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THE EXPRESSION OF MUSCLE ANKYRIN REPEAT PROTEINS IN BROWN ADIPOSE TISSUE
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Abstract - MARP family members CARP, Ankrd2 and DARP are expressed in the striated muscle, while DARP protein is
also detected in brown adipose tissue (BAT). Taking into account recent findings concerning the common origin of muscle
and brown fat, expression of CARP and Ankrd2 in mouse BAT was investigated. We demonstrated Ankrd2 expression
in both inactive and thermogenically active BAT, while CARP expression was not detected. Our findings suggest that the
expression of Ankrd2 in BAT could be a part of the “myogenic transcriptional signature’, further supporting the evidence
that muscle and brown adipose cells arise from the same myoblastic precursor.
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INTRODUCTION

Ankyrin repeat domain protein 1 (CARP/Ankrdl),
ankyrin repeat domain protein 2 (Ankrd2/Arpp) and
diabetes-related ankyrin repeat protein (DARP/An-
krd23) belong to the muscle ankyrin repeat protein
(MARP) family. MARP family members share high
homology in primary sequence, structural organiza-
tion and functional characteristics (Chu et al., 1995;
Pallavicini et al., 2001; Ikeda et al., 2003). The actual
data suggest that MARPs act as signaling molecules
which transfer information from the sarcomere to
the nucleus and play an important role in the muscle
response to various types of stress (Miller et al., 2003;
Kojic et al., 2004). In addition, MARPs have a role
in the regulation of muscle gene expression, mus-
cle differentiation and maintenance of the sarcom-
ere structure (Barash et al., 2007; Bean et al., 2008).
The fact that the transcription factors NFkappaB and
AP1 regulate Ankrd2 gene expression (Mohamed et
al., 2010) implies possible Ankrd2 involvement in
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general (not only muscle specific) cell response to
the stress.

CARP is expressed in cardiomyocytes during all
phases of human heart development. In adult heart it
is significantly up-regulated during cardiac hypertro-
phy and heart failure (Mikhailov and Torrado, 2008).
CARP is also found in skeletal muscle cells, where its
level increases after eccentric exercise (Barash et al.,
2004), in response to acute resistance exercise (Chen
et al., 2002), work-overload hypertrophy (Carson et
al., 2002) as well as in pathological conditions: Duch-
enne and congenital muscular dystrophies (Nakada
etal., 2003a), spinal muscular atrophy (Nakada et al.,
2003b) and amyotrophic lateral sclerosis (Nakamura
et al.,, 2002).

Ankrd2 is primarily expressed in the fetal and
adult skeletal muscle cells (Pallavicini et al., 2001).
In the adult heart it is found in the ventricles, inter-
ventricular septum and apex (Moriyama et al., 2001;



916 LJILJANA RAKICEVIC ET AL.

Ishiguro et al., 2002). Ankrd2 expression in skeletal
muscle is increased with chronic immobilisation in a
stretched position (Kemp et al., 2000), eccentric con-
traction (Barash et al., 2004) and denervation (Tsu-
kamoto et al., 2002).

DARP is expressed in both heart and skeletal
muscle. Its expression is upregulated in type 2-dia-
betic and insulin-resistant animals, suggesting a
potential role in energy metabolism. In addition to
striated muscle, DARP is found in brown adipose tis-
sue at the same level as in the muscle (Ikeda et al.,
2003).

Brown adipose tissue is an organ essential for
thermogenesis in rodents and newborn humans
but until 21 century, it has been considered to
have no physiological relevance in adult humans.
However, the presence of active brown adipose
tissue has been recently demonstrated in adult hu-
mans (Cypess et al., 2009; van Marken Lichtenbelt
et al., 2009; Saito et al., 2009; Virtanen et al., 2009;
Zingaretti et al., 2009). Furthermore, the inverse
correlation of body mass index with the amount of
brown adipose tissue, especially in older patients,
has been observed, suggesting a possible role of
BAT in the protection against obesity (Cypess et
al., 2009). These findings have raised biological,
medical and pharmaceutical relevance of BAT and
its potential as a therapeutic target in the treat-
ment of metabolic disorders in humans (Cypess et
al., 2009).

