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Uncoupling protein-1 (UCP1) dissipates the transmi-
ochondrial proton gradient as heat. UCP2 and UCP3
re two recently discovered homologues that also
ave uncoupling activity and thus presumably have a
ole in energy homeostasis. We now report the
enomic structure of murine UCP3 (7 exons) and UCP2
8 exons). UCP3 is ;8 kilobases upstream of UCP2. An
CP3 variant mRNA, UCP3S, was also found and char-
cterized. The effect of a high fat diet (45% versus 10%)
n UCP3 and UCP2 mRNA levels was measured. Eat-
ng the 45% fat diet for eight weeks caused greater
eight gain in AKR and C57BL/6J mice than in the
besity-resistant A/J mice. The high fat diet increased
uscle UCP3 expression twofold in C57BL/6J animals.
CP2 expression increased slightly on the 45% fat diet

n white adipose of AKR mice, but not in A/J or
57BL/6J mice. In skeletal muscle, UCP2 expression
howed little variation with diet. Thus, UCP2 and
CP3 expression levels change in response to diet-

nduced obesity, but the changes are modest and de-
end on the tissue and genotype. The data suggest that

t is not a reduction in UCP2 or UCP3 expression that
auses obesity in the susceptible mice. © 1999 Academic

ress

Key Words: thermogenesis; diet induced obesity; un-
oupling proteins.

Uncoupling protein 1 (UCP1) is a member of the
itochondrial transporter family that dissipates the

ransmitochondrial proton gradient as heat rather
han via ATP synthesis. Recently, two new genes,
CP2 and UCP3 were identified based on their simi-

arity to UCP1 [1–5]. These new UCPs reduce the
itochondrial potential when overexpressed in vitro

nd presumably have uncoupling activity [1, 2, 5]. The

1 Corresponding author at Diabetes Branch, Bldg. 10, Room 8N-
50, 10 Center Dr. MSC 1770, Bethesda, MD 20892-1770. Fax: (301)
02-0573. E-mail: dwg@helix.nih.gov.
Abbreviations used: UCP, uncoupling protein (prefixes: r, rat;
, mouse; h, human); PPARg, peroxisome proliferator-activated

eceptor-g.
27
ressed exclusively in brown fat, while UCP2 is widely
istributed and UCP3 is found in muscle and brown fat
nd, to a lesser extent, in heart and white fat.
In addition to their distinct tissue expression pat-

erns, the three UCP genes show different responses to
ormonal, metabolic, and environmental stimuli. En-
ironmental cold increases UCP1 expression, via in-
reased sympathetic stimulation, particularly b3-
drenergic, of the brown adipose tissue (reviewed in [6,
]). UCP1-deficient mice are cold intolerant [8]. UCP2
an be regulated by inflammation, leptin, and peroxi-
ome proliferator-activated receptor-g (PPARg) ago-
ists [9–11]. Regulation of UCP3 is the most compli-
ated, often with different regulation in muscle and
rown adipose tissue. In muscle, UCP3 expression is
ncreased by fasting, free fatty acids, exercise, and
hyroid hormone, but not strikingly by cold or PPARg
gonists [5, 12–17]. The varied patterns of UCP expres-
ion suggests that different mechanisms regulate each
CP and that the different UCPs may have different

unctions.
Both UCP3 and UCP2 map to human chromosome

1q13 [1, 5, 18]. This region and the syntenic region in
he mouse genome have been linked to variation in
besity, resting energy expenditure, and hyperinsulin-
mia [19–23]. Thus UCP3 and UCP2 are candidate
enes for susceptibility to obesity and diabetes. We
ow report the genomic organization of murine UCP3
nd UCP2 as a step towards understanding their reg-
lation. We also examined the expression of UCP3 and
CP2 in mice prone (C56BL/6J and AKR) or resistant

A/J) to obesity induced by a high fat diet.

