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UCP2 and UCP3 are members of the uncoupling protein

family, which may play roles in energy homeostasis. In

order to determine the regulation of the predominant

expression of UCP3 in skeletal muscle, the effects of

differentiation and myogenic regulatory factors on the

promoter activities of the mouse UCP2 and UCP3 genes

were studied. Reporter plasmids, containing approximately

3 kb of the 5'-upstream region of the mouse UCP2 and

UCP3 genes, were transfected into C2C12 myoblasts,

which were then induced to differentiate. Differentiation

positively induced the reporter expression about 20-fold

via the UCP3 promoter, but by only 2-fold via the UCP2

promoter. C2C12 myoblasts were cotransfected with

expression vectors for myogenin and/or MyoD as well as

reporter constructs. The simultaneous expression of

myogenin and MyoD caused an additional 20-fold increase

in the reporter expression via the UCP3 promoter, but only

a weak effect via the UCP2 promoter. In L6 myoblasts,

only MyoD activated the UCP3 promoter, but in 3T3-L1

cells neither factor activated the UCP3 promoter,

indicating that additional cofactors are required, which

are present only in C2C12 myoblasts. The expression of

UCP2 and UCP3 is differentially regulated during muscle

differentiation due to the different responsiveness of their

promoter regions to myogenin and MyoD.

Keywords: MyoD, Myogenin, Promoter activity, UCP2,

UCP3

Introduction

Uncoupling proteins (UCP)-2 and -3 are members of the

uncoupling protein family of mitochondrial inner membrane

proteins (Krauss et al., 2005), which share 59 and 57% amino

acid identity with UCP1, respectively. UCP1 is a protein with

a known thermogenic function in brown adipose tissue; UCP2

and UCP3 have also been shown to act as uncouplers of

oxidative phosphorylation (Marti et al., 2001; Horvath et al.,

2003). Variations in the activity or regulation of UCP2 or

UCP3 may contribute to obesity and its associated disorders

by altering energy homeostasis. However, UCP2 and UCP3

do not appear to be solely involved in thermogenesis, but also

have proposed roles in modulating the generation of reactive

oxygen species (Arsenijevic et al., 2000; Vidal-Puig et al.,

2000) and in lipid handling (Himms-Hagen and Haper, 2001;

Schrauwen et al., 2003). Although the physiological roles of

UCP2 and UCP3 still remain controversial, a better

understanding of their function and regulation may have

implications in the future management of many pathological

conditions, including obesity and diabetes.

The expressions of UCP2 and UCP3 have different tissue

distributions, which may give clues as to their function. UCP2

is expressed in many tissues; whereas, UCP3 is expressed

preferentially in skeletal muscle. Although accurate comparison

is difficult, UCP3 mRNA appears to be expressed at higher

levels than that of UCP2 in the skeletal muscle in rodents

(Boss et al., 1997; Matsuda et al., 1997; Vidal-Puig et al.,

1997; Weigle et al., 1998; Yoshitomi et al., 1998) and humans

(Boss et al., 1997; Larkin et al., 1997; Vidal-Puig et al., 1997;

Chevillotte et al., 2001). UCP2 and UCP3 gene expressions

are highly sensitive to the metabolic status, and are up-

regulated in a number of physiological situations, in a tissue-

dependent manner (Thompson and Kim, 2004). Skeletal

muscle is an important site of glucose and lipid metabolism

related to energy homeostasis; therefore, it is of interest to

determine the regulation of the expression of UCP3 in this

type of tissue.
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In cultured muscle cells the UCP3 mRNA levels are

characteristically very low (Hwang and Lane, 1999; Solanes

et al., 2000). The expression of UCP3 is induced upon

differentiation of myoblasts to myotubes (Shimokawa et al.,

1998; Nagase et al., 1999; Kim, 2000; Solanes et al., 2000;

Son et al., 2001); whereas, UCP2 is already expressed in

myoblasts and its mRNA levels increase with much less

magnitude upon differentiation to myotubes (Shimokawa et

al., 1998). Differentiation of skeletal muscle cells, and the

subsequent expression of myotube-specific genes, is under the

control of a number of myogenic factors, including myoD and

myogenin (Weintraub, 1993). The aim of this study was to

determine whether differentiation and myogenic regulatory

factors had different affects on the activity of the promoter

regions of the UCP2 and UCP3 genes and; therefore,

contribute to the predominant expression of UCP3 in skeletal

muscle.