During the last decade, several studies demon-
strated the expression of muscle-specific genes in
BAT (Timmons et al., 2007; Seale et al., 2008; Lepper
and Fan, 2010), but CARP and Ankrd2 expression
has not been investigated. Interestingly, in silico anal-
ysis of CARP, Ankrd2 and DARP gene promoters
indicates the existence of binding site(s) for PPARy
(peroxisome proliferator-activated receptor gamma),
a central transcriptional regulator of differentiation
of both brown and white adipocytes (Tontonoz et al.,
1994; Petrovic et al., 2008). Taking into account rela-
tionship between muscle and brown fat and the ex-
pression specificity of DARP, we speculated that the

expression pattern of CARP and/or Ankrd2 could
represent a part of the “myogenic transcriptional
signature” in BAT. The mouse interscapular BAT
(IBAT) was selected as a model system for investi-
gation whether CARP and Ankrd2 are expressed in
brown fat.

MATERIALS AND METHODS
Animals

Male mice of the C57/BI6 strain, 6- to 8-week-old and
maintained at 22°C, were divided into two groups.
First group of mice (cold-adapted) were adapted at
18°C for one week before being transferred to 4°C
for 1 or 5 weeks. The second group of mice (warm-
adapted) were directly transferred from 22°C to 30°C
and maintained at this temperature in parallel with
the cold-exposed mice. The animals were sacrificed
by CO, anaesthesia and cervical dislocation. Inter-
scapular BAT and soleus muscle were dissected out,
immediately frozen in liquid nitrogen and stored at
—80°C. The treatments of animals were approved by
the Animal Ethics Committee of the North Stock-
holm region.

RNA isolation

Frozen tissues were homogenized in Ultraspec (Bio-
tecx Laboratories, USA) and total RNA was isolated
as described in the manufacturer’s protocol.

Reverse-transcriptase PCR (RT-PCR)

RNAs isolated from the soleus muscle and IBAT of
warm- and cold-adapted animals were reverse-tran-
scribed with a High Capacity cDNA kit (Applied Bi-
osystems, USA) in a total volume of 20 uL. Obtained
c¢DNA was amplified by PCR using Taq Polimerase
(Fermentas, Lithuania) and specific exon-spanning
primers for CARP, Ankrd2 and DARP. Thermal cy-
cling conditions were: 2 min at 95°C, 35 cycles of 1
min at 95°C, 1 min at 58°C and 1 min at 72°C and
10 min at 72°C. The resulting DNA products were
resolved on a 1% agarose gel and visualized by ethid-
ium bromide staining.
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Figure 1. CARP, Ankrd2 and DARP mRNA in muscle and
brown adipose tissues detected by RT-PCR. IBAT - interscap-
ular BAT.

Quantitative real-time PCR (qRT-PCR)

Specific exon-spanning primers for Ankrd2 were
pre-mixed with SYBR' Green JumpStart™ Taq Read-
yMix™ (Sigma-Aldrich, USA) and aliquots of 11 pL
were applied to 96-well MicroAmp Optical plates
(Applied Biosystems, USA). cDNAs, obtained by re-
verse transcription of RNAs isolated from IBAT of
cold- and warm-adapted animals, were diluted 1:10,
and aliquots of 2 ul were added in. All reactions were
performed in triplicates. Thermal cycling conditions
were: 2 min at 50°C, 10 min at 95°C, and 40 cycles
of 15 s at 95°C and 1 min at 65°C on an ABI Prism’
7000 Sequence Detection Real-Time PCR System
(Applied Biosystems, USA). A preoptimized primer
and probe assay for 18S rRNA (Applied Biosystems,
USA) were used asan endogenous control. The AACt
method was used to calculate relative changes in
mRNA abundance. The threshold cycle (Ct) for 18S
rRNA was subtracted from the Ct for the target gene
to adjust for variations in the cDNA synthesis.

RESULTS AND DISCUSSION
MARP family members - CARP, Ankrd2 and DARP

- are mainly expressed in striated muscle cells. As
DARP is also found in BAT, we investigated the ex-
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Figure 2. Ankrd2 mRNA expression level in thermogenically
active (mice exposed at 4°C for 1 and 5 weeks) compared with
expression in thermogenically inactive BAT (mice exposed at
30°C for 5 weeks).

