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The mitochondrial uncoupling protein gene is rapidly induced in mouse brown fat following cold exposure.
To identify cis-regulatory elements, approximately 50 kb of chromatin surrounding the uncoupling protein
gene was examined for its hypersensitivity to DNase I. Seven DNase I-hypersensitive sites were identified in the
5'-flanking DNA, and one site was identified in the 3'-flanking DNA. Transgenic mice with an uncoupling
protein minigene were generated by microinjection of fertilized eggs with a transgene containing 3 kb of
5'-flanking DNA and 0.3 kb of 3'-flanking DNA. Expression of the transgene is restricted to brown fat and is
cold inducible. Four additional transgenic lines were generated with a second transgene containing a 1.8-kb
deletion in the 5'-flanking DNA, and expression of this minigene is absent in all tissues analyzed. A DNase
I-hypersensitive site located in the 1.8-kb deletion contains a cyclic AMP response element that binds a brown
fat tumor enriched nuclear factor. On the basis of these observations, we propose that a cis-acting regulatory
sequence between -3 and -1.2 kb of the 5'-flanking region, possibly at a DNase I-hypersensitive site, is
required for controlling uncoupling protein expression in vivo.

Brown fat, through a mechanism called nonshivering
thermogenesis, is an important site for heat production
during birth, cold acclimation, and arousal from hibernation
in mammals. This process is initiated from signals originating
in the hypothalamus and propagated through the sympa-
thetic nervous system, resulting in the release of norepineph-
rine from the sympathetic nerve terminals at the surface of
the adipocyte. Norepinephrine released from the sympa-
thetic nerve terminals binds to adrenergic receptors on the
brown fat cell. Adrenergic stimulation leads to an increase in
intracellular cyclic AMP concentration, brown fat cell lipol-
ysis, increased intracellular free fatty acid concentration,
and the rapid induction of the mitochondrial uncoupling
protein (3, 18, 27, 34, 40).
The uncoupling protein (UCP) is a 32,000-Mr inner mito-

chondrial membrane protein that functions as a proton
channel to uncouple mitochondrial respiration from ATP
synthesis and produce heat (34). Ucp is a nuclear gene on
mouse chromosome 8 containing six exons, each encoding a
transmembrane domain (28, 29). The promoter region has a
TATA box and sequence resembling a cyclic AMP response
element.
We are pursuing an analysis of two problems associated

with Ucp expression. One problem is to explain how the
expression of Ucp is limited to brown fat, since it has been
suggested that brown fat and white fat have similar devel-
opmental origins (2, 12, 48). The other problem is to deter-
mine how gene expression is controlled by ,B-adrenergic
stimulation. The role of the P-adrenergic system in the
control of metabolism and physiology is well known (31);
however, its action on gene expression is just beginning to be
investigated (22, 26).
DNase I-hypersensitive (HS) sites represent gaps in the

distribution of nucleosomes along the chromatin fiber that
reveal the location of regulatory motifs (13). trans-acting
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factors may interact with regulatory DNA sequence ele-
ments through the developmental positioning of HS sites
along the chromatin fiber (13, 20). Clusters of DNase I-HS
sites are often found at the 5' end of tissue-specific and
inducible genes and are associated with transcriptional start
sites (5) as well as enhancers and promoters (13, 20). We
have compared the pattern of DNase I-HS sites flanking the
Ucp gene in several tissues to identify potential regions of
open chromatin that may interact with trans-acting factors.
Transgenic mice were generated to define the Ucp regulatory
domain in vivo and to localize potential cis-acting regulatory
regions within the flanking DNA.

MATERIALS AND METHODS

Animals. Inbred strains of mice were obtained from the
Animal Resources ofThe Jackson Laboratory. (The Jackson
Laboratory is fully accredited by the American Association
of Accreditation of Laboratory Animal Care.) Mice were
housed at an ambient temperature of 21°C on a 12-h light-
dark cycle. For cold-induction experiments, mice were
maintained at 27°C in a thermostatically controlled chamber
for 3 days and then transferred to 5°C in a walk-in cold room
for 18 h.
Ucp minigene constructs. Gene regions used in subcloning

the Ucp minigenes were derived from overlapping genomic
clones described previously (29). The Ucp-1 minigene was
constructed by isolating a 6.2-kb EcoRI-SacI fragment
which contained 3.7 kb of 5'-flanking DNA and the first two
exons of Ucp (see Fig. 5). NotI linkers were blunt end ligated
onto the free ends, the fragments were digested with NotI,
and the products were ligated into the NotI site of pBlue-
script SK+ (Stratagene). Secondly, a 1.9-kb Sacl-HindIll
fragment containing 300 bp of 3'-flanking DNA and exon 6
were cut out of a HindIII genomic clone, HindIII linkers
were blunt end ligated onto the SacI end, and the fragment
was inserted into the HindIII site of pBluescript SK+. The
final Ucp-1 minigene was then cut out with SphI and XhoI
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FIG. 1. (A) DNase I-HS site map. Numbered arrows denote the locations of the eight HS sites. The number under each DNase I-HS site
indicates the distance (in kilobases) of the site from the first exon. Restriction enzyme sites (B, BamHI; P, PvuII) are indicated. The gels show
the pattem of DNase I-HS sites upstream of the Ucp gene in brown and white fat (B), liver (C), and brain (D). Following DNase I digestion
and DNA purification, 20 ,ug of DNA was digested with a 10-fold excess of BamHI, electrophoresed in 1% agarose gels, transferred to
Zetabind, and hybridized to a KpnI-PstI restriction fragment probe (5' probe) as described in Materials and Methods. DNase I concentrations
(in units per milliliter) are indicated above each lane of the autoradiograph. Control incubations with protein free genomic spleen DNA in the
presence (G+) or absence (G-) of 2 U of DNase I per ml are also indicated. The 23-kb upstream parent band (P) represents the size of the
BamHI restriction fragment.