Materials and methods

Cell lines. The mouse muscle cell line, C2C12, the rat muscle cell

line, L6, and the mouse preadipocyte cell line, 3T3-L1, were

obtained from the American Type Culture Collection.

Plasmids. pGEM-T Easy, pGL3-Basic firefly luciferase reporter

and pRL-TK Renilla luciferase reporter vectors were from

Promega. pVenus, a yellow fluorescence protein expression vector

(Nagai et al., 2002), was provided by Dr. Brown (University of

Otago). Expression vectors driven by Moloney murine leukemia

virus LTR for mouse MyoD and myogenin were provided by Dr.

Koishi (University of Otago).

Plasmid construction. Primer Express 1.5 was used to design gene

specific primers based on the Genbank database for UCP2

(Accession numbers: AF115319 (forward primers) and AF096288

(reverse primers)) and UCP3 (Accession number: AB010742).

Amplification of an approximate 3 kb fragment of the 5'-upstream

region of the UCP3 gene was performed using mouse genomic

DNA libraries within GenomeWalker, Clontech, according to

manufacturer’s instructions, employing the gene-specific primers,

GSP1 5'-CTGTGCGTCTAGCCAAGGTTGGGTAGT-3' and GSP2

5'-GGGTAGTGCAGGGCCACCCTAAGG-3'. An approximate 3 kb

fragment of the 5'-upstream region of mouse UCP2 gene was

amplified from mouse genomic DNA (approximately 500 ng)

employing the forward and reverse primers 5'-TTGTGGCAAAA

GCATGGCGCACTG-3' and 5'-GTGTCCGATGGCGGGAGAGT

GGTG-3', respectively, for primary PCR, and 5'-CCGCTGTGTAG

CTTTATGCGGGAATCAC-3' and 5'-CGACGACACCGAGGGC

GGAACTGAC-3', respectively, for secondary PCR, using the High

Fidelity PCR System, Roche, according to the manufacturer’s

instructions. The products were A-tailed and inserted into the

pGEM-T Easy vector, according to the manufacturer’s instructions.

The purified pGEM-T Easy plasmids, containing the 5'-region of

UCP2 and UCP3, were used as templates for the amplification of

an approximate 3,000 bp fragment of each region. The forward and

reverse primers included extensions to generate KpnI and NheI

restriction sites at its 5' end, respectively: The forward and reverse

primers, 5'-CGGGGTACCGTGTAGCTTTATGCGGGAATC-3' and 5'-

CGGTGCTAGCAGGGCGGAACTGACAGTAGCTG-3', for UCP2;

5'-CGGGGTACCGCTGGTATTGGAAGAAACATGG-3' and 5'-

CGGTGCTAGCTAGTGCAGGGCCACCCTAAG-3' for UCP3.

The purified PCR products were each digested with KpnI and NheI,

purified and ligated into the KpnI-NheI restricted pGL3-Basic

firefly luciferase reporter plasmid and transformed into DH5a cells,

with positive clones then selected. The reporter constructs, pGL3-

Ucp2 and pGL3-Ucp3, were confirmed by sequencing.

Transient transfection and luciferase assay. Cells were cultured

in 6-well plates using Dulbecco’s modified Eagle’s medium

(DMEM; high glucose, 25 mM), supplemented with 10% fetal calf

serum and 40 mg/L gentamycin, at pH 7.4 in an humidified 95%

air: 5% CO2 atmosphere. Transfection was carried out when the

cells reached 70% confluence, using FuGENE 6 (Roche), with a

ratio of FuGENE 6 (mL) to DNA (mg) of 3 : 1. The cells from each

well were transfected with 500 ng of the pGL3 reporter vector, 150

ng of the mammalian expression vectors for MyoD and/or myogenin

and 50 ng of pVenus or pRL-TK (Promega) as internal controls, in

a total volume of 100 µL DMEM. For standard promoter activity

experiments, transfected cells were incubated for 48 h, and then

harvested for use in reporter gene assays. To test the effect of

differentiation, C2C12 myoblasts at about 70% confluence were

transfected with the pGL3-Basic, pGL3-Ucp2 or pGL3-Ucp3 and

pVenus vectors as an internal control. Two days later, when cells

had reached 100% confluence, their differentiation was induced by

replacing the medium with DMEM containing 2% fetal calf serum,

with this point designated as day 0. The first sample was harvested

on day 0, with subsequent samples harvested each day until day 3.

