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Abstract
Rationale—The Z-line, alternatively termed the Z-band or Z-disc, is a highly ordered structure at
the border between two sarcomeres. Enigma subfamily proteins (Enigma, Enigma homolog
protein and Cypher) of the PDZ-LIM domain protein family are Z-line proteins. Among the
Enigma subfamily, Cypher has been demonstrated to play a pivotal role in the structure and
function of striated muscle, whereas the role of Enigma homolog protein (ENH) in muscle remains
largely unknown.

Objective—We studied the role of Enigma homolog protein in the heart using global and
cardiac-specific ENH knockout mouse models.

Methods and Results—We identified new exons and splice isoforms for ENH in the mouse
heart. Impaired cardiac contraction and dilated cardiomyopathy were observed in ENH null mice.
Mice with cardiac specific ENH deletion developed a similar dilated cardiomyopathy. Like
Cypher, ENH interacted with Calsarcin-1, another Z-line protein. Moreover, biochemical studies
showed that ENH, Cypher short isoform and Calsarcin-1 are within the same protein complex at
the Z-line. Cypher short isoform and Calsarcin-1 proteins are specifically downregulated in ENH
null hearts.

Conclusions—We have identified an ENH-CypherS-Calsarcin protein complex at the Z-line.
Ablation of ENH leads to destabilization of this protein complex and dilated cardiomyopathy.

Keywords
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complex

Introduction
The Z-line, also termed the Z-band or Z-disc, is an electron dense structure formed by
multiple highly ordered protein complexes which is responsible for transmitting force
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between sarcomeres during contraction.1, 2 The Z-line also connects myofibrils to the
sarcolemmal membrane and ultimately the extracellular matrix.3, 4 The Z-line is not only a
basic structural anchor but also an important focus for signaling within striated muscle
required for multiple aspects of muscle structure and function.5, 6 Mutations in Z-line
proteins have been linked to cardiomyopathy or myofibrillar myopathy both in humans and
in transgenic mouse models.7-9

The Enigma subfamily members are Z-line proteins which interact directly with α-actinin-2.
Enigma (PDLIM7 or LIM mineralization protein, LMP), Enigma homolog protein (also
known as ENH or PDLIM5), and Cypher (ZASP in human) are three Enigma subfamily
members, which belong to the PDZ-LIM protein family.10, 11 Cypher has been extensively
studied by ourselves and others, and has been found to play a pivotal role in maintaining
sarcomeric structure of striated muscle in humans and animals.8, 12-19 Cypher-deficient mice
die within five days after birth with multiple striated muscle defects, including dilated
cardiomyopathy and disorganized Z-lines. Many mutations in the human Cypher/ZASP gene
have been indentified in patients with dilated and/or hypertrophic cardiomyopathy.17, 20-23

Recently, Cypher/ZASP mutations were also found in a portion of patients with myofibrillar
myopathies, termed zaspopathy.8, 24

ENH, another member of the Enigma subfamily, is highly homologous to Cypher/ZASP and
Enigma.25-27 In man, there are four ENH splice isoforms which have been identified.28 One
long isoform (ENH1), containing three LIM domains at its C-terminus, has been found to be
expressed ubiquitously in all tissues.26, 27 Three short isoforms (ENH2-4) are expressed
predominantly in cardiac and skeletal muscle.27, 28 Splice isoforms of ENH are differentially
expressed in heart during development and in heart diseases.29 ENH has been reported to
interact with a-actinin,25, 28 protein kinase C,27, 30, 31 protein kinase D,32 L-type calcium
channel,32 and a DNA transcription inhibitor, ID2. 33

We hypothesized that ENH, like its homologue Cypher, has an important role in the
formation and/or maintenance of the normal Z-line in cardiac and skeletal muscle with an
associated role in normal cardiac function. To begin to test this hypothesis, we analyzed
ENH splice isoforms in the mouse heart and generated global and cardiac-specific ENH
knockout mouse lines in which all ENH isoforms were ablated. We found wider Z-lines and
dilated cardiomyopathy in ENH null mouse hearts. In addition, we indentified that ENH
forms a protein complex with Cypher short isoform (CypherS) and Calsarcin-1 at the Z-line.
CypherS and Calsarcin-1 proteins are significantly downregulated in ENH null mouse hearts
resulting in wider and destabilized Z-lines, ultimately giving rise to dilated cardiomyopathy.

