
Biochemical and Biophysical Research Communications 425 (2012) 830–835
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
26S Proteasome regulation of Ankrd1/CARP in adult rat ventricular myocytes
and human microvascular endothelial cells

Susan E. Samaras a, Billy Chen d, Stephen R. Koch a, Douglas B. Sawyer c, Chee Chew Lim c,
Jeffrey M. Davidson a,b,⇑
a Department of Pathology, Microbiology and Immunology, Vanderbilt University School of Medicine, Nashville, TN, USA
b Research Service, Veterans Affairs Tennessee Valley Healthcare System, Nashville, TN, USA
c Division of Cardiovascular Medicine, Vanderbilt University School of Medicine, Nashville, TN, USA
d Molecular Medicine Program, Department of Medicine, Boston University School of Medicine, Boston, MA, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 12 July 2012
Available online 7 August 2012

Keywords:
Cardiomyocytes
Endothelial cells
Ankrd1/CARP
26S Proteasome
0006-291X/$ - see front matter Published by Elsevier
http://dx.doi.org/10.1016/j.bbrc.2012.07.162

⇑ Corresponding author. Address: Department of
Immunology, Vanderbilt University School of Medic
North, 1161 21st Avenue South, Nashville, TN 37232
7005.

E-mail address: jeff.davidson@vanderbilt.edu (J.M.
Ankyrin repeat domain 1 protein (Ankrd1), also known as cardiac ankyrin repeat protein (CARP),
increases dramatically after tissue injury, and its overexpression improves aspects of wound healing.
Reports that Ankrd1/CARP protein stability may affect cardiovascular organization, together with our
findings that the protein is crucial to stability of the cardiomyocyte sarcomere and increased in wound
healing, led us to compare the contribution of Ankrd1/CARP stability to its abundance. We found that
the 26S proteasome is the dominant regulator of Ankrd1/CARP degradation, and that Ankrd1/CARP
half-life is significantly longer in cardiomyocytes (h) than endothelial cells (min). In addition, higher
endothelial cell density decreased the abundance of the protein without affecting steady state mRNA lev-
els. Taken together, our data and that of others indicate that Ankrd1/CARP is highly regulated at multiple
levels of its expression. The striking difference in protein half-life between a muscle and a non-muscle
cell type suggests that post-translational proteolysis is correlated with the predominantly structural ver-
sus regulatory role of the protein in the two cell types.

Published by Elsevier Inc.
1. Introduction

Ankyrin repeat domain 1 (Ankrd1; cardiac ankyrin repeat pro-
tein, CARP) is a member of the muscle ankyrin repeat protein
(MARP) family [1]. Chu et al. [2] first identified the protein as a
cytokine inducible factor (C-193) in human vascular endothelial
cells in 1995; however, Ankrd1/CARP expression and what little
is known about its function, have been best characterized in car-
diac and skeletal muscle, where the protein serves roles as a tran-
scriptional co-regulatory protein in the nucleus and a structural/
signaling component in the sarcomere [1,3]. Ankrd1/CARP expres-
sion is stimulated in many forms of tissue injury, and its overex-
pression improves aspects of wound healing [4].

In skeletal muscle and cardiomyocytes, Ankrd1/CARP is distrib-
uted between the nucleus, where it interacts with transcription
factors such as YB-1 [5], and the cytoplasm where it associates
with titin and other sarcoplasmic proteins as part of a putative
mechanotransduction system [1]. Ankrd1 expression is prominent
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during cardiomyogenesis; however, adult expression patterns are
largely related to stress. For example, there is a chamber-depen-
dent pattern of cardiac expression that appears to be related to
environmental stresses [3]. Pathological stressors such as myocar-
dial infarction and pressure overload often result in increased
expression of Ankrd1/CARP. Numerous cardiomyopathies are asso-
ciated with altered ankrd1 expression, suggesting an adaptive
rather than causal role. However, both cardiomyopathies and vas-
cular malformations have also been linked to ankrd1 mutations/
polymorphisms [3]. In addition, depletion of Ankrd1/CARP in
cardiomyocytes leads to sarcomere disruption [6].