and contained 3 kb of 5'-flanking DNA and 300 bp of
3'-flanking DNA, as well as 49 bp of the multiple cloning site
of pBluescript SK+ (see Fig. 5). Ucp-2 was identical to
Ucp-1 except that the 3-kb 5'-flanking region was reduced to
1.2 kb by cutting the 5' end of the minigene in pBluescript
with SnaBI instead of SphI.

Transgenic animals. The minigene constructs were purified
by preparative electrophoresis through agarose gels followed
by either extraction using the Geneclean DNA purification
system (Bio 101, Inc., La Jolla, Calif.) or electroelution. The
isolation of zygotes from C57BL/6J females, microinjection
of the minigene constructs into male pronuclei, and transfer
of the morulae to pseudopregnant (C57BL/6J x SJL/J)F1
hybrid females were carried out by the Jackson Laboratory
transgenic mouse facility using methods described previ-
ously (47). Founder animals were screened for the presence

of the transgene by Southern blot analysis after digestion
with BamHI or PstI (23, 43). Hybridization was to a gel-
purified, random primer-labeled (Boehringer) 1.4-kb PstI-
HindIII fragment which contained the first and second exons
of the mouse Ucp gene. Filters were washed with 0.1 x SSC
(lx SSC is 0.15 M sodium chloride plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (final stringency) at
60°C. Total RNA was isolated (7), and Northern RNA blots
were performed as described by Derman et al. (9) by using a

320-bp BgIII restriction fragment derived from the first exon
of the Ucp gene and radiolabeled with random primers (14).
Northern blots demonstrating tissue-specific expression of
the Ucp gene were reprobed with a BamHI-EcoRI mouse
18S rRNA restriction fragment. Transgene copy number was
estimated by densitometric analysis and radioanalytic imag-
ing (Ambis Systems, San Diego, Calif.).
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FIG. 2. Pattern of DNase I-HS sites downstream of the Ucp gene
in brown fat. Conditions are identical to those described in the
legend to Fig. 1 except that the DNA was hybridized to a BamHI-
HindIIl restriction fragment 3' of the BamHI restriction enzyme site
(3' probe). The 30-kb downstream parent band representing the
BamHI restriction fragment is indicated (P).
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Nucleus isolation. Nuclei were isolated from 6-week-old
male BALB/cByJ mice housed at room temperature. Brown
fat was isolated from the interscapular fat pad, and white fat
was isolated from the epididymal fat pad. Tissues were
removed and placed into ice-cold isolation buffer contain-
ing 10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 60 mM KCl,
0.15 mM spermine, 0.5 mM spermidine, 14 mM 2-mercapto-
ethanol, 0.5 mM ethylene glycol-bis(P-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), 2 mM EDTA, and 0.5%
Nonidet P-40 (Sigma). Tissues were minced with scissors
and homogenized with a polytron for 10 s at 10o maximum
power. The resulting slurry was homogenized further with
three strokes in a Dounce homogenizer (B pestle). Following
homogenization, the Nonidet P-40 concentration was in-
creased to 1% final concentration and the nuclei were
pelleted and washed as described previously (11).
DNase I digestion. Nuclease digestions were performed on

ice for 10 min as described by Fritton et al. (17). Following
digestion with DNase I (Worthington Biochemical, Free-
hold, N.J.), nuclei were pelleted for 1 min at 2,000 x g. The
supernatant was discarded, and the pellet was washed two
times with DNase I wash buffer (0.15 mM spermine, 0.5 mM
spermidine, 60 mM KCI, 15 mM NaCl, 2 mM EDTA, 0.5
mM EGTA, 15 mM Tris-HCl [pH 7.4], 0.5 M sucrose, and 1
mM phenylmethylsulfonyl fluoride). Resuspended nuclei
were incubated in 200 ,ul of proteinase K buffer (1% sodium
dodecyl sulfate, 20 mM Tris-HCl [pH 7.4], and 10 mM
EDTA), containing proteinase K (Boehringer) at 100 jig/ml
at 55°C for 15 h. Proteinase K was removed by phenol-
chloroform extraction and ethanol precipitation. The DNA
was resuspended in 10 mM Tris-HCI (pH 7.4)-i mM EDTA.
Restriction enzyme reactions were carried out under the
reaction conditions suggested by the manufacturer (New
England Biolabs, Beverly, Mass.).
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FIG. 3. Pattern of DNase I-HS sites 1 to 4 upstream of the Ucp gene in brown and white fat (A) and liver, spleen, and brain (B). Conditions
for DNase I digestion and DNA purification are identical to those described in the legend to Fig. 1, except that the DNA was digested with
a 10-fold excess of PvuII. The Southern-blotted DNA was hybridized to the same KpnI-PstI restriction fragment probe as in Fig. 1. DNase
I concentrations (in units per milliliter) are indicated above each lane of the autoradiograph. The 6.8-kb upstream parent band (P) represents
the size of the PvuII restriction fragment.
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Nuclear extracts and gel shift assays. Nuclei were pelleted
as described for the DNase I digestion, except phenylmeth-
ylsulfonyl fluoride was included to a final concentration of
0.5 mM. Following the initial pelleting of nuclei in the 500 x
g spin, nuclear extract was prepared exactly as described
elsewhere (19). Small aliquots of extract were frozen in
liquid nitrogen for future use. Gel shift assays were per-
formed as described by Carthew et al. (6) with slight modi-
fications. Nuclear extract was incubated with approximately
40,000 cpm (0.1 to 0.5 ng) of an end-labeled single-stranded
30-bp oligonucleotide DNA fragment in the presence of 0.5
,ug of poly(dI-dC) in a final volume of 20 ,ul. Incubations
were carried out for 1 h on ice in 12 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES)-NaOH (pH
7.9)-60 mM KCl-5 mM MgCl2-4 mM Tris-HCI (pH 8.0)-0.6
mM EDTA-0.6 mM dithiothreitol. At the end of the incuba-
tion period, 2 ,ul of loading buffer (25% Ficoll, 0.05%
bromophenol blue, and 0.05% xylene cyanol) was added to
each sample. Samples were layered onto low-ionic-strength
6% nondenaturing polyacrylamide gels and electrophoresed
as previously described (6).

