Lite without white fat: a transgenic mouse
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We have generated a transgenic mouse with no white fat tissue throughout life. These mice express a
dominant-negative protein, termed A-ZIP/F, under the control of the adipose-specific aP2 enhancer/promoter.
This protein prevents the DNA binding of B-ZIP transcription factors of both the C/EBP and Jun families. The
transgenic mice (named A-ZIP/F-1) have no white adipose tissue and dramatically reduced amounts of brown
adipose tissue, which is inactive. They are initially growth delayed, but by week 12, surpass their littermates
in weight. The mice eat, drink, and urinate copiously, have decreased fecundity, premature death, and
frequently die after anesthesia. The physiological consequences of having no white fat tissue are profound.
The liver is engorged with lipid, and the internal organs are enlarged. The mice are diabetic, with reduced
leptin (20-fold) and elevated serum glucose (3-fold), insulin (50- to 400-fold), free fatty acids (2-fold), and
triglycerides (3- to 5-fold). The A-ZIP/F-1 phenotype suggests a mouse model for the human disease
lipoatrophic diabetes (Seip-Berardinelli syndrome), indicating that the lack of fat can cause diabetes. The
myriad of consequences of having no fat throughout development can be addressed with this model.
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White adipose tissue (WAT) is the major organ for regu-
lated storage of triglycerides for use as metabolic energy.
WAT helps control energy homeostasis, including food
intake, metabolic efficiency, and energy expenditure, via
its secreted hormone, leptin, and possibly additional un-
known hormones. The quantity of body fat varies widely
in mammals, ranging from 2% to >50% of body mass,
typically from 10% to 20% in mice and humans. Much
of this variability can be observed within a single indi-
vidual, highlighting the delicate balance of factors con-
trolling fat deposition. The huge variation in fat mass is
unlike that of any other organ in the body and is deter-
mined by both an individual’s genetic background and
environmental factors including diet and physical activ-
ity (Comuzzie and Allison 1998; Hill and Peters 1998).
Excess body fat, or obesity, is a major health problem,
particularly in America, increasing the risk of diabetes,
hypertension, and coronary artery disease (Thomas
1995). The mechanisms by which obesity causes these
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diseases, however, are unclear. To understand better the
contribution of adipose tissue to diabetes and metabo-
lism, it would be valuable to examine a mouse with no
adipose tissue. To this end, we produced a transgenic
mouse with essentially no white adipose tissue and ex-
amined the contribution of WAT to energy metabolism,
reproductive function, and disease susceptibility.

Mutant mice with either increased or decreased levels
of WAT have been reported. For example, two mutations
that disrupt signaling between WAT and the brain (ob/
ob and db/db, affecting leptin and its receptor, respec-
tively) cause an increase in WAT amount leading to dia-
betes (Coleman 1978; Zhang et al. 1994; Chen et al.
1996). These mice have increased food intake and de-
creased physical and sympathetic nerve activity, all con-
tributing to obesity. Adipose-specific expression of a
diphtheria toxigene resulted in mice with either a severe
phenotype including neonatal death or a mild pheno-
type, characterized by resistance to induced obesity or
delayed loss of WAT at 10 months (Ross et al. 1993;
Burant et al. 1997). These results suggest that WAT may
be an essential organ for life. At present, there are no
mice, from either knockout or transgene technologies
that are devoid of WAT throughout development.

We have used tissue-specific expression of a dominant-
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negative protein transgene to ablate WAT in mice.
Rather than use a toxigene, we chose instead to express
a protein that inhibits the function of transcription fac-
tors critical for fat development. Adipocyte growth and
differentiation (Wu et al. 1996; Mandrup and Lane 1997)
follow patterns of sequential B-ZIP protein expression,
including AP-1 (Distel et al. 1987; Stephens et al. 1992)
and C/EBP family proteins (Christy et al. 1989; McK-
night et al. 1989). C/EBPa overexpression in cell culture
caused adipose differentiation (Freytag et al. 1994; Lin
and Lane 1994). Knockout mice lacking C/EBPa die
shortly after birth with no discernable WAT (Wang et al.
1995). The double knockout of C/EBPB and C/EBPS also
results in reduced fat mass (Tanaka et al. 1997), all sug-
gesting that C/EBP family proteins are important for fat
development.

In this study, we used 7.6 kb of the aP2 enhancer/
promoter to target adipocyte-specific transgene expres-
sion of a dominant-negative protein termed A-ZIP/F.
This dominant-negative protein inhibits the DNA bind-
ing and function of B-ZIP proteins in both the C/EBP
(Vinson et al. 1993) and AP-1 families of transcription
factors. The resulting adult transgenic mice have essen-
tially no white fat and dramatically reduced amounts of
brown fat that is inactive. Here, we describe the profound
physiological consequences of having no WAT and intro-
duce a mouse model of the human disease lipoatrophic
diabetes, a genetic or autoimmune condition exhibiting
an absence of WAT (Foster 1994; Seip and Trygstad 1996).

A lipoatrophic diabetic mouse

Results

A-ZIP/F is a dominant-negative protein that inhibits
the DNA binding of both C/EBP and AP-1

We designed a protein, A-ZIP/F, that inhibits the action
of B-ZIP transcription factors by forming stable het-
erodimers (Fig. 1A). The dominant-negative A-ZIP/F is a
104-amino-acid protein consisting of an amino-terminal
9-amino-acid Flag epitope, a 13-amino-acid linker, a 21-
amino-acid designed acidic amphipathic helix, and a 61-
amino-acid-designed leucine zipper termed ZIP/F (Vin-
son et al. 1993; Krylov et al. 1995). A novel aspect of this
dominant-negative protein is the acidic region that re-
places the B-ZIP basic region. The acidic region het-
erodimerizes with endogenous B-ZIP basic regions, form-
ing an coiled coil extension of the leucine zipper, thus
stabilizing the complex 3-5 kcal/mole. This stabiliza-
tion causes the dominant-negative protein to abolish B-
ZIP DNA binding (Krylov et al. 1995, 1997; Olive et al.
1997; Ahn et al. 1998).