Cells were lysed with 1 × Passive Lysis Buffer (Promega), and

the supernatant assayed for reporter gene activity. The firefly and

Renilla luciferase activities were measured using the Dual-Luciferase‚

Reporter Assay System (Promega) employing an AutoLumat LB953

luminometer (Berthold Technologies, Bad Wildbad, Germany). The

Venus expression was measured from the fluorescence using a

POLARstar OPTIMA fluorometer (BMG Labtech, Offenburg,

Germany), with excitation and emission wavelengths of 485 and

520 nm, respectively. The firefly luciferase activity from triplicate

determinations was normalised to that of the appropriate control,

Renilla luciferase activity or the fluorescence value of Venus, of the

corresponding sample. Statistically significant differences between

the control and experimental groups were determined using the

Student’s t-test.

Results

Basal promoter activity of cloned 5'-upstream region of

mouse UCP2 and UCP3. The 5'-upstream regions of mouse

UCP2 (3,069 bp) and UCP3 (3,182 bp) were cloned and

inserted into a pGL3-Basic firefly luciferase plasmid for the

construction of the reporter plasmid pGL-Ucp2 and pGL-

Ucp3, respectively. The basal promoter activities of the cloned

regions were analysed in two mammalian muscle cell lines,

C2C12 and L6, and a preadipocyte cell line, 3T3-L1 (Fig. 1).
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The 5'-upstream region of the UCP2 gene induced 20-, 45-

and 112-fold increases in the firefly luciferase activities in the

undifferentiated cell lines, 3T3-L1, C2C12 and L6, respectively,

compared to that produced by the promoterless pGL3-Basic.

In contrast, the 5'-upstream region of the UCP3 gene only

induced 5-fold increases in the luciferase activities in C2C12

and L6 cells, but the promoter activity was almost non-

existent in 3T3-L1 cells (1.4-fold). This difference in the

promoter activities between UCP2 and UCP3 suggests the

promoter of UCP2 was constitutively active; whereas,

additional factors were needed to activate the UCP3 promoter.

When transfected C2C12 myoblasts were induced to

differentiate into myotubes, the promoter activity of pGL3-

Ucp3 increased 7-fold, from 3.2- to 23-fold above that of

pGL3-Basic, whereas that of pGL3-Ucp2 only increased

slightly, by 1.4-fold, from 45- to 63-fold (Fig. 1). However,

the total time taken for expression of the reporter gene for

both pGL3-Ucp2 and pGL3-Ucp3 was longer in C2C12

myotubes than in C2C12 myoblasts. This longer incubation

period for the C2C12 myotubes would generate an accumulative

expression of the reporter gene, which could consequently

generate an apparently higher induction of firefly luciferase

activity in C2C12 myotubes. Nevertheless, these results

suggest that differentiation could influence the expression of

the reporter gene to a greater extent via the cloned 5'-upstream

region of the UCP3 gene than via that of the UCP2 gene.

Effect of muscle cell differentiation on promoter activity.

To determine the time course of the effects of the differentiation

of C2C12 myoblasts to myotubes on the promoter activities of

UCP2 and UCP3, experiments were designed to take account

of the different incubation times since transfection. The

absolute reporter gene activities of pGL3-Basic, pGL3-Ucp2

and pGL3-Ucp3 from that of the internal control (pVenus)

increased from days 0 to 3. To account for the accumulative

changes in expression during C2C12 myoblast differentiation,

the firefly luciferase activities from samples harvested on each

day were normalised to that of the fluorescence value of the

internal control. These normalised values for each group were

compared relative to day 0, with the fold induction on each

day during myoblast differentiation then calculated. There

was no change in the normalised luciferase activity of pGL3-

basic on each day throughout differentiation (Fig. 2), indicating

that the observed increase in the absolute activities of both

firefly luciferase and the internal control were most likely due

to an accumulative increase due to the longer incubation time.

