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Inhibitor of DNA binding 4 (ID4) is a helix-loop-helix protein
that heterodimerizes with basic helix-loop-helix transcription
factors inhibiting their function. ID4 expression is important for
adipogenic differentiation of the 3T3-L1 cell line, and inhibition
of ID4 is associated with a concomitant decrease in CCAAT/
enhancer-binding protein « and peroxisome proliferator-acti-
vated receptor Y mRNA and protein expression. Mice with a
homozygous deletion of Id4 (Id4~'~) have reduced body fat and
gain much less weight compared with wild-type littermates
when placed on diets with high fat content. Mouse embryonic
fibroblasts (MEFs) isolated from Id4~"~ mice have reduced adi-
pogenic potential when compared with wild-type MEFs. In
agreement with changes in morphological differentiation, the
levels of CCAAT/enhancer-binding protein « and peroxisome
proliferator-activated receptor y were also reduced in MEFs
from Id4~~ mice. Our results demonstrate the importance of
ID4 in adipocyte differentiation and the implications of this reg-
ulation for adipose tissue formation.

The emergence of obesity as a major public health concern
underscores the importance of understanding adipose tissue
biology, and it has led to the recognition of adipose tissue as a
highly dynamic and complex tissue with diverse functions (1,
2). Adipose tissue formation is controlled by the coordinated
action of multiple genes acting in a tightly regulated and highly
integrated network designed to maintain energy homeostasis
(2, 3). Abnormalities in adipose tissue function are widely rec-
ognized as contributing to a variety of metabolic disorders.
Obesity, which is characterized by the excess accumulation of
adipose tissue, can contribute to the development of patholog-
ical conditions such as hyperlipidemia, coronary artery disease,
and diabetes (4). Interestingly, diminished adipose tissue, lipo-
dystrophy, which typically occurs when the maturation and
expansion of adipose tissue are impaired, results in similar met-
abolic disorders (5). Obesity and lipodystrophy are distinct dis-
orders with the common characteristic that they both involve
altered adipose tissue. Thus, understanding the biology of adi-
pocytes and its regulation may provide insight into both the
underlying function of adipose tissue as well as a broad spec-
trum of important metabolic diseases.
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Several proteins are involved in the regulation of transcrip-
tional events that mediate adipogenesis and adipocyte function
(6,7). Key among these are CCAAT/enhancer-binding proteins
(C/EBPs)? and the peroxisome proliferator-activated receptors
(PPAR) (3, 6). C/EBPB and C/EBP& are expressed early in
response to an adipogenic differentiation signal, and they reg-
ulate transcriptionally the expression of PPARy and C/EBPa at
a later time in differentiation (8, 9). Loss-of-function studies
have demonstrated that PPARy is required for adipogenesis in
vivo and in vitro (10, 11). Deletion of PPARy in the germ line of
mice results in their failure to form adipose tissue (10, 12). Sim-
ilarly, germ line deletion of C/EBP« leads to defective white
adipose tissue formation in vivo and reduced adipogenic differ-
entiation of mouse embryonic fibroblasts (MEFs) in vitro (9).
Interestingly, ectopic expression of PPARYy in C/EBPa-defi-
cient MEFs rescues the adipogenic potential of these cells,
whereas C/EBPw is incapable of driving the adipogenic pro-
gram in cells lacking PPARvy (13). These observations suggest
that both PPARYy and C/EBPa« function in an adipocyte differ-
entiation pathway in which PPARY is located downstream of
C/EBPa. Despite the detailed understanding of these important
regulators of adipogenesis, little is known about the regulation
of molecules involved in earlier steps of adipogenesis (14, 15).

