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Induction of brown adipocytes in white fat depots by adrenergic stimulation is a complex genetic trait in mice
that affects the ability of the animal to regulate body weight. An 80-fold difference in expression of the
mitochondrial uncoupling gene (UcpI) at the mRNA and protein levels between A/J and C57BL/6J (B6) mice
is controlled by allelic interactions among nine quantitative trait loci (QTLs) on eight chromosomes. Over-
lapping patterns of these QTLs also regulate expression levels of Pgc-1a, Pparc, and type 2 deiodinase.
Independent validation that PPAR« is associated with Ucpl induction was obtained by treating mice with the
PPAR« agonist clofibrate, but not from the analysis of PPARa knockout mice. The most upstream sites of
regulation for Ucp1 that differed between A/J and B6 were the phosphorylation of p38 mitogen-activated protein
kinase and CREB and then followed by downstream changes in levels of mRNA for PPARy, PPARe, PGC-1a,
and type 2 deiodinase. However, compared to Ucpl expression, the two- to fourfold differences in the expression
of these regulatory components are very modest. It is proposed that small variations in the levels of several
transcriptional components of the Ucpl enhanceosome interact synergistically to achieve large differences in

Ucpl expression.

Stimulation of the sympathetic nervous system by cold ex-
posure or (B-adrenergic agonists induces brown adipocytes in
traditional white fat depots of mice, rats, dogs, and cats, as
demonstrated by their multilocular morphology, abundant mi-
tochondria, and the expression of Ucpl (2, 14, 21, 34, 35). This
inducible brown adipocyte phenotype is significant because it
reverses both diet-induced and genetic obesity (12, 21) and
diabetes (19). In addition, transgenic studies have demon-
strated that increasing Ucpl expression in white fat is associ-
ated with a reduction of adiposity (15, 26, 27, 44, 48). Although
humans have an abundance of brown adipocytes in fat depots
at birth for regulation of body temperature (30), Ucpl expres-
sion is only detectable in adults at very low levels (18). Several
studies suggest that adult human white adipocytes have a latent
ability to express Ucpl and can be converted into brown adi-
pocytes (11, 16, 46).

Given the potential for brown fat thermogenesis to reduce
obesity and diabetes, it is important to identify mechanisms
that can activate brown adipocyte differentiation in response to
drug treatment. Transcriptional regulation of the UcpI gene is
controlled by regulatory elements that have been shown to be
critical for both white and brown fat adipogenesis. This in-
cludes members of the peroxisome proliferator activated re-
ceptor (PPAR) and CCAAT/enhancer binding protein (C/
EBP) families and cyclic AMP (cAMP) response binding
protein (CREB) (36, 40). Pivotal to this regulation is a PPRE
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site in the distal Ucpl enhancer that forms a complex with
PPARvY2-RXR and the coactivator PGC-1a (37, 42, 47). In
addition, half-site cAMP response elements (CRE) in both the
proximal promoter and the distal enhancer are critical for
expression. These CRE sites interact with CREB and ATF2,
and mutations within them abolish Ucpl expression in tran-
sient expression assays (4, 7, 29, 49). The role of PPARYy in
adipogenesis has been extensively documented in both tissue
culture and in vivo models of adipogenesis and brown adipo-
cyte expression (3, 20, 39, 42). While C/EBPa appears not to
be required for brown fat expression (33), C/EBP expression
and C/EBP3 expression have critical roles in brown fat differ-
entiation (45). Also located in the Ucp! enhancer region is a
site for regulation by the thyroid hormone receptor (9), which
accordingly links Ucp! regulation to the potential influence of
thyroid hormones on thermogenesis (43).

The adrenergic signaling mechanism for regulation of Ucpl
expression and brown adipocyte differentiation is a G-protein
receptor mechanism coupling cAMP production to protein
kinase A (PKA)-dependent phosphorylation of CREB and p38
mitogen-activated protein (MAP) kinase. The latter has been
implicated in ATF2 activation by phosphorylation, with subse-
quent regulation of both Pgc-Ia and Ucp! transcription (7).
Interactions between retinoblastoma protein and FOXC2,
which has been postulated to act in the signaling cascade by
inducing the level of the PKA-RIa regulatory protein, has also
been implicated in the regulation of Ucpl (10, 22).

Accordingly, the number of potential sites for regulation of
Ucpl and brown adipocyte induction is large and many of the
signaling molecules and transcription factors could be involved
in other aspects of adipocyte biology, as well as muscle and
liver structure and function. A fundamental question is how
one can modulate these pathways pharmacologically to selec-
tively induce brown fat differentiation in white fat depots with-
out adversely affecting regulation in other organ systems. To
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address this question, we have pursued a genetic analysis based
upon the variation in brown adipocyte differentiation observed
between A/J and C57BL/6J (B6) mice. The large differences in
Ucpl mRNA and protein levels (in some experiments up to
80-fold) between these strains suggested that the quantitative
genetic analysis of signaling and transcription pathways would
reveal how natural genetic variation is able to achieve selective
induction of brown adipocytes in white fat depots by adrener-
gic signaling.