RESULTS

DNase 1-HS sites. To identify the locations of potential
cis-acting regulatory elements, we surveyed the Ucp chro-.
matin domain in brown fat, white fat, liver, and brain for
DNase I-HS sites unique to brown fat. Nucleic were di-
gested with low concentrations of DNase I so that a selected
region of DNA bounded by a particular restriction enzyme
site would be cut less than one time on the average. All
nuclease digestions were performed on ice to reduce endog-
enous nuclease activity. BamHI was initially used to cut the
DNase I-digested DNA because approximately 50 kb of
chromatin surrounding the Ucp gene could be surveyed for
HS sites. Seven DNase I-HS sites were found 5' to the first
exon of the Ucp gene in brown fat (Fig. 1A and B). DNase I
HS sites 4 to 7 were also present in white fat, although they
appear to be much less HS. No consistently detectable HS
sites were present in liver (Fig. 1C) or brain (Fig. 1D). One
HS site was found 2.2 kb 3' of the sixth exon of Ucp in
brown fat (Fig. 2).
HS sites 1 to 4 have also been mapped with PvuII, since

this produces a shorter restriction fragment which is benefi-
cial in fine mapping of the locations of sites 1 to 4. Results
from the PvuII mapping experiments validate the location of
sites 1 to 4 in brown fat (Fig. 3A). In addition, two previously
unidentified sites (a and b) are present in several tissues.
However, sites 1 to 3, which were undetectable in white fat,
liver, and brain with BamHI, are observed in all tissues
analyzed with PvuII. Site 4 remains most HS in brown fat.
Thus, by using independent enzymes and similar probes, we
have confirmed the location of HS sites 1 to 4 in brown fat.
However, we have not been able to resolve why HS sites 1
to 3 appear to be brown fat specific only when the DNase
I-digested DNA is cut with BamHI.

Since Ucp expression is induced during exposure to the
cold and repressed at thermoneutrality, we examined the
DNase I hypersensitivity pattern of the Ucp 5'-flanking
DNA from thermoneutrality-, room temperature-, and cold-
acclimatized animals. No consistent differences in the de-
gree of hypersensitivity or pattern of HS sites were observed
in the DNA obtained from animals acclimated to thermoneu-
trality, room temperature, or the cold (Fig. 4).

Ucp-1 transgenic animals. A Ucp-1 minigene (Fig. 5) con-
taining 3 kb of 5'-flanking DNA and 300 bp of 3'-flanking

I ) _s.
7 _

6

4

04
1, it (!.

I I

128
T H (*

FIG. 4. Effect of temperature on DNase I hypersensitivity up-
stream of the Ucp gene. Nuclei were isolated from animals housed
at a thermoneutral temperature of 29°C for 3 days (T) or at room

temperature (R) or from animals housed at thermoneutrality for 3
days and then placed in the cold at 5°C for 12 h (C). Conditions for
the DNase I digestion, DNA purification, restriction enzyme diges-
tion, and DNA hybridization are identical to those for Fig. 1; DNase
I concentrations are indicated above the lanes in units per milliliter.

DNA was constructed. Exons 3, 4, and 5 were removed to
distinguish the transgene from the endogenous Ucp gene by
Northern blot analysis. The Ucp-1 minigene contained
DNase I-HS sites 1 to 4 in the 5'-flanking DNA (Fig. 1).
Genomic tail DNA isolated from founder animals was

screened for the presence of the transgene. The three
animals which tested positive were crossed to C57BL/6J
mice. Two of the three lines (numbers 1.3 and 1.20) were

mosaic, since significantly less than 50% of the F1 generation
were heterozygous for the transgene (32), while the third
transgenic mouse (number 1.23) inherited the transgene at a

single genomic locus (data not shown). F1 and F2 offspring
from the nonmosaic line 1.23 and the founders from the
mosaic lines were used for all subsequent expression analy-
sis of the Ucp-1 transgene.
To determine whether the introduced Ucp-1 minigene was

expressed and if so, whether the expression was brown fat
specific, we assayed for both endogenous and transgene Ucp
mRNA levels in several tissues, including brown fat, of the
nonmosaic line 1.23 (Fig. 6) as well as the mosaic founder
mice 1.3 and 1.20 (Fig. 7). Prior to hybridization, the loading
accuracy, quality, and transfer of EcoRI were verified by
UV shadowing (45). In addition, the Northern blots were