Inhibitors of DNA binding, Id genes, encode helix-loop-helix
transcription factors that lack a DNA-binding domain and
thereby can act as endogenous dominant negative regulators of
basic HLH (bHLH) transcription factors by binding to them
and inhibiting their ability to form biologically active dimers
consisting of two individual bHLH proteins (16). The Id gene
family includes four genes (Id1-4) that are involved in the reg-
ulation of many biological processes, including cell cycle pro-
gression and differentiation of many cell types, including adi-
pocytes (16 —19). Recently, in vitro studies have shown that ID2
and ID3 may regulate genes expressed during adipocyte differ-
entiation, including adiponectin, hormone-sensitive lipase, and
fatty-acid synthase (17, 19, 20). In addition to its role in adipo-
cyte differentiation, ID2 also is known to contribute to the cir-
cadian regulation of lipid metabolism in vivo (21). The expres-
sion of another member of this family of proteins, ID4,
increases in response to hormone-induced adipocyte differen-

2 The abbreviations used are: C/EBP, CCAAT/enhancer-binding protein; PPAR,
peroxisome proliferator-activated receptor; MEF, mouse embryonic fibro-
blast; WT, wild type; gRT, quantitative PCR; ELISA, enzyme-linked immu-
nosorbent assay; MRI, magnetic resonance imaging; WAT, white adipose
tissue; BAT, brown adipose tissue; bHLH, basic HLH helix-loop-helix; EFD,
enriched fat diet; HFD, high fat diet; shRNA, small hairpin RNA.
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FIGURE 1. ID4 enhances adipocyte differentiation. A, analysis of /d4 mRNA induction by adipogenic mixture in 3T3-L1 cells by quantitative RT-PCR. Data
points represent three independent experiments. Two-tailed Student's t tests were performed at individual time points to determine the statistical significance
compared with day 0. Panels 1 and 2, Oil Red O staining of 3T3-L1 before and after 10 days of differentiation. B, qRT-PCR and Western blot analysis of Id4
expression in 3T3-L1 stably expressing shRNA against /d4 or shRNA control (scrambled) (n = 3). C, Oil Red O staining of 3T3-L1 stably expressing shRNA against
Id4 or scrambled shRNA after 10 days of differentiation (panels 7 and 2). Extracted Oil Red O was measured at 510 nm. Cyclophilin was used as endogenous
control for mRNA expression, and B-actin was used as loading control for Western blot. All values are mean =+ S.E. *, p < 0.05; **, p < 0.01.

tiation, although its role in adipogenesis and adipose tissue for-
mation is unknown (22). We therefore sought to determine
whether ID4 contributes to adipogenesis in vitro and in vivo,
and if so what effect it might have on adipose tissue formation.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6 Id4~"~ mice were derived as described
previously (23). C57BL/6 adult animals indicated as “WT” or
“control” in all experiments were age-matched littermates of
the Id4~/~ animals examined. All animals were housed in a
standard pathogen-free facility at 22 °C on 12-h light/12-h dark
cycle and had continuous access to standard rodent chow (Tek-
lad Global Rodent 2018SX; Global Diets) containing 53.3% car-
bohydrates, 18.5% protein, and 5.5% fat. Mice on enriched fat
diet (EFD) were maintained for 6 weeks on Love Mash (Bio-
serv), containing 50.9% carbohydrates, 13.2% protein, and
14.3% fat. Mice on high fat diet (HFD) were maintained for 6
weeks on HED (Bio-serv), containing 36.3% carbohydrates, 20%
protein, and 35.5% fat. All animals had access to water ad libi-
tum. Body weight changes were normalized by dividing the
change in interval weight by the initial body weight, because ani-
mals of each genotype varied in weight at the beginning of individ-
ual experiments. Food consumption was measured using M2100
metabolic cages (Lab Products Inc.). All procedures were
approved and performed in accordance with Dartmouth College
Institutional Animal Care and Use Committee guidelines.

