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After several decades of intense research and various attempts of definition and classification,
cardiomyopathies still remain disorders of remarkable and intriguing complexity. Once more,
this aspect is elicited by the recent discovery that mutations in the cardiac ankyrin repeat protein
or CARP, a protein functionally part of the sarcomere, can cause different types of
cardiomyopathies, as reported in this issue (1,2), as well as a congenital heart disease (3).

ANKRD1 in normal heart and disease
CARP is a 36 kD protein encoded by the cardiac ankyrin repeat domain 1 gene ANKRD1,
which maps on chromosome 10. ANKRD1 is a member of a conserved gene family, coding for
muscle ankyrin repeat proteins (MARPs), involved in muscle stress response such as stretch,
injury and hypertrophy (4). CARP is a nuclear transcription co-factor, a signaling molecule
predominantly expressed in the heart. CARP is found in the sarcomere, where it co-localize
with the N2A domain of titin and myopalladin in the I-band of the Z disk (Figure 1), and in
the nucleus (4). The expression of CARP is controlled, at list in part, by the titin-based
mechano-transduction signaling pathway, and it is increased in heart development and
conditions of injury and stress. In heart development, CARP acts as transcriptional repressor
of myocyte contractile elements. In heart failure, CARP is overexpressed, suggesting a role in
the “fetal gene program” characteristic of the molecular remodeling of the failing heart (5).

Since titin was previously found to be associated to both HCM and DCM (6-8), also CARP,
as part of the titin complex, was hypothesized to play a role in cardiomyopathies. In this issue,
two reports confirm this hypothesis and show that in fact ANKRD1 mutations can cause both
DCM and HCM (1,2).

In the first article, Arimura et al. (2) report the results of the ANKRD1 mutation screening in
a large HCM population collected in Japan and in USA. In 384 index patients, they found 3
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missense mutations (ANKRD1 Pro52Ala, Thr123Met and Ile280Val), accounting for ∼1% of
HCM cases. Interestingly, they also investigated the N2A CARP-biding domain of titin, and
found two additional mutations (TTN Arg8500 and Arg8604Gln) in their HCM cohort. In the
second report, Moulik et al (1) investigated a series of 208 DCM index patients of Japanese
and USA origin, and found 3 missense mutations (ANKRD1 Pro105Ser, which was recurrent
in 2 families, Val107Leu, and Met1841Ile) accounting for in 2% of DCM cases, further
supporting a role of the titin mechano-transduction complex in the pathogenesis of
cardiomyopathies. But, how to explain two different cardiomyopathies with opposite patho-
physiology caused by the same gene?

Phenotypic heterogeneity in cardiomyopathies
Phenotypic heterogeneity (also called “allelic variants” in OMIM (9)) is a well known and
common phenomenon in genetics, referring to the occurrence of more than one phenotype
caused by allelic mutations at a single locus (10): examples familiar to cardiologists are
Duchenne and Becher muscular dystrophies caused by the same dystrophin gene,
laminopathies ranging from progeria to lipodystrophy due to lamin A/C gene, LQT syndrome
and congenital conduction defect caused by the cardiac sodium channel gene SCN5A.

The reason for the clinical variability in allelic disorders lies in the different function of the
mutant proteins. In the case of sarcomeric genes, it appears that a “gain” of function usually
results in increased energy demand, inefficient ATP utilization and hypertrophy, whereas a
“loss” of function in decreased contractility (Table). The two studies published in this issue
seem to follow the rule. Arimura et al. (2) show that ANKRD1 mutations in HCM increase
binding of CARP to titin and myopalladin, and that titin mutations at the CARP-binding site
have the same effect. On the other hand, Moulik et al. (1) show that ANKRD1 mutations in
DCM cause a loss of CARP binding to talin 1, potentially leading to loss of stretch-sensing,
disruption of the link between titin complex and cytoskeletal network, and transcriptional
deregulation of genes involved in cell cycle and other pathways.

However, gain and loss are not the only mechanism involved in the phenotypic heterogeneity
of ANKRD1. Indeed, a recently publication by Cinquetti et al. (3) reports the identification of
increased CARP expression or protein stability in 3 cases with total anomalous pulmonary
venous return (TAPVR), a rare congenital heart defect characterized by failure of the
pulmonary veins to connect to the left atrium during development. In this case, CARP
overexpression or its increased activity are believed to repress normal cardiac gene expression
leading to abnormal heart development.