Expression of MARPs in BAT of cold- and warm-
adapted animals was studied employing RT-PCR.
The Ankrd2 transcript was detected in both inactive
(Figure 1, middle, warm adapted) and thermogeni-
cally active (Figure 1, middle, cold adapted) mouse
BAT, although at significantly lower level than in
skeletal muscle. The CARP transcript was not de-
tected in BAT under conditions used in experiments
(Figure 1, left). The expression of DARP in BAT was
confirmed (Figure 1, right), at levels similar to those
in skeletal muscle, as shown by Ikeda (Ikeda et al.,
2003). As expected, CARP, Ankrd2 and DARP were
highly expressed in the soleus muscle, used as a posi-
tive control.

As demonstrated on Figure 1, different expres-
sion levels of Ankrd2 in thermogenically active and
inactive BAT were observed. In order to increase the
accuracy of the measurements and to investigate a
possible influence of cold exposure on Ankrd2 ex-
pression, we employed quantitative-real time-poly-
merase chain reaction (Q-RT-PCR). As presented
in Figure 2, the expression of Ankrd2 was increased
for approximately 50% in thermogenically active
BAT in comparison to its expression level in inac-
tive tissue. There was no significant difference in
relative Ankrd2 expression depending on time of
cold exposure (1 or 5 weeks). One of the possible



918 LJILJANA RAKICEVIC ET AL.

explanations is that the most pronounced altera-
tions in its expression occurred within the first days
of cold exposure.

Expression of genes characterized as "muscle
specific” in the brown fat is not surprising, since
recent investigations had given evidence that
brown adipocytes and myocytes share the same
embryological origin and several important fea-
tures. Experiments by Atit and colleagues (Atit
et al., 2006) revealed that embryonic BAT, along
with skin and muscle, derivate from a population
of engrailed-1 (Enl)-expressing cells in the der-
momyotome, implying a close developmental rela-
tionship between brown adipocytes and myocytes.
Also, it was demonstrated that brown preadipo-
cytes significantly express myogenin, Myf5 and
MyoD - transcription factors so far considered as
a muscle-specific. Thus, brown adipocytes express
a myogenic signature which they not share with
white adipocytes, clearly indicating different ori-
gin of these two cell types (Timmons et al., 2007).
It has been shown that muscle-specific microR-
NAs (“myomirs”) are expressed and maintained
in brown but not in white adipocytes (Walden et
al., 2009). Furthermore, in vivo experiments dem-
onstrated that mouse progenitor cells, expressing
the “myogenic” transcription factors Myf5 (Seale
et al., 2008) or Pax7 (Lepper and Fan, 2010), have
potential to develop into cells constituting muscle
or BAT, but never into the cells found in white adi-
pose tissue (Seale et al., 2008).

An interesting outcome of our investigation
is differential expression of Ankrd2 and CARP in
brown fat tissue. One of the possible explanations
could be regulation of Ankrd2 expression by BAT
specific transcription factor(s) such as PPARy that
is absolutely required for BAT development (Barak
et al., 1999; Duan et al., 2007) as well as for survival
of mature brown adipocytes (He et al., 2003; Imai et
al., 2004). It regulates the expression of numerous
BAT-specific genes (Petrovic et al., 2008) and acts as
central transcriptional regulator of differentiation of
both brown and white adipocytes (Tontonoz et al.,
2004; Petrovic et al., 2008). In silico analysis of pro-

moters of CARP, Ankrd2 and DARP genes indicates
the existence of binding sites for PPARy. Consen-
sus sequences recognised by PPARy are positioned
upstream of transcriptional start site in the Ankrd2
(from -818 to -840 bp and from -13166 to -13186 bp)
and DARP (from -18495 to -18517 bp) genes, but
downstream in the CARP gene (from 1494 to 1510
bp). So one could speculate that the differences in
expression of MARP family members in BAT may
be caused by different effect of PPARY transcription
factor on the activity of their promoters caused by
specific distribution of PPARy binding sites within
MARP genes. This hypothesis warrants further ex-
perimental confirmation. In addition, epigenetic
factors can also contribute to different expression of
these genes in BAT.