Cell Culture—Primary mouse embryonic fibroblasts (MEFs)
were isolated from 13.5-day-old embryos by trypsin digestion
and maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 100 units/ml penicillin
and 100 ug/ml streptomycin. Experiments were conducted
with MEFs between passages 1 and 3. 3T3-L1 mouse pre-adi-
pocyte cells were purchased from American Type Culture Col-
lection and maintained as suggested by the provider. Adipocyte
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differentiation was induced by treating confluent 3T3-L1 cells
(day 0) for 2 days with DMI, 1 um dexamethasone (Sigma), 0.5
mM 3-isobutyl-1-methylxanthine (Sigma), and 5 ug/ml insulin
(Sigma) or confluent MEFs with DMI-R, 1 um dexamethasone,
0.5 mMm 3-isobutyl-1-methylxanthine, 10 pg/ml insulin, plus 10
uM rosiglitazone (Alexis Biochemicals). Following treatment of
either cell type with the designated drug mixture for 2 days, they
received an additional 2 days of treatment with 10 ug/ml insu-
lin, and then they were cultured in Dulbecco’s modified Eagle’s
medium plus 10% fetal bovine serum until day 10. After 10 days
of differentiation, cells were used for either RNA isolation using
RNeasy (Qiagen) according to the manufacturer’s instructions,
protein isolation, or histological evaluation by staining for lipid
accumulation with Oil Red O staining (Sigma). For retrovirus
production, Phoenix cells (Orbigen) were transfected with the
plasmids encoding the genes of interest using FUGENE 6
(Roche Applied Science). Following 48 h of culture, media con-
taining retroviruses were harvested and used to transduce tar-
get cells in the presence of 8 ug/ml of Polybrene (Sigma). Stable
cell lines were selected in the presence of 2 ug/ml puromycin
(Sigma). We used shRNA against ID4 or scramble shRNA to
engineer cells lines in which Id4 expression was inhibited.
shRNA targeting Id4 had the following sequence: ID4.HIND,
5'-GATCCCCGTCAGCAAAGTGGAGATCCTTCAAGAG-
AGGATCTCCACTTTGCTGACTTTTTA-3'; ID4.HIND-As,
5'-AGCTTAAAAAGTCAGCAAAGTGGAGATCCTCTC-
TTGAAGGATCTCCACTTTGCTGACGGG-3'. Scramble
shRNA and shRNA targeting /d4 were cloned in the expression
vector pSUPER.Retro (OligoEngine).

Fat Mass Estimation—MRI was used to quantify percent
body fat of mice. Mice were anesthetized by inhalation of 1-2%
isoflurane in 50:50 (v/v) mixture of oxygen and air delivered
through a face mask before and during the MRI scans. A rectal
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FIGURE 2.1d4 modulates the expression of adipogenic markers. A, Western blot analysis of ID4, C/EBP«, and
PPARvy at 0, 12, 24, 48, and 120 h after DMI-induced differentiation. B-Actin was used as loading control.
B, qRT-PCR of C/EBP«, PPARY2, aP2, Glut-4, and lipoprotein lipase mRNA in 3T3L1 stably expressing shRNA
against 1d4 or shRNA scrambled after 10 days of differentiation (n = 3). Cyclophilin was used as endogenous
control for all mMRNA expression. All values are mean = S.E. *, p < 0.05; **, p < 0.01.

fiber optic probe was used to monitor the core body tempera-
ture. The animal core body temperature was maintained at
35-37 °Cby using a thermostated water circulating heating ele-
ment. All the MRI experiments were performed on a 7 tesla,
20-cm diameter horizontal bore magnet (Magnex Scientific
Ltd.) equipped with actively shielded imaging gradients. The
maximum gradient strength was 77 G/cm, and the magnet was
interfaced to a Varian Inova Unity console (Varian, Inc.). A
38-mm diameter Varian birdcage coil was used for data acqui-
sition. Proton density weighted multislice spin-echo images
were acquired with the following parameters: repetition time
(TR) 1.5 s, echo time (TE) 15 ms, matrix size of 128 X 128, and
four signal averaging. Twenty four to 30 2-mm-thick transaxial
slices were acquired from each animal examined (field of view
30 mm?) with either frequency-specific saturation on fat (1.3
ppm) or water (4.7 ppm) peaks. The total acquisition time was
12 min 48 s for each set of the water and (water suppressed) fat
images. The frequency-selective suppression pulses were opti-
mized to achieve the complete suppression using the Chemical
Shift Selective (CHESS) procedure (24). The MRI images were
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body fat was calculated by dividing
fat mass by total body mass.

Histological Analysis—Fat tissues
were fixed in 10% neutral buffered
formalin overnight and embedded
in paraffin. All specimens were cut
in 5-um sections and stained with
hematoxylin and eosin (Sigma)
according to standard protocols.
Photomicrographs were obtained
with a digital camera (Olympus
BX60), and sections were analyzed
using ImagePro5.1 software. Fat
tissue histological sections were
analyzed under X20 magnifica-
tion, and cell area was measured
using Image]. Mean surface area
was calculated based on the mea-
surement of 200 adipocytes in
three different histological sec-
tions from each of three different
animals of each genotype. We used
the area of the adipocyte as it
appears histologically as a surro-
gate for adipocyte size, and we
determined the area in wm? by
converting the number of pixels
corresponding to an adipocyte
into an area measured by a micrometer (25).