Impact of ANKRD1 mutations discovery in clinical care
The discovery of ANKRD1 mutations in cardiomyopathies has several implications. Firstly, it
contributes to fill the gap of the large number of patients in whom the cause of cardiomyopathy
is still unknown, approximately 40% of cases in HCM and probably around 70% in DCM
(11). Secondly, it expands our knowledge on the mechanisms leading to hypertrophy and heart
failure to include abnormal stretch-based signaling in response to force: this appears to be
another “common pathway” for HCM and DCM, which could be targeted by novel therapeutic
strategies. Finally, it raises the question of clinical genetic testing of ANKRD1 in HCM and
DCM patients. Although the low prevalence of mutations may currently limit the routine
screening of ANKRD1 gene, we may expect that the implementation in resequencing
technology will allow a systematic screening of rare cardiomyopathy genes in the patient
population in the near future.
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Figure. Model for the titin-N2A signaling complex
N2A titin’s sequence interacts with MARPs (CARP, ankrd2 or DARP). Myopalladin associates
with MARP/N2A complex by interacting with the N-terminal domains of MARPs. Reprinted
from Miller et al.(4) with permission from Elsevier.

Mestroni Page 4

J Am Coll Cardiol. Author manuscript; available in PMC 2010 July 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mestroni Page 5
Ta

bl
e 

1
Ph

en
ot

yp
ic

 h
et

er
og

en
ei

ty
 o

f s
ar

co
m

er
ic

 g
en

es
 a

nd
 d

iff
er

en
tia

l c
ha

ng
es

 o
f m

ut
an

t p
ro

te
in

 fu
nc

tio
n 

(8
,9

,1
2-

16
)

G
en

e
Pr

ot
ei

n
D

C
M

Fu
nc

tio
n

H
C

M
Fu

nc
tio

n
O

th
er

 a
lle

lic
 d

is
or

de
rs

T
hi

ck
 fi

la
m

en
t

M
YH

7
C

ar
di

ac
 β

 m
yo

si
n 

he
av

y 
ch

ai
n

ye
s

↓m
ax

im
al

 fo
rc

e 
ge

ne
ra

tio
n

↓c
on

tra
ct

ili
ty

↓v
el

oc
ity

 o
f a

ct
in

 sl
id

in
g

ye
s

↑m
ax

im
al

 fo
rc

e 
ge

ne
ra

tio
n

↑C
a++

 se
ns

iti
vi

ty
La

in
g 

di
st

al
 m

yo
pa

th
y,

 m
yo

si
n 

st
or

ag
e

m
yo

pa
th

y,
 sc

ap
ul

op
er

on
ea

l m
yo

pa
th

y,
le

ft 
ve

nt
ric

ul
ar

 n
on

-c
om

pa
ct

io
n,

en
do

ca
rd

ia
l f

ib
ro

el
as

to
si

s

M
YH

6
C

ar
di

ac
 α

 m
yo

si
n 

he
av

y 
ch

ai
n

ye
s

*
ye

s
*

A
tri

al
 se

pt
al

 d
ef

ec
t

M
YL

2
R

eg
ul

at
or

y 
m

yo
si

n 
lig

ht
 c

ha
in

N
ot

 d
es

cr
ib

ed
ye

s
↑C

a++
 se

ns
iti

vi
ty

M
YL

3
Es

se
nt

ia
l m

yo
si

n 
lig

ht
 c

ha
in

N
ot

 d
es

cr
ib

ed
ye

s
↑C

a++
 se

ns
iti

vi
ty

M
YB

PC
3

C
ar

di
ac

 m
yo

si
n-

bi
nd

in
g 

pr
ot

ei
n 

C
ye

s
ye

s
H

yp
er

tro
ph

y 
D

ia
st

ol
ic

 d
ys

fu
nc

tio
n

T
hi

n 
fil

am
en

t

TN
N

T2
C

ar
di

ac
 T

ro
po

ni
n 

T 
(c

Tn
T)

ye
s

↓m
yo

fib
ril

la
r f

un
ct

io
n

↓C
a++

 se
ns

iti
vi

ty
ye

s
↑m

yo
fib

ril
la

r f
un

ct
io

n
↑C

a++
 se

ns
iti

vi
ty

R
es

tri
ct

iv
e 

ca
rd

io
m

yo
pa

th
y

TN
N

TI
3

C
ar

di
ac

 tr
op

on
in

 I 
(c

Tn
I)

ye
s

↓m
yo

fib
ril

la
r f

un
ct

io
n

↓b
in

di
ng

 to
 c

Tn
T

ye
s

↑m
yo

fib
ril

la
r f

un
ct

io
n

↑C
a++

 se
ns

iti
vi

ty
R

es
tri

ct
iv

e 
ca

rd
io

m
yo

pa
th

y 
(↑
↑C

a++

se
ns

iti
vi

ty
)