In the case of pGL3-Ucp2, the results were similar to those of

pGL3-Basic, although a 2-fold induction of normalised firefly

luciferase activity was observed by day 3 (Fig. 2). In contrast,

the fold induction of the normalised luciferase activity of

pGL3-Ucp3 increased each day, with a 20-fold increase

observed compared to that at day 0 (Fig. 2). These results

indicate that the differentiation of C2C12 myoblasts had a

positive affect on the expression of the reporter gene via the

cloned UCP3 promoter region, and that the UCP2 and UCP3

genes are regulated in different manners during muscle

differentiation.

Effect of myogenin and MyoD on promoter activity. The

positive effect of muscle differentiation on the expression of

Fig. 1. Basal promoter activities of the cloned 5'-upstream regions

of the UCP2 and UCP3 genes. Cells at 70% confluence were

transfected with either pGL3-Basic, pGL3-Ucp2 or pGL3-Ucp3

and pRL-TK, harvested 48 h later and the luciferase activity

measured. The differentiation of transfected C2C12 myoblasts was

induced at 100% confluence, and the cells harvested 3 days later.

The firefly luciferase activity was normalised to that of Renilla

luciferase. The bars represent the means ± SD of triplicate

determinations of the fold inductions of pGL3-Ucp2 and pGL3-

Ucp3 compared to pGL3-Basic, which was set at 1.0. 3T3-L1,

mouse preadipocytes; C2C12 mb, mouse myoblasts; C2C12 mt,

mouse myotubes; L6 mb, rat myoblasts.

Fig. 2. Changes in the promoter activity during C2C12 myoblast

differentiation. C2C12 myoblasts were transfected with either

pGL3-Basic, pGL3-Ucp2 or pGL3-Ucp3 and pVenus. At

confluence, differentiation of the transfected cells was induced (day

0), with the cells cultured until day 3. Groups were harvested on

days 0, 1, 2 and 3, with luciferase assays and fluorescence

measurements then performed. In each group, the normalised

firefly luciferase activities on days 1, 2 and 3 were compared with

that on day 0, with the fold inductions determined. The values on

each day are the means ± SD of triplicate determinations.
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the reporter gene via the UCP3 promoter region suggested

regulation by myogenic regulatory factors, similarly to the

promoters of other muscle-specific genes. To test for a

possible role of myogenic regulatory factors in the regulation

of UCP2 and UCP3 gene expression, myogenin and MyoD

were selected as the most likely transcription factors to be

involved, based on their mRNA expression patterns during

C2C12 myoblast differentiation (Shimokawa et al., 1998;

Dedieu et al., 2002). Proliferating C2C12 myoblasts were co-

transfected with the myogenic regulatory factor expression

vectors or the control vector and each reporter gene construct.

After 48 h, the cells were harvested, with reporter gene assays

performed, as described in the Methods, the results of which

are shown in Fig. 3.

In the pGL3-Ucp3 transfected group, the co-expression of

myogenin or MyoD alone caused 11- and 7-fold increases in

the luciferase activity, respectively. The simultaneous expression

of myogenin and MyoD caused an additional 20-fold increase

in the luciferase activity. Although the pGL3-Basic vector

showed responsiveness to both myogenin and MyoD, for

pGL3-Ucp3 the activity was increased 3.3-fold more by

myogenin, 2.6-fold more by MyoD and 4-fold more by both

combined, compared to the corresponding activities in cells

transfected with pGL3-Basic, indicating the increases in the

luciferase activity brought about by to these two transcription

factors was via the cloned UCP3 promoter region of the

pGL3-Ucp3 vector.

In contrast, for the pGL3-Ucp2 transfected group, the co-

expression of myogenin and MyoD resulted in only 4.7- and

2.9-fold inductions of luciferase activity, respectively, via the

cloned UCP2 promoter region. The simultaneous expression

of myogenin and MyoD caused a 7-fold increase in the

luciferase activity. However, the induction of luciferase by

MyoD was almost the same as the corresponding promoterless

control, but the induction by myogenin and both the myogenic

factors together was only 1.4-fold greater than the corresponding

promoterless control. These results indicate the cloned UCP2

promoter responds only weakly, if at all, to both myogenin

and MyoD.