The leucine zipper region determines the dimerization
specificity of the dominant-negative proteins. The ZIP/F
leucine zipper is based on C/EBP«, but changes four
amino acids in the g and e positions to glutamate. The
ZIP/F zipper is reminiscent of the Fos zipper (O’Shea et
al. 1989, 1992), as both contain a large number of gluta-
mates in these positions. Using electrophoretic mobil-
ity-shift experiments, we examined the ability of A-
ZIP/F to inhibit DNA binding of different B-ZIP tran-

A C/EBP C/EBP bound C/EBP:A-ZIP/ F Figure 1. (A) Schematic of A-ZIP/F dominant-
homodimer to DNA heterodimer negative action. (Left) Cartoon of the B-ZIP ho-
modimer, C/EBP. The amino-terminal part of
activation NH, FLAG the protein is the activation domain. Carboxy-
regton linker terminal to the activation region is the basic
DNA-binding domain, which in the absence of
basic @ acidic DNA is unstructured. This is followed by the
region amphipathic a-helical leucine zipper dimerization domain.
extension The dashed lines represent physical interac-
TlR-AT Tl-oT tions between the leucines in the d positions
teucine | 5[t hetero- that are critical for forming a coiled coil dimer
zipper | St Li---|t dimerizing structure. (Middle) C/EBP homodimer bound
Li=ot Li--oL zlpper to DNA. This binding causes the basic region to

L|---|L Li==-- L . . . .
COOH form an «-helical extension of the leucine zip-
per, which enhances stability of the dimer by
Kgq= 108 m 109 (100-fold. (Right) Heterodimerization between
a C/EBPa monomer and a A-ZIP/F monomer.
B CIEBPu PP The carboxy-terminal F-zipper interacts spe-
T+ AZIPIF — CREB cifically with the C/EBPa (or Jun) leucine zip-
—al + A-ZIP/F vt h th no-t inal acidi ten-
s & —a + AZIPIF per whereas the amino-terminal acidic exten
o - o8 — sl sion forms a coiled coil with the basic domain
C/EBPa.—»— . Sos:_, - ~o° of B-ZIP proteins. This heterodimeric coiled
i CREB— gpamem®® coil structure is more stable than C/EBPa
bound to DNA by a further 100-fold. (B) A-
ZIP/F inhibits the DNA binding of C/EBPa
Free _,- SIS .. .nd Fosijun (middle) but not CREB
DNA R N 123 45] R A nght) 2111 1ggl-shift1 assz}ytsB(L.arzfs lt) 1;1% erIOPteciln;
I_ICIEBP ot AP-1 probe CREB probe anes nmoles of the indicated B- o-

main, which forms a complex with the labeled

oligonucleotide probe; (lanes 3,4,5) B-ZIP domains as well as 1-, 10-, or 100-fold molar equivalent of recombinant A-ZIP/F protein,
respectively. Equimolar A-ZIP/F abolishes the DNA-binding of both C/EBPa and Fos+Jun, but has no effect on CREB DNA binding,

even in 100-fold molar excess.
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scription factors (Fig. 1B). A-ZIP/F, at an equimolar
concentration, inhibited the DNA binding of the
C/EBPa homodimer. A-ZIP/F also inhibited the DNA
binding of AP-1, a heterodimer of the Fos and Jun B-ZIP
domains. This promiscuous inhibition becomes zipper-
specific if the acidic extension is placed onto the amino
terminus of either the C/EBP or Fos leucine zipper (data
not shown). A-ZIP/F does not inhibit the DNA binding
of all B-ZIP factors. CREB DNA binding is not blocked,
even at 100-fold molar excess (Fig. 1B).

Transgenic mouse lines

We expressed A-ZIP/F using a fat-specific promoter, rea-
soning that disruption of the function of C/EBP and JUN
family members might disrupt adipocyte growth and dif-
ferentiation as both have been implicated in its develop-
ment. We used 7.6 kb of the enhancer/promoter to ex-
press Flag-tagged A-ZIP/F protein (Fig. 2A). Three trans-
genic FVB/N mice were obtained from 30 live births.
One did not transmit the transgene, one did not express
the transgene, and the remaining expressing line, desig-
nated A-ZIP/F-1, is characterized in this report. The A-
ZIP/F-1 line carries (16 copies of the transgene. Hemi-
zygous females had reduced fertility and litter size and
almost no pups survived until weaning. The A-ZIP/F-1
line is propagated by the breeding of hemizygous males
with FVB/N females. The males show reduced fertility,
but produce litters of normal size (9.2 +0.3 pups,
mean * S.E.M.; nn = 29 litters). Homozygous mice have not
been obtained, and all studies were performed with
hemizygous mice.

A-ZIP/F mRNA and protein expression
in the A-ZIP/F-1 line

Dissections of adult A-ZIP/F-1 mice revealed essentially
no WAT and a severely reduced amount of brown adi-
pose tissue (BAT; Fig. 2B and below). A-ZIP/F mRNA
was restricted to the residual BAT and was of the pre-
dicted size of 1.3 kb (Fig. 3A). Muscle and heart con-
tained traces of A-ZIP/F mRNA at 1% and 3% of the
BAT level, respectively. We suggest that the muscle and
heart signals are from residual adipose tissue associated
with these organs as endogenous adipocyte-specific aP2
mRNA was present at similar levels in the muscle and
heart samples. The absence of WAT precluded our abil-
ity to determine A-ZIP/F expression in WAT. A-ZIP/F
mRNA signal is thus limited to those cells that normally
express aP2, namely adipocytes (Bernlohr et al. 1985).

A-ZIP/F protein expression was measured by monitor-
ing of the amino-terminal Flag epitope. Western blotting
revealed a band of the expected 12-kD size in transgenic
BAT but not in other tissues (data not shown) or wild-
type BAT (Fig 3B). Quantitation, with a recombinant
Flag standard containing the Fos leucine zipper, indi-
cated that the residual adipose tissue contains [2 million
A-ZIP/F protein molecules per cell (see Materials and
Methods).
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Figure 2. (A)Schematic of the transgene for fat-specific expres-
sion of the A-ZIP/F dominant-negative protein. (Open region)
7.6-kb aP2 promoter/enhancer; (closed region) 298-bp A-ZIP/F
open reading frame with a Flag epitope; (striped region) (01.0-kb
SV40 small t antigen splice and poly(A) sites. The unique re-
striction sites used to form junctions between these three dif-
ferent elements are shown, as well as the 5" and 3’ sites used for
isolating DNA for microinjection from the plasmid. (B) Lack of
WAT in A-ZIP/F-1 mice. Dorsal view of male littermates, aged
26 weeks, after removal of the skin. (Left) Wild-type mouse;
(right) A-ZIP/F-1 mouse. Note the absence of visible WAT and

the residual interscapular adipose tissue in the A-ZIP/F-1 ani-
mal.