Methods
Targeted Disruption of Murine ENH

To generate a floxed allele targeting construct, a 682 bp PCR product containing exon 3 of
ENH was cloned into a plasmid containing a Neomycin cassette and a diphtheria toxin A
(DTA) cassette. A 4.1-kb upstream fragment and a 4.4-kb downstream fragment were
cloned into the vector as the 5′-arm or 3′-arm, respectively. The targeting vector was
electroporated into R1 mouse ES cells derived from 129-SV/J mice (UCSD Transgenic and
Gene Targeting Core, La Jolla, CA). All subsequent procedures were performed in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee of UCSD.

An expanded Methods section including all experimental procedures is available in the
Online Data Supplement at http://circres.ahajournals.org
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Results
Multiple ENH Splice Isoforms in the Mouse Heart

To explore ENH function in the mouse and to ensure that all splice variants of ENH were
accounted for in ENH-null mice, we first characterized the splice variants of ENH mRNA in
the mouse heart. Four mouse splice isoforms for ENH have been previously reported in the
Ensembl database (Pdlim5-201 to Pdlim5-204) and three isoforms in NCBI database (ENH1
to 3). After alignment we found the coding sequence of pdlim5-201 (1776 bp) is similar to
ENH1 (NM_019808) (ENH1/1a in Fig. 1), which is the ENH long isoform containing three
C-terminal LIM domains. Pdlim5-202 (720 bp) is similar to ENH3 (ENH3/3b in Fig. 1)
(NM_022554) and pdlim5-203 (1014 bp) is similar to ENH2 (NM_019809). Pdlim5-204
(645 bp) is not listed in the NCBI database and is homologous to the newly identified human
isoform ENH4.28 ENH2, ENH3/3b and ENH4 are ENH short isoforms without the three
LIM domains. Using primers for the full-length ENH short isoforms (ENH2-4), we failed to
amplify ENH2 and ENH4 from mouse heart cDNA (Online Figure I A and I B). However,
we identified ENH3 (we renamed ENH3 as ENH3b, Fig 1) and a new splice isoform with a
deletion of exon 7, a small 15-bp exon in the mouse heart which we named ENH3a (Fig. 1)
(Online Figure I A). It should also be pointed out that we confirmed that ENH2 and ENH4
were expressed in skeletal muscle by RT-PCR and sequencing analysis (Online Figure I B).

To determine whether there are more ENH splice long isoforms, we performed RT-PCR
analysis with primers in exon 9 and exon 16. By sequencing distinct PCR products, we
discovered three previously unidentified exons, 12-14 (Fig. 1 and Online Figure I C, D),
containing 120 bp, 144 bp and 132 bp respectively (Online Table I). RT-PCR analysis with
primer pairs in exons 3-16 identified four novel ENH long isoforms (ENH1b, c, d, and e),
and we renamed ENH1 as ENH1a (Fig. 1 and Online Figure I D). As summarized in Fig 1,
there are, in total, 9 splice isoforms for ENH in the mouse heart, among which, there were 5
long isoforms with three LIM domains and 4 short isoforms without LIM domain. Short
isoforms ENH2 and ENH4 are skeletal muscle-specific isoforms.

Generation of ENH-null Mice
To investigate the in vivo biological role of ENH, we generated global ENH-null mice by
ablating the third exon of the murine ENH gene. The detailed results and figure are shown as
Supplement Results and Online Figure II in the Online Data Supplement Material.

Dilated Cardiomyopathy in ENH-null Mice
ENH−/− mice are viable and are born at the expected Mendelian ratios. ENH−/− mice are
fertile and are indistinguishable from WT littermates. We did not observe any mortality in
ENH−/− mice up to 2 years of age when the experiment was terminated. We first explored
the heart performance by echocardiography for ENH−/− mice and WT control mice at
various time points from 1- to 12-months (Fig. 2). The left ventricular systolic function of
ENH−/− mice was impaired beginning at 3-months as shown by a slight, but significant,
enlargement of the left ventricle at end-diastole (LVIDd) compared with WT mice
beginning at 3-months (Fig. 2A) and a decrease in fractional shortening (FS(%)) (Fig. 2B).
However, there was no significant difference in wall thickness as indicated by both
interventricular septum and left ventricular posterior wall thickness at end-diastole (data not
shown). The heart weight to body weight ratio was mildly, but significantly increased in
ENH−/− mice at 3-months (Fig. 2C). In summary, the echocardiographic data shows ENH−/−