RNA Extraction and Quantitative Real Time PCR—Samples
from white adipose tissue were harvested and immediately
placed in TRIzol reagent (Invitrogen) for RNA isolation.
Reverse transcription was performed using iScript cDNA syn-
thesis kit (Bio-Rad) according to the manufacturer’s instruc-
tions. cDNA served as the template for quantitative real time
PCR using iQ SYBR Green Supermix (Bio-Rad). The primer
sequences of the genes analyzed are available upon request.
qRT-PCR was performed using iCycler Thermocycler (Bio-
Rad) and relative quantification was calculated using the
27 (B2 method.

Western Blot Analysis—3T3-L1 cells were isolated in lysis
buffer (150 mm Tris, 150 mm NaCl, 0.1% SDS, 1% Nonidet P-40,
2 mMm phenylmethylsulfonyl fluoride, and a protease inhibitor
mixture (Roche Applied Science)) and centrifuged at 10,000 X
g for 20 min at 4°C. Western blot analysis was performed
according to standard protocols using antibodies against ID4,
C/EBPa, PPARY (Santa Cruz Biotechnology Inc.), and B-actin
(Sigma), which served as loading control.
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FIGURE 3. 1d4~/~ animals have reduced fat. A, WAT in the visceral fat pad (closed arrows) and BAT in the
interscapular area (open arrows) of representative Id4 /" (WT) and Id4~/~ mice. B, representative axial panels of
MRI images of WT and /d4~/~ mice obtained as described under “Experimental Procedures.” Fat appears as a
bright white image. C, quantification of percent body fat by MRI. The average percentage of body fat weight *
S.E., calculated as described under “Experimental Procedures,” is shown (n = 6 mice per genotype). D, hema-
toxylin and eosin-stained histological sections of WAT and BAT from WT and Id4 /" mice. Original magnifica-
tion X 20; scale bar, 100 um. E, mean surface area of adipocytes (um?) from WAT of WT and /d4~”~ mice. The
areas shown represent the mean = S.E. area of 200 adipocytes per histological section of three different
histological sections from each of three different animals of each genotype. f, body weight in grams of WT and
Id4~"~ mice on chow diet (n = 12 mice per genotype). Male animals are represented by open dots, and females
are represented by closed dots. Values are mean = S.E. (¥, p < 0.05; **, p < 0.01).

Blood Profile—Serum adiponectin and leptin measurements
were done in mice fed standard rodent chow diet ad libitum
using an adiponectin ELISA kit (Linco) or a leptin ELISA kit
(Crystal Chem). Triglycerides were assayed in mice fed a standard
rodent chow diet or HED ad libitum using a commercial kit (Bio-
vision). Cholesterol and free fatty acid levels were assayed in ani-
mals fed an HED using a commercial kit (Biovision).

Measurement of Blood Pressure—Blood pressure and heart
rate of WT and Id4~’~ mice were measure by the tail-cuff
method using Coda 6 (Kent Scientific). All of the blood pressure
and heart rate measurements were taken from 12- to 14-week-
old mice, and the values from 150 successful readings (30 read-
ings on each of 5 days) per mouse were used to calculate indi-
vidual averages = S.E.

Statistics—Mean * S.E. values were plotted using Prism (ver-
sion 5; GraphPad software). Statistical comparisons between
groups were performed using the Student’s ¢ test. Data were
considered significantly different if p values were =0.05.