ATERIALS AND METHODS

Cloning murine UCP3 cDNAs. Standard cloning procedures were
ollowed [24]. First-strand cDNA was made by reverse transcrip-
ion from mouse muscle polyA(1) mRNA (Clontech). Next, PCR
as performed using degenerate primers p610 59-GG(AGCT)GC-

AGCT)ATGGC(AGCT)GT(AGCT)AC(AGCT)TG-39 and p609 59-
G(AGCT)CC(CT)TC(CT)TG(AGCT)GC(AGCT)ACCAT-39 based on

he translated human UCP3 sequence. The amplified fragment was
loned into the SmaI site of pBluescriptIIKS1 (Stratagene). Rapid
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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mplification of cDNA ends (RACE) was used to obtain the 59- and
9-cDNA ends. For the 59-cDNA end, reverse-transcription used spe-
ific primer p613 59-TCGGGTCTTTACCACATCCAC-39 with mouse
uscle polyA(1) mRNA and PCR used primer p614 59-GTCGTA-
GTCACCATCTCAGC and nested primer p615 59-TTTCTT-
TGATGTTGGGCCAA-39 with anchor primers (Life Technologies).
or the 39-RACE, a dT18-M13F primer was used for reverse-
ranscription, then primer p616 59-GATGGCGGTGACGTGCGC-
CA-39, and nested primer p692 59-GGTGAAGGTCCGATTT-
AAGC-39 were used along with M13F. The PCR products were

loned and sequenced (dRhodamine terminator kit, Applied Biosys-
ems).

Genomic cloning. A mouse UCP3 probe (nt 1 to 720 in GenBank
ccession AF053352) was used to screen a 129 mouse genomic bacterial
rtificial chromosome library arrayed on filters (Genome Systems, St.
ouis, MO). Hybridization was conducted at 65°C in Rapid-Hyb buffer

Amersham) with washing (0.5 3 SSC/1% SDS) at 65°C for 15 minutes
wice. Positive clones (numbers 17481, 17482) were analyzed by restric-
ion mapping or subcloned into pBluescriptIIKS1. Plasmids containing
xons were identified by hybridization and then sequenced.

Dietary manipulation and mRNA quantitation. Male A/J, AKR,
nd C56BL/6J mice (Jackson Laboratory) were housed in groups of 5
t ;22°C on a 12 hour light/dark cycle. At 5 weeks of age (5 days
fter arrival) the mice were begun on ad libitum feeding with a low
at diet (10 kcal% as fat; D12450, Research Diets, Inc., New Bruns-
ick, NJ) or a high fat diet (45 kcal% as fat; D12451). Food intake in

he first 2 weeks was determined. Intake was converted from grams
o kcal using 3.85 and 4.73 kcal/g for the 10% and 45% fat diets,

FIG. 1. Structure of the murine ucp3 and ucp2 genes. Top, exon
equence. The short form of murine ucp3 does not use the splice don
se the splice donor at the 39 end of exon 6. GenBank Accession Nos. a
f the ucp3/ucp2 region. Exons are indicated to scale and numbered
28
espectively, as determined by the manufacturer. Mice were eutha-
ized with CO2 and tissues were immediately frozen in liquid nitro-
en. RNA was isolated from epididymal fat pads and quadriceps
uscle and Northern analysis was performed as described [5]. The

lots contained 15 mg total RNA per lane and were sequentially
robed with mUCP3, mUCP2 [5], rUCP1 [5], and b-actin (nucleo-
ides 1260-1279, of GenBank accession J00691). RNA levels were
uantitated by Phosphorimager and statistical significance was de-
ermined using Student’s t-test. RNA loading was checked using
ither ethidium bromide staining or the b-actin signal.

ESULTS

Genomic structure and organization of mUCP3 and
UCP2. We cloned and sequenced the murine UCP3

DNA from muscle using degenerate PCR, 59-RACE,
nd 39-RACE (see Methods). The predominant cDNA,
amed mUCP3L, corresponds to the long form of hu-
an UCP3. mUCP3L encodes a 308-amino acid protein

nd is 88% identical to human UCP3. Our cDNA se-
uence confirms those independently reported in Gen-
ank (AB008216, AB010742, and AF032902).
The genomic structure of murine UCP3 has not been

eported previously. We isolated two genomic clones
see Methods) and used restriction mapping and
outhern analysis to demonstrate that the clones over-

mbers and boundaries are depicted above the deduced ucp3 protein
t the 39 end of exon 5, while the short form of human ucp3 does not
UCP3 AF053352, hUCP3 AF011449. Bottom, genomic organization

low. Coding regions are shaded.
nu
or a
re m
be



lapped. In both clones, UCP3 was located ;8 kb up-
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tream of UCP2, with the two genes being transcribed
rom the same strand. mUCP3 and mUCP2 contain 7
nd 8 exons, respectively (Fig. 1, Table 1).