Although its mRNA is present at low levels, Ankrd1/CARP pro-
tein is generally undetectable in uninjured, non-muscle tissues.
Chemical or mechanical stress induces both Ankrd1/CARP mRNA
and protein in the skin, vasculature, and other tissues. Shi et al., re-
ported rapid induction of both the mRNA and protein, which in-
creased to maximum levels by 24 h in mouse dermal excisional
wounds [4].

Several observations suggest that tight control of Ankrd1/CARP
levels may be important for normal development and function of
many tissues. Cinquetti et al. identified two different mutations in
ankrd1 in patients with the congenital heart defect, total
anomalous pulmonary venous return (TAPVR) [7]: a chromosomal
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translocation that resulted in >5-fold higher mRNA expression in
probands than in normal family members, and a mutation that
altered a PEST sequence, resulting in increased stability of the
protein. Increased Ankrd1/CARP expression in renal podocytes
associates with severity of proteinuria in patients with lupus
nephritis [8] and cisplatin resistance in ovarian cancer chemother-
apy [9]. Gene expression profiling following crush injury of
peripheral and central dorsal root ganglion neurons suggested
that Ankrd1/CARP expression was necessary for nerve regenera-
tion [10].

In mice, deletion of ankrd1 or of the other two MARP genes,
ankrd2 and ankrd23, either singly or in combination does not ap-
pear to have a deleterious effect on development or viability
[11]. In the adult, however, Ankrd1/CARP is predominantly induced
under stress conditions, and its role as an adaptive factor has not
been tested.

Given the foregoing evidence that Ankrd1/CARP protein stability
may affect cardiovascular organization, our findings that the
protein is crucial to stability of the cardiomyocyte sarcomere, and
Ankrd1/CARP upregulation in many cell types including vascular
cells following dermal wounding, we compared the contribution
of Ankrd1/CARP stability to its accumulation in cardiomyocytes
and vascular endothelial cells. While the 26S proteasomal system
was dominant in these two cell systems, Ankrd1/CARP half-life
differed markedly in muscle and non-muscle cells.
2. Materials and methods

2.1. Reagents

Epoxomicin was from Peptides International. Clasto-lastacystin
b-lactone, epigallocatechin-3-gallate, NIP-(leu)3-vinyl sulfone,
MG-132 and the rabbit anti-cyclophilin antibody were from Enzo
Life Sciences (Farmingdale, NY). Medium 131 and microvascular
growth supplement (MVGS) were from Invitrogen (Grand Island,
NY). ALLN, Z-VAD-fmk, Z-Phe-Gly-NHO-Bz, mouse anti-tubulin
antibody and cycloheximide were from Sigma (St. Louis, MO). Don-
key anti-rabbit IgG-HRP was from Santa Cruz Biotechnology (Santa
Cruz, CA). A rabbit anti-Ankrd1/CARP antibody was prepared by
Caprologics (Hardwick, MA) against the N-terminal 104 amino acids
of murine Ankrd1/CARP. The antigen was expressed as a GST fusion
protein purified from a bacterial lysate by Ankrd1/CARP-GST-
affinity chromatography, enzymatically processed to remove the
GST moiety, and purified to remove free GST by a second pass over
a GST affinity column. The flow through was dialyzed against PBS
and concentrated in a dialysis cassette using Spectra/Gel absorbent
(Spectrum Labs, Rancho Dominguez, CA). Protein concentration was
determined (Pierce BCA assay, Thermo Scientific, Rockford, IL), and
the purity of the peptide was confirmed by SDS–PAGE.
2.2. Cell culture