Taking into consideration our results and pre-
vious evidence regarding DARP expression in BAT,
it can be suggested that the expression pattern of
MARP family members could represent additional
evidence to the presumed common origin of skeletal
muscle tissue and BAT. Finally, this finding could be
considered as a new insight into the multitasking
roles of MARP family members, whose expression
and evolutionary significance, despite extensive in-
vestigation, still remain unclear.

Acknowledgments - This work was supported by the Ministry
of Education and Science of the Republic of Serbia (173008)
and grant from the European Union Collaborative Project
ADAPT (contract 201100).

REFERENCES

Atitt, R., Sgaier, S.K., Mohamed, O.A., Taketo, M.M., Dufort, D.,
Joyner, A.L., and L. Niswander (2006). Beta-catenin acti-
vation is necessary and sufficient to specify the dorsal der-
mal fate in the mouse. Dev. Biol. 296, 164-176.

Barak, Y., Nelson, M.C., Ong, E.S., Jones, Y.Z., Ruiz-Lozano,
P.,, Chien, K.R., Koder, A., and R.M. Evans_(1999). PPAR
gamma is required for placental, cardiac, and adipose tis-
sue development. Mol. Cell. 4, 585-595.

Barash, I.A., Bang, M.L., Mathew, L., Greaser, M.L., Chen, J., and
R.L. Lieber (2007). Structural and regulatory roles of the
muscle ankyrin repeat protein family in skeletal muscle.
Am. J. Physiol. Cell Physiol. 293, C218-C227.



THE MARPS EXPRESSION IN BAT 919

Barash, I.A., Mathew, L., Ryan, A.E, Chen, ], and R.L. Lieber
(2004). Rapid muscle-specific gene expression changes af-
ter a single bout of eccentric contractions in the mouse.
Am. J. Physiol. Cell Physiol. 286, C355-C364.

Bean, C., Facchinello, N., Faulkner, G., and G. Lanfranchi (2008).
The effects of Ankrd2 alteration indicate its involvement
in cell cycle regulation during muscle differentiation. Bio-
chim. Biophys. Acta 1783, 1023-1035.

Cannon, B, and ]. Nedergaard (2004). Brown adipose tissue:
function and physiological significance. Physiol. Rev. 84,
277-359.

Carson, J.A., Nettleton, D., and J.M. Reecy_(2002). Differential
gene expression in the rat soleus muscle during early work
overload-induced hypertrophy. FASEB J. 16, 207-209.

Chen, Y.W,, Nader, G.A., Baar, K.R., Fedele, M.]., Hoffman, E.P,,
and K.A. Esser (2002). Response of rat muscle to acute
resistance exercise defined by transcriptional and transla-
tional profiling. J. Physiol. 545, 27-41.

Chu, W, Burns, D.K,, Swerlick, R.A., and D.H. Presky (1995).
Identification and characterization of a novel cytokine-
inducible nuclear protein from human endothelial cells. /.
Biol. Chem. 270, 10236-10245.

Cypess, A.M., Lehman, S., Williams, G., Tal, I, Rodman, D,
Goldfine, A.B., Kuo, EC., Palmer, E.L., Tseng, Y.H., Doria,
A., Kolodny, G.M., and C.R. Kahn (2009). Identification
and importance of brown adipose tissue in adult humans.
N. Engl. J. Med. 360, 1509-1517.

Duan, S.Z., Ivashchenko, C.Y., Whitesall, S.E., D’Alecy, L.G.,
Duquaine, D.C., Brosius, EC. 3rd, Gonzalez, EJ., Vin-
son, C., Pierre, M.A., Milstone, D.S., and R.M. Mortensen
(2007). Hypotension, lipodystrophy, and insulin resis-
tance in generalized PPARy -deficient mice rescued from
embryonic lethality. J. Clin. Invest. 117, 812-822.

He, W, Barak, Y., Hevener, A., Olson, P, Liao, D., Le, J., Nel-
son, M., Ong, E., Olefsky, .M., and R.M. Evans (2003).
Adipose-specific peroxisome proliferator-activated recep-
tor {gamma} knockout causes insulin resistance in fat and
liver but not in muscle. Proc. Natl. Acad. Sci. USA 100,
15712-15717.