RESULTS

Role of Id4 in Adipocyte Differentiation in Vitro—To evaluate
the role of Id4 in adipocyte differentiation, we employed an
established in vitro system for evaluating adipocyte differentia-
tion, 3T3-L1 (26). As described under “Experimental Proce-
dures,” 2 days after 3T3-L1 cells reached confluence, we
replaced normal growth media with a widely used adipogenic
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mixture, DMI, to induce adipocyte
differentiation (26). As expected, we
observed that after 4—5 days of dif-
ferentiation, these cells began to
produce fat (data not shown).
Therefore, we monitored the ex-
pression of ID4 during the course of
3T3-L1 differentiation (Fig. 14). We
found that Id4 expression was rap-
idly induced within 3 h of drug
treatment and remained relatively
high up to 48 h after the induction
of differentiation. To address the
importance of /d4 in the regulation
of adipocyte differentiation, we used
a recombinant retroviral vector to
prepare 3T3-L1 cells stably express-
ing shRNA against /d4 and 3T3-L1
cells expressing scrambled shRNA
for comparison as control. Cells
expressing shRNA against Id4 had
decreased levels of Id4 (Fig. 1B).
Although there were no striking
morphological changes in these
altered 3T3-L1 cells prior to the ini-
tiation of differentiation (data not
shown), 10 days following the
induction of differentiation, there
was a significant decrease in intra-
cellular fat production as measured
by Oil Red O staining of 3T3-L1
expressing ShRNA against /d4 when
compared with cells expressing the control plasmid (Fig. 1C). In
addition, decreased expression of ID4 led to a significant
decrease in the expression levels of C/EBP«a and PPARYy (Fig.
2A), which are known to act as important regulators of genes
involved in adipocyte differentiation. We also examined the
mRNA levels of C/EBP«, PPARY2, and adipocyte differentia-
tion markers, aP2 (fatty acid-binding protein 4), Glut-4, and
lipoprotein lipase after 10 days of differentiation, and we
observed that they were significantly reduced in adipocytes
with reduced levels of ID4 (Fig. 2B). Our finding that decreased
Id4 expression in 3T3L1 cells results in reduced adipocyte
differentiation and reduced expression of fat differentiation
markers suggests an important role for ID4 in adipocyte
differentiation.

Reduced Adipose Tissue Deposits in Id4~"~ Mice—To exam-
ine the role of Id4 in the formation of adipose tissue, we evalu-
ated mice with a homozygous deletion of the Id4 gene. We
observed that Id4~"~ mice had a reduction in both white adi-
pose tissue (WAT), as exemplified by a greatly diminished vis-
ceral fat pad (Fig. 3A, upper panels), and brown adipose tissue
(BAT), as demonstrated by greatly reduced fat in the interscap-
ular area (Fig. 3A, lower panels). To quantify the amount of
adipose tissue in /d4~"~ mice, we compared the body fat mass
in each of these genotypes using MRI. MRI allowed us to com-
pare a more global measure of body fat in each individual mouse
than can be otherwise estimated by standard anthropometric

Percentage of body fat
(Fat welght/total welght x100)

1d4** 1d4”

ld4™”
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methods (27). Analysis of MRI axial sections of adipose tissue,
which is recognizable in our MRI as bright white areas, con-
firmed the predicted decrease in body fat (Fig. 3B). We found
that the average percentage of body fat weight in Id4~"~ mice
was ~50% less than that observed in WT animals (Fig. 3C). To
examine the residual adipose tissue at these sites in Id4 "~
mice, we prepared hematoxylin and eosin-stained histological
sections of WAT and BAT from WT and Id4 "~ mice (Fig. 3D).
We observed that the size of adipocytes in WAT from Id4 "~
was smaller than that in tissue from WT animals. To quantify
this apparent difference, we calculated the mean surface area of
adipocytes from WAT of WT and Id4 "~ mice as described
under “Experimental Procedures.” We found that the size of
Id4~"~ adipocytes in fixed histological sections was approxi-
mately half the size observed in cells from WT animals (Fig. 3E).
We therefore measured the weight of Id4~’~ mice and
observed a trend toward their having a decreased body weight
compared with WT animals (Fig. 3F). Throughout these stud-
ies, we have combined the evaluation of female and male ani-
mals as we never identified a systematic physiological differ-
ence between animals of different sexes.