Our earlier studies quantifying Ucpl mRNA variation in
retroperitoneal (RP) fat after cold exposure of progeny from
genetic crosses revealed quantitative trait loci (QTLs) on chro-
mosomes (Chr) 2, 3, 8, and 19 that interact synergistically to
control the induction of Ucpl mRNA levels in white fat (28).
This study also showed how interactions of A/J- and B6-de-
rived alleles between QTLs lead to transgressive variation.
Except for Ucpl on Chr 8, none of the QTLs were located in
regions carrying genes associated with Ucpl expression by mo-
lecular studies. When it was proposed that Pgclo was specifi-
cally expressed in brown adipocytes and a master regulator of
brown fat differentiation and Ucpl expression (37), we took
advantage of a difference in Pgclae mRNA levels between A/J
and B6 mice to map QTLs controlling Pgc/a mRNA levels and
to link its expression to the regulation of Ucp! (13). The find-
ings of this study showed that (i) some QTLs regulated both
Ucpl and Pgcla, whereas others were unique to each gene; (ii)
there were no mutations in the Pgcl/a coding region or in a
10-kb region upstream of the transcription start site to account
for variable expression; (iii) the region of Chr 5 in which the
Pgc-1a gene was located did not carry a QTL for regulation of
Ucpl or Pgcla mRNA, indicating that differences in Pgc-la
expression were determined by allelic differences in genes on
other Chr; and (iv) the introduction of an environmental vari-
ation, an HF diet, had profound effects on the QTLs control-
ling the expression of both Ucpl and Pgcla. These data sug-
gested that environmental influences on body weight such as
diet can modulate the genetic regulation of thermogenesis in
white fat. With the genetic analysis of Pgc/a, the number of
QTLs controlling genes associated with brown fat induction
had grown to 7 and, except for the UcpI structural gene on Chr
8, none of them showed linkage to genes encoding signaling or
transcription factors controlling Ucp].

We have expanded our delineation of Ucpl induction to
both adrenergic signaling and transcription pathways associ-
ated with brown adipogenesis in white fat depots. We propose
a model in which the 80-fold variation in Ucpl expression is
determined by synergistic interactions of modest two- to five-
fold differences in the levels of several signaling and transcrip-
tion factors that are part of a regulatory cascade. Large vari-
ations in PPARa mRNA levels together with linkage of a QTL
to the Ppara gene on Chr 15 led us to validate a role for
PPARa in the Ucpl induction with further analysis of the
Ppara. knockout (KO) mouse and in mice treated with a
PPARa agonist. The absence of this transcription factor was
found to have no influence on the levels of Ucpl mRNA
despite evidence for a strong association between Ppara and
Ucpl mRNA levels in backcross progeny; however, mice
treated with a PPAR« agonist show increased levels of Ucpl
mRNA. The most upstream site of regulation for Ucpl that
differed between A/J and B6 was the phosphorylation of p38
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MAP kinase and CREB; however, no differences in the total
amount of protein or the level of phosphorylation of the reg-
ulatory subunits of PKA were detected that could account for
this variation. We propose that the large differences in the
induction of Ucpl in RP fat are determined by modest varia-
tions in several components of both signaling and transcription
that function in a synergistic manner to achieve both tissue
specificity and a high level of redundancy.

MATERIALS AND METHODS

Animals. The A/J and B6 strains were obtained from The Jackson Laboratory
(Bar Harbor, ME). The F, hybrid and (B6 X A/J)F, X A/J backcross mice were
set up in Pennington Biomedical Research Center. Ppara. KO mice were pur-
chased from The Jackson Laboratory, and the HcB-19/Dem recombinant con-
genic strain carrying a spontaneous null mutation in the gene encoding the
thioredoxin-interacting protein (TXNIP) was generously provided by Peter De-
mant (5). All parental mice and their pups were kept at room temperature (22
+ 1°C) with a 12-h light-dark cycle. Animals exposed to cold were carefully
monitored in accordance with procedures approved by the Animal Care and Use
Committee.

For genetic analysis of the regulation of PPAR« and type II deiodinase (Dio2)
in RP fat, A/J, B6, F, hybrid, and (B6 X A/J)F; X A/J backcross mice from dams
fed a low-fat chow diet (LF; 11.9 kcal% fat, 23.6 kcal% protein, and 64.5 kcal%
carbohydrate; Picolab 5053 Rodent Diet 20) were weaned at 21 days of age onto
either the LF chow diet or a high-fat diet (HF, 58.0 kcal% fat, 16.5 kcal%
protein, and 25.5 kcal% carbohydrate; Research Diets D12331) fed ad libitum.
Male mice at 2 months of age, fed either an HF or an LF diet, were placed in the
cold (5°C) for 7 days. Mice were sacrificed by cervical dislocation, and RP fat was
dissected for RNA isolation and the tail was removed for DNA isolation and
genotyping. Two-month-old male B6 and A/J mice were treated with the PPAR«a
agonist clofibrate (Sigma, St. Louis) by feeding it ad libitum at a concentration
of 0.1% (wt/wt) in powdered rodent chow (Picolab 5053) during the 7 days that
mice are exposed to the cold. RP fat tissue and liver was removed for the
preparation of total RNA.

Phenotypic assays. (i) Quantitative RT-PCR. Total RNA was isolated using
TriReagent (Molecular Research Center, Cincinnati, OH). Ucpl and other
mRNA levels were measured by quantitative reverse transcription (RT)-PCR
using either the ABI Prism 7700 or the ABI 7900 sequence detection system
(Applied Biosystems, Foster City, CA) as described previously (28). Briefly,
RNA was diluted to 50 ng/ul (RP fat) or 20 ng/pl (interscapular brown adipose
tissue [BAT]) in formamide and then diluted in deionized, RNase-free water
prior to analysis. Ten microliters of diluted RNA (5 ng of RP fat or 2 ng of
interscapular BAT) was used in a 50-pl reaction mixture with single-reporter
measurement. The sequences of the primers and probes are available upon
request. RNA from the liver was used to generate a standard curve for PPARa.
All other genes were quantified from a standard curve generated by using
interscapular BAT RNA as previously described (28). Both standards and sam-
ples were run in duplicate. Each transcript was corrected by cyclophilin.