Human microvascular endothelial cells, stably transformed
with a temperature sensitive SV-40 large T antigen, (HMVEC)
[12] were cultured in Medium 131 supplemented with microvas-
cular cell growth supplement and 10 mM glutamine. Cells were
maintained at 33 �C in 5% CO2. For experiments, cells were seeded
into 150 mm tissue culture dishes and placed at 37 �C for the
duration of the experiment as described in the figure legends.
Adult rat ventricular myocytes (ARVM) were isolated as previously
described [6]. Long-term primary ARVM were established by cul-
turing cells in DMEM supplemented with 7% FBS, 100 Units/ml
penicillin–streptomycin and (+)-5-bromo-20-deoxyuridine (BrdU)
– Sigma Aldrich, St. Louis, MO) at 37 �C, 5% CO2 with media
changed every 72 h.
2.3. Ankrd1/CARP half-life and cell density

To determine the effects of HMVEC density on Ankrd1/CARP
expression and half-life (t1/2), cells were plated at 1�, 2� or 3� cell
densities as indicated in the figure legends. To determine Ankrd1
t1/2, cells were plated in 150 mm dishes and incubated for 18 h,
fresh medium was added for 6 h, and then cycloheximide was
added to a concentration of 10 lg/ml. Cells were harvested at 0,
5, 10, and 15 min after the addition of cycloheximide. Ankrd1/
CARP t1/2 was determined in ARVM by the same method except
that cells were harvested at 0, 10, 24 and 48 h after the addition
of cycloheximide. For cell density experiments, 24 h before harvest,
cells were plated in 150 mm dishes and placed at 37 �C. The med-
ium was changed after 18 h, and cells were treated with 0.3 lM
epoxomicin or the equivalent amount of DMSO for 6 h. The Ct val-
ues of Ankrd1/CARP RNA were normalized to those of cyclophilin,
and the fold changes were expressed as a comparison to the DCt of
the control value of low density cells.

2.4. DNA, RNA and protein preparation

Culture media were replaced with cold PBS, and cells were de-
tached with a rubber spatula and pelleted by low speed centrifuga-
tion. Cell pellets were resuspended in 0.5 ml cold PBS, with a 50 ll
aliquot reserved for DNA determination. The remaining cell sus-
pension was divided to prepare whole cell protein extracts and
RNA. Whole cell protein extracts were made by lysing the cells in
RIPA buffer containing protease inhibitors (CØmplete Mini Prote-
ase Inhibitor Tablets; Roche, Indianapolis, IN) followed by sonica-
tion using a Branson 250 Sonifier with a water bath cup horn
attachment. Protein concentration in cleared lysates was deter-
mined by BCA protein assay, and lysates were stored at �80 �C.
RNA was isolated using the Illustra RNAspin Mini Isolation Kit
(GE Healthcare, Piscataway, NJ) according to manufacturer’s
instructions. RNA concentration was determined spectrophoto-
metrically (Nanodrop, Thermo Scientific, Wilimington, DE), and
samples were stored at �80 �C.

2.5. DNA and RNA analysis

The 50 ll cell suspension was diluted with 350 ll TE pH 7.5 and
100 ll 2% SDS in TE pH7.5, and heated at 55 �C for 15 min. DNA
concentration was determined using the Quant-iT PicoGreen assay
(Invitrogen) according to manufacturer’s directions using 2–8 ll of
the cell lysate. The concentration was converted to cell number,
assuming 6 pg of DNA per cell. Taqman qPCR for Ankrd1/CARP
(see probe and primer sequences below) and cyclophilin (Applied
Biosystems, Foster City, CA) as the housekeeping control, was per-
formed on reverse transcribed RNA (50 ng):

Ankrd1/CARP:

Forward primer: AGACTCCTTCAGCCAACATGATG
Reverse primer: CTCTCCATCTCTGAAATCCTCAGG
Probe: CCCCTGCCTCCCCATTGCCATTCT