TN
N

C1
C

ar
di

ac
 tr

op
on

in
 C

 (c
Tn

C
)

ye
s

↓m
yo

fib
ril

la
r f

un
ct

io
n

↓C
a++

 se
ns

iti
vi

ty
↓P

K
C

 e
ff

ec
t

ye
s

↑m
yo

fib
ril

la
r f

un
ct

io
n

TP
M

1
Tr

op
om

yo
si

n
1 

al
ph

a 
ch

ai
n

ye
s

↓C
a++

 se
ns

iti
vi

ty
↓m

ax
im

um
 fo

rc
e

ye
s

↑m
yo

fib
ril

la
r f

un
ct

io
n

↑C
a++

 se
ns

iti
vi

ty

AC
TC

1
α-

C
ar

di
ac

 a
ct

in
ye

s
↓α

-c
ar

di
ac

 a
ct

in
in

 (Z
-d

is
k)

 a
ff

in
ity

↓f
or

ce
 tr

an
sm

is
si

on
ye

s
Im

pa
ire

d 
ac

to
m

yo
si

n 
bi

nd
in

g
R

es
tri

ct
iv

e 
ca

rd
io

m
yo

pa
th

y

T
iti

n 
fil

am
en

t a
nd

 Z
-d

is
k

TT
N

Ti
tin

ye
s

↓b
id

in
g 

to
 a

ct
in

in
 a

nd
 T

ca
p

ye
s

↑b
id

in
g 

to
 a

ct
in

in
 a

nd
 T

ca
p

Ti
bi

al
is

 m
us

cu
la

r d
ys

tro
ph

y 
or

 U
dd

di
st

al
 m

yo
pa

th
y;

 h
er

ed
ita

ry
 m

yo
pa

th
y

w
ith

 ea
rly

 re
sp

ira
to

ry
 fa

ilu
re

 (H
M

ER
F)

;
re

ce
ss

iv
e 

lim
b-

gi
rd

le
 m

us
cu

la
r

dy
st

ro
ph

y 
ty

pe
 2

J (
LG

M
D

2J
)

TC
AP

Ti
tin

-c
ap

 o
r t

el
et

ho
ni

n
ye

s
↓b

id
in

g 
to

 ti
tin

, M
LP

 a
nd

 m
yo

ze
ni

n-
2

ye
s

↑b
id

in
g 

to
 ti

tin
, a

nd
 m

yo
ze

ni
n-

2
Li

m
b-

gi
rd

le
 m

us
cu

la
r d

ys
tro

ph
y 

ty
pe

2G
 (L

G
M

D
2G

)

AN
KR

D
1

C
ar

di
ac

 a
nk

yr
in

 re
pe

at
 p

ro
te

in
 (C

A
R

P)
ye

s
↓b

id
in

g 
to

 ta
lin

1
ye

s
↑b

id
in

g 
to

 ti
tin

 a
nd

 m
yo

pa
lla

di
n

To
ta

l a
no

m
al

ou
s p

ul
m

on
ar

y 
ve

no
us

re
tu

rn
 (↑

ex
pr

es
si

on
)

LD
B3

C
yp

he
r/Z

A
SP

ye
s

C
yt

os
ke

le
ta

l d
is

ar
ra

y,
 ↓

PK
C

 a
ff

in
ity

N
ot

 d
es

cr
ib

ed
Le

ft 
ve

nt
ric

ul
ar

 n
on

-c
om

pa
ct

io
n,

m
yo

fib
ril

la
r m

yo
pa

th
y

CS
RP

3
M

LP
ye

s
ye

s
↓b

id
in

g 
to

 a
ct

in
in

M
YO

Z2
M

yo
ze

ni
n-

2
N

ot
 d

es
cr

ib
ed

ye
s

O
BS

CN
O

bs
cu

rin
N

ot
 d

es
cr

ib
ed

ye
s

↓b
id

in
g 

to
 ti

tin

J Am Coll Cardiol. Author manuscript; available in PMC 2010 July 21.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mestroni Page 6
* Le

ge
nd

: β
 m

yo
si

n 
he

av
y 

ch
ai

n 
m

ut
at

io
ns

 fo
un

d 
in

 H
C

M
 a

nd
 D

C
M

 w
er

e 
st

ud
ie

d 
in

 a
 m

yo
si

n 
he

av
y 

ch
ai

n 
of

 k
no

ck
-in

 m
ou

se
 m

od
el

s

J Am Coll Cardiol. Author manuscript; available in PMC 2010 July 21.