Residual BAT in A-ZIP/F mice

The residual adipose tissue in A-ZIP/F-1 mice is found at
the anatomical sites expected for BAT (interscapular,
neck, parasternal, and renal hilum). As the A-ZIP/F-1
animal ages, BAT shrinks. BAT performs thermogenesis
and is most prominent in small mammals and the young
of larger mammals (Nicholls and Locke 1984; Himms-
Hagen and Ricquier 1998). Active wild-type BAT con-
sists of mitochondria-rich eosinophilic cells containing
multiple lipid droplets (Fig. 4A). In contrast, wild-type
WAT cells are typically larger, contain few mitochon-
dria, and a single large lipid droplet, pushing the nucleus
to the cell periphery. The A-ZIP/F-1 adipose tissue
showed sparse eosinophilic staining, a single lipid drop-
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let per cell, and peripheral nuclei, resembling WAT.
However, this is also the appearance of dormant wild-
type BAT, for example as seen in ob/ob mice (Trayhurn
1986). Thus A-ZIP/F-1 adipose tissue resembles inactive
BAT. Uncoupling protein 1 (UCP1) is a molecular
marker used to distinguish BAT from WAT (Bouillaud et
al. 1985; Jacobsson et al. 1985). A-ZIP/F-1 adipose tissue
contains low levels of UCP1 mRNA (Fig. 4B), as is found
in inactive BAT (Bouillaud et al. 1985; Jacobsson et al.
1985). From the anatomical position, histology, and
UCP1 expression, we conclude that the residual adipose
tissue in the A-ZIP/F-1 mice is inactive BAT.

The residual A-ZIP/F-1 BAT contains 2 million mol-
ecules per cell of the dominant-negative protein that
neutralizes C/EBP and Jun B-ZIP family members.
UCP1, which is regulated by C/EBPs (Yubero et al. 1994)
is dramatically underexpressed in A-ZIP/F-1 fat tissue.
In contrast, other adipose genes reported to require
C/EBP family members for efficient expression, includ-
ing leptin, aP2, and PPARYy (Christy et al. 1989; He et al.
1995; Clarke et al. 1997; Mason et al. 1998), are not un-
derexpressed (Fig. 4B). The complex response of BAT to
the presence of the A-ZIP/F dominant-negative protein
highlights the differential response of eukaryotic pro-
moters to the transcription environment.

The developmental progress of the A-ZIP/
F-1 phenotype

During mouse development, BAT first appears at embry-
onic day 15 (Houstek et al. 1988), while WAT appears at
birth (Ailaud and Hauner 1998). The absence of WAT
and reduced BAT in adult A-ZIP/F-1 mice is attributable
either to the lack of cell birth or to cell death. To address
this question, mice at 17 days of gestation, and at 1, 3, 7,
and 14 days postnatum were examined histologically.
Eighteen hours after birth, control animals had abundant
interscapular BAT and subcutaneous WAT (Fig. 5).

A lipoatrophic diabetic mouse

Figure 3. Expression analysis of the transgene.
(A) Total RNA was isolated from wild-type
BAT and the 11 indicated A-ZIP/F-1 tissues (in-
terscapular fat is BAT), electrophoresed, blot-
ted, and probed successively for A-ZIP/F and
aP2. All lanes contain 10 pg of RNA, except for
the interscapular fat, which contains 5 pg.
Quantitation by Phosphorlmager showed that
A-ZIP/F expression in the heart lane is 3% of

B _ 60 the level in BAT. Ethidium bromide staining
8 _ 160 confirmed RNA loading (bottom). (B) Anti-Flag
antibody was used to probe expression of the

=300 Flag-tagged A-ZIP/F protein in BAT of A-ZIP/
F-1 and littermate wild-type mice. (DN) Mobil-

— 215 ity of the A-ZIP/F molecule. A recombinant

- 143 standard (20, 5, 2, 0.5, and 0.2 pmole) was run

for quantitation. Molecular mass is indicated
on the right.

Transgenic A-ZIP/F-1 mice had about half the BAT of
controls, and this BAT appeared similar to active wild-
type BAT. WAT was not visible in the newborn A-ZIP/

B BAT WAT
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Figure 4. (A) Histology of adipose tissue. Wild-type, A-ZIP/F-
1, and ob/ob interscapular BAT, and wild-type and A-ZIP/F-1
epididymal WAT are shown as indicated. Hematoxylin and eo-
sin staining magnification 150x (top and middle); 60x (bottom).
(B) Expression of C/EBP regulated genes in adipose tissue. Three
separate Northern blots containing total RNA from A-ZIP/F-1
interscapular BAT and from wild-type interscapular BAT and
epididymal WAT were prepared and hybridized with DNA
probes for UCPI, leptin, C/EBPqa, and PPARy. The UCPI, lep-
tin, and C/EBPa blots contain 10 ng RNA per lane and the
PPARYy blot, 5 ng of RNA per lane. Ethidium bromide staining
is shown as a loading control.
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F-1 mice. We did not see any apoptosing cells at the five
time points we examined, suggesting that WAT cells are
never born.

Enlarged viscera in A-ZIP/F-1 adult mice

Adult A-ZIP/F-1 mice are distinguishable from wild-
type littermate controls by their rough-appearing coat
and increased abdominal girth. Dissections and histo-
logic examinations performed on adult A-ZIP/F-1 mice
aged 7 and 24 weeks and sex-matched littermates found
no visible WAT (including subcutaneous, gonadal, peri-
nephric, and mesenteric; Figs. 2B and 6A), although mi-
croscopically a few adipocytes were present in the region
of the epididymal fat pads (Fig. 4, bottom). The epididy-
mal fat in wild-type mice at 20 weeks averaged 2.8% of
body weight, while none was visible in A-ZIP/F-1 ani-
mals (Table 1). The interscapular BAT in adult A-ZIP/
F-1 mice, although present, was reduced, weighing only
11% of control mice (Table 1).

Adult A-ZIP/F-1 mice grow heavier than their litter-
mates, even without fat, which is typically 15% of body
weight (Salmon and Flatt 1985; West et al. 1992). We
measured organ weights in 20-week-old mice to charac-
terize this difference (Table 1). The liver accounts for less
than half of the increase with other viscera (including
the kidneys, heart, and spleen) contributing to the in-
crease.

The livers in adult A-ZIP/F-1 mice were enlarged 2.1-
fold and were lighter in color and density (Table 1; Fig.
6B). Histological examination showed oil red O-stained

Figure 5. Absence of WAT in A-ZIP/F-1 mice at day 1. Trans-
verse sections at the level of the neck were made from [18-hr
wild-type (top) and A-ZIP/F-1 littermate (bottom) mice. (B)
BAT; (W) WAT; (M) muscle; (S) skin. Hematoxylin and eosin
staining magnification, 30x.