(ii) Mitochondrial DNA measurement. Total DNA was isolated using TriRe-
agent (Molecular Research Center Inc., Cincinnati, OH) after the isolation of
RNA according to manufacturer’s instructions. Mitochondrial mass was mea-
sured in DNA samples by quantitative PCR as described above using primers and
probe corresponding to cytochrome ¢ oxidase subunit I (COXI), which is en-
coded by mitochondrial DNA, and corrected with Ucp2, a nucleus-encoded gene.
DNA from interscapular BAT was used as the standard.

(iii) Western blot analysis. Interscapular BAT and RP tissue were homoge-
nized in buffer containing 50 mM Tris-HCI (pH 7.4), 250 mM sucrose, 1 mM
EDTA, 1% Triton X-100, and 1% each protease, serine phosphatase, and ty-
rosine phosphatase inhibitor cocktail (Sigma, St. Louis, MO) and incubated on
ice for 1 h, and supernatant was collected after centrifugation at 5,000 X g for 15
min at 4°C. After determining protein concentrations by a modified Lowry
method (Bio-Rad, Hercules, CA), 60 pg of protein was mixed with 2X Laemmli
sample buffer and subjected to 10 to 15% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (29a), depending on the size of target proteins. After transfer
to a polyvinylidene difluoride membrane (Millipore, Bedford, MA), the blot was
blocked with 5% nonfat dry milk—-0.01 M phosphate-buffered saline (PBS) for 4 h
at room temperature and incubated with primary antibodies diluted in 1% nonfat
dry milk-PBS at 4°C overnight with gentle shaking. Rabbit anti-UCP1 (1:10,000)
and anti-PGCla (1:4,000) polyclonal antibodies were kindly provided by Thomas
Gettys (Pennington Biomedical Research Center, Baton Rouge, LA). Rabbit
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anti-Ppara. (1:1,000) polyclonal antibodies were purchased from Santa Cruz
(Santa Cruz, CA). The blot was washed and incubated with horseradish perox-
idase-conjugated anti-rabbit immunoglobulin G (Amersham Pharmacia Biotech,
Piscataway, NJ) diluted 1:10,000 in PBS at room temperature for 2 h. Protein
signals were visualized using the enhanced chemiluminescence system (ECL;
Amersham Pharmacia Biotech, Inc., Piscataway, NJ).

(iv) Immunohistochemistry. RP tissues were fixed in 4% paraformaldehyde,
paraffin embedded, cut into 3-um-thick sections, and mounted onto slides (Su-
perFrost Microscopy Slides. Fisher Scientific, Pittsburgh, PA). Immunohisto-
chemistry was performed according to Fekete et al. (18a), with some modifica-
tions and using the rabbit anti-UCP1 antibody at a 1:2,000 dilution.

(v) Type II deiodinase (Dio2) activity measurement. Dio2 activity was mea-
sured using 1 nM '*I-labeled T4 (specific activity, 1,000 wCi/ug; Perkin-Elmer,
Boston, MA) as described by Schneider et al. (41). The labeled substrate was
purified using LH-20 (Amersham Pharmacia Biotech, Inc., Piscataway, NJ) col-
umn chromatography on the day of the experiment. Nonenzymatic deiodination
was corrected by subtracting the '>°I~ released in tissue-free incubations. Dio2
activity was reported as femtomoles of I~ released per milligram per hour.
Results were multiplied by 2 to correct for random labeling at the equivalent 3’
and 5’ positions.

Genotyping. Genotyping was performed using microsatellite markers with tail
DNA as described previously (28). Four hundred (B6 X A/J)F; X A/J backcross
mice each on either an LF or an HF diet and exposed to cold at 5°C for 7 days
at 2 months of age were analyzed. A genome-wide scan was performed separately
on mice with the 50 highest and 50 lowest levels of mRNA in both the LF and
HF groups, with markers spaced at 20-cM intervals on each Chr. Fine mapping
was performed on Chr showing significant associations with the expression of
Ppara. and Dio2 using all 400 mice in each group. Data were analyzed using
single-factor analysis of variance (Microsoft Excel).

RESULTS

Regulation of transcript levels. Genetic variation in Ucpl
between A/J and B6 mice is principally observed in RP white
fat and not at all in interscapular brown fat. Using QTL anal-
ysis of mRNA levels, the variation provided an opportunity to
delineate controlling steps within the complex regulatory path-
ways that begin with adrenergic signaling on the surface of the
adipocyte and end with the transcriptional regulation of Ucpl
(17). We began by using quantitative RT-PCR to evaluate the
variation of mRNA levels for Prefl, Nfe2l2, SREBP-Ic,
PPARy, PPARYy2, CEBP-o, CEBP-B, CEBP-3, PPARaq,
FoxC2, B3-adrenergic receptor, and type 2 T4 deiodinase
(Dio2), in addition to Ucpl and Pgc-la, in RP fat of A/J and
B6 mice after 7 days of cold exposure. The B3-adrenergic
receptor mRNA was about threefold higher in B6 mice, FoxC2
was unchanged, while all other genes showed higher expression
in A/J mice (data not shown). Except for PPARa and Dio2
(Fig. 1G and H, and Fig. 2), the other genes showed less than
a twofold difference in induction between A/J and B6 mice and
were not included in the analyses because the extent of varia-
tion was considered too small for genetic analysis.

For this experiment, the acquisition of brown fat morphol-
ogy in the RP tissue of A/J mice following cold exposure and
the absence of this induced phenotype in B6 mice are shown in
Fig. 1A. The increase in brown adipocytes was accompanied by
an increase in mitochondrial DNA content (Fig. 1B) and a
large, 80-fold increase in Ucpl mRNA (Fig. 1C) and UCP1
protein (Fig. 1D). A 3.5-fold increase in Pgc-la mRNA oc-
curred selectively in A/J mice (Fig. 1E); however, the increase
in Pgc-la protein was less than twofold (Fig. 1F). PPAR«x
mRNA was induced 4.5-fold, and this was accompanied by a
comparable increase in its protein (Fig. 1G and H). Finally,
type 2 deiodinase mRNA and enzymatic activity were induced
47- and 15-fold, respectively, in A/J mice, with virtually no
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induction observed in B6 mice (Fig. 2A and B). These robust
differences in RP fat deiodinase and PPARa expression be-
tween A/J and B6 mice were considered to be sufficient for
QTL linkage analysis. They also lend support to the hypothesis
that PPAR« and deiodinase play key roles in the regulation of
brown adipocyte induction in white fat.