Ikeda, K., Emoto, N., Matsuo, M., and M. Yokoyama (2003).
Molecular identification and characterization of a novel
nuclear protein whose expression is up-regulated in in-
sulin-resistant animals. /. Biol. Chem. 278, 3514-3520.

Imai, T., Takakuwa, R., Marchand, S., Dentz, E., Bornert, ].M.,
Messaddeq, N., Wendling, O., Mark, M., Desvergne, B.,
Wahli, W., Chambon, P., and D. Metzger (2004). Per-
oxisome proliferator-activated receptor {gammay} is re-
quired in mature white and brown adipocytes for their
survival in the mouse. Proc. Natl. Acad. Sci. USA 101,
4543-4547.

Ishiguro, N., Baba, T., Ishida, T., Takeuchi, K., Osaki, M., Araki,
N., Okada, E., Takahashi, S., Saito, M., Watanabe, M., Na-
kada, C., Tsukamoto, Y., Sato, K., Ito, K., Fukayama, M.,
Mori, S., Ito, H., and M. Moriyama (2002). Carp, a cardiac
ankyrin-repeated protein, and its new homologue, Arpp,
are differentially expressed in heart, skeletal muscle, and
rhabdomyosarcomas. Am. J. Pathol. 160, 1767-1778.

Kemp, T.J., Sadusky, T.]., Saltisi, E, Carey, N., Moss, ]., Yang, S.Y.,
Sassoon, D.A., Goldspink, G., and G.R. Coulton (2000).
Identification of Ankrd2, a novel skeletal muscle gene
coding for a stretch-responsive ankyrin-repeat protein.
Genomics 66, 229-241.

Kojic, S., Medeot, E., Guccione, E., Krmac, H., Zara, 1., Marti-
nelli, V., Valle, G., and G. Faulkner (2004). The Ankrd2
protein, a link between the sarcomere and the nucleus in
skeletal muscle. J. Mol. Biol. 339, 313-325.

Lepper, C., and C.M. Fan (2010). Inducible lineage tracing of
Pax7-descendant cells reveals embryonic origin of adult
satellite cells. Genesis 48, 424-436.

Mikhailov, A.T., and M. Torrado (2008). The enigmatic role of
the ankyrin repeat domain 1 gene in heart development
and disease. Int. J. Dev. Biol. 52, 811-821.

Miller, M.K., Bang, M.L., Witt, C.C., Labeit, D., Trombitas, C.,
Watanabe, K., Granzier, H., McElhinny, A.S., Gregorio,
C.C.,and S. Labeit (2003). The muscle ankyrin repeat pro-
teins: CARP, Ankrd2/Arpp and DARP as a family of titin
filament-based stress response molecules. J. Mol. Biol. 333,
951-964.

Mohamed, J.S., Lopez, M.A., Cox, G.A., and A.M. Boriek (2010).
Anisotropic regulation of Ankrd2 gene expression in
skeletal muscle by mechanical stretch. FASEB J. 24, 3330-
3340.

Moriyama, M., Tsukamoto, Y., Fujiwara, M., Kondo, G., Nakada,
C., Baba T.,, Ishiguro, N., Miyazaki, A., Nakamura, K,
Hori, N., Sato, K., Shomori, K., Takeuchi, K., Satoh, H.,
Mori, S., and H. Ito (2001). Identification of a novel hu-
man ankyrin-repeated protein homologous to CARP. Bio-
chem. Biophys. Res. Commun. 285, 713-723.

Nakada, C., Tsukamoto, Y., Oka, A., Nonaka, I., Takeda, S., Sato,
K., Mori, S., Ito, H., and M. Moriyama (2003a). Cardiac-
restricted ankyrin-repeated protein is differentially in-
duced in Duchenne and congenital muscular dystrophy.
Lab. Invest. 83, 711-719.

Nakada, C., Oka, A., Nonaka, I., Sato, K., Mori, S., Ito, H., and
M. Moriyama (2003b). Cardiac ankyrin repeat protein is
preferentially induced in atrophic myofibers of congeni-
tal myopathy and spinal muscular atrophy. Pathol. Int. 53,
653-658.