reprobed with a mouse 18S rRNA probe (BamHI-EcoRI
fragment) to document any variations in loading accuracy.
The major and minor mRNA species detected for the endog-
enous Ucp gene result from the use of two poly(A) signal
sequences in vivo (29). A minor mRNA species for the
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FIG. 5. Subcloning and structure of the Ucp-1 and Ucp-2 minigenes. Shown are the Ucp gene with 3.7 kb of 5'-flanking sequence and 300
bp of 3'-flanking DNA. Forty-nine base pairs of pBluescript SK(+) multiple cloning site was incorporated into both Ucp-1 and Ucp-2 between
exons two and six and contains a BamHI and PstI restriction enzyme site used for screening transgenic animals. The XhoI site located at the
3' end of both minigenes is also derived from 21 bp of the multiple cloning site of pBluescript. Restriction enzyme sites: RI, EcoRI; Sc, Sacl;
H, Hindlll; N, Notl; Sp, SphI; X, XhoI; Sn, SnaBI.

minigene may have been obscured by the endogenous gene
transcript. Expression of the transgene was specific to
brown fat in line 1.23 (nonmosaic; Fig. 6) and one of the
mosaic founders (line 1.20; Fig. 7). We were unable to detect
expression of the Ucp-1 minigene in any tissue in line 1.3 by
this analysis. Having determined that there were approxi-
mately six copies of the Ucp-1 minigene in line 1.23 (data not
shown), the actual quantitative level of transgene expression
appears to be less than that of the endogenous gene.
To determine whether the Ucp-1 minigene was cold induc-

ible, both positive and negative transgenic animals from line
1.23 were cold and thermoneutrality acclimatized and
mRNA was isolated from brown fat for Northern analysis. In
the thermoneutrality-acclimatized animals, both the Ucp-1
minigene and the endogenous Ucp gene mRNA are re-

pressed to extremely low levels, while both the Ucp-1
minigene and the endogenous Ucp gene in cold-acclimatized
animals are highly induced (Fig. 8). These data indicate that
the regulatory elements for both tissue-specific and cold-
inducible expression of Ucp are present in the Ucp-1 mini-
gene.

Ucp-2 transgenic animals. To further define the Ucp regu-
latory regions in vivo, we deleted 1.8 kb from the 5' end of
Ucp-1 and microinjected this minigene deletion construct

(Ucp-2, Fig. 5) into fertilized mouse eggs. The Ucp-2 mini-
gene contained DNase I-HS sites 1 to 3, while Ucp-1
contained sites 1 to 4. Four different transgenic lines tested
positive for the presence of the Ucp-2 minigene. The tissue
specificity and cold inducibility of Ucp-2 mRNA were ex-
amined by cold acclimatizing positive F1 transgenic offspring
as described previously for Ucp-1 screening. Expression of
the Ucp-2 transgene deletion construct could not be detected
in cold-acclimatized transgenic mouse brown fat in any of
the four lines (Fig. 9) or in any of the other normally
analyzed tissues (data not shown), suggesting that a regula-
tory element was deleted from this transgene. The copy
numbers for lines 2.3, 2.5, 2.14, and 2.28 were approximately
7, 30, 5, and 5 copies, respectively.
DNase 1-HS site 4. Since the deletion of HS site 4 from the

Ucp-2 transgene resulted in a loss of expression, we thought
that there may be a brown-fat-specific trans-acting factor
interacting at this site. We sequenced the region surrounding
HS site 4 and discovered a partial consensus sequence to the
cyclic AMP response element (CRE). To determine whether
brown fat nuclear proteins bound to this CRE, a 30-bp
oligonucleotide containing the CRE was synthesized, la-
beled, and used in a gel shift assay (Fig. 10, oligo 323). A
single complex was formed (Fig. 11) in extract obtained from
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FIG. 6. Northemn blot analysis of mouse Ucp-1.23 minigene
mRNA expression in homozygous cold-adapted transgenic animals.
Ten micrograms of total RNA was resolved by electrophoresis in
1.25% formaldehyde-agarose gels. Hybridization was performed as
described in Materials and Methods.

liver and a brown fat tumor known to be responsive to
norepinephrine (30). Because of the difficulty of obtaining
nuclear extract from normal brown fat, nuclear extracts
were obtained from brown fat tumor cells having a high level
of Ucp mRNA (30) and DNase I hypersensitivity pattern
identical to that of brown fat (4). The sequence specificity of
the binding reaction is demonstrated by the ability of nonra-
dioactive oligonucleotide to compete for binding (lanes 3 to
5 and 7 to 9), while poly(dI-dC), a nonspecific competitor,
does not reduce the binding (compare lanes 9 and 10).
Although the relative amount of binding protein in the brown
fat tumor appears to be much greater than in liver, it is not
clear whether this nuclear binding protein is as abundant in
brown fat as in the tumor.
To demonstrate that the nuclear binding protein interacts

with the CRE, an additional gel shift assay was performed
with the intact CRE as the probe (Fig. 10, oligo 323) and a
15-bp oligonucleotide that contained the first 4 bp of the CRE
(Fig. 10, oligo 356) as the nonradioactive competitor. The
single complex formed with the liver and brown fat tumor
nuclear extract is reduced, although much less efficiently by
the 15-bp oligonucleotide 356, indicating sequence speci-
ficity for binding of the nuclear protein to the CRE (Fig. 12).