Our previous results showed that in addition to the use of
allelic variation to establish functional interactions among
genes, dietary manipulations, that is, an HF diet, caused per-
turbations in expression that can further test the role of specific
components in a regulatory model (13). Whereas an HF diet
caused small increases in Ucpl and Pgc-Ia (13), Pparo and
Dio2 mRNA levels were strongly induced in the A/J, B6, F,
parental, and backcross mice exposed to cold (Table 1). The
mRNA levels of Ppara and Dio2 were determined in two
cohorts of approximately 400 (B6 X A/J)F; X A/J backcross
males, one fed an LF diet and the other on an HF diet, that
were used previously in a QTL analysis of Ucpl and Pgc-la
expression after 7 days of cold exposure (13). Among these
backcross mice, PPARa mRNA levels in RP tissue varied
60-fold and levels of Dio2 varied 80-fold (Fig. 3). The strength
of the associations between mRNA levels for the regulatory
molecules and Ucpl were estimated by regression analysis (Fig.
3 and Table 2). The results suggest that in the presence of an
LF diet about 50% of the variation in Ucpl mRNA levels is
associated with variation in the expression of Pgc-Ia, Ppara,
and Dio2 and significant, though lower, correlations occurred
among these regulatory molecules. The HF diet has a major
effect on the strength of the correlations involving Pgc-Ia,
particularly with Ucpl, where the R? value drops from 0.55 to
0.16 (Table 2). An HF diet did not affect the correlations of
Ucpl with Pparo and Dio2. To provide evidence that correla-
tions among Ucpl, Ppara, and Pgcla are specific, we showed
no significant correlations with TXNIP, which is encoded by a
candidate gene located within the Chr 3 QTL (described be-
low).

QTL analysis. The regression analysis described above sug-
gested that if the levels of mRNA are highly correlated among
backcross progeny, it may indicate that genetic variation of a
gene acting upstream of both Ucpl and Pgc-la will coordi-
nately affect their expression. For example, changes in the
signaling properties of p38 MAP kinase could affect both Ucp!
and Pgc-1a, since there is evidence that ATF2 is a transcription
factor for both genes and is activated by phosphorylation by
p38 MAP kinase (7). Accordingly, a QTL that is associated
with the expression of several genes could encode an upstream
regulatory gene. Genome-wide scans were performed to de-
termine whether related genetic pathways, as determined by
the presence of overlapping QTLs, regulate the expression of
Ppara, Dio2, Pgc-la, and Ucpl. We first showed that four
QTLs on Chr 2, 3, 8, and 19 had a strong linkage with levels of
Ucpl mRNA (28). A subsequent linkage analysis showed that
the QTL on Chr 3 also controlled the levels of Pgc-Iae mRNA
along with QTLs on Chr 4 and 10 (13). In this study, a QTL
with a strong association with Pparo and a weak association
with Dio2 is also located at D3Mitl01 on Chr 3 (Table 3).
Linkage and regression analyses also showed that Pgc-Ia ex-
pression was associated with Ppara. and/or Dio2 mRNA levels,
particularly with an LF diet (Table 2), in a manner similar to its
association with Ucp! (13). Furthermore, on an LF diet, the
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FIG. 1. Illustration of the morphological and molecular phenotypes associated with differences in the induction of brown adipocytes in the RP
fat depots of A/J and B6 mice. Immunohistologic analysis and determinations of mRNA and protein levels were carried out as described in
Materials and Methods. The data in the graphs are based upon five A/J and three B6 mice analyzed in duplicate and are presented as the mean
+ the standard error. D or d, days; a.u., arbitrary units.
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FIG. 2. Changes in Dio2 mRNA and enzymatic activity levels in the RP fat depots of mice exposed to cold for the indicated times. The analysis
is based upon three to five mice for each time point. After 1 and 7 days of cold exposure, the difference in mRNA levels between strains was

significant at P < 0.01. a.u., arbitrary units.

QTL on Chr 3 had strong linkages to all mRNAs examined
(Table 3 and reference 13), possibly by acting to coordinately
regulate multiple pathways involved in brown adipocyte induc-
tion. Two additional QTLs on Chr 4 and 15 have been iden-
tified with strong linkage to Dio2 and Ppara. Since D15Mit107
shows the most significant association with Ppara mRNA levels
and is located within 1 ¢cM of the structural gene for Ppara, the
possibility that polymorphisms in the Ppara promoter or cod-
ing regions between the A/J and B6 strains are determining
variation in Ppara expression needed to be evaluated.