3172 GENES & DEVELOPMENT

WT A-ZIP/F-1

Figure 6. Appearance of skin, liver, and pancreas in mice at 22
weeks of age. Tissues from female wild-type (WT, left) and A-
ZIP/F-1 (right) mice are shown at the same magnifications. (A)
Skin, with WAT visible below the dermis in wild-type but not
A-ZIP/F-1 mice. Grossly, livers of A-ZIP/F-1 mice are enlarged
and lighter in color (B). Microscopically the A-ZIP/F-1 liver is
filled with lipid droplets (C). Pancreatic islet g cell hypertrophy
and hyperplasia were present in all A-ZIP/F-1 mice examined. A
particularly striking example is in D (the lighter staining cells
are the islets and the darker region is the exocrine pancreas).
Hematoxylin and eosin staining magnification, 30x (A,C) and
16x (D).

lipid droplets of various sizes within the liver. The lipid
accumulated in a zone 3/centrilobular pattern with both
micro- and macrosteatosis (Fig. 6C). No fibrosis, cirrho-
sis, or inflammatory infiltrates were associated with the
steatosis. Serum chemistries confirmed that the mice
did not have acute hepatitis, with normal range alanine
aminotransferase, aspartate aminotransferase, alkaline
phosphatase, and bilirubin, total and direct. Quantita-
tion of triglycerides showed that the A-ZIP/F-1 mouse
liver contains 6.8-fold more triglycerides compared with
age-matched wild-type littermates (58 mg/gram liver in
A-ZIP/F-1; 18 mg/gram liver in wild type). Quantitative
immunoblot analysis showed increases in the enzymes
involved in both lipogenesis and lipolysis. Of the 19 spe-
cies of fatty acid-metabolizing enzymes (Aoyama et al.
1998) examined, only the protein levels of three peroxi-
somal enzymes (peroxisomal bifunctional protein, com-
posed of hydratase and 3-hydroxyacyl-CoA dehydroge-
nase; D-type peroxisomal bifunctional protein; and per-
oxisomal 3-ketoacyl-CoA thiolase) were increased about



Table 1. Anatomical characteristics of A-ZIP/F-1 mice

A lipoatrophic diabetic mouse

Body Epi
weight Length BMI WAT
(grams) (cm) (grams/cm?) (%)

BAT Liver Kidney Spleen Heart
(%) (%) (%) (%) (%)

A-ZIP/F-1 37.6=09 9.68+0.07 0.401 =0.006 <0.025

Wildtype 39.5=1.1 9.90+0.06 0.402+0.007 2.83+0.18
Ratio 0.95 0.98 1.00 <0.01
P 0.23 0.08 0.93

0.07+0.01 9.51+0.70 2.15+0.06 0.58+0.07 0.50=+0.01
0.67 £0.05 4.49+0.09 1.37+003 0.32+001 0.42=+0.02

0.11 2.12 1.57 1.81 1.18
0.0002 0.002 0.0002 0.02 0.01

Data are mean = s.E.M. with five mice in each group. Animals were 20-week-old males from two litters. The body mass index (BMI)
is the weight/(length squared). The organ weights were measured as a percentage of the animal’s body weight. For epididymal (Epi)
WAT, we estimate that 10 mg of tissue is the limit of detection. Ratio is the A-ZIP/F-1 value expressed as a fraction of the wild-type

value. Probabilities (P) are from two-tailed t-test.

threefold. These changes, however, should have minimal
effects on lipolysis, because neither peroxisomal acyl-
CoA oxidase, the rate-limiting enzyme in peroxisomal
fatty-acid B-oxidation (Aoyama et al. 1994), nor the mi-
tochondrial enzymes that catalyze long-chain fatty-acid
B-oxidation are affected in the A-ZIP/F-1 mice. On the
other hand, the levels of three rate-limiting fatty-acid
synthesis-related enzymes (acetyl-CoA carboxylase,
fatty-acid synthetase, and ATP-citrate lyase) increased
2.9-, 2.9-, and 3.8-fold, respectively. These increases in
rate-limiting enzymes contribute greatly to enhanced li-
pogenesis, suggesting a mechanism for the fatty livers of
A-ZIP/F-1 mice.

The pancreatic islets were hypertrophic and hyperplas-
tic (Fig. 6D). Histological immunostaining for insulin
demonstrated a large increase in the number of B cells.
Foam cells (phagocytic cells loaded with lipid) were ob-
served in the lungs of some animals.

Early death of A-ZIP/F-1 mice

We examined the survival and growth of the A-ZIP/F-1
mice to determine the consequences of having no fat
throughout development. At birth, transgenic mice ac-
count for half of the pups, indicating no prenatal death.
However, by weaning at 3—4 weeks, only 30% (62 of 210)
of the surviving pups were transgenic, females outnum-
bering males (1.23 to 1.00). Survival after weaning was
also reduced (Fig. 7). The A-ZIP/F-1 mice were suscep-
tible to death after anesthesia, with 25% mortality (5 of
20) after Avertin anesthesia (0.375 mg/gram intraperito-
neally), compared to no deaths in the controls.

At birth, the A-ZIP/F-1 mice are of normal size, but by
1 week, they are only half the size of their wild-type
littermates and at weaning are 80% wild-type weight
(Fig. 7). By weeks 8-11, they weigh the same as litter-
mates and eventually weigh more. Adult A-ZIP/F-1 mice
were polyphagic, eating 1.7 times more than littermate
controls (Table 2). When A-ZIP/F-1 mice were fed the
same amount of food as their littermates, they lost 19%
of their body weight in 2 days. The transgenic mice had
polyuria, with greatly increased urine output. A-ZIP/F-1
mice also showed polydypsia, drinking four times more
than their littermates (32 ml/day, compared to 7 ml/day;
Table 2). The polyphagia, polyuria, and polydypsia ob-
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Age (weeks)
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5 L WT Littermate controls
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g A-ZIP/F-1 females
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Figure 7. Growth and survival of A-ZIP/F-1 mice. (Top) A-ZIP/
F-1 (@) and littermate [wild-type (O)] controls were weighed,
and the data were binned using 1-week (3-12 weeks) or 2-week
(12-28 weeks) intervals. Data for the 1-, 7-, and 14-day-old mice
include both sexes (gender differences did not appear until 4
weeks) and are presented in both panels. Data are mean =+ S.E.M.,
n = 6-35. The A-ZIP/F-1 mice weighed less than wild-type mice
(P < 0.05) from 1 to 7 weeks. Female A-ZIP/F-1 mice were sig-
nificantly heavier for all points >11 weeks, whereas the differ-
ence in males was significant only at weeks 20 and 22. (Bottom)
Mortality from weaning to 30 weeks in A-ZIP/F-1 mice. Sur-
vival analysis (Kaplan-Meier; Altman 1991) is based on 34 males
and 51 females. None of the littermate controls died.
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Table 2. Food intake in A-ZIP/F-1 mice

Food

Initial Final intake Water

weight weight (grams/day intake

(grams) (grams) per mouse) (ml)
A-ZIP/F-1 23.9+2.6 24.1+2.8 561 +3.3 35.1 4.2
Wild type 25529 25433 3.25+04 7.6 0.7
Ratio 0.94 0.95 1.73 4.63
P ns ns 7 x 107 8 x 10°

Food and water intake were measured in female A-ZIP/F-1 and
littermate mice using six mice per group. Mice (9-15 weeks old)
were housed three/cage, and food consumption was measured
daily for 10 days. Data are mean + S.E.M. Water intake was mea-
sured in a separate experiment with individually housed mice.
Ratio is the A-ZIP/F-1 value expressed as a fraction of the wild-
type value. Probabilities are from two-tailed t-test.

served in the A-ZIP/F-1 mice are the hallmark clinical
triad of diabetes mellitus.