DISCUSSION

DNase I-HS sites of the Ucp gene. HS sites have helped to
define transcriptional regulatory elements for several genes,
including the 13-globin (16, 46), immunoglobulin K (8, 36), and
phosphoenolpyruvate carboxykinase (24, 25) genes and the
proto-oncogene c-fos (10, 39). Although the presence of cell
type-specific HS sites does not always correlate with cis-
regulatory elements, a cis element that affects a chromo-

somal process will be associated with an HS site (13, 20, 35).
In fact, it has been proposed that promoters and enhancers
come into contact through interactions between trans-acting
factors bound at HS sites by looping out the intervening
chromatin (37). Accordingly, we analyzed approximately 50
kb of chromatin flanking the mouse Ucp gene in brown fat,
white fat, liver, spleen, and brain for its hypersensitivity to
DNase I.
The four most distal 5' HS sites (DNase I-HS sites 4 to 7)

have been detected in brown fat and white fat but not in liver
or brain. Three HS sites closest to the Ucp transcription
start site (sites 1 to 3) have been mapped in four tissues with
two restriction enzymes and appear to be present in all
tissues. Sites 1 and 2 are probably associated with proteins
that bind to the CAAT box and TATA box, as DNase I-HS
sites are frequently associated with these elements (5, 17).
Site 3 is HS in all tissues when the DNA is cut with PvuII,
while site 4 remains strongly HS only in brown fat regardless
of the restriction enzyme used to cut the DNA.
Although DNase I-HS sites have been shown to be spe-

cific to genes being actively transcribed (44), DNase I-HS
sites can be found in nonexpressing, DNase I-resistant
regions of chromatin (15). Therefore, the presence of DNase
I-HS sites 4 to 7 when mapped with BamHI and sites 1 to 4
when mapped with PvuII in white fat chromatin may not be
so surprising, even though no Ucp mRNA can be detected in
RNA isolated from white fat by Northern blot analysis (Fig.
6). In fact, the presence of these HS sites in white fat
chromatin may indicate that a common cell lineage exists for
these two cell types or that the white fat cell was able to
transcribe the Ucp gene at an earlier developmental stage.
DNase I-HS sites 1 and 2 span a region of chromatin-

containing sites homologous to thyroid, glucocorticoid, and
cyclic AMP-regulatory elements as well as TATA box- and
CAAT box-binding protein sites (3, 29). These HS sites were
predicted, since most cis-acting elements this close to the
start site bind nuclear factors which participate in transcrip-
tional complex stabilization (1). The only DNase I-HS site
detected in 25 kb of 3'-flanking DNA was located 2.2 kb 3' of
the sixth exon.

Eight DNase I-HS sites have been identified in the flanking
DNA surrounding the Ucp gene in brown fat nuclei. Two
restriction enzymes which generate large and small parental
fragments have been utilized in this analysis to map the
brown fat HS sites. Although we are unable to resolve the
discrepancy in HS site tissue specificity using these two
restriction enzymes, the combined results corroborate the
location of the brown fat HS sites. Furthermore, we have
used these mapping results to begin a systematic analysis for
potential trans-acting factors that may interact with cis
elements at each of the HS sites.

Experiments were also carried out to determine whether
any changes in the degree of hypersensitivity or pattern of
hypersensitivity occur during the induction or repression of
Ucp expression. The lack of any significant changes in
hypersensitivity suggests that these DNase I-HS sites may
be necessary for gene activation and function as windows at
which inducible trans-acting factors can interact with Ucp.

Expression of the Ucp-1 transgene in brown fat. Having
identified a structural chromatin domain surrounding the
Ucp gene in mouse brown fat by its hypersensitivity to
DNase I, a functional assay was necessary to elucidate
potential regulatory elements required for in vivo expression
of Ucp. As there are no continuous brown fat cell culture
systems, transgenic mice were used to delineate the cis-
acting requirements for expression of the Ucp gene in the

MOL. CELL. BIOL.
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FIG. 7. Northern blot analysis of mouse Ucp-1.3 and -1.20 minigene mRNA expression in cold-adapted founder transgenic animals. Ten

micrograms of total RNA was resolved by electrophoresis in 1.25% formaldehyde-agarose gels. Hybridization was performed as described
in Materials and Methods.

mouse. Transgenic mice are an ideal genetic tool for deter-
mining the temporal and spatial control of inducible mam-
malian gene expression, since the tissue-specific expression
of transgenes is often independent of the integration site.
We show that sequences within the Ucp-1 minigene are

sufficient to direct brown fat-specific expression and cold
induction of Ucp in vivo. Quantitatively, expression of the
Ucp-1 minigene appears less than that of the endogenous
Ucp gene. Similarly, Grosveld et al. (21) demonstrated that
high levels of human 3-globin transgene expression are
obtained only when erythroid-specific super-HS sites lo-
cated 50 kb 5' and 20 kb 3' of the 3-globin gene are included.
Additional experiments demonstrated that a single 5' su-
per-HS site located far upstream of the P-globin gene was
responsible for the enhanced ,B-globin transgene expression
(41), while two of these 5' super-HS sites could stimulate
high levels of human a-globin gene expression in erythroid
cells of transgenic mice (42). Since DNase 1-HS sites 5 to 7
were not present in the Ucp-1 minigene where both tissue-
specific and cold-inducible expression are maintained, it is
conceivable that full quantitative expression of a Ucp trans-
gene will require additional upstream sequence associated
with these DNase I-HS sites.