The dramatic effects of high dietary fat on the number and
strength of the QTLs regulating Ppara and Dio2 are shown in
Table 3 and the chromosomal linkage maps in Fig. 4. As
observed in an earlier study of QTLs regulating Ucpl and
Pgc-1a in this cohort of backcross mice generated in our lab-
oratory (13), Chr 2 and 19 have much a stronger linkage in
mice fed the HF diet and Chr 3 has a reduced linkage. There
is also a marked reduction in the association of phenotypes
with Chr 4 and 15 with an HF diet. Interestingly, linkage of the

TABLE 1. Expression of Dio2 and PPAR« after 7 days of cold
exposure in RP tissue of A/J, B6, F;, and backcross animals
on either an HF or an LF diet”

Gene _and LF, 7 days of cold HF, 7 days of cold
strain
Dio2
A/l 427.23 = 24.07 (n = 15) 710.15 = 128.32 (n = 8)
B6 30.25 £4.19 (n = 12)* 118.30 = 15.70 (n = 10)
F1 7434 = 1040 (n = 7) 278.11 = 65.92 (n = 11)
BC 31.58 £ 1.35 (n = 388)* 194.34 = 7.67 (n = 384)
PPAR«
A/J 813.54 + 49.20 (n = 15) 1120.12 = 150.26 (n = 8)
B6 201.92 + 18.62 (n = 12) 366.79 = 70.3 (n = 10)
F1 260.08 = 22.85 (n = 17) 526.31 £ 46.67 (n = 11)
BC 343.49 + 8.67 (n = 387) 574.44 = 15.30 (n = 386)

“ Values (arbitrary units) labeled with the same symbol are not significantly
different from each other at P < 0.05. The values shown are means and standard
deviations.

Chr 8 QTL, using Ucp! as a chromosomal marker, becomes
significant for Ppara with an HF diet but disappears for Dio2
(Table 3). A Venn diagram summarizing the linkage relation-
ships of QTLs associated with Ucpl mRNA levels during
brown adipocyte induction in RP white fat is shown in Fig. 5.
Several observations are noteworthy. First, the number of
QTLs controlling the expression of these genes is drastically
reduced when mice are fed an HF diet. Second, no new QTLs
are uncovered in the presence of an HF diet. Third, Chr 2 and
3 appear to be broadly involved in the regulation of brown
adipocyte induction, since they influence the expression of all
four genes; however, all QTLs seem to be involved in the
regulation of more than one gene.

Candidate gene analysis. Linkage maps for the QTLs regu-
lating Ppara and Dio2 in the presence and absence of an HF
diet are shown in Fig. 4. Linkage maps for Ucpl and Pgc-Ia
have been previously published and are in good agreement
with these maps (13, 28). While the locations of the QTLs
generally cover a fairly broad region, we nonetheless selected
two regions, the QTLs on Chr 3 and 15, for further analyses;
Chr 3 was selected because the marker D3Mit101 was the peak
marker for four mRNA phenotypes in three different crosses.
Accordingly, it was considered to contain a gene that could
coordinate the expression of Ucpl, Pgc-1a, Ppara, and Dio2.
We also evaluated whether the QTL on Chr 15 was the struc-
tural gene for PPAR« by analyzing the PPARa KO mouse for
expression of Ucpl and evaluating the effects of a PPAR«
agonist on expression.

The Celera database listed 152 potential genes in a 6.5-Mb
region on Chr 3 flanked by D3Mit76 and D3Mit75. Seventy-five
of these were found to be expressed in RP fat by RT-PCR and
then analyzed further by SYBR Greenl quantitative RT-PCR
with RNA isolated from RP tissue of A/J and B6 mice after
cold exposure. Two transcripts were induced more than two-
fold higher in A/J mice relative to B6. One of these candidate
genes, encoding TXNIP, was also induced by an HF diet in a
manner that reduced the difference in expression between A/J
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FIG. 3. Correlation analysis between Ucp! and Pparo. mRNA levels in backcross progeny exposed to cold at 5°C and fed either an LF diet (A) or
an HF diet (B). A correlation analysis was also made between Ucp! and Dio2 mRNA levels in backcross mice fed an LF diet (C) or an HF diet
(D). There were 387 and 386 mice in the LF and HF groups, respectively. D, days; A.U., arbitrary units.

and B6 mice, consistent with the suppression of the Chr 3 QTL
in the presence of an HF diet. To further evaluate a role for
TXNIP in Ucpl induction, we analyzed expression in the
HcB-19 mouse, which carries a spontaneously generated null
allele for TXNIP (5). Compared to the control strain, predom-
inantly derived from C3H, no reduction in Ucpl expression was
found in RP tissue after cold exposure. This result, together
with the lack of correlation between TXNIP and Ucpl expres-
sion (Table 2), suggests that TXNIP is not a candidate for the
QTL for Ucpl-related gene regulation on Chr 3. The other
gene with twofold greater expression in A/J mice encoded a
synaptobrevin-related vesicle trafficking protein and was con-
sidered not a promising candidate gene.

The strong correlation between Ucpl and Ppara. mRNA
levels shown in Fig. 3 suggested that Ppara was important for
Ucpl expression. We further evaluated whether the Ppara
structural gene on Chr 15 was involved in determining Ucp!

expression in the Ppara. KO mouse and by treating B6 and A/J
mice with a PPARa agonist. Analysis of Ppara KO mice on a
129Sv/ImJ background (Ucp! is induced by cold in 129Sv/ImJ
mice to a similar extent as in A/J mice) failed to show a
reduction in Ucpl mRNA in the RP fat of mutant mice after
cold exposure of the mutant (Table 4). In addition, PPARYy
protein and Ppard mRNA levels were unchanged between the
mutant and wild-type mice, indicating that these PPARs did
not compensate for lack of PPARa with increased expression.
Pgc-1a and Dio2 mRNA levels were also not reduced in the
Pparo KO mice. In contrast to these results, treatment of A/J and
B6 mice with PPAR« enhanced the expression of Ucp!. Although
drug treatment of A/J mice did not lead to a statistically signifi-
cant difference, there was a striking reduction in the variance in
A/J mice treated with the agonist (Table 4). On the other hand,
B6 mice, which have much lower levels of Ucpl expression,
showed a significant increase in Ucpl mRNA levels.
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TABLE 2. Regression analysis of mRNA levels in
backcross progeny