To find if both myogenin and MyoD are required and

sufficient for transactivation of the UCP3 promoter, the effects

of the co-expression of myogenin and/or MyoD on the

activation of the UCP3 promoter region were investigated in

other cell lines. In L6 myoblasts, another rodent skeletal

muscle cell line, which is also capable of undergoing

differentiation, the co-expression of MyoD caused the greatest

activation of the UCP3 promoter (by 6-fold); whereas, the

effect of myogenin was not significant (Fig. 4). When both

myogenin and MyoD were transfected, the luciferase activity

increased no further, but remained at similar levels to that

caused by MyoD alone, indicating no additive interaction of

myogenin and MyoD. These results are in contrast to the

observations in C2C12 myoblasts (Fig. 3), suggesting the

interactions of these two transcription factors may be different

in C2C12 and L6 myoblasts.

Fig. 3. The effects of myogenin and MyoD on the activities of the

UCP2 and UCP3 promoters in C2C12 myoblasts. C2C12

myoblasts were transfected with the reporter gene constructs,

pGL3-Ucp2, pGL3-Ucp3 or pGL3-Basic, and the internal control,

pVenus, in the presence or absence of the myogenin or MyoD

expression vector. After 48 h, the cells were harvested for reporter

gene assays. The normalised firefly luciferase activity of the

experimental group was compared to that of the control group, which

was transfected with an empty expression vector containing no

cDNA. The control group (open bar) value was set at 1.0, with the

fold induction of each group determined. The bars represent the

means ± SD of triplicate determinations. Significant differences

between the control and cotransfected groups are marked with

asterisks: *, p < 0.05; **, p < 0.005; ***, p < 0.001.

Fig. 4. The effects of myogenin and MyoD on the UCP3 promoter

activity in different cell lines. L6 myoblasts and 3T3-L1

preadipocytes were cotransfected with pGL3-Ucp3 and MyoD and/or

myogenin expression vectors. As a control group, an empty

expression vector containing no cDNA was transfected. All cells

were also transfected with pVenus as internal controls. After 48 h, the

cells were harvested for reporter gene assays. The normalised firefly

luciferase activities of each group were compared with that of the

control group. The control group (open bar) value was set at 1.0, with

fold induction of each group plotted. Bars represent the means ± SD

of triplicate determinations. Significant differences between the

control and cotransfected groups are marked with asterisks: *,

p < 0.05; **, p < 0.01.
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In 3T3-L1 cells, a mouse preadipocyte cell line, myogenin

and MyoD each had only a minimal effect, if any, on the

induction of luciferase from the UCP3 promoter region,

although the simultaneous expression of both myogenin and

MyoD did improve the relatively low induction of luciferase

by 3.2-fold (Fig. 4). The magnitude of the effect was nowhere

near as great as that seen in C2C12 cells.

Discussion

The cloned 5'-upstream regions of the mouse UCP2 and

UCP3 genes showed varying degrees of promoter activity

when transfected into various cultured cell lines. The activity

of the UCP2 promoter region was about 10-fold greater than

the UCP3 promoter in all the cell types studied, suggesting it

was constitutively active, which was consistent with the

observation that endogenous UCP2 is expressed in many

different tissues, including adipose tissue and skeletal muscle

(Boss et al., 1997; Matsuda et al., 1997; Vidal-Puig et al.,

1997; Yoshitomi et al., 1998). Conversely, the activity of the

UCP3 promoter region was almost undetectable in

undifferentiated cells. However, its activity increased 20-fold

during differentiation of the mouse skeletal muscle cell line,

C2C12, into myotubes. The UCP3 promoter region was

activated in a manner proportional to the state of differentiation.

