whole embryos

generated from an αTM1+/− intercross. Blots were probed with the CH1 anti-TM antibody,

recognizing exon 9a of αTM1 (top). A pan-actin antibody was used as a loading control

(bottom).
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Figure 2. αTM1−/− embryos have dysmorphic and enlarged hearts at E8.5-9.5, with an
abnormally thin and compact myocardium with reduced trabeculae
(A-D) Gross morphology of (A,C) αTM1+/+ and (B,D) αTM1−/− embryos (side view) at

E8.5 (12 somite pairs) and E9.5 (17 somite pairs). Arrowheads in A,B indicate the location

of the E8.5 heart; black arrow in D points to the abnormal constriction in the outflow tract in

the αTM1−/− E9.5 embryo. (E,F) Gross morphology of the E9.5 yolk sac. Note that the

vasculature present in the αTM1+/+ yolk sac (E) is completely absent in the αTM1−/− yolk

sac (F). Scale bars: 500 μm in A-F. (G,H) Histology of E9.5 hearts from αTM1+/+ (G,G′, 22

somite pairs) and αTM1−/− (H,H′, 22 somite pairs) embryos. The αTM1−/− heart appears

larger and dilated, due to thinning of the compact myocardium and a reduction in trabeculae.

Black arrowheads in G,G′ point to the compact myocardium; black arrowheads in H,H′
indicate regions where the myocardium is only one cell layer thick in the αTM1−/− heart;

open arrowheads in H,H′ indicate intercellular spaces in the αTM1−/− myocardium. In H,

the epicardium of the αTM1−/− heart was torn and removed during dissection. (I, J) TEM of

myocardium from αTM1+/+ and αTM1−/− hearts. Asterisks indicate intercellular spaces,

which are greatly expanded in the αTM1−/− heart. Abbreviations: A, atrium; V, ventricle;

CJ, cardiac jelly; epi, epicardium; Tr, trabeculae. Scale bars: 200 μm in G,H; 20 μm in G′,H

′. Scale bars: 10 μm in I, J.
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Figure 3. αTM1−/− embryos have highly enlarged, irregularly shaped hearts at E9.5
Gross morphology of E9.5 (A) αTM1+/+ (24 somite pairs) and (B-D) αTM1−/− embryos (B,

15 somite pairs; C, 19 somite pairs; D, 23 somite pairs). An abnormal constriction of the

outflow tract(white arrowhead) is seen in the αTM1−/− embryos. Also note the wrinkled

appearance of the αTM1−/− heart tube evident in B, and the extremely enlarged and

dysmorphic αTM1−/− heart in D.
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Figure 4. TEM reveals failure of myofibril assembly and adherens junction formation in
αTM1−/− hearts at E8.5
(A-C) αTM1+/− and (D-G) αTM1−/− embryos. (A) αTM1+/− cardiomyocyte with a typical

striated myofibril inserting at one end into an adherens junction at the membrane. (B)

Mature sarcomeres in αTM1+/− cardiomyocytes. (C) A large, electron-dense adherens

junction with myofibrils at the membrane connecting adjacent αTM1+/− cardiomyocytes.

(D) αTM1−/− cardiomyocyte containing Z-bodies and disorganized thin and thick filaments.

(E) αTM1−/− cardiomyocytes with small adherens junctions without attached myofibrils.

Scattered thick filaments but no clear Z-bodies are present in the cytoplasm in this region.

(F, G) Large, electron-dense Z-bodies resembling the rods seen only in αTM1−/−

cardiomyocytes. Black arrowheads, Z-lines; white asterisks, H-zones with M-lines; black

arrows, adherens junctions; white arrowheads, Z-bodies. Scale bars: (A, B, D) 1 μm; (C, E,

F, G) 500 nm.
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Figure 5. Sarcomeric α-actinin assembles into irregular puncta along aberrant F-actin fibrils in
the αTM1−/− embryonic mouse heart
Immunofluorescence staining of sarcomeric α-actinin and F-actin in cardiomyocytes in the

outer wall of the heart in (A-C, G-I) αTM1+/+ and (DF, J-L) αTM1−/− E8.5 mouse

embryos. Sarcomeric α-actinin (B,E,H,K, green in merges C,F,I,L) and F-actin (A,D,G,J,

red in merges C,F,I,L) are organized in typical striated myofibrils with periodic Z-lines and

gaps in F-actin (H-zones) in αTM1+/+ embryos, but not in αTM1−/− embryos, which instead

show irregular α-actinin puncta along F-actin fibrils. I, in αTM1+/+ cardiomyocytes, open

arrowheads indicate H-zones and lines indicate Z-lines. L, in αTM1−/− cardiomyocytes,

lines indicate aberrant α-actinin puncta (Z-bodies) and open arrowheads indicate positions

equidistant between adjacent α-actinin puncta where the H-zone should reside, but does not.

M, histogram showing that the αTM1−/− Z-Z distances are more variable than αTM1+/+ Z-

Z distances (F-test; p=2.84×10-25). Scale bars: (A-F) 9 μm; (G-L) 5 μm.
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Figure 6. Assembly of the titin Z1Z2 epitope is not well coordinated with sarcomeric α-actinin in
αTM1−/− cardiomyocytes
Immunofluorescence staining of titin Z1Z2, F-actin, and sarcomeric α-actinin in

cardiomyocytes in E8.5 αTM1+/+ (A-D) and αTM1−/− (E-H) embryos. Titin Z1Z2 (A,E;

green in merges D,H), F-actin (B,F; red in merges D,H), and α-actinin (C,G; blue in merges

D,H). High-magnification views show that (I-M) titin Z1Z2 and α-actinin are at the Z-lines

of an αTM1+/+ striated myofibril, while (N-W) titin Z1Z2 is inconsistently associated with