mice develop typical dilated cardiomyopathy beginning at 3-months with progressive
deterioration but do not suffer from sudden cardiac death.
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We further assessed the dilated cardiomyopathy in ENH−/− mice by measuring the mRNA
levels of cardiac fetal genes (Fig. 3A).34 The expression of ANF and skeletal α-actin were
dramatically increased in the ENH−/− hearts beginning at 1-month compared with age
matched WT mice. The fetal gene β-MHC was also increased significantly in ENH−/−

mouse hearts compared with controls. Thus, fetal gene expression was observed before the
onset of dilated cardiomyopathy as measured by echocardiography.

Although chamber dilation and fetal gene expression patterns were significantly increased in
ENH−/− mouse hearts, we did not observe any myofibrillar disarray or fibrosis in 3- month-
old ENH−/− mice (Fig. 3B and data not shown).

Since ENH has been shown to localize to the Z-line,25 we performed transmission electron
microscopy (TEM) to examine Z-line organization (Fig. 3C). In ENH−/− mice, Z-lines were
still intact but significantly wider compared with control mice (103.2 ± 13.6 nm versus 77.4
± 6.1 nm; P ≤ 0.003, respectively). The length of the sarcomeres and the width of the M-
lines in ENH−/− mice were comparable to that in control mice. These data showed deletion
of ENH impaired the compact and ordered features of the Z-line structure.

Impaired heart contractility in ENH-null Mice
5-month-old male ENH−/− and WT mice (n=8) underwent hemodynmic assessment.
Contractile function of the heart was assessed by LV micromanometry (peak dP/dt) at rest
and during stepped increases of dobutamine (beta-adrenergic) stimulation. Both groups
showed similar heart rates (Fig. 4A) and peak left ventricular systolic pressure (LVSP) (Fig.
4B) under both basal conditions and after application of variable doses of dobutamine. The
peak postivie dP/dt (dP/dt max) was slightly, but significantly, decreased in ENH−/− mice
under high dobutamine concentrations (beginning at 4 μg/kg/min) (Fig. 4C). Isovolumic
relaxation, as assessed by minimum dP/dt, was dramatically impaired in ENH−/− mice
compared with WT controls at basal and various doses of dobutamine (Fig. 4D). Also, the
calculated Tau values in ENH−/− mice were significantly longer than those in control mice
(Fig. 4E). These data suggested ENH−/− mice failed to fully respond to dobutamine
stimulation and exhibited myocardial inotropic and lusitropic dysfunction.

Dilated Cardiomyopathy in Cardiac-specific ENH-null Mice
To determine whether the DCM phenotype observed in the ENH global knockout mice was
the result of the requirement for ENH in a cardiomyocyte autonomous fashion, we
specifically deleted ENH in cardiomyocytes. The Troponin T-Cre mouse (cTnT-Cre), in
which expression of Cre was controlled by the rat cardiac Troponin T promoter, was used to
generate cardiac-specific ENH knockout mice.35 To assess ENH protein expression in
cardiac specific knockout hearts, the ENH antibody from Abnova was used. Both ENH long
and short isoforms were dramatically downregulated in the ENH cardiac specific knockout
hearts (Online Figure III A). As seen in the global ENH−/− mice, the cardiac specific
ENH−/− mice (cENH−/−) developed dilated cardiomyopathy beginning at 3-months (Online
Figure III B, C). The left ventricular function was significantly impaired in cENH−/− hearts
compared with control mice measured by FS (%) (Online Figure III B). The left ventricular
chamber size was enlarged significantly in cENH−/− hearts (Online Figure III C) as indicated
by LVID at both end diastole and end systole compared with cTnT-Cre carrier mice. There
was no difference in ventricular wall thickness between cENH−/− mice and cTnT-Cre mice
(data now shown). Furthermore, as in global ENH−/− hearts, the mRNA levels of cardiac
fetal genes (ANF, BNP, β-MHC and skeletal α-actin) were dramatically increased in
cENH−/− hearts (Online Figure III D, E). The dilated cardiomyopathy in the cENH−/− mouse
suggested that the observed dilated cardiomyopathy and impaired left ventricular function in
the global ENH−/− mice were due to the loss of ENH in cardiomyocytes.
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Increased Systolic Dysfuntion in ENH-null Mice Following Biomechanical Stress
To assess cardiac function of ENH−/− mice following biomechanical stress, we subjected
mice to transverse aortic constriction (TAC). Significant decreases in left ventricular systolic
function were observed beginning at one week post-TAC in ENH−/− mice when compared
with WT mice and sham operated ENH−/− controls (Fig. 5A). Left ventricular diastolic
dimension (LVIDd) was increased in TAC-banded ENH−/− mice when compared to sham
operated or WT controls (Fig. 5B). This was accompanied by, a blunted increase in wall
thickness following pressure overload in ENH−/− mice when compared with WT controls as
reflected by the LV posterior wall thickness (LVPWd) (Fig. 5B) and interventricular septum
thickness (IVSd) (data not shown). However, both ENH−/− and WT mice displayed
significant increases in HW/BW ratio (Fig. 5C). Although ENH−/− mice displayed a blunted
LV posterior wall thickness, dilation was increased in TAC-banded ENH−/− mice when
compared to sham operated or WT controls (Fig. 5D).