Gene comparison Diet R? value

Ucpl vs Pgcla LF 0.55

Ucpl vs Pgcla HF 0.16

Ucpl vs PPARa LF 0.49

Ucpl vs PPARo HF 0.50

Ucpl vs Dio2 LF 0.46

Ucpl vs Dio2 HF 0.55
PGC-1a vs PPAR«a LF 0.425
PGC-1a vs PPAR« HF 0.311
PGC-1a vs Dio2 LF 0.382
PGC-1a vs Dio2 HF 0.172
PPAR« vs Dio2 LF 0.228
PPAR« vs Dio2 HF 0.262
TXNIP vs Ucpl LF <0.01 (R=-0.04)
TXNIP vs PGC-1a LF <0.01
TXNIP vs PPARa LF <0.01
TXNIP vs Dio2 LF <0.01

Protein levels and phosphorylation patterns of signaling
molecules. The analysis of the signaling pathway for activation
of Ucpl transcription by adrenergic stimulation and develop-
mental mechanisms has identified several molecules in the
pathway that could be targets for regulation of Ucpl expres-
sion. Evidence suggests that a retinoblastoma pathway and an
adrenergic receptor/adenylyl cyclase pathway converge on
PKA, where they can modulate both the levels and phosphor-
ylation state of PKA regulatory subunits (7, 8, 10, 15, 22). We
have compared the levels of total protein and phosphoprotein
for PKA subunits, pPCREB, ATF2, p38 MAP kinase, ERK, and
pSAPK/JNK to UCP1 in A/J and B6 mice following 1 and 7
days of cold exposure (Fig. 5). Shorter exposures to cold
showed rapid phosphorylation of CREB and p38 MAP kinase
in interscapular BAT but not in RP fat (38). This may reflect
the rapid physiological response of fully differentiated adipo-
cytes in interscapular BAT but a slower response to the process
of differentiation in RP fat. The difference in the levels of
UCP1 protein between strains was robust and very similar in
magnitude to differences observed for mRNA (Fig. 6A). On
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the other hand, variations in the signaling molecules, either in
total protein or in the phosphorylated state, were modest.
Consistently higher levels of three- to fivefold were found in
A/J mice for total protein and phosphoprotein for PKA sub-
units RIa and RIIB (Fig. 6B) and for pCREB and p38 MAP
kinase (Fig. 6C and D) following 1 day of cold exposure.
Inexplicably, B6 mice showed higher signals for these targets
prior to exposure to cold (0 days of cold), but these signals
were reduced after 1 day of cold exposure. There were no
differences in the levels of retinoblastoma protein and its phos-
phorylated form as measured by immunoblotting. FoxC2
mRNA levels were determined in two groups of 12 backcross
progeny each that were selected for low and high levels of Ucp1
mRNA. In the group with low Ucpl mRNA levels (18.0 + 3.41
[standard deviation]) and high Ucpl mRNA (178 = 30.9), the
levels of FoxC2 mRNA were not significantly different (40.9 +
40.5 and 47.1 = 31.4, respectively). These data do not support
a role for the FoxC2 pathway as being important for regulating
the genetic variation in Ucp! induction in RP fat depots.

DISCUSSION

Brown adipocyte induction in white adipose tissue is a com-
plex genetic trait that is highly sensitive to environmental fac-
tors. We have shown that B6 mice are missing the robust
cold-stimulated increases in expression of Ucpl and Pgc-Ilo in
RP fat observed in A/J mice. Previous genetic analyses of this
variable trait in backcross progeny derived from A/J and B6
mice indicate that differences in the levels of Ucpl and Pgc-la
are determined by genes in several QTLs. In the present study,
we have extended the analysis of genetic variability to addi-
tional transcription factors and signaling molecules of adipo-
genesis and Ucp! expression. Differences between A/J and B6
mice in the levels of mRNA expression of several transcription
factors, including the phosphorylation state of the factors and
signaling molecules, were found to be very modest compared
to the large differences in Ucpl expression. The regulatory
pathways depicted in Fig. 7 identify those steps for which data
have been obtained, where we have compared the levels of
expression between A/J and B6 mice, in some cases at the level
of transcripts (Fig. 7, red) and in others at the level of protein
or protein phosphorylation (Fig. 7, green). A striking finding is
that the difference between strains in the level of Ucpl gene
expression is much greater than the differences found for any

TABLE 3. Chr linkage to cold-induced Dio2 and PPAR« expression in backcross mice

P value
Chr Marker Position (cM) Dio2 PPAR«
LF diet HF diet LF diet HF diet
2 proximal D2Mit80 10 53%x107° 5.6 x107* NS* NS
2 distal D2Mit66 47.8 5.0x107° 29 %x10°°¢ 0.01 1.9x 1074
3 D2Mit101 48.2 32x107° NS 49 %107 0.01
4 D4Mit175 49.5 53 %107 NS NS NS
5 D5Mit182 24 21x1073 NS 1.2x1073 NS
8 UCPI 37 2.0x 107 NS 0.03 1.1x107°
15 DI15Mit107 49 28 %1073 NS 7.4 X 1073 NS
19 DI19Mit86 20 NS 7.0 X 1073 0.03 9.5%x10°°¢

“ NS, no significant difference.
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FIG. 4. Interval maps of QTLs controlling Ppara. and Dio2 mRNA levels in mice fed an LF or an HF diet based upon recombinations between
microsatellite markers using 387 and 386 mice fed an LF or an HF diet. Microsatellite markers are shown on the right side of each Chr, and
centimorgan (cM) distances and candidate genes are shown on the left side. The statistical significance of the association between mRNA levels
and chromosomal markers is given as the negative log of the P value. The P values for peak markers are given in Table 3. Linkage maps were
generated by analysis of variance of microsatellite markers with gene expression levels and positioned on the Chr with the use of the Jackson

Laboratory genome database. d, days.