Adult A-ZIP/F-1 mice are diabetic

Glucose levels were measured to determine whether the
adult mice are indeed diabetic, as suggested by the clini-
cal symptoms. Hyperglycemia, the defining feature of
diabetes mellitus, is present with serum glucose being
increased 3.4-fold to 788 mg/dl in males and 3.1 fold, to
670 mg/dl, in females (Fig. 8). Glucose was also present
in the urine (4+ glucosuria). The degree of hyperglycemia
was severe, at the upper end of the glucose levels ob-
served in murine models of diabetes. As expected from
the hyperglycemia, the A-ZIP/F-1 mice were hyperos-
motic (356 vs. 334 milliosmolar). Hyperglycemia can be
accompanied by either low or high blood insulin levels,
depending on whether the pancreatic islet B cells stop
producing insulin (type 1 or juvenile diabetes) or target
tissues fail to respond to high insulin levels (type 2 or
noninsulin-dependent diabetes). In A-ZIP/F-1 mice, the
serum insulin levels were massively increased, 58-fold in
males and 442-fold in females (Fig. 8). These insulin lev-
els are higher than typically found in other models of
diabetes, such as the ob/ob and db/db mice (Coleman
1978).

We measured triglyceride, free fatty acid, and B-hy-
droxybutyrate concentrations in the plasma of A-ZIP/
F-1 and control mice. Triglycerides, which are carried in
the circulation as lipoprotein particles, were elevated
3.0- and 5.3-fold in male and females, respectively (Fig.
8). Cholesterol levels were minimally elevated [188 + 14
mg/dl vs. 167 + 12 mg/dl (n = 5 for both)|. Free fatty ac-
ids are a circulating energy source. A-ZIP/F-1 mice have
a 1.5- to 2.5-fold elevation in their free fatty acids levels
in the fed state (Fig. 8). B-Hydroxybutyrate, a ketone, is
produced by the liver from free fatty acids at times of low
glucose, low insulin, and high glucagon levels. Ketones
are used as an energy source, particularly by the brain.
Plasma B-hydroxybutyrate levels were unchanged in the
A-ZIP/F-1 mice (Fig. 8). Urine ketones were absent (data
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not shown), confirming the lack of ketosis in these mice
despite the elevated free fatty acids levels. Taken to-
gether, these data demonstrate that A-ZIP/F-1 mice are
hyperglycemic with severe insulin resistance, very high
insulin levels, and without elevated ketones. These are
the hallmark characteristics of type 2 diabetes.

Development of the diabetic phenotype

The A-ZIP/F-1 line is remarkable for its lack of WAT
starting from birth. To see whether diabetes is present in
young mice, we measured the glucose, insulin, and free
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Figure 8. Adult A-ZIP/F-1 mice are diabetic. Blood was ob-
tained from A-ZIP/F-1 mice and nontransgenic wild-type con-
trols, aged 6-23 weeks in the nonfasting state (males, solid bars;
females, open bars). Serum glucose, insulin, triglycerides, free
fatty acids, and B-hydroxybutyrate were measured as detailed in
Materials and Methods. The insulin panel uses a log scale. Data
are mean = S.E.M., with n =16-20 per group (except for B-hy-
droxybutyrate, with n = 10 and wild-type insulin, with n = 6 and
7 per group). The glucose, insulin, triglyceride, and free fatty
acids levels were elevated in A-ZIP/F-1 mice compared with
their sex-matched controls at P<0.01. The insulin (P = 0.04) and
free fatty acids (P = 0.005) levels differed between the male and
female A-ZIP-1 mice.



fatty acids levels weekly during the first 5 weeks (Fig. 9).
Remarkably, the insulin levels were already 30-fold el-
evated at week 1. Free fatty acids were also increased by
the first week, as was liver size (8.1% of body weight,
compared with 3.5% in littermates). In contrast, glucose
levels were normal at weeks 1 and 2, barely elevated at
week 3, and only reached diabetic levels at 4 weeks of
age. These results demonstrate that the hyperinsu-
linemia and increased free fatty acids precede the eleva-
tion in blood glucose by 3 weeks.

A-ZIP/F-1 mice have reduced leptin

Leptin is a hormone secreted by both white and brown
adipose cells in proportion to fat mass. It regulates en-
ergy homeostasis by decreasing food intake and increas-
ing activity, sympathetic tone, energy expenditure, and
insulin sensitivity (for review, see Flier 1997). Circulat-
ing leptin levels in A-ZIP/F-1 mice were measured by
Western blotting. In two pooled samples, leptin was re-
duced [110-fold to 0.6 and 1.0 ng/ml. Sixty to seventy
percent of the A-ZIP/F-1 leptin was in a high molecular
weight complex, as compared with 30% to 40% in con-
trol mice (Gavrilova et al. 1997; data not shown). Thus,
the free, active leptin concentration in A-ZIP/F-1 mice is
only (6% of wild-type mice. This leptin is produced in
BAT (Fig. 4B).
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Figure 9. Development of diabetes in A-ZIP/F-1 mice after
birth. Glucose, insulin, and free fatty acids were measured in
A-ZIP/F-1 (@) and littermate (O) control mice. Samples were
serum from exsanguination for weeks 1-3 and tail vein plasma
for weeks 4 and 5. Data are mean = S.E.M., n = 5-6 per group.

A lipoatrophic diabetic mouse

Leptin is important for male and female sexual matu-
ration and fertility (Chehab et al. 1996). Unlike ob/ob
mice, which are totally deficient in leptin and remain
sexually immature, A-ZIP/F-1 mice become fertile, but
are not as fertile as wild-type mice. We measured the
effect of leptin treatment on A-ZIP/F-1 mice, to investi-
gate whether leptin deficiency accounts for their de-
creased fecundity. During an 8-day control interval, five
male A-ZIP/F-1 mice, each housed with two wild-type
females, produced a total of only two plugged females.
Leptin treatment of the A-ZIP/F-1 mice did not alter the
rate, with only two more plugged females during 14 days
of treatment. Testosterone levels in A-ZIP/F-1 mice
(with or without leptin treatment) were comparable with
littermates. These data suggest that the poor fecundity of
the A-ZIP/F-1 line is attributable to more than leptin
deficiency.