α-actinin puncta in the αTM1−/− F-actin fibrils. Scale bars: (A-H) 9 μm; (I-R) 6 μm.
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Figure 7. Myomesin accumulates near α-actinin/F-actin fibrils but fails to assemble in a periodic
pattern in αTM1−/− cardiomyocytes
Immunofluorescence staining of myomesin (A,D,H,I: green in merges C,F,I,L) and

sarcomeric α-actinin (B,E,G,J: red in merges C,F,I,L) in cardiomyocytes of E8.5 αTM1+/+

(A-C, G-I) and αTM1−/− (D-F, J-L) embryos. In αTM1+/+ myofibrils, myomesin is at the

M-line alternating with sarcomeric α-actinin at the Z-line, as expected from normal thick

filament organization in sarcomeres. In αTM1−/− myofibrils, myomesin accumulates in

disorganized clumps near the F-actin fibrils with α-actinin puncta, but is not organized in a

striated or periodic pattern. Scale bars: (A-F) 4 μm; (G-L) 6 μm.
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Figure 8. Tmod1 and αTM1 do not assemble into α-actinin/F-actin fibrils in αTM1−/− and
Tmod1−/− cardiomyocytes, respectively
(A-H) Tmod1, F-actin, and sarcomeric α-actinin assembly in cardiomyocytes in the outer

wall of the E8.5 heart of (A-D) αTM1+/+ and (E-H) αTM1−/− mouse embryos.

Immunofluorescence staining of Tmod1 (A,E; green in merges D,H), F-actin (B,F) and α-

actinin (C,G; red in merges D,H) are shown. αTM1+/+ cardiomyocytes show periodic

Tmod1 stripes at gaps in F-actin (H-zones) alternating with α-actinin stripes at Z-lines in

typical striated myofibrils. In αTM1−/− embryos, Tmod1 accumulates in the vicinity of α-

actinin/F-actin fibrillar structures, but is not organized in a periodic pattern. Red or white

arrows, nonstriated sarcomeric α-actinin/F-actin fibrils containing diffuse Tmod1. (I-P)

αTM1, F-actin, and Tmod1 assembly in cardiomyocytes in the outer wall of the E8.5 heart

in (I-L) Tmod1+/+ and (MP) Tmod1−/− mouse embryos. Immunofluorescence staining of

αTM1 (I,M; green in merges L,P), F-actin (J,N; red in merges L,P) and Tmod1 (K,O) are

shown. Tmod1+/+ cardiomyocytes show typical striated myofibrils with periodic αTM1
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bands. In Tmod1−/− cardiomyocytes, diffuse aggregates of αTM1 partially co-localize with

large F-actin aggregates. Red or white arrowheads, large F-actin bundles or aggregates with

Tmod1 and αTM1; red or white arrows, small F-actin rod lacking Tmod1 and αTM1. Scale

bars: 6 μm.
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Figure 9. N-cadherin-containing cell-cell junctions display increased tortuosity in
cardiomyocytes from αTM1−/− embryonic mouse hearts
E8.5 hearts from (A) αTM1+/+ and (B) αTM1−/− embryos were immunostained for N-

cadherin. Only the outermost optical section of cardiomyocytes in the heart wall, containing

the apical surface and cell junctions of the cardiomyocytes, is shown. White arrowheads in

B indicate tortuous cell boundaries in αTM1−/− cardiomyocytes, while asterisks indicate

regions where the myocardial sheet is absent from the optical section due to infolding of the

myocardium. Panel C is a bar graph depicting the linearity indices of N-cadherin

immunostaining in αTM1+/+ (n=35) and αTM1−/− (n=32) hearts; error bars indicate SD.

Scale bar: 6 μm.
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Figure 10. α-actinin/F-actin adherens belts fail to assemble at apical cell junctions in
cardiomyocytes in αTM1−/− and Tmod1−/− embryonic mouse hearts
Immunofluorescence of cardiomyocytes in the outer wall of E8.5 hearts from wild-type (A-

C), αTM1−/− (D-F), and Tmod1−/−(G-I) mouse embryos, stained for sarcomeric α-actinin

(A,D,G; green in merges C,F,I) and F-actin (B,E,H; red in merges C,F,I). Only the

outermost 2 μm of the outer layer of cardiomyocytes in the heart walls are shown,

containing their apical surface (3 optical sections). In wild-type cardiomyocytes (A-C),

sarcomeric α-actinin and F-actin form continuous circumferential belts (red and white

arrows) near the apical ends of the cells along the outer surface of the heart. In αTM1−/− and

Tmod1−/− cardiomyocytes, sarcomeric α-actinin and F-actin do not assemble in

circumferential belts at the cell-cell junctions. Instead, in αTM1−/− cardiomyocytes (D-F),

α-actinin assembles into puncta and occasional rods associated with disorganized F-actin

fibrils in the cytoplasm (red and white arrowheads). In Tmod1−/− cardiomyocytes (G-I), α-

actinin predominantly assembles into rods that stain weakly for F-actin (red and white

arrowheads), and F-actin accumulates in large bundles and aggregates in the cytoplasm (red

and white asterisks). Scale bars: 19 μm.
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Table 1

Litter analysis of αTM1+/− × αTM1+/− progeny reveals that αTM1−/− embryos die at E9.5

α TM1 +/+ α TM1 +/− α TM1 −/− Total

E7.5 2 4 2 8

E8.5 8 18 10 36

E9.5 24 42 21 87

E10.5 6 17 2* 25

E11.5 4 14 0 18

E12.5 8 11 0 19

E15.5 4 8 0 12

Term 101 177 0 278

*
These αTM1−/− embryos were severely stunted compared to their αTM1+/+ and αTM1+/− littermates, signifying that they were in the process of

resorption.
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