The observation that /d4~”~ mice have reduced adipose tis-
sue and decreased adipocyte size indicated an important role
for ID4 in adipose tissue development. We therefore sought to
determine whether the expression of tissue differentiation
markers and adipokines typically expressed in adipose tissue is
also altered in Id4~"~ mice. Several of these we evaluated at the
mRNA level, because adipocyte differentiation is controlled by
transcriptional events (6). We observed that WAT from Id4 "~
mice had reduced expression of transcriptional regulators
C/EBPa and PPARvy2 and adipocyte differentiation markers
aP2, Glut-4, and lipoprotein lipase compared with levels in
WAT from WT mice (Fig. 4A4). In addition, the expression of
adiponectin and leptin mRNA in WAT from Id4~"~ mice was
significantly reduced compared with levels detected in this tis-
sue from WT animals (Fig. 4B). Consistent with this finding, we
observed that the levels of adiponectin (Fig. 4C) and leptin (Fig.
4D) protein were also decreased in serum samples from Id4 "~
mice. To examine if the reduction in adipose tissue was associ-
ated with a decrease in food consumption, we monitored WT
and Id4~/~ animals in metabolic cages (Fig. 4E). We did not
observe any difference in the amount of food consumed
between the different genotypes.

Role of Id4 in the Differentiation of Mouse Embryonic
Fibroblasts—To further evaluate the role of ID4 in adipocyte
differentiation, we examined MEFs isolated from WT and
Id4~"~ embryos (day 13.5) and used these cells as a model for
adipocyte differentiation (28). Although we observed no mor-
phological differences in these MEF cultures prior to the initi-
ation of differentiation (Fig. 54, panels 1 and 2), after 10 days of
differentiation a significantly higher number of differentiated
adipocytes, as identified by Oil Red O staining, were observed in
the MEF cultures from WT animals compared with MEFs pre-
pared from Id4~ " animals (Fig. 54, panels 3 and 4). We mon-
itored the levels of Id4 expression during the course of differ-
entiation and found that Id4 mRNA expression was induced
within 12 h of drug treatment and remained elevated for up to
120 h (Fig. 5B). We also monitored the expression levels of
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C/EBPa and PPARY2 in WT and Id4 "~ MEFs during adipo-
cyte differentiation (Fig. 5, C and D). We found that in MEFs
from Id4~"~ mice, the expression of C/EBPa and PPARY2 was
significantly reduced during differentiation when compared
with the WT cells. In addition, we examined the expression of
adipogenic markers in WT and Id4 “~ MEFs after 10 days of
differentiation (Fig. 5E). We found that the expression of adi-
pocyte differentiation markers was greatly reduced in the
Id4~"~ MEFs when compared with the WT cells, a finding con-
sistent with the reduced expression of these markers that was
observed in adipose tissue from Id4 /" animals (Fig. 44).

Id4 Expression Affects Diet-induced Weight Gain—Our
results suggest that the loss of Id4 leads to a decrease in fat
tissue maturation. The apparent inability of 144"~ mice to
efficiently store dietary fat in adipose tissue raised the question
as whether these animals would become obese when fed a high
fat diet. To examine this possibility, we placed WT and Id4 "~
mice on an EFD containing about the same amount of carbo-
hydrates and proteins found in the routine animal chow diet
but with higher amounts of fat. After 6 weeks on this diet, we
examined the effects of increased levels of dietary fat on adipose
tissue in these mice. Although there was no significant differ-
ence in the weight of adult WT or Id4~'~ mice on the routine
chow diet (Fig. 3F), examination of Id4 ”~ mice fed an EFD
revealed them to be leaner than WT animals fed the EFD (data
not shown). To analyze if the decreased weight gain in these
animals was associated with a decrease in fat storage, we exam-
ined and quantified the amount of fat tissue present in Id4 "~
and WT animals fed the EFD for 6 weeks. Gross pathological
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examination showed that Id4~~ mice maintained on an EFD
have less WAT and BAT than WT mice (Fig. 6A). To confirm
this apparent reduction, we quantified the percentage of body
fat by MRI (Fig. 6B). We found that the average percentage of
body fat weight in Id4~ "~ mice after 6 weeks on EFD was ~63%
less than that observed in WT animals (Fig. 6C). MRI examina-
tion also documented that the difference in the percentage of
body fat of animals fed these two diets was higher in WT than
Id4~"~ animals (Fig. 6F). The body weights of WT and Id4 "~
mice fed the EFD for 6 weeks was normalized to their initial
weight and evaluated during the course of this experiment. We
found that Id4 ="~ animals gained significantly less weight than
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did their WT counterparts when fed the EFD (Fig. 6D). Because
Id4~"" animals showed a decrease in fat storage when main-
tained on a diet enriched for fat, we decided to challenge these
mice with a diet that had even higher levels of fat content com-
pared with the EFD, a high fat diet. We placed WT and Id4 "~
mice on the HFD containing less carbohydrates and the same
amount of proteins as are found in regular chow and EFDs but
with more than twice the amount of fat contained in the EFD
for 6 weeks. We weighed WT and Id4~"~ mice during the
period of time they were fed the HFD and observed an obvious
difference in the size of Id4~~ and WT mice after 6 weeks (data
not shown). Id4~"~ mice gained significantly less weight than
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did their WT littermates when fed this diet (Fig. 6F). These
findings indicate that the decrease in fat storage caused by the
absence of Id4 was accentuated when the animals were fed diets
enriched for fats.