An UCP3 mRNA variant. During characterization
f the UCP3 mRNA using 39-RACE, a new variant
UCP3 transcript was found and named mUCP3S. In
UCP3S, exon 5 is followed by sequence from intron 5,

uggesting that the splice donor is not used in these
ranscripts. Inclusion of the intron results in a pre-
icted protein truncated to 214 amino acids, missing
wo putative transmembrane helices (Fig. 1). mUCP3S
RNA was much less abundant than mUCP3L, as

etermined using both Northern blotting and RT-PCR
data not shown). Humans have a different hUCP3S
soform, resulting from use of a polyadenylation site in
ntron 6, thus encoding a protein missing only one
ransmembrane region. No murine homologues of the
hort human form were present in the 38 muscle 39-
ACE clones analyzed, suggesting that this form is not
resent in mice.

Regulation of UCP3 and UCP2 mRNA levels by di-
tary fat. To examine the role of UCPs in diet-induced
besity, we measured UCP mRNA levels in mice on low
r high fat diets. Since genetic background influences
usceptibility to obesity, three different strains of mice
ere used: AKR and C57BL/6J which are susceptible

o diet-induced obesity, and A/J which is more resis-
ant [25]. After 8 weeks on a 45% fat diet the AKR and
57BL/6J mice showed weight gains of 79% and 91% of

nitial body weight, while the A/J mice gained only
9%. Over this time, the weight gain was less in mice
n a 10% fat diet (47%, 52%, and 36%, in the AKR,
57BL/6J, and A/J mice, respectively). The mice eating

he high fat diet took in more calories than those on the
ow fat diet (16.8 vs. 14.6 kcal/d/mouse in AKR; 12.8 vs.
1.5 in C57BL/6J; and 14.6 vs. 12.9 in A/J).
The high fat diet increased the UCP3 mRNA levels

-fold in C57BL/6J mice after 8 weeks of treatment
Fig. 2). A smaller increase was seen in the AKR strain,
hile no effect was observed in the A/J mice. Thus

here is a difference between the three strains in their
esponse to the high fat diet.

In contrast to UCP3, UCP2 expression in skeletal
uscle showed little variation with diet (Fig. 2). Nei-

her the AKR nor A/J strains showed a significant
ffect of diet. Only the C57BL/6J mice on the 45% fat
iet showed slightly increased UCP2 mRNA levels.
UCP2 expression levels were also determined in ep-

didymal white adipose tissue (Fig. 3). In the A/J and
57BL/6J mice there was no significant difference be-

ween the low and high fat diets. In contrast, there was
relatively small, but significant increase in the UCP2
RNA levels in the AKR mice.
In brown adipose tissue, no increase in either UCP3

r UCP2 mRNA in the mice of any of the three geno-
29
ypes fed the high fat diet was observed (data not
hown).

ISCUSSION

Structure of UCP3 and UCP2. We report a new,
inor mUCP3 mRNA, mUCP3S, which is predicted to

ncode a protein truncated by 31%. The human UCP3s
RNA previously reported would produce a protein
issing 12% at its C-terminus [18]. The functional

ignificance of the species-specific splicing is not clear,
or is it known if the shortened UCP3 proteins are
table in the cell. The missing C-terminal region has
een implicated in purine nucleotide inhibition of un-
oupling activity in the related protein, UCP1 [26–28].
We also report the genomic organization of murine
CP3. The introns are in the same positions as in
uman UCP3 [18, 29, 30] (YH, DWG, and MLR, un-
ublished observations). Our murine UCP2 genomic
tructure agrees with that recently reported [31]. The
rganization of UCP1, UCP2, and UCP3 is conserved,
ith each containing six coding exons interrupted by

ntrons in homologous places. There is variation in the
umber of 59 noncoding exons, with UCP1 having none,
CP2 having two, and UCP3 having one.
UCP3 has been mapped to human chromosome

1q13 and mouse chromosome 7, the same chromo-
omal regions to which UCP2 maps. We now show that
CP3 and UCP2 are very close to each other, only ;8
b apart in the mouse genome, and are transcribed in
he same direction. Since these genes are adjacent, it
ill be particularly important to demonstrate that any

Exon–Intron Organization of the mUCP3 and UCP2 Genes

Exon
No.