of the components in the signaling and transcription pathways;
the large difference in the expression of Dio2 is an exception.
We had anticipated that mutation(s) of one or a few regulatory
molecules would cause differences in their expression compa-
rable to that observed for Ucp! itself. In contrast, rather mod-
est reductions in expression for several components of the

regulatory pathway from the adrenergic receptor to the Ucpl
target gene are sufficient to prevent brown adipogenesis in B6
RP tissue. These data on signaling and transcription molecules
associated with Ucpl expression and brown adipogenesis sug-
gest a model of transcriptional synergy, as described for regu-
lation of the beta interferon gene (25, 31), whereby coopera-
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Low Fat Diet

High Fat Diet

FIG. 5. Venn diagrams for Chr and gene expression illustrating the
overlapping function of selective Chr in regulating genes associated
with the regulatory network controlling Ucp! function. The diagrams
also underscore the profound effects of diet on genes associated with
regulatory networks of Ucpl expression. Numbers refer to Chr carrying
QTLs, and those within an oval are those QTLs associated with reg-
ulation of the indicated gene.

tive interactions between low concentrations of components of
the enhanceosome generate an amplified response to produce
large differences in transcription. According to this model,
transcription factors in B6 mice fail to reach the critical levels
necessary for the formation of functional transcriptional com-
plexes on the Ucp! promoter. In addition to levels of transcrip-
tion factor protein, the failure of a transcriptional complex to
assemble will also be influenced by the phosphorylation state
of some factors, for example, CREB and p38 MAP kinase.
The goal of the QTL analysis has been to identify genetically
variant genes that regulate the capacity of an animal to induce
brown adipocytes. Our evidence indicates that as many as nine
QTLs control Ucp! expression in RP fat. The expectation of
analysis of quantitative variation in Ucpl gene expression was
that several of these QTLs would map to chromosomal sites
that encode either these factors or other genes that regulate
Ucpl. However, we have evidence that only the QTL on Chr
15, encoding PPARa, is associated with Ucpl expression. As
outlined in Fig. 7, many of the genes encoding factors associ-
ated with Ucp! regulation are variable between A/J and B6
mice. In addition to the mapping data, much evidence supports
arole for PPARa« as one of the QTLs controlling Ucp! expres-

TABLE 4. Ucpl expression in mice with an inactive PPAR« gene or
treated with a PPARa agonist”

Strain, genotype or RP tissue,

; b
treatment Ucpl Liver, AOX

129, Ppara™'~ 133.8 = 16.5* ND¢

129, Ppara™'* 111.5 = 23.3* ND

A/J, control diet 42.7 = 7.3% 3.57 = 0.28*
A/], clofibrate 46.3 £ 1.8% 8.83 £ 0.66F
B6, control diet 0.91 £ 0.39* 9.93 + 1.32*
B6, clofibrate 4.54 + 1.09} 19.12 = 1.49%

“ Statistical comparisons were made between Ppara genotypes and between
A/J and B6 strains treated or not treated with PPAR« agonists. Groups with the
same symbol are not significantly different from each other, while those with
different symbols are significantly different at P < 0.01.

® AOX, acyl coenzyme A oxidase.

¢ ND, not determined.
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sion in RP tissue. PPARa is an important transcriptional factor
required for the regulation of genes of fatty acid oxidation (1).
Ppara is expressed in brown fat, and it has been shown that
PPAR« activators can increase expression of the Ucpl gene
both in vivo and in transient expression assays where Ppara
expression vectors stimulated transcriptional activity of re-
porter genes driven by Ucpl promoter constructs (4). Cold
exposure also induces total PPARa protein levels and its nu-
clear translocation in rodent brown fat (38). Our QTL data
showed that there is a strong correlation between the expres-
sion of Ppara and that of Ucp! in backcross mice. In addition,
QTLs on Chr 2, 3, 5, 8, and 19 contribute to the high expression
of both Ucpl and Pparo in backcross mice, depending on
whether the mice are fed an LF or an HF diet. Furthermore,
an HF diet causes a twofold increase in Ppara mRNA levels in
RP tissue, and finally we show that treatment of A/J and B6
mice with a PPAR« agonist can enhance Ucpl mRNA expres-
sion. This combination of in vivo and in vitro molecular and
genetic data provides compelling evidence in support of the
idea that PPARa is an important regulator of Ucpl expression.
On the other hand, how do we now reconcile this litany of data
supporting the hypothesis that PPAR«a is a QTL for Ucpl
induction with the finding that there was no reduction in Ucpl
expression in the Ppara KO mice and no evidence for com-
pensation by the Ppary or -8 gene in the mutant mice (data not
shown)? It has also previously been shown that Ppara KO mice
are resistant to cold and have normal levels of Ucpl expression
in interscapular BAT (24). We think that our study indicates
that for complex quantitative genetic traits involving epistatic
interactions and transgressive expression, the simple gene KO
experiment may not be capable of evaluating the potential role
of the gene in the phenotype. It is necessary to evaluate the
effects of the differences in genetic background and, perhaps
more importantly, to understand the adaptation adipose tissue
may undergo when an important transcription factor like
PPAR« has been absent throughout the development of the
mouse.