Nakamura, K., Nakada, C., Takeuchi, K., Osaki, M., Shomori, K.,
Kato, S., Ohama, E., Sato, K., Fukayama, M., Mori, S., Ito,



920 LJILJANA RAKICEVIC ET AL.

H., and M. Moriyama (2002). Altered expression of car-
diac ankyrin repeat protein and its homologue, ankyrin
repeat protein with PEST and proline-rich region, in atro-
phic muscles in amyotrophic lateral sclerosis. Pathobiology
70,197-203.

Pallavicini, A., Koji¢, S., Bean, C., Vainzof, M., Salamon, M.,
Ievolella C., Bortoletto, G., Pacchioni, B., Zatz, M., Lan-
franchi, G., Faulkner, G., and G. Valle (2001). Character-
ization of human skeletal muscle Ankrd2. Biochem. Bio-
phys. Res. Commun. 285, 378-386.

Petrovic, N., Shabalina, I.G., Timmons, J.A., Cannon, B., and J.
Nedergaard . (2008). Thermogenically competent nona-
drenergic recruitment in brown preadipocytes by a PPAR-
gamma agonist. Am. J. Physiol. Endocrinol. Metab. 295,
E287-296.

Saito, M., Okamatsu-Ogura, Y., Matsushita, M., Watanabe, K.,
Yoneshiro, T., Nio-Kobayashi, J., Iwanaga, T., Miyagawa,
M., Kameya, T., Nakada, K., Kawai, Y., and M. Tsujisaki
(2009). High incidence of metabolically active brown adi-
pose tissue in healthy adult humans: effects of cold expo-
sure and adiposity. Diabetes 58, 1526-1531.

Seale, P, Bjork, B., Yang, W., Kajimura, S., Chin, S., Kuang, S.,
Scime, A., Devarakonda, S., Conroe, H.M., Erdjument-
Bromage, H., Tempst, P, Rudnicki, M.A., Beier, D.R., and
B.M. Spiegelman (2008). PRDM16 controls a brown fat/
skeletal muscle switch. Nature 454, 961-967.

Timmons, J.A., Wennmalm, K., Larsson, O., Walden, T.B., Lass-
mann, T., Petrovic, N., Hamilton, D.L., Gimeno, R.E.,
Wabhlestedt, C., Baar, K., Nedergaard J., and B. Cannon
(2007). Myogenic gene expression signature establishes

that brown and white adipocytes originate from distinct
cell lineages. Proc. Natl. Acad. Sci. USA 104, 4401-4406.

Tontonoz, P, Hu, E., and B.M Spiegelman (1994). Stimulation of
adipogenesis in fibroblasts by PPAR gamma 2, a lipid- ac-
tivated transcription factor. Cell 79, 1147-1156.

Tsukamoto, Y., Senda, T., Nakano, T., Nakada, C., Hida, T., Ishig-
uro, N., Kondo, G., Baba, T., Sato, K., Osaki, M., Mori, S.,
Ito, H., and M. Moriyama (2002). Arpp, a new homolog of
carp, is preferentially expressed in type 1 skeletal muscle
fibers and is markedly induced by denervation. Lab. In-
vest. 85, 645-655.

van Marken Lichtenbelt, W.D., Vanhommerig, J.W., Smulders,
N.M., Drossaerts, J.M., Kemerink, G.J., Bouvy, N.D,,
Schrauwen, P, and G.J. Teule (2009). Cold-activated
brown adipose tissue in healthy men. N. Engl. J. Med. 360,
1500-1508.

Virtanen, K.A., Lidell, M.E., Orava, J., Heglind, M., Westergren,
R., Niemi, T., Taittonen, M., Laine, J., Savisto, N.J., Ener-
back, S., and P. Nuutila (2009). Functional brown adipose
tissue in healthy adults. N. Engl. J. Med. 360, 1518-1525.

Walden, T.B., Timmons, J.A., Keller, P, Nedergaard, J., and B.
Cannon (2009). Distinct expression of muscle-specific
microRNAs (myomirs) in brown adipocytes. J. Cell Phy-
siol. 218, 444-449.

Zingaretti, M.C., Crosta, E, Vitali, A., Guerrieri, M., Frontini,
A., Cannon, B., Nedergaard, J., and S. Cinti (2009). The
presence of UCP1 demonstrates that metabolically active
adipose tissue in the neck of adult humans truly represents
brown adipose tissue. FASEB J. 23, 3113-3120.