Loss of a Ucp regulatory element in the Ucp-2 transgene.
Our results indicate that a cis-acting regulatory region within
the Ucp gene 5'-flanking sequence between -3,000 and

4OC 29°C
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FIG. 8. Northern blot analysis of cold-adapted versus thermoneu-
trality-adapted brown fat mRNA expression from Ucp-1.23 trans-
genic animals. Temperature acclimation was as described in Materials
and Methods. Positive F1 transgenic animals (+) and negative wild-
type F1 animals (-) are indicated. Two micrograms of total RNA was
loaded per lane and hybridized as described in Materials and Methods.
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FIG. 9. Northern blot analysis of mouse Ucp-2 minigene mRNA
expression in cold-adapted heterozygous transgenic animals. Five
micrograms of total RNA from four transgenic lines (Ucp-2.3,
Ucp-2.5, Ucp-2.14, and Ucp-2.28) were resolved and hybridized as

described in Materials and Methods. RNAs from the brown fat of
cold-adapted Ucp-1.23 transgenic and normal wild-type (+/+) mice
were also analyzed for comparison. Large differences in signal
intensity were due to unequal loading of the gel.

-1,200 bp is essential for expression, since deletion of this
1.8-kb fragment from the Ucp-1 minigene results in the loss
of detectable Ucp-2 transgene expression. It is unlikely that
the lack of expression is due to repression by flanking
sequences in the insertionl sites, because expression was not
observed in any of the four transgenic lines.
DNase I-HS site 4 may be critical for Ucp expression in vivo.

7 5

FIG. 11. DNA-binding activity at DNase I-HS site 4. Single-
stranded deoxyoligonucleotide 323 containing the intact CRE was

end labeled with polynucleotide kinase and [a-32P]dATP and incu-
bated with nuclear extract obtained from liver or brown fat tumor.
The binding reaction was loaded on a 6% nondenaturing polyacryl-
amide gel to resolve the bound and retained DNA as described in
Materials and Methods. Lane 1 contained labeled probe only. Lanes
2 to 10 contain 0.5 ,ug of protein and 1 ,g of poly(dI-dC). Compe-
tition for binding is indicated in lanes 3 to 5 and 7 to 9 that contain
25, 50, or 100 ng, respectively, of unlabeled oligonucleotide 323.
Lane 10 contains 100 additional ng of poly(dI-dC) instead of excess
cold oligonucleotide 323.

1 kb
l-l

4 3 21 8
B~~~~~~~~~~~~~~IB

6

16 6.9 5.6 2.8 0.9 0.1

CRE

CCAA1T7ATAGTGCCGTCACTAACAGTACT Oligo 323

CCAA'TlATAGTGCC Oligo 356

FIG. 10. Oligonucleotide sequence of the CRE at DNase I-HS site 4. The CRE is indicated in italics. Oligonucleotide 323, which contains
the intact CRE, was used as a probe and competitor in the gel shift assays. Oligonucleotide 356, which contains only half of the intact CRE,
was used as competitor DNA only.
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Brown Fat genes, we suggest that the CRE located at DNase I-HS site
4 and deleted in the Ucp-2 transgene may be important for
Ucp expression in vivo. Through the use of transgenic

6 7 8 9 10 animals and structural chromatin analysis, we hope to fur-
ther our understanding of the regulation of Ucp gene expres-I I I I I sion in vivo and provide a foundation for future studies
aimed at understanding the sympathetic signalling mecha-
nism regulating tissue-specific gene expression in brown fat.

I

.a.M

FIG. 12. Competition for DNA-binding activity to the CRE at
DNase I-HS site four with oligonucleotide 356. Conditions for
DNA-binding activity were identical to those in Fig. 11 except that
oligonucleotide 356, containing a partial CRE consensus sequence,
was used as the unlabeled competitor DNA. Competition for binding
is indicated in lanes 3 to 5 and 7 to 9 that contain 25, 50, or 100 ng,
respectively, of unlabeled oligonucleotide 356. Lane 10 contains 100
ng of additional poly(dI-dC) instead of excess cold oligonucleotide
356.

Although the quantitative degree of hypersensitivity can be
subjective (4, 38), DNase I-HS site 4 is consistently more HS
in brown fat than in any other tissue, regardless of the
restriction enzyme used in mapping (4). Furthermore, the
deletion of 1.8 kb from the Ucp-1 minigene, which includes
DNase I-HS site 4, results in the loss of expression of the
Ucp-2 transgene. This raised the possibility that DNase I-HS
site 4 may be involved in the expression of Ucp in vivo,
possibly through an interaction with a brown fat-specific
binding protein.
A CRE has been identified at DNase I-HS site 4, approx-

imately 2.8 kb upstream of the start site of Ucp transcription.
Gel shift analysis using a single-stranded probe containing
the CRE revealed that a trans-acting factor binds specifically
to this cis element. These data support our hypothesis that
the Ucp HS sites function as access points for DNA-protein
interactions. Experiments aimed at determining the tissue
specificity and inducibility of this DNA-binding protein are
in progress. In addition, it is also unclear whether posttrans-
lational modification via the protein kinase A pathway
effects binding of this DNA-binding protein in vivo.
Although additional cis elements may be located closer to

the transcription start site (at DNase I-HS sites 1 and 2), as
is the case for liver-specific (1, 33) and pancreas-specific (32)

ACKNOWLEDGMENTS

We are grateful to Peter Hoppe for producing all of the transgenic
mouse lines used in this study. We thank George Clarke for his
assistance in screening transgenic animals and Ulrike Kozak for
contributing to the RNA preparations in this work.