Decreased Levels of Cypher Short Isoform and Calsarcin-1 in ENH-null Heart
It has been shown that multiple intracellular signals are involved in sarcomeric protein
deficiency-induced cardiomyopathy.36 To determine molecular mechanisms underlying the
DCM phenotype observed in ENH−/− mice, we first checked stress related signaling
pathways including, PKD, PKC, ERK, JNK, P38, Akt, and Calcinurin-NFAT in ENH-null
mouse myocardium. No differences were observed in total or phosphorylated PKD, PKC,
ERK, JNK, P38, and Akt between ENH−/− and WT controls (Online Figure IV A, B). There
was also no difference in calcineurin activity assayed by nuclear translocation of NFATc4
and the expression of its target gene, modulatory calcineurin-interacting protein (MCIP),
between ENH−/− and WT controls (Online Figure V).

We then performed western blot analysis for various Z-line proteins in ENH−/− mice (Fig.
6A). The CypherS and Calsarcin-1 were specifically downregulated in ENH−/− mice at 3-
months, and both proteins were nearly depleted at 12-months (Fig. 6A, 6C). Interestingly, a
small but significant decrease in CypherS and Calsarcin-1 was also detected in ENH mutants
at 1-month, prior to the onset of dilated cardiomyopathy (Fig. 6B, 6C). We have also found
that with increased stress consequent to TAC, ENH mutants exhibit rapid loss of Calsarcin
and CypherS (Online Figure VI). This observation is correlated with more severe defects in
cardiac contractile function in ENH mutants relative to control littermates (Fig. 5).

In ENH−/− mice, Myotilin was upregulated. Amounts of other Z-line/Z-line associated
proteins including α-actinin-2, Desmin, α B-crystallin and were not changed (Fig. 6A). In
contrast to the protein level, at the mRNA level, calsarcin-1 was significantly upregulated in
ENH−/− mice compared with controls (Fig. 6D). While not significant, mRNA expression of
myotilin and cypherS was increased in ENH−/− hearts (Fig. 6D), suggesting that the loss of
CypherS and Calsarcin-1 protein was due to a post-translational mechanism and not due to
decreased mRNA synthesis.

An ENH-Cypher-Calsarcin-1 Protein Complex
To explore why CypherS and Calsarcin-1 proteins were specifically downregulated in
ENH−/− mice, we used a biochemical method to isolate myofibrillar proteins from 3-month-
old adult mouse ventricles. As expected, cytosolic protein GAPDH and membrane protein
Integrin β1D were dominantly localized in the non-filament fraction and sarcomeric protein
Tropoin I was dominantly localized in the filament fraction. These results for control
proteins showed that this mild detergent washing method did specifically isolate the
myofibril proteins from the heart (Fig. 7A). We found the ENH short and long isoforms
were dominantly localized in the filament fraction as previously reported.25 CypherL was
found in both the filament and non-filament fractions, and CypherS was found dominantly
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in the filament fraction. The Z-line proteins Calsarcin-1 and Myotilin were also dominantly
localized in the filament fraction in agreement with previously reported immunofluorescent
data.37, 38 In ENH−/− hearts, Myotilin was highly increased in the filament fraction and
could also be detected in the non-filament fraction (Fig. 7A).