2.6. Immunoblotting

Whole-cell protein extracts (30 lg per lane) were separated by
electrophoresis using 10% NuPage Bis–Tris gels (Invitrogen) and
transferred to PVDF membrane (Immobilon, Millipore, Billerica,
MA) using the NuPage SureLock blotting apparatus. After blocking
with TBST (10 mM Tris–HCl pH 8, 150 mM NaCl, 0.05% tween-20)
containing 5% milk powder, membranes were incubated overnight
at 4 �C with anti-Ankrd1/CARP antibody (1:2000) and anti-cyclo-
philin antibody (1:100,000) in TBST-5% milk. The membrane was
washed and incubated with donkey anti-rabbit IgG-HRP
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Fig. 1. 26S Proteasome inhibitors impede Ankrd1 degradation in ARVM. ARVM
were treated with epoxomicin, lactacystin and MG-132 using the concentrations
shown for 24 h, and cell extracts were harvested and subjected to western blotting
with anti-Ankrd1/CARP and anti-tubulin antibodies. Epoxomicin was the most
effective inhibitor followed by MG-132. Lactacystin did not inhibit degradation in
these cells at the concentrations used. Blots are representative of three separate
experiments.

Table 1
Effects of proteasomal inhibitors on relative abundance of Ankrd1/CARP in HMVEC.

Inhibitor Epoxomicin Lactacystin MG-132

Concentration (lM) 0.5 0.5 5 50 0.5 5 50
Fold change* 31 1.9 14 32 5.7 26 56

* Relative to untreated cells.
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Fig. 2. Differential dose-dependent epoxomycin inhibition of proteasomal Ankrd1
degradation in cardiac and endothelial cells. A >20-fold lower concentration of the
proteasome inhibitor, epoxomicin, was required to permit maximal accumulation
of Ankrd1/CARP in ARVM (20 nM, Panel B) vs. HMVEC (500 nM, Panel A).
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(1:10,000) for 2 h at room temperature. After rinsing, the mem-
branes were incubated with Western Lightning Plus Enhanced
Chemiluminescent Reagent (Perkin Elmer, Waltham, MA), and pro-
tein bands were visualized and quantified using a Kodak Image
Station 4000MM Pro with Kodak MI software.

2.7. Statistics

Where appropriate, t-test or 2-way ANOVA were performed on
data entered into GraphPad Prism 5 (GraphPad Software, Inc., La
Jolla, CA). Data were determined to be significant at p 6 0.05.

3. Results

In light of previous findings on Ankrd1/CARP stability [13] we
designed studies to examine degradation and stability of the pro-
tein in two physiologically relevant cell types with predominantly
cytoplasmic (ARVM) [6] and nuclear (HMVEC) distribution [2].

3.1. Inhibition of Ankrd1 degradation by protease inhibitors

We treated ARVM with several protease and 26S proteasome
inhibitors at concentrations as recommended by the suppliers.
The calpain inhibitor ALLN (2.5 and 5 lM), the caspase 3 inhibitor
Z-VAD-fmk (25 and 50 lM) and the broad spectrum cathepsin
inhibitor Z-Phe-Gly-NHO-Bz (25 and 50 lM) had no effect on
Ankrd1/CARP degradation, excluding these proteolytic pathways
(data not shown). In contrast, two of three 26S proteasome inhib-
itors, MG-132 (0.25 and 0.5 lM) and epoxomicin (50 lM) had
effects on Ankrd1/CARP stability. Based on Western blot analysis,
epoxomicin was a more potent inhibitor of Ankrd1/CARP degrada-
tion than MG-132. Clasto-lactacystin b-lactone (lactacystin; 0.5
and 1.0 lM) did not prevent degradation at the concentrations
tested (Fig. 1).

HMVEC were treated with the three proteasome inhibitors as
well as epigallocatechin gallate (EGCG), a specific inhibitor of the
chymotrypsin-like activity of the 26S proteasome, and NIP-
(leu)3-vinyl sulfone (NIP), which inhibits the trypsin-like, chymo-
trypsin-like and peptidyl-glutamyl peptide hydrolyzing activity
of the catalytically-active B subunits of the 26S proteasome. While
neither EGCG nor NIP protected Ankrd1/CARP in HMVEC, MG-132,
lactacystin and epoxomicin elevated endogenous levels dose-
dependently (Table 1). Epoxomicin (0.5 lM) was more potent than
either MG-132 (�10�) or lactacystin (�100�) in elevating Ankrd1/
CARP to equivalent cellular levels as estimated by Western blot
analysis.