The rationale for investigating mechanisms for induction of
brown adipocytes in white fat depots of adult animals is that
this could be a thermogenic mechanism for the regulation of
body weight. No such mechanism has been identified either in
humans or in experimental animal models that has been de-
signed for this purpose. We have speculated that the metabolic
purpose for induction of brown adipocytes in traditional white
fat depots of “adult animals” is to maintain a normal body
composition. Accordingly, if the expression of brown adipo-
cytes in white fat is related to the maintenance of energy
balance, then an environment that perturbs the energy balance
should affect the regulation of brown adipocyte induction. To
test this idea, we conducted a QTL analysis of mice fed an HF
diet from weaning until they were sacrificed at the end of the
cold induction period. The data indicate that the effects of an
HF diet on parameters of brown fat induction are profound.
Except for Ucpl expression in fat depots of A/J and (A/J X
B6)F, mice, which does not change significantly, the HF diet
enhanced expression of Ucpl, Pgc-1a, Dio2, and Ppara in all
other genotypes. The effects were particularly strong for Dio2
in backcross progeny, where the mean expression in the pres-
ence of an HF diet was sixfold higher than it was in backcross
mice fed an LF diet. However, this higher level of Dio2 in the
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FIG. 6. Protein expression and phosphorylation patterns for Ucp! expression and cell signaling components in total tissue extracts of RP fat
from A/J and B6 mice exposed to cold for the indicated times. Procedures are described in Materials and Methods.

backcross progeny or in A/J mice did not result in higher levels
of Ucpl expression for the backcross population as a whole,
even though a high correlation was maintained between Ucp!
and Dio2 (Fig. 3 and Table 2 in reference 13). We interpret this
to indicate that the level of T3 that can be generated by cold
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FIG. 7. Signaling and transcription components of Ucp! regulation.
The number below each regulatory factor refers to the ratio of expres-
sion in A/J versus B6 mice. NC is no change, red is mRNA expression,
and green represents total protein levels or protein phosphorylation or
activity.

induction and an LF diet is sufficient to support the observed
levels of Ucpl expression. Whether higher levels of T3 can
enhance other aspects of brown adipogenesis, such as mito-
chondrial biogenesis or Ucpl expression under different envi-
ronmental conditions, remains to be determined. In general,
similar patterns of expression following an HF diet are also
observed for PPARa. Since the expression of Ucp! and Dio2 in
adipose tissue is specific for brown adipocytes (6, 23, 32), the
differential effects of an HF diet on Ucpl and Dio2 suggest that
the regulation of these genes in brown adipocytes is clearly
different and may indicate that Dio2 has a role in brown adi-
pocyte energy balance that is distinct from Ucpl. Thus, the
induction of Dio2 in brown adipocytes of white fat by adren-
ergic stimulation and an HF diet, as we demonstrate here for
the first time, may act synergistically to maintain the energy
balance with thermogenic mechanisms independent of UCP1.

A major dilemma in our analysis of Ucp! induction has been
our inability to determine the identity and function of the
QTLs that have been mapped with genetic approaches. Con-
genic lines for regions of Chr 2, 3, §, and 19 and a consomic line
for Chr 15 have failed to show significant effects on the induc-
tion of Ucp! for A/J-derived QTLs on a B6 background (data
not shown). We interpret the lack of phenotypic effects as due
to an inability to establish essential selective allelic interactions
with QTLs on other Chr. In addition, stocks with targeted and
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spontaneous mutations of genes with putative roles in Ucp!
expression have failed to provide evidence for function. In
short, with the exception of PPARa, any attempt to measure
the degree of Ucpl induction by allelic changes in a single QTL
or candidate gene has failed. The regulatory features of this
complex multifactorial trait are based upon changes in gene
expression from the analysis of the parental A/J and B6 strains,
backcross progeny, and A X B and B X A recombinant inbred
lines. The predominant and reoccurring theme in Ucpl genet-
ics is that its induction depends upon specific interactions
among chromosomal regions that generate transgressive phe-
notypes. This has been clearly shown in both recombinant
inbred strains and backcross progeny (28). It is also apparent
from the genetic analysis performed with mice fed an HF diet
that the genes involved in the process are highly influenced by
diet, as well as the environmental temperature. Experiments
described in this paper in which the levels of expression of
signaling molecules and transcription factors in A/J and B6
mice were determined suggest a mechanism of transcriptional
synergy that is consistent with the importance of epistatic in-
teractions and transgressive phenotypes elucidated by genetic
experiments. The experiments on signaling and transcription
molecules at the protein level point to key roles for PKA, p38
MAP kinase, and CREB. Exactly where or how the allelic
variation between A/J and B6 mice affects PKA signaling re-
mains unknown. Evidence from other laboratories indicates
that the absence of the retinoblastoma protein in Rb~/~ mouse
embryo fibroblasts, which can be induced to differentiate into
brown adipocytes, enhances FoxC2 expression to modulate the
composition of PKA regulatory isoforms, thereby increasing
the sensitivity of cAMP signaling. However, the absence of
changes in either FoxC2 expression or the isoform composition
of PKA regulatory isoforms in our studies does not support this
as a rate-limiting mechanism for induction of Ucp! expression
in RP fat of mice. Finally, except for Ppara and Ucpl, the
chromosomal locations of the molecules present in Fig. 7 do
not map to the locations of the QTLs shown in Fig. 4 and 5.

In summary, genetic variation in the expression of the Ucp!
gene in brown adipocytes during their induction by adrenergic
stimulation in the RP tissue of mice is controlled by a mini-
mum of nine QTLs on eight Chr. Strong evidence has been
presented that Ppara, located on Chr 15, is one of these QTLs.
The identities and functions of the other QTLs remain to be
determined. The considerable knowledge of signaling and
transcription molecules involved in adrenergic regulation of
Ucpl expression has enabled us to evaluate, at the mRNA and
protein levels, how the allelic variation affects the expression of
the components of the regulatory network. The earliest differ-
ences occur in the phosphorylation of CREB and p38 MAP
kinase and then downstream on the levels of mRNAs for
PPARY, PPARa, PGC-1a, and type 2 deiodinase. However,
compared to the 80-fold difference in Ucpl expression at the
mRNA and protein levels in the A/J and B6 parental strains
and even larger differences among recombinant inbred strains
of mice (21, 28), the two- to fourfold differences in the expres-
sion of the regulatory components are very modest. We pro-
pose that the small differences in the levels of transcriptional
components of the Ucpl enhanceosome interact synergistically
to achieve large differences in Ucpl expression.
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