In order to identify any possible protein complexes containing either Cypher or ENH, we
performed a sedimentation assay. In sedimentation experiments, proteins which tightly
interact with each other co-migrate in the sucrose gradient and are localized in identical
fractions. Our fractionation experiment showed that Calsarcin-1, CypherS, and ENH co-
localize in fractions 1-3 in WT muscle (Fig. 7B). When taken together with the loss of
Calsarcin-1 and CypherS in the ENH−/− mouse, this data indicates these three proteins are
likely localized within the same core complex. Interestingly, the fractionation patterns of
both CypherL and Myotilin are similar, and both of these proteins are increased upon
deletion of ENH. These data suggests CypherL and Myotilin may form a separate protein
complex and may partially compensate for the loss of the ENH/ CypherS/Calsarcin-1
protein complex in the ENH−/− mouse.

We, and others, have reported that the Myotilin and Calsarcin-1 contain PDZ binding motifs
at the C-terminus which interact with the PDZ domain of Cypher. 16, 39 Fig. 7C shows 61%
of identity (71% of similarity) between the Cypher PDZ domain and the ENH PDZ domain.
We confirmed the interaction between ENH, Myotilin, and Calsarcin-1 in vitro (Fig. 7D).
Flag-tagged Calsarcin-1 interacted with both HA-tagged ENH1/1a and ENH3/3b, while a
flag-tagged unrelated control protein, PKARIα, did not bind to either ENH isoform. Similar
to Calsarcin-1, flag-tagged Myotilin interacted with both HA-tagged ENH1/1a and
ENH3/3b. Along with the sedimentation assay results, these findings suggest that the
filament proteins ENH, Cypher and Calsarcin-1 form a protein complex through direct
protein interactions.

Calsarcin has been shown to interact with Filamin C which directly interacts with β1
integrin 40 and is associated with both γ and δ sarcoglycan 41. Thus, the ENH-CypherS-
Calsarcin complex at the Z-line may play a pivotal role in linking Z-lines to extracellular
matrix via Filamin C. Loss of this complex may disrupt a critical structural function of the
Z-line in establishing continuity between sarcomeres and the extracellular matrix to effect
optimal force generation. To investigate this, we examined expression of Filamin C and
components of structural complexes known to link sarcomeres to extracellular matrix, the
Integrin and the Dystrophin glycoprotein complexes. Expression of Filamin C, β1D Integrin,
Dystrophin, Syntrophin, and γ Sarcoglycan were upregulated in ENH-null mice (Online
Figure VII).

Discussion
Since the identification of the first PDZ-LIM domain protein (Enigma), a total of ten PDZ-
LIM domain protein members have been identified in mammals. 10 Based on sequence
similarity and binding affinity, four subgroups have been identified within the PDZ-LIM
protein family: Actinin-associated LIM protein (ALP), Enigma, LIM kinases, and LIM-
domain only 7 (LMO7). 10 Enigma, Cypher, and the closely related Enigma homolog (ENH)
protein are members of the Enigma subfamily. Previously, using global and cardiac-specific
knockout mouse models, we have demonstrated that Cypher is not necessary for
sarcomerogenesis but is essential to maintain integrity of Z-line structure during muscular
contraction. 15, 16 In the current report, we examined cardiac phenotypes of both global and
cardiac-specific ENH knockout mice.
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Prior to beginning our study, four ENH splice isoforms had been identified: ENH 1-4. In the
current report, we have identified five additional previously undescribed ENH isoforms
expressed in heart. All isoforms expressed in the mouse heart contain exon 3 which encodes
part of the PDZ domain. For this reason, we chose to target exon 3 for deletion. Western blot
results using different sources of antibodies demonstrated that ENH was absent in knockout
mice. ENH knockout mice developed dilated cardiomyopathy characterized by enlargement
of the left ventricle, impaired systolic and diastolic heart function, widened Z-lines, and
elevation of fetal gene expression. Cardiac-specific knockout mice showed a similar dilated
cardiomyopathy phenotype. In addition, we found that increased biomechanical stress
consequent to TAC banding further exasperated the dilated cardiomyopathic phenotype.
Together, these results suggest that ENH plays an important role in cardiac muscle structure
and function.