Epoxomicin dose-dependently inhibited Ankrd1/CARP protein
degradation in both ARVM and HMVEC, but the maximal protec-
tive effect occurred at a >20-fold lower dose in cardiomyocytes
than in endothelial cells (Fig. 2). In the absence of epoxomicin,
Ankrd1/CARP protein was easily detectable in ARVM but undetect-
able in HMVEC. The greater sensitivity to the proteasome inhibitor
in ARVM could reflect lower proteasomal activity and/or greater
stability of Ankrd1/CARP in the cardiomyocyte where this protein
is a prominent structural component of the sarcomere.

3.2. Ankrd1/CARP half-life

Because of the apparent difference in epoxomicin stabilization
of Ankrd1/CARP in ARVM and HMVEC, we determined the protein
t1/2 in each cell type after cycloheximide treatment, as illustrated
in Fig. 3. The t1/2 of Ankrd1/CARP in ARVM was 13 ± 2.5 h
(Fig. 3A). In sharp contrast, Ankrd1/CARP t1/2 in HMVEC, plated at
low density (4 � 105 cells/150 mm dish), was 12.2 ± 3.0 min
(Fig. 3B). Furthermore, the t1/2 of Ankrd1/CARP in HMVEC plated
at a higher density (1.2 � 106 cells/150 mm dish) was so rapid
(<5 min, data not shown) that it was not possible to estimate the
rate of decay accurately by this kinetic protocol. In endothelial
cells, where, Ankrd1/CARP is undetectable in the steady state, pro-
tein abundance was much more highly affected by its rate of deg-
radation than it was in cardiomyocytes, where Ankrd1/CARP is
readily detectible. Furthermore, cell density influenced the protein
t1/2 in HMVEC.

3.3. Cell density affects Ankrd1/CARP expression in HMVEC

To further examine the relationship of Ankrd1/CARP protein to
mRNA expression under low- and high-density conditions, both
parameters were compared in the presence and absence of epox-
omicin. In the absence of epoxomicin (Fig. 4, Panel A), HMVEC
grown at high density consistently contained lower levels of
Ankrd1/CARP than low density cultures (Fig. 4A, inset), although
the variability of measuring low protein levels prevented the sev-
eral-fold difference from reaching statistical significance



0

20

40

60

80

100

0 10 20 30 40 50 60

R
el

at
iv

e 
An

kr
d1

 (t
n/t

0
X 

10
0)

Time (min)

HMVEC

0 20 40 60 80
0

20

40

60

80

100

Time (hours)

ARVM
R

el
at

iv
e 

An
kr

d1
 (t

n/t
0 X

10
0)

A

B

Fig. 3. Ankrd1/CARP protein t1/2 is profoundly different in ARVM (h) and HMVEC
(min). Cycloheximide (10 lg/ml) was added and cells were harvested at times
indicated. n = 3 for both cell types. (Panel A) Ankrd1/CARP decay in ARVM (t1/
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Fig. 4. Uncoupling of ankrd1 mRNA and protein levels as a function of HMVEC
density. (Panel A) Fold change in Ankrd1/CARP protein. The values are normalized
per cell and compared to the control value at low density. Epoxomycin strongly
increased protein levels under low and high density conditions. In the absence of
epoxomicin (inset) there was a strong trend for cell density to reduce Ankrd1/CARP
(8-fold; p = 0.051, paired t-test) and a significant effect (p = 0.04) of cell density (30-
fold) in the presence of epoxomicin. (Panel B) There was a small but significant
effect (p = 0.023) of epoxomicin on ankrd1 mRNA but no effect of cell density.
Values are expressed as the mean ± SEM, n = 3.
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(p = 0.051). The addition of epoxomicin to low-density HMVEC
increased Ankrd1/CARP content >30-fold, whereas at high cell
density this effect was only 8-fold. The changes in Ankrd1/CARP
protein were not reflected at the mRNA level. There was no signif-
icant difference in Ankrd1/CARP mRNA levels under either low- or
high-density conditions in the absence or presence of epoxomicin,
although epoxomicin increased Ankrd1/CARP mRNA by 50–75%
(p = 0.023) at both cell densities (Fig. 3B). From these data we
conclude that the primary regulation of Ankrd1/CARP expression
in HMVEC grown at high and low density is through its degrada-
tion by the 26S proteasome. Since Ankrd1/CARP protein was not
increased by epoxomicin to the same extent in high density cells
as in low density cells, despite having comparable mRNA content,
density may have an effect at the translational level.
4. Discussion