This work was supported by National Research Service Award
NS08483 to B.B.B. and Public Health Service grant HDO8431 to
L.P.K. from the National Institutes of Health.

REFERENCES
1. Abraham, L. J., A. D. Bradshaw, B. R. Shiels, W. Northemann,

G. Hudson, and G. H. Fey. 1990. Hepatic transcription of the
acute-phase a,-inhibitor III gene is controlled by a novel com-
bination of cis-acting regulatory elements. Mol. Cell. Biol.
10:3483-3491.

2. Barnard, T. 1969. The ultrastructural differentiation of brown
adipose tissue in the rat. J. Ultrastruct. Res. 29:311-322.

3. Bouillaud, F., D. Ricquier, G. Mory, and J. Thibault. 1984.
Increased level of mRNA for the uncoupling protein in brown
adipose tissue of rats during thermogenesis induced by cold
exposure or norepinephrine infusion. J. Biol. Chem. 259:11583-
11586.

4. Boyer, B. B., and L. P. Kozak. Unpublished data.
5. Bushel, P., K. Rego, L. Mendelsohn, and M. Allan. 1990.

Correlation between patterns of DNase I-hypersensitive sites
and upstream promoter activity of the human E-globin gene at
different stages of erythroid development. Mol. Cell. Biol.
10:1199-1208.

6. Carthew, R. W., L. A. Chodosh, and P. A. Sharp. 1985. A
polymerase II transcription factor binds to an upstream element
in the adenovirus major late promoter. Cell 43:439-448.

7. Chomczynski, P., and N. Sacchi. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem. 162:156-159.

8. Chung, S., V. Folsom, and J. Wooley. 1983. DNase I-hypersen-
sitive sites in the chromatin of immunoglobulin K light chain
genes. Proc. Natl. Acad. Sci. USA 80:2427-2431.

9. Derman, E., K. Krauter, L. Walling, C. Weinberger, M. Ray,
and J. E. Darnell, Jr. 1981. Transcriptional control in the
production of liver-specific mRNAs. Cell 23:731-739.

10. Deschamps, J., F. Meijlink, and I. M. Verma. 1985. Identifica-
tion of a transcriptional enhancer element upstream from the
proto-oncogene fos. Science 230:1174-1177.

11. Doglio, A., C. Dani, P. Grimaldi, and G. Ailhaud. 1986. Growth
hormone regulation of the expression of differentiation-depen-
dent genes in preadipocyte Ob1771 cells. Biochem. J. 238:123-
129.

12. Dyer, R. F. 1960. Morphological features of brown adipose cell
maturation in vivo and in vitro. Am. J. Anat. 123:255.

13. Elgin, S. R. C. 1988. The formation and function of DNase I
hypersensitive sites in the process of gene activation. J. Biol.
Chem. 263:19259-19262.

14. Feinberg, A. P., and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 132:6-13.

15. Forrester, W. C., S. Takegawa, T. Papayannopoulou, G. Stam-
atoyannopoulos, and M. Groudine. 1987. Evidence for a locus
activation region: the formation of developmentally stable hy-
persensitive sites in globin expressing hybrids. Nucleic Acids
Res. 15:10159-10177.

16. Forrester, W. C., C. Thompson, J. T. Elder, and M. Groudine.
1986. A developmentally stable chromatin structure in the

VOL . 1 l, 1991

I



4156 BOYER AND KOZAK

human ,B-globin gene cluster. Proc. Nati. Acad. Sci. USA
83:1359-1363.

17. Fritton, H. P., A. E. Sippel, and T. Igo-Kemenes. 1983. Nu-
clease-hypersensitive sites in the chromatin domain of the
chicken lysozyme gene. Nucleic Acids Res. 11:3467-3485.

18. Girardier, L., and J. Seydoux. 1986. Neural control of brown
adipose tissue, p. 122-151. In P. Trayhurn and D. G. Nicholls
(ed.), Brown adipose tissue. Edward Arnold Ltd., London.

19. Gorski, K., M. Carneiro, and U. Schibler. 1986. Tissue-specific
in vitro transcription from the mouse albumin promoter. Cell
47:767-776.

20. Gross, D. S., and W. T. Garrard. 1988. Nuclease hypersensitive
sites in chromatin. Annu. Rev. Biochem. 57:159-197.

21. Grosveld, F., G. B. van Assendelft, D. R. Greaves, and G.
Kollias. 1987. Position-independent, high-level expression of the
human P-globin gene in transgenic mice. Cell 51:975-985.

22. Guthrie, P. D., M. R. Freeman, S. Liao, and L. W. K. Chung.
1990. Regulation of gene expression in rat prostate by androgen
and P-adrenergic receptor pathways. Mol. Endocrinol. 4:1343-
1353.

23. Hogan, B., F. Constantini, and E. Lacy. 1986. Manipulating the
mouse embryo: a laboratory manual. Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, N.Y.

24. Ip, Y. T., R. E. K. Fournier, and R. Chalkley. 1990. Extinction
of phosphoenolpyruvate carboxykinase gene expression is as-
sociated with loss of a specific chromatin-binding protein from a
far upstream domain. Mol. Cell. Biol. 10:3782-3787.