Dilated cardiomyopathy is usually accompanied by activation of intracellular signaling
pathways.42 In ENH−/− mice, we failed to find activation of common cardiac stress
pathways such as PKC, PKD, ERK, JNK, p38, Akt, and calcineurin-NFAT pathways at 3-
months. By this age, ENH−/− mice showed enlarged hearts and widened Z-lines. Thus, the
dilated phenotype observed with ENH mutants may reflect a structural requirement for ENH
in the Z-line.

ENH, Cypher, and Calsarcin-1 directly interact with α-actinin-2 at the Z-line.12, 25, 37 Our
results from myofibril isolation, sucrose fractionation, and in vitro pull down assays
demonstrate that ENH, CypherS, and Calsarcin-1 are components of a protein complex
localized at the Z-line. In ENH knockout hearts, CypherS and Calsarcin-1 were specifically
downregulated at the protein level but not at the mRNA level. Thus, deletion of ENH caused
instability and loss of the CypherS/ENH/Calsarcin-1 protein complex. Calsarcin has been
shown to interact with Filamin C which directly interacts with β1 integrin 40 and is
associated with both γ and δ sarcoglycan 41. Thus, the ENH-CypherS-Calsarcin complex at
the Z-line is likely to play a pivotal role in linking the Z-line to the extracellular matrix via
Filamin C. Observed upregulation of Filamin C, Integrin and components of the Dystrophin-
glycoprotein complex in ENH mutants are likely to reflect a compensatory mechanism
consequent to disruption of the connection between the Z-line and the extracellular matrix.
Similar upregulation of these complexes has been shown to act as a compensatory
mechanism to strengthen a weakened connection to the extracellular matrix in cardiac
specific β1-integrin knockout mice. 43

Taken together, our data suggest that loss of ENH leads to progressive loss of CypherS and
Calsarcin resulting in the loss of Z-line structural integrity and consequent perturbation of
the connection between adjacent sarcomeres and extracellular matrix. This leads to a loss of
optimal force transmission and a significant decrease in fractional shortening and ultimately
DCM.

Both Cypher and ENH knockout mice develop postnatal dilated cardiomyopathy, with
differences in severity, hinting that there is a redundant, but unique, role for Cypher and
ENH in the heart. Interestingly, in lower invertebrates, such as Drosophila, Drosophila
ZASP (dZASP) is the only gene representing the entire ALP/Enigma subfamily of PDZ-
LIM domain protein. dZASP is essential for Drosophila to form intact sarcomeres.18, 19

There appears to be substantial functional redundancy in proteins localized to the Z-line, as
ablation of numerous Z-line proteins, including Calsarcin 1 44, and Myotilin 45, does not
result in a significant basal phenotype. Both ENH and Cypher are expressed early in
embryonic mouse heart (unpublished data). 15 There is no obvious heart developmental
defect in either ENH−/− or Cypher−/− mice, suggesting a possible functional overlap between
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these two Enigma family members during embryonic development. Future studies with
ENH and Cypher double mutant mice are needed to determine the potential role of ENH and
Cypher in sarcomerogenesis and heart development.

Our findings that ENH plays an important role in the heart make it a novel disease candidate
and suggest that human patients with cardiomyopathy should be screened for possible ENH
mutations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

ENH Enigma homolog protein

DCM dilated cardiomyopathy

ZASP Z-band alternatively spliced PDZ motif protein

WT WT

KO knockout

cTnT-Cre cardiac Troponin T Cre

cENH−/− cardiac specific ENH knockout
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ALP actinin-associated LIM protein

%FS percentage of fractional shortening

LVID left ventricular internal dimension

LVPW left ventricular posterior wall thickness

IVS interventricular septal thickness

DTA diphtheria toxin A

I.V. intravenous

LVP left ventricular pressure

TEM transmission electron microscopy

NFAT nuclear factor of activated T-cells

MCIP modulatory Calcineurin-interacting protein

CypherL Cypher long isoforms

CypherS Cypher short isoform

LV left ventricle

MHC myosin heavy chain

ANF atrial natriuretic factor

BNP B-type natriuretic peptide
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Novelty and Significance

What Is Known?