Protein stability has emerged as a major cellular regulatory
mechanism [14], and the 26S proteasome is the principal regulator
responsible for marking and destroying the majority of cellular
proteins. This process affects biological functions including cell
proliferation, differentiation, and apoptosis [14,15]. The present
study revealed a sharp contrast in the rate of proteasomal degrada-
tion of Ankrd1/CARP in the contractile cardiomyocyte and the
microvascular endothelial cell. The findings also emphasized the
significant uncoupling of ankrd1 transcript and protein levels in
the endothelial cell, a discrepancy that was further amplified by
cell density.

Ankrd1/CARP has attributes of both a structural and a nuclear
regulatory factor [2,16,17], and both the ankrd1 transcript and its
product possess regulatory elements. For example, ankrd1 mRNA
has degradation motifs in its 30-UTR, removal of which greatly in-
creased its stability [16]. Ankrd1/CARP protein has potential sites
for phosphorylation and glycosylation, and it contains a conserved
PEST sequence and other degrons that were shown to mediate pro-
tein degradation [13]. Ankrd1/CARP also contains a calpain target
sequence [18] and a caspase 3 target sequence [19] within the
N-terminal 71 amino acids. Cinquetti et al. [7] confirmed calpain
cleavage of in vitro transcribed and translated Ankrd1/CARP, but
the same group later demonstrated that the calpain inhibitor,
calpeptin, as well as NH4Cl, a lysosomal inhibitor, were unable to
prevent degradation of Ankrd1/CARP-3Flag in transfected Hela
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cells [13]. However, MG-132, a proteasomal inhibitor, inhibited the
degradation of the transfected Ankrd1/CARP-3Flag and also
endogenous Ankrd1/CARP in SK-MES, a human lung carcinoma
cell line.

In our study, failure of another calpain inhibitor, ALLN, con-
firmed that calpain is not involved in cellular degradation of
Ankrd1/CARP in ARVM. However, calpain cleavage of Ankrd1/CARP
in skeletal muscle strengthens its association with the N2A region
of titin in the sarcomere and alters its translocation rate between
the sarcoplasm and the nucleus [18]. Therefore, calpain protease
activity, though not important for the degradation of Ankrd1/CARP,
appears to influence its function by altering its cellular
distribution.

Another study identified a caspase 3 target sequence in Ankrd1/
CARP from a human proteomic screen, but the ability of caspase 3
to cleave or degrade Ankrd1/CARP or affect its function was not
investigated [19]. We have shown that the caspase 3 inhibitor Z-
VAD-fmk had no effect on Ankrd1/CARP degradation in ARVM,
nor did the broad-spectrum cathepsin inhibitor, Z-Phe-Gly-NHO-
Bz. Because we have not repeated these assays in HMVEC, we can-
not state definitively that neither caspase 3 nor cathepsins have an
effect on Ankrd1/CARP degradation in this non-muscle cell type.