Exon
size (bp)

59 Splice
donor

Intron
size (kb)

39 Splice
acceptor

UCP3

1 ;70 GCACAGgtaaga 7.0 ctgcagCTTCCT
2 219 CTGCAGgtgagt 0.5 ccccagATCCAA
3 202 CGGACCgtgagt 0.19 ccccagACTCCA
4 201 GGAAAGgtaacc 1.2 taacagGGACTT
5 102 TTACTGgtgaga 0.6 ctacagACAACT
5S .220
6 181 CAAAGGgtaagc 2.2 cctcagATTTGT
7 ;1700

UCP2

1 ;40 GGTCCGgtgagc 0.75 ccacagGACACA
2 162 CTCCAGgtaagg 2.5 gcctagAACTCC
3 223 CTGCAGgtgagg 0.15 tttcagATCCAA
4 211 CAGAGCgtgagt 0.8 ccacagATGCAG
5 195 GGAAAGgtgtgt 0.08 ctacagGGACTT
6 102 TGACAGgtgtgt 0.29 tggcagATGACC
7 180 CAAGGGgtgagc 0.32 ctctagGTTCAT
8 ;380
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olymorphisms/mutations implicated in genetic stud-
es be examined at the protein function level. The
enomic organization also suggests that a local dupli-
ation produced the current UCP3 and UCP2 genes.
he relatively low nucleotide identity between UCP3
nd UCP2 implies that gene conversion or recombina-
ion between these genes is unlikely.

UCPs and diet. A role for adipose UCP2 in resis-
ance to dietary obesity was hypothesized by Fleury et

FIG. 2. A. UCP3 and UCP2 mRNA levels in skeletal muscle. Eac
or 2 or 8 weeks, as indicated. Blots were probed successively for UCP
orthern blots were quantitated using a Phosphorimager. Data are p
ata are mean, SEM. Significant differences (P , 0.05) between the
30
l. and expanded upon by Surwit et al. [1, 32]. They
roposed that early induction of adipose UCP2 mRNA
ccurred in obesity-resistant strains, presumably me-
iating increased energy expenditure and delaying the
nset of obesity. Supporting data included the obser-
ations that epididymal white adipose UCP2 mRNA
evels were elevated 2.7-fold in obesity-resistant A/J

ice fed a high fat diet for up to 4 weeks, but were
elatively unchanged in obesity-prone C57BL/6J fat

ne contains RNA from an individual mouse fed a 10 or 45% fat diet
CP2, and b-actin. B. Quantitation of UCP3 and UCP2 mRNA levels.

ented normalized to the 10% fat, 2-week samples within each strain.
w and high fat groups are indicated by an asterisk.
h la
3, U
res

lo
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1]. Long term (18 week) feeding of the high fat diet
ncreased UCP2 in both strains. In contrast, our exper-
ments did not show a significant increase in epididy-

al UCP2 mRNA in A/J mice at either 2 or 8 weeks.
ur findings that muscle UCP2 mRNA levels did not

hange on a high fat diet agrees with those reported
32].

Surwit et al. observed that UCP3 mRNA levels were
ot changed by a high fat diet [32]. In contrast, we
bserved that UCP3 mRNA levels were 2-fold higher in
57BL/6J mice. A less dramatic increase was seen in
KR mice, and no change was observed in the A/J
ice. A high fat diet also increased muscle UCP3 2-fold

ncrease in Sprague-Dawley rats [33]. Notwithstand-
ng the differences between laboratories and strains,

uscle UCP3 mRNA levels tend to increase with a

FIG. 3. A. UCP2 mRNA levels in white adipose tissue. Each lane
ontains RNA from an individual mouse fed the 10 or 45% fat diet for
or 8 weeks, as indicated. Blots were probed successively for UCP2

nd b-actin. B. Quantitation of UCP2 mRNA levels. See Fig. 2B for
etails.
31
atty acid levels that occurs with obesity, since free
atty acids are thought to increase UCP3 mRNA levels
15] and UCP2 and UCP3 may facilitate fatty acid

etabolism.
There are plausible explanations for the somewhat

ivergent data on UCP2 and UCP3 mRNA levels. Most
mportantly, the magnitude of the diet-induced in-
reases in UCP3 and UCP2 expression are modest
ompared to changes caused by other manipulations,
uch as starvation, exercise, and thyroid hormone.
hus experimental variation may contribute to the
ivergent observations.
There are three conclusions to be drawn from our

ata. First, a high fat diet indeed causes changes in
CP2 and UCP3 mRNA levels, but the changes are

ubtle. Second, the animal’s underlying genotype influ-
nces the changes in mRNA levels. Third, it is not clear
hether these mRNA changes are a primary determi-
ant of body fat content, or alternatively, a reflection of
etabolic responses to changes in fat intake and body

omposition. Notably, reduced UCP2 and UCP3 ex-
ression was not observed in the strains susceptible to
iet induced obesity, suggesting that it is not an initial
eduction in expression that causes the obesity.
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