• The Enigma Homolog protein (ENH) is highly homologous to the proteins
Cypher and Enigma

• ENH has many splice isoforms. The long isoforms is expressed ubiquitously,
while the short isoforms is expressed predominantly in cardiac and skeletal
muscle

• Mutations in Cypher lead to the development of dilated cardiomyopathyin both
mice and humans

What New Information Does This Article Contribute?

• Identifies previously unknown ENH exons and splice isoforms

• Characterizes dilated cardiomyopathy and impaired cardiac function which
develops in the absence of ENH

• Identifies Z-line protein complex composed of ENH, Cypher short isoform, and
Calsarcin-1

The Enigma subfamily of proteins, including Cypher, Enigma and ENH proteins, are
localized to a highly ordered structure at the border between neighboring sarcomeres,
termed the Z-line. Cypher can play a pivotal role in maintaining striated muscle integrity
in both humans and in mouse models. The role of ENH in striated muscle remains largely
unknown. To investigate the role of ENH in mammalian cardiac muscle, we
characterized and identified novel ENH splice isoforms in the mouse heart and generated
global and cardiac-specific ENH knockout mouse lines in which all identified ENH
isoforms were ablated. We found disorganized Z-lines and dilated cardiomyopathy in
ENH knockout mouse hearts. Furthermore, we also found that ENH forms a protein
complex with the Cypher short isoform and Calsarcin-1 at the Z-line, and that the Cypher
short isoform and Calsarcin-1 proteins are specifically downregulated in ENH knockout
mouse hearts. We conclude that ablation of ENH leads to destabilization of this protein
complex and consequent perturbation of the connection between adjacent sarcomeres and
extracellular matrix which leads to a loss of optimal force transmission and a significant
decrease in fractional shortening and eventually dilated cardiomyopathy.
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Fig.1.
ENH genomic structure and splice isoforms. Colored boxes are used to represent the 20
exons which encode the murine ENH gene and blank boxes are non-coding regions. The
translational start site is in the exon 2. Two stop codons for ENH gene are in exon 11 and
exon 20 respectively. The N-terminal exons in red encode PDZ domain. The C-terminal
exons in yellow encode three LIM domains. ENH1b is encoded using short exon 5′ instead
of exon 5 in ENH1/1a, which was reported as ENH1 in NCBI database (NM_019808).
Exons 12-14 are newly identified exons. ENH1c includes the short exon 5′ and exon 14.
ENH1d includes exon 5′, exon 13 and exon 14. ENH1e includes exon 5′ and exons 12-14.
ENH4 includes the small 17-bp exon 6. ENH3b was renamed from ENH3 (NM_022554)
and ENH3a does not include the small 15-bp exon 7. (*) ENH isoforms (ENH2 and ENH4)
are only expressed in skeletal muscle.
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Fig. 2.
Dilated cardiomyopathy assessed by echocardiography in ENH−/− mice. ENH−/− mice (n=8,
blank) and WT mice (n=8, grey) were measured at 1-, 3-, 5-, 9- and 12-month-of-age. A,
Reduced fractional shortening (FS) in ENH−/− hearts (* P < 0.05). B, Enlarged left
ventricles as shown by left ventricular internal dimension (LVIDd) at end diastole in
ENH−/− hearts (* P < 0.05). C, The ratios of heart weight to body weight (HW/BW) (mg/g)
for ENH−/− mice (male, n=5) and WT mice (male, n=5) at 3-months. (* P < 0.05)
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Fig. 3.
Characterization of the dilation and widened Z-lines in ENH−/− mouse hearts. A, mRNA
levels for cardiac fetal genes (ANF, α-MHC, β-MHC and skeletal α-actin) was shown by
dot-blot analysis of 1-month-old ENH−/− male mice and WT controls. GAPDH was used as
a RNA loading control. Quantification of RNA levels normalized to WT levels of the dot
densities was shown in the bottom panel (* P < 0.05). B, Representative morphology of an
ENH−/− heart and WT heart at 3-months following H&E stain. High-power field was shown
in the right panel (20X). C, The ultrastructure of cardiac muscle from the left ventricles of 3-
month-old WT and ENH−/− mice was shown by electron microscopy. The quantitative width