A-ZIP/F-1 mice are unable to respond to fasting

Because the major function of WAT is to store energy for
lean times, we studied the effect of fasting on A-ZIP/F-1
mice. During a 24-hr fast (Fig. 10), the A-ZIP/F-1 mice
lost more weight than their littermates (6.7 vs. 3.5
grams). The glucose dropped slightly in the controls (210
to 134 mg/dl), but plummeted in the A-ZIP/F-1 animals
(903 to 124 mg/dl) to wild-type levels. A drop in insulin
drives the metabolic adaptation to fasting. Insulin levels
in the A-ZIP/F-1 mice dropped from 359 to <3 ng/ml
during the fast. Thus the pancreatic B cells, which are
secreting very large amounts of insulin in the fed state,
still retain their ability to decrease insulin secretion in
response to decreased glucose.

Another striking result was the change in the free fatty
acids levels during fasting. During fasting, WAT triglyc-
erides are hydrolyzed and released as free fatty acids. The
free fatty acids are metabolized to ketone bodies, such as
B-hydroxybutyrate, by the liver. In wild-type mice before
fasting, the free fatty acids were 0.97 mm (higher than
usual as a result of starting the fast at a relatively late
time during the light cycle) and appropriately increased
to 1.54 mm with fasting. In contrast, the A-ZIP/F-1 mice
did not increase their free fatty acids, but paradoxically
dropped them by 0.84 mm (from 1.14 to 0.30 mm). We
attribute this drop to the inability of the A-ZIP/F-1 mice
to replenish their circulating free fatty acids as a result of
the lack of adipose stores. Indeed, the control mice in-
creased their B-hydroxybutyrate by 394%. In contrast,
the A-ZIP/F-1 mice were unable to do this. Taken to-
gether, these data demonstrate that A-ZIP/F-1 are unable
to respond appropriately to fasting, which we attribute to
their lack of sufficient mobilizable lipid stores.

Discussion

This report presents a novel dominant-negative approach
that inhibits gene expression. This approach was used to
ablate fat tissue growth and differentiation. The domi-
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Figure 10. Effect of fasting on A-ZIP/F-1 and wild-type mice.
Male A-ZIP/F-1 and littermate wild-type controls, aged 23
weeks, were fasted for 24 hr (1:00 pm to 1:00 pm). Tail vein
blood was obtained at the start (fed, solid bars) and conclusion
(fasted, open bars) of the fast. Serum glucose, insulin, free fatty
acids, and B- hydroxybutyrate were measured as detailed in Ma-
terials and Methods. Insulin was not measured in the wild-type
mice and was undetectable in the fasted A-ZIP/F-1 mice (detec-
tion limit: 3 ng/ml). Data are mean * S.E.M., n =5 per group.
(*) Difference at P < 0.001, except for P =0.02 for free fatty
acids.

nant-negative protein has properties not expected from
simple deletions of existing genes or from genetic
screens. The profound adverse physiological conse-
quences of having no WAT and severely reduced BAT
throughout mouse development are described.

Other lean mouse models exist. While the mechanism
is obscure in some (Luetteke et al. 1993; Benson and
Chada 1994), a number probably have alterations in adi-
pose tissue formation or function (Kozak et al. 1991,
1996; Ross et al. 1993; Katz et al. 1995; Kopecky et al.
1995; Levak-Frank et al. 1995; Wang et al. 1995; Cum-
mings et al. 1996; Soloveva et al. 1997). In the experi-
ments most relevant to ours, the aP2 enhancer/promoter
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was used to drive adipose expression of the diphtheria
toxin A chain. High-level expression caused neonatal
death, while lower levels produced loss of fat in aging
mice (Ross et al. 1993; Burant et al. 1997). None of the
previous models produced viable mice lacking WAT
throughout development, suggesting that WAT is essen-
tial for life. The viability of the A-ZIP/F-1 mice, how-
ever, demonstrates that WAT is not essential for life.

Dominant-negative A-ZIP/F inhibits AP-1 and C/EBP
transcription factors

WAT growth and differentiation are regulated by se-
quence-specific DNA binding proteins in the AP-1 and
C/EBP B-ZIP families. AP-1 factors promote precursor
cell proliferation (Distel et al. 1987; Stephens et al. 1992).
C/EBP factors mediate adipocyte differentiation via a se-
quential pattern of expression beginning with C/EBPS
and C/EBPB and followed by C/EBPa (Mandrup and
Lane 1997). The designed dominant-negative protein,
A-ZIP/F, contains a promiscuous leucine zipper, termed
ZIP/F, which heterodimerizes with either Jun or C/EBP
family members. We do not know which of these fami-
lies is critical for the phenotype. More selective B-ZIP
dominant-negative proteins that inhibit only C/EBP or
Jun families have been designed and transgenic mice
generated. Two A-C/EBP lines have a adipocyte pheno-
type milder than A-ZIP/F-1 mice, suggesting that the
inhibition of both Jun and C/EBP function is critical for
the severe phenotype of the A-ZIP/F-1 mice.

Ablation of adipose tissue in A-ZIP/F-1 mice

The adult A-ZIP/F-1 mice contain inactive BAT that ex-
presses 2 million copies of the A-ZIP/F protein per cell.
Among C/EBP regulated genes, UCPI1 expression is di-
minished, but leptin, aP2, and PPARy are expressed
at unaltered levels. These results suggest that not all
C/EBP-driven promoters respond similarly to the domi-
nant-negative action of A-ZIP/F. We suggest that this
difference is attributable to the temporal lag or lead in
the switching of these promoters compared with the aP2
promoter, which drives production of the A-ZIP/F
mRNA. Promoters that are presumably switched on
later in development than aP2 are more affected than
those switched on earlier.

A similar temporal mechanism may help us under-
stand why WAT is ablated in the A-ZIP/F-1 mice while
BAT is merely reduced in amount and inactive. Appear-
ing earlier in development, BAT grows to a point where
its further maturation is interrupted by newly synthe-
sized A-ZIP/F molecules, while WAT, appearing later in
development, is affected immediately by A-ZIP/F mol-
ecules, precluding proliferation. Another possibility is
that A-ZIP/F-1 mice might turn off BAT as a homeo-
static response to an altered metabolic status. In this
case, the residual tissue might approximate the response
of normal BAT to an abnormal environment. The ab-



sence of WAT precludes a direct comparison of the BAT
and WAT transcriptional milieus in A-ZIP/F-1 mice.