25. Ip, Y. T., D. Poon, D. Stone, D. K. Granner, and R. Chalkley.
1990. Interaction of a liver-specific factor with an enhancer 4.8
kilobases upstream of the phosphoenolpyruvate carboxykinase
gene. Mol. Cell. Biol. 10:3770-3781.

26. Iwaki, K., V. P. Sukhatme, H. E. Shubeita, and K. R. Chien.
1990. a- and P-adrenergic stimulation induces distinct patterns
of immediate early gene expression in neonatal rat myocardial
cells. J. Biol. Chem. 265:13809-13817.

27. Jacobsson, A., J. Nedergaard, and B. Cannon. 1986. a- and
,3-adrenergic control of thermogenin mRNA expression in
brown adipose tissue. Biosci. Rep. 6:621-631.

28. Jacobsson, A., U. Stadler, M. A. Glotzer, and L. P. Kozak. 1985.
Mitochondrial uncoupling protein from mouse brown fat. J.
Biol. Chem. 260:16250-16254.

29. Kozak, L. P., J. H. Britton, U. C. Kozak, and J. M. Wells. 1988.
The mitochondrial uncoupling protein gene. J. Biol. Chem.
263:12274-12277.

30. Kozak, U. C., D. Kreutter, W. Held, and L. P. Kozak. Unpub-
lished data.

31. Leflowitz, R. J., and M. G. Caron. 1988. Adrenergic receptors.
J. Biol. Chem. 263:4993-4996.

32. MacDonald, R. J., R. E. Hammer, G. H. Swift, D. M. Ornitz,
B. P. Davis, R. D. Palmiter, and R. L. Brinster. 1986. Tissue-
specific expression of pancreatic genes in transgenic mice. Ann.
N.Y. Acad. Sci. 478:131-146.

33. Maire, P., J. Wuarin, and U. Schibler. 1989. The role of
cis-acting promoter elements in tissue-specific albumin gene

expression. Science 244:343-346.
34. Nicholls, D. G., and R. M. Locke. 1984. Thermogenic mecha-

nisms in brown fat. Physiol. Rev. 64:1-64.
35. Nitsch, D., A. F. Stewart, M. Boshart, R. Mestril, F. Weih, and

G. Schutz. 1990. Chromatin structures of the rat tyrosine
aminotransferase gene relate to the function of its cis-acting
elements. Mol. Cell. Biol. 10:3334-3342.

36. Parslow, T. G., and D. K. Granner. 1982. Chromatin changes
accompany immunoglobulin K gene activation: a potential con-
trol region within the gene. Nature (London) 299:499-451.

37. Ptashne, M. 1986. Gene regulation by proteins acting nearby and
at a distance. Nature (London) 322:697-701.

38. Reitman, M., and G. Felsenfeld. 1990. Developmental regulation
of topoisomerase II sites and DNase I-hypersensitive sites in the
chicken P-globin locus. Mol. Cell. Biol. 10:2774-2786.

39. Renz, M., M. Neuberg, C. Kurz, R. Bravo, and R. Muller. 1985,
Regulation of c-fos transcription in mouse fibroblasts: identifi-
cation of DNase I-hypersensitive sites and regulatory upstream
sequences. EMBO J. 4:3711-3716.

40. Ricquier, D., F. Bouillaud, P. Toumelin, G. Mory, R. Bazin, J.
Arch, and L. Penicaud. 1986. Expression of uncoupling protein
mRNA in thermogenic or weakly thermogenic brown adipose
tissue. J. Biol. Chem. 261:13905-13910.

41. Ryan, T. M., R. R. Behringer, N. C. Martin, T. M. Townes,
R. D. Palmiter, and R. L. Brinster. 1989. A single erythroid-
specific DNase I super-hypersensitive site activates high levels
of human 3-globin gene expression in transgenic mice. Genes
Dev. 3:314-323.

42. Ryan, T. M., R. R. Behringer, T. M. Townes, R. D. Palmiter,
and R. L. Brinster. 1989. High-level erythroid expression of
human a-globin genes in transgenic mice. Proc. Natl. Acad. Sci.
USA 86:37-41.

43. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

44. Stalder, J., A. Larsen, J. D. Engel, M. Dolan, M. Groudine, and
H. Weintraub. 1980. Tissue-specific DNA cleavages in the
globin chromatin domain induced by DNAase I. Cell 20:451-
460.

45. Thurston, S. J., and J. D. Saffer. 1989. Ultraviolet shadowing
nucleic acids on nylon membranes. Anal. Biochem. 178:41-42.

46. Tuan, D., W. Soloman, Q. Li, and I. M. London. 1985. The
"P-like-globin" domain in human erythroid cells. Proc. Natl.
Acad. Sci. USA 82:6384-6388.

47. Wagner, T. E., P. C. Hoppe, J. D. Jollick, D. R. Scholl, R. H.
Hodinka, and J. B. Gault. 1981. Microinjection of a rabbit
,-globin gene into zygotes and its subsequent expression in
adult mice and their offspring. Proc. Natl. Acad. Sci. USA
78:6376-6380.

48. Wasserman, F. 1965. The development of adipose tissue, p.
87-100. In A. E. Renold and G. F. Cahill, Jr., (ed.), Handbook
of physiology, section 5. Adipose tissue. American Physiologi-
cal Society, Washington, D.C.

MOL. CELL. BIOL.