(distances between two arrows) of Z-lines is shown in the bottom panel (* P < 0.05).
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Fig. 4.
Impaired contractility in ENH−/− hearts. 5-month-old male ENH−/− (n=8) and WT mice
(n=8) were subjected to hemodymic measurements. A and B, ENH−/− and WT mice had the
same heart rates and maximum left ventricular pressure. C, ENH−/− mice showed lower dP/
dt maximum (dP/dt max) when stimulated with 4-8U (U=μg/kg/min) of dobutamine (* p <
0.05). D, ENH−/− mice had lower dP/dt minimum (dP/dt min) under basal conditions and
with various doses of dobutamine (* p < 0.05). E, Tau, a load independent measure of
relaxation, was increased in EHN−/− mice under basal conditions and following various
doses of dobutamine ranging from 2-8U (* p < 0.05).
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Fig. 5.
Increased Systolic Dysfuntion in ENH-null Mice Following Biomechanical Stress. 2-month-
old WT or ENH−/− mice underwent either sham operation (n=3) or TAC surgery (n=8). A,
Systolic heart function, as shown by percent fractional shortening ((FS (%)), was assessed
by echocardiography. B, Left ventricular posterior wall thickness (LVPWd) at end of
diastole is shown for sham, 1-, and 4-week post-TAC. C, Ratios of heart weight to body
weight (HW/BW) (mg/g) are shown for sham and 4-week post-TAC surgery. D, Left
ventricular internal dimension (LVIDd) at end of diastole is shown for sham, 1-, and 4-week
post-TAC. *, p < 0.05 between WT and ENH−/− groups. @, p < 0.05 between sham and 1-
week post-TAC. #, p < 0.05 between 1-week and 4-week post- TAC. &, p < 0.05 between
sham and 4-week post-TAC.
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Fig. 6.
Loss of Cypher short isoform and Calsarcin-1 proteins in ENH−/− hearts. A, CypherS and
Calsarcin-1 were downregulated in 3-month-old ENH−/− mice (left panel) and almost
depleted in 12-month-old mice (right panel). Myotilin was upregualted in both 3-month-old
and 12-month-old ENH−/− mice. α B-crystallin, α-actinin 2 and Desmin were not different
between WT and ENH−/− mice at either age analyzed. GAPDH was shown as loading
control. B, CypherS and Calsarcin-1 were slightly downregulated in 1-month ENH−/− mice
compared with age-matched WT controls. C, The downregulation of CypherS and
Calsarcin-1 in ENH−/− hearts is age dependent. D, The mRNA of Myotilin, Calsarcin-1 and
CypherS were assessed by real-time RT-PCR. 18S RNA was used as internal RNA standard.
The ratio to 18S RNA was further normalized to WT. *, P < 0.05.
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Fig. 7.
ENH-Cypher-Calsarcin protein complex. A, Calsarcin-1, Myotilin, CypherS and ENH long
isoforms were dominantly localized in the filament fraction as shown by biochemical
isolation and western blot analysis. CypherL and ENH short isoforms are in both filament
and non-filament fractions. GAPDH (cytosolic protein), Integrinβ1D (membrane protein)
and Troponin I (TnI, filament protein) were used as fractionation controls. B, ENH,
CypherS, and Calsarcin are localized in the same fractions as shown by sucrose gradient
sediment analysis. A total of 14 fractions were collected (from low to high of sucrose
concentrations) and resolved by SDS-PAGE before western blot analysis. C, The ENH PDZ
domain shares high similarity in amino acid residues with the Cypher PDZ domain. Identical
amino acid residues are shown in red star underneath and similar amino acid residues are
shown in green for both the Cypher (2-83) and the ENH PDZ domains (3-84). D, ENH
interacted with Calsarcin-1 and Myotilin in vitro. FLAG-tagged Calsarcin-1 (lanes 2 and 5)
or Myotilin (lanes 3 and 6) were coexpressed with HA-tagged ENH1 (ENH long isoform,
lanes 1-3) or ENH3 (ENH short isoform, lanes 4-6) in HEK 293 cells. Exogenous protein
expression was verified by immunobolting with FLAG or HA antibodies. ANTI-FLAG M2
Affinity Gel was used to purify FLAG-tagged proteins and interacting proteins were
visualized by immunoblotting with a HA antibody. FLAG-tagged control proteins (protein
kinase A RI subunit) (lanes 1 and 4) were used as a control and did not bind to HA-tagged
ENH proteins.
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