Physiology of the A-ZIP/F-1 line

The A-ZIP/F-1 phenotype includes poor fertility, organo-
megaly, elevated glucose, insulin, free fatty acids, and
triglycerides, low leptin, and early death. The phenotype
is attributed to the lack of WAT, disrupting energy stor-
age and communication among the tissues of the body,
including signals from both WAT and the rest of the
body to WAT. Without WAT to take up and store free
fatty acids/triglycerides derived mainly from diet and
hepatic production, blood levels become elevated. In-
creased circulating free fatty acids have been proposed to
cause increased blood glucose via the glucose—fatty acid
cycle, in which muscle uses free fatty acids as a fuel in
preference to glucose (Randle et al. 1963; McGarry 1992).
The resulting increased blood glucose levels, in turn,
lead to more insulin secretion and pancreatic islet B-cell
hypertrophy and hyperplasia. Free fatty acids, known li-
gands for transcription factors, might also cause insulin
resistance via transcriptional mechanisms. The resulting
extraordinarily high insulin levels are sufficient for
cross-talk activation of IGF-1 receptors (Smith et al.
1988). IGF-1 receptor stimulation plausibly explains the
enlarged organs and continued adult growth of the
A-ZIP/F-1 mice.

The diabetes of the A-ZIP/F-1 mice is notable for its
lack of ketosis, with low B-hydroxybutyrate despite el-
evated free fatty acids. One explanation is that the high
insulin levels communicate a fed status to the liver.
Thus, enough of this insulin signal is transmitted to the
hepatocytes to prevent ketogenesis. Direct studies of in-
sulin signaling in A-ZIP/F-1 liver and muscle are in prog-
ress to determine whether there are different levels of
insulin resistance in these tissues. Another possible ex-
planation is that the livers in A-ZIP/F-1 mice are geared
more toward lipogenesis than lipolysis, which might pre-
vent ketogenesis even in the face of a sharp drop in blood
glucose levels. It is interesting to note that the three
rate-limiting fatty acid-synthesizing enzymes whose lev-
els are elevated in A-ZIP/F-1 mice, are both transcrip-
tionally and post-translationally regulated by insulin
(Fukuda et al. 1997a,b; Gamble and Lopaschuk 1997).

Lack of adipose tissue in A-ZIP/F-1 mice causes leptin
deficiency. Low leptin levels contribute to the insulin
resistance, since leptin-deficient ob/ob mice are diabetic
(Coleman 1978). Leptin also increases muscle glucose
utilization (Kamohara et al. 1997), enhances insulin’s in-
hibition of hepatic glucose production (Rossetti et al.
1997), and is required for sexual maturation and fertility
(Chehab et al. 1996). However, injection of leptin did not
restore A-ZIP/F-1 fecundity, suggesting that fat is also
needed for reproductive function via leptin-independent
mechanisms.

The inability of the mice to survive fasting confirms
the role of WAT in supplying energy (as free fatty acids)
for utilization during starvation. Recent experiments
show that the A-ZIP/F-1 mice run out of energy reserves

A lipoatrophic diabetic mouse

remarkably rapidly (O. Gavrilova, unpubl.). BAT thermo-
genesis is also severely compromised in A-ZIP/F-1 mice
(O. Gavrilova, unpubl.).

A-ZIP/F-1 mice are a model for lipoatrophic diabetes

The A-ZIP/F-1 phenotype is strikingly similar to that of
humans with severe lipoatrophic diabetes (particularly
congenital generalized lipodystrophy, the Seip-Be-
rardinelli syndrome). The human lipodystrophies are a
heterogenous group of disorders characterized by de-
creased fat mass, insulin resistance, and elevated triglyc-
erides (Foster 1994; Seip and Trygstad 1996). Both ge-
netic and acquired forms (presumably autoimmune) are
known. Lipodystrophic diabetes was recently recognized
as a complication of protease inhibitor treatment of HIV
infection (Carr et al. 1998).

The similarities of the A-ZIP/F-1 phenotype and li-
poatrophic diabetes include nonketotic diabetes, hyper-
triglyceridemia, hepatic steatosis, alveolar foam cells, or-
ganomegaly, and hyperphagia (Table 3). Humans with
severe lipoatrophic diabetes often die from complica-
tions of diabetes. A-ZIP/F-1 mice also die prematurely,
possibly as a result of high glucose causing a hyperosmo-
lar state. In addition to the similarities above, both
lipoatrophic humans and A-ZIP/F-1 mice have an in-
creased metabolic rate, which we attribute to their or-
ganomegaly (O. Gavrilova, unpubl.). A-ZIP/F-1 lipoatro-
phic diabetes is a consequence of the absence of fat, sug-
gesting that a lack of fat is causative for the human
disease.

Lipoatrophy is paradoxical, with the lack of fat causing
diabetes. The usual scenario is that obesity causes type 2
diabetes. Thus it is important to examine the similari-
ties between lipoatrophic and type 2 diabetes. As postu-
lated above, increased free fatty acids may cause li-
poatrophic diabetes and a role for free fatty acids has also
been proposed in type 2 diabetes (McGarry 1992). Alter-
natively, lack of WAT in A-ZIP/F-1 mice may cause dia-
betes by a different mechanism from that which occurs
in obese mice. The fact that the increased glucose in
A-ZIP/F-1 mice first appears upon weaning suggests that
it may be correlated with the metabolic changes that
occur at this time. Availability of the A-ZIP/F-1 model
will allow examination of these questions. The effect of
limiting food intake on the A-ZIP/F-1 phenotype will be
important to examine.

Table 3. A-ZIP/F-1 vs. lipoatrophic diabetes

Lipoatrophic

A-ZIP/F-1 diabetes

Absence of adipose
Hyperglycemia
Hyperinsulinemia
Ketoacidosis

Fatty liver

Cirrhosis
Hyperlipidemia
Increased metabolic rate

o+ o+ o+

+
varies
+

o4+ o+ o+

+
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Beneficial effects of adipose tissue

Obesity is a major cause of death in America and is a
significant risk factor for type 2 diabetes, hypertension,
and coronary artery disease (Thomas 1995). Currently, a
major health care goal is reduction of the prevalence of
obesity in the human population. However, the A-ZIP/
F-1 line indicates that adipose tissue has some beneficial
effects, particularly on growth, reproductive function,
glucose metabolism, and the ability to tolerate fasting.