In contrast, there was no significant difference in the activity

of the UCP2 promoter region between myoblasts and

myotubes, although the absolute activity of the UCP2

promoter region was always higher than that of UCP3. This

pattern of promoter activity reflects the preferential expression

of UCP3 in skeletal muscle (Boss et al., 1997; Larkin et al.,

1997; Matsuda et al., 1997; Vidal-Puig et al., 1997; Weigle et

al., 1998; Yoshitomi et al., 1998; Chevillotte et al., 2001),

which closely resembles those of the expression of endogenous

UCP2 and UCP3 during C2C12 differentiation (Shimokawa

et al., 1998; Kim, 2000; Solanes et al., 2000). In the rat

skeletal muscle cell line, L6, a similar differentiation-dependent

expression of endogenous UCP3 mRNA has been observed

(Nagase et al., 1999; Solanes et al., 2000; Son et al., 2001).

The present study has shown that both myogenin and

MyoD contribute to the up-regulation of the UCP3 expression

in C2C12 myoblasts. The forced expressions of the myogenic

regulatory transcription factors, MyoD and myogenin, in

undifferentiated C2C12 myoblasts was conducted to mimic

the differentiated state. Both myogenin and MyoD alone

induced significant activation of the UCP3 promoter region,

and had an additive effect on the reporter gene expression

when in combination via the UCP3 promoter region in C2C12

myoblasts, to a level similar to that seen in differentiated

C2C12 myotubes. Conversely, these myogenic factors had

only minimal effects on the UCP2 promoter region. The greater

responsiveness of the UCP3 promoter region to myogenin and

MyoD compared to that of UCP2 was consistent with the

more marked increase in the reporter gene activity seen with

pGL3-Ucp3 during C2C12 differentiation. Myogenin and

MyoD are most likely important regulators of expression of

the UCP3 gene during muscle differentiation. Further studies

will be required to show that these transcription factors bind

directly to the UCP3 promoter.

Interestingly, the effects of MyoD and myogenin were

different in another muscle cell line, L6 myoblasts; MyoD

increased the reporter activity, but myogenin had no effect,

but the induction when in combination was no greater than for

MyoD alone. Other investigations have also shown that in L6

myoblasts MyoD is required to activate the promoter of

human UCP3 (Solanes et al., 2000; Solanes et al., 2003) and;

more recently, mouse UCP3 (Solanes et al., 2005; Pedraza et

al., 2006), which is consistent with the present results;

however, the effect of myogenin was not tested. The different

levels of endogenous MyoD between C2C12 and L6 cells

(Wright et al., 1989; Shimokawa et al., 1998; Dedieu et al.,

2002) could affect the control levels of promoter activity and;

thus, contribute to the observed cell line-specific activity of

the UCP3 promoter region. However, the involvement of

other coactivators for fully functional MyoD and myogenin is

more likely.

Additional factors appear to be required, as in the non-

skeletal muscle cell line, 3T3-L1 preadipocytes, the forced

expression of MyoD and myogenin did not induce activation

of the UCP3 promoter. Taken together, these results indicate

that both MyoD and myogenin are necessary, but are not

sufficient by themselves to induce UCP3 promoter activity.

Therefore, additional, as yet unidentified trans-acting cofactors,

which are present in C2C12 myoblasts but not in 3T3-L1

cells, are also required.

Myogenic regulatory factors, which are characterised by a

basic region and adjacent helix-loop-helix motif, readily form

heterodimers with other ubiquitous helix-loop-helix proteins

of the E protein class (Murre et al., 1989). The binding

sequence for transcription factors containing the basic helix-

loop-helix motif is CANNTG, known as an E-box. Recently, a

novel non-canonical E box in the proximal region to the

transcription initiation site of human UCP3 has been

functionally identified as the site of action of MyoD (Solanes

et al., 2003). It is not known whether a similar functional non-

canonical E box is present in the mouse UCP3 promoter

region. Computer analysis has found potential transcription

regulatory motifs for the binding of both myogenin and

MyoD in the promoter regions of both UCP2 (Yoshitomi et

al., 1999; Kim, 2006) and UCP3 (Yoshitomi et al., 1998;

Kim, 2006); however, the present results show that UCP3

expression, compared to that of UCP2, is more markedly

affected by the state of muscle differentiation. Taken together,

the present results indicate that this difference is most likely

conferred by different ways their promoter regions respond to

the myogenic regulatory factors. Therefore, which binding

sites are functional remains to be determined.
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