Epoxomicin acts as a potent, highly specific, and irreversible
inhibitor of chymotrypsin-like, trypsin-like, and peptidyl-glutamyl
peptide hydrolyzing activities of the 26S proteasome by modifying
the proteasomal catalytic subunits LMP-7, MECL1, and Z, but it
does not affect the activities of non-proteasomal proteases such
as trypsin, cathepsin B, or chymotrypsin [20]. Epoxomicin was
the most effective inhibitor of Ankrd1/CARP degradation in our
experiments, followed by MG-132, a potent but reversible inhibitor
of the 26S proteasome, and then, at higher doses in HMVEC com-
pared to ARVM, lactacystin, an inhibitor of the 20S component of
the proteasome.

The differences in the maximally effective dose of epoxomicin
between ARVM and HMVEC may be due to the tight association
of Ankrd1/CARP within the titin-based sarcoplasmic complex as
well as the consequent concentration of the protein in the sarco-
mere. Our recent report using siRNA-induced loss of Ankrd1/CARP
underscores the importance of this protein in sarcomeric integrity
of cultured cardiomyocytes [6]. The absence of an analogous cellu-
lar compartment in the cytoplasm of HMVEC may render Ankrd1/
CARP a more susceptible target for degradation in these cells. The
significantly longer Ankrd1/CARP stability in ARVM (h) versus
HMVEC (min), supports this hypothesis.

The localization of Ankrd1/CARP in the nucleus of HMVEC is
consistent with a primary role as a transcriptional co-factor [21].
Our cell density results suggest that this function of the protein be-
comes important when cells are stressed by the culture conditions.
Low-density plating of HMVEC on a 2-dimensional plastic sub-
strate increased detectable Ankrd1/CARP protein but not mRNA,
and in the presence of epoxomicin, the density-dependent differ-
ences in the amounts of Ankrd1/CARP were much more evident.
The lack of difference in the mRNA levels in cells grown at differing
densities in the presence of epoxomicin suggests two mechanisms
for the increase in Ankrd1/CARP protein. Our data would suggest
that altered proteasomal activity, possibly by stress induced mod-
ification of either the 26S proteasome or of Ankrd1/CARP, renders
the protein less susceptible to degradation. However, presuming
that we used the maximally effective dose of inhibitor under both
growth conditions, altered regulation of protein translation could
play a part in the increased Ankrd1/CARP, since there was 4- to
5-fold more protein in the cells grown at low density (Fig. 4). As
cells reached higher density, there appeared to be a reversal of
the mechanisms that allow more Ankrd1/CARP to be expressed,
until it became undetectable in the absence of epoxomicin and
detectable at low levels in its presence.
Because ARVM do not proliferate, cell density experiments were
not conducted in these cells. However, evidence that cardiac myo-
cytes may behave similarly comes from a study by Akins et al. [22],
in which primary rat ventricular cells were grown in 2D- and 3D-
culture under serum free conditions to hold proliferation in check.
Cells grown in 2D formed islands of endothelial cells surrounded
by primary cardiomyocytes, and Ankrd1/CARP expression progres-
sively declined from days 1–6. In 3D culture, endothelial and car-
diomyocyte differentiation was much more efficient, and Ankrd1/
CARP expression remained low at all times.

The proteasomal mechanism we have described allows for a ra-
pid modulation of protein abundance independent of transcrip-
tional or translational control. The aberrant overexpression of
Ankrd1/CARP may be associated with pathologies, as seen in some
patients with TAPVR [7] or cancers that are resistant to chemother-
apy [9]. Likewise, disruption of Ankrd1/CARP regulation leading to
overexpression is likely involved in pathological heart remodeling
[3]. Reduced and/or absent expression has also been shown to be
deleterious as reported by Stam et al. in their identification of
Ankrd1/CARP as a transcriptional modulator involved in successful
nerve regeneration after injury [10]. Taken together, our data
indicate that the expression of Ankrd1/CARP in cultured vascular
cells is significantly affected by post-transcriptional regulation.
The striking difference in protein half-life between muscle and
non-muscle cells and the loss of sarcomeric integrity following
depletion of muscle Ankrd1/CARP also suggest cell type-specific
regulatory mechanisms.
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