Materials and methods

DNA-binding assay

Escherichia coli-produced recombinant B-ZIP protein domains
were mixed with double-stranded *?P-labeled DNA and re-
solved on 8% polyacrylamide gels in 0.5 x TBE buffer at room
temperature (Krylov et al. 1995). Proteins (2 ul of 5 x 107° m of
dimer) were heated (10 min, 65°C) in the presence of 1 mm DTT
and added to 20 pl of the gel-shift reaction buffer (25 mm Tris at
pH 8.0, 50 mm KCl, 0.5 mm EDTA, 2.5 mm DTT, 1 mg/ml
bovine serum albumin, 10% glycerol), incubated for 10 min
at 25°C, then mixed with 8 pg of the indicated probe (3>P-label-
ed double-stranded oligonucleotide). The DNA sequences of
the sense strands are: AP-1, 5-GTCAGTCAGTGACTCA-
ATCGGTCA-3’; CREB, 5'-GTCAGTCAGTGACGTCAATCG-
GTCA-3’; and C/EBP, 5'-GTCAGTCAGATTGCGCAATATC-
GGTCA-3'. The binding sites are in boldface type.

Transgenic mice

The plasmid directing fat-specific expression of A-ZIP/F was
constructed by use of standard cloning procedures (Ausubel
1997) as follows. The 7621-bp aP2 gene enhancer/promoter
(Spiegelman et al. 1983; Bernlohr et al. 1984; Cook et al. 1988)
was obtained from Dr. M.D. Lane (Johns Hopkins University,
Baltimore, MD) as p422-CAT Basic. The aP2 promoter, isolated
as a HindIlI-Pstl (partial) fragment, was cloned into pBlue-
scriptKS* (Stratagene) and denoted Bluescript aP2. A 298-bp
PCR fragment contained A-ZIP/F (Flag-$10- GGG-3heptad-F;
previously, 3heptad-F; MDYKDDDDK*ASMTGGQQMGRDP-
*GGGLARENEELEKEAEELEQENAE * LEQEVLELESRNDRLR-
KEVEQLERELDTLRGIFRQLPESSLVKAMGNCA,; Krylov et al.
1995). PstI (partial)}-Smal ends of A-ZIP/F was cloned into Blue-
script aP2 to produce Bluescript aP2 A-ZIP/F. A Kpnl site was
included 3’ of the PstI site to facilitate future cloning. Indepen-
dently, a 1017-bp Smal-BamHI fragment containing the SV40
splice site and poly(A) site (obtained from pRSVneo; Gorman et
al. 1982) was cloned into pBluescriptKS* to produce Bluescript
SV40 poly(A). A 7919-bp HindIll-Smal fragment from Blue-
script aP2 A-ZIP/F was cloned into Bluescript SV40 poly(A) to
produce the final construct Bluescript aP2 A-ZIP/F SV40
poly(A).

For microinjection, a 9036-bp DNA fragment containing the
aP2 promoter, A-ZIP/F, and the SV40 splice, and poly(A) sites
(Fig. 2A) was obtained free of vector sequences by HindIlI-NotI
digestion and gel purification. Transgenic FVB/N mice (Taketo
et al. 1991) were produced by microinjection into male pronu-
clei (Hogan et al. 1994) and screened by PCR on tail DNA
with transgene-specific (x360, 5-CTGTGCTGCAGACCAC-
CATGG-3’, and x361, 5'-CCGCGAGGTCGTCCAGCCTCA-
3', giving a 332-bp product) and endogenous B™¥-globin primers
(Reitman et al. 1993). Litters were reared in heated cages until
weaning. Mice were maintained on a 12-hr light/dark cycle and
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a standard pellet diet (NIH-07, 5% fat). They were bled via the
tail vein in the nonfasting state, usually near the midpoint of
the light period.

Isolation and analysis of RNA

RNA was extracted using RNA STAT-60 (Tel-Test, Friend-
swood, TX). Northern blots (on Maximum Strength Nytran
Plus; Schleicher & Schuell) were hybridized by use of Rapid-hyb
(Amersham) according to the manufacturer’s instructions and
exposed to film or quantitated with a PhosphorImager. Probes
used were: mouse leptin (bp 50-566 in GenBank U18812), A-
ZIP/F (885-bp Pstl-BamHI 3’ UTR fragment including only
SV40 sequences), mouse aP2 (453-bp coding region fragment;
Bernlohr et al. 1984), rat UCP1 (bp 84-1154 in GenBank acces-
sion no. M11814), rat C/EBPa (1058-bp Ncol coding region frag-
ment; Landschulz et al. 1988), and mouse PPAR~y (900-bp EcoRI
fragment; Tontonoz et al. 1994).

Assays

Glucose was measured with a Glucometer Elite (Bayer). Insulin
was measured by radioimmune assay (RIA) (Linco, St. Charles,
MO) with rat insulin as the standard. Triglycerides, free fatty
acids, B-hydroxybutyrate, and glycosylated hemoglobin were as-
sayed with commercially available kits (Sigma and Boehringer
Mannheim). Leptin was measured by Western blotting after im-
munoprecipitation (Barr et al. 1997) because RIA (Linco) was not
reliable at the low levels of the A-ZIP/F-1 samples. Bound leptin
was measured by gel filtration (Gavrilova et al. 1997). Serum
chemistries were performed by Ani Lytics (Gaithersburg, MD).
Osmolarity was calculated as 2[Na]+2[K]+[glucose]/18+[BUN]/
2.8 with [Na] and [K] in mm, [glucose] in mg/dl, and [BUN] in
mg/dl. Statistical significance was determined using two-tailed
t-tests (paired and unpaired, as appropriate).

A-ZIP/F protein concentration in A-ZIP/F-1 residual adipose
tissue were determined by Western blotting with recombinant
E. coli protein (Flag-$10-4heptad-Fos; Olive et al. 1997) as a
standard. The A-ZIP/F amino-terminal Flag epitope was de-
tected by use of anti-Flag M5 mouse monoclonal antibody (Ko-
dak). Tissue (50 mg) was homogenized with a polytron in 150 ul
of ice-cold RIPA buffer (containing 100 mg/ml PMSF and 300
mg/ml aprotinin), incubated (on ice, 30 min), spun (15,000g, 20
min, 4°C), the disc of lipid floating at the top removed, and the
supernatant collected and spun as before. These samples were
snap frozen and stored at -80°C until use. A total of 60 ng of
lysate protein was mixed with an equal volume of 2x SDS
sample buffer, boiled for 5 min, and loaded onto a 15% SDS
polyacrylamide gel. To determine the number of cells, DNA
content was measured by DAPI fluorescence (Brunk et al. 1979),
assuming 6 pg of DNA per diploid cell.

The effect of leptin on the fecundity of male A-ZIP/F-1 was
measured with five male A-ZIP/F-1 mice (9-28 weeks old), each
housed with two female mice. After an 8-day base line, males
were injected daily with leptin (1 ng/g body weight, intraperi-
toneally) for 14 days. The females were examined for vaginal
plugs daily and plugged females were replaced daily.
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