Previously, we observed that adipocytes from Id4 /™ animals
fed on regular chow were reduced in size compared with adi-
pocytes from WT animals (Fig. 3E). To investigate if the
reduced weight gain by Id4~~ was associated with morpholog-
ical alterations in adipose tissue, we analyzed histological sec-
tions of WAT and BAT from Id4~"~ and WT animals fed the
EFD for 6 weeks. These analyses revealed that adipocytes from
Id4~"~ mice appeared smaller in size than those from WT mice
(Fig. 7A). To quantify the size of adipocytes in white adipose
tissue from Id4~ "~ and WT mice, we measured the area of the
exposed surface in histological sections of WAT. We observed
that the mean area of Id4~/~ adipocytes was ~40% the area
observed in cells from WT mice (Fig. 7B). Similar to the differ-
ences in body fat that we observed on MRI examination (Fig. 3C
and Fig. 6C), we found that the decreased adipocyte size in
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Id4~"" mice fed the EFD (Fig. 7B) was greater than the differ-
ence observed in WAT from these mice maintained on a regu-
lar chow diet (Fig. 3E). We also found that mRNA expression
levels of markers of adipocyte differentiation PPARY2, aP2,
Glut-4, and lipoprotein lipase in WAT from Id4 "~ mice fed an
EFD for 6 weeks were significantly decreased (Fig. 7C).
Genetic alterations in the PPARy gene have been associated
with important changes in fat homeostasis, blood pressure, and
heart rate in mice and humans (12, 29, 30). To assess the effects
of Id4 deletion on circulating fat in animals fed a HFD, we eval-
uated the levels of serum cholesterol, free fatty acids, and trig-
lycerides in Id4~ "~ and WT animals after 6 weeks on the HFD
(Fig. 8, A—C). We observed a significant reduction of serum
cholesterol levels in Id4~ "~ mice compared with WT animals.
Despite showing reduced serum cholesterol levels, Id4 "~ ani-
mals did not exhibit a significant difference in triglycerides or
free fatty acid levels when compared with levels in WT mice
even after being fed a HFD. We also examined if 1d4 deletion
played a role in the regulation of blood pressure and heart rate

VOLUME 285+NUMBER 31-JULY 30, 2010



A
| B
2
©
w
e
]
o
L
> —_—
= E
< E
= =
y @
n
»
S
>
Qo
-]
2
]
<

BAT: Interscapular Fat

Regulation of Adipocyte Differentiation by ID4

C
1.00
2500+ &
*
- : g
2000 -3 0.75
$3
i &3
1500 £3 05
j=2]
o C
10004 . % g
°® T
5004 « g

PPARy2 aP2 Glut4 LPL

1d4*"* 1d4™”

FIGURE 7. Effect of EFD on Id4~'~ mice. A, hematoxylin and eosin-stained histological sections of WAT and BAT from WT and /d4 "~ mice fed an EFD for 6
weeks. Original magnification was X 20; scale bars, 100 um. B, mean surface area of adipocytes (um?) from WT and Id4 ™~ mice fed an EFD for 6 weeks. The
adipocyte size shown is the mean = S.E. area of 200 adipocytes per histological section from three different histological sections of three different animals of
each genotype. Values are mean *+ S.E. C, PPARY2, aP2, Glut-4, and lipoprotein lipase (LPL) mRNA levels in WAT from WT and Id4~/~ mice determined by
qRT-PCR in animals fed an EFD for 6 weeks (n = 3 mice per genotype). Cyclophilin was used as endogenous control for the gRT-PCR. *, p < 0.05; **, p < 0.01.

>
N
A
S
]
@
Ing
=
]

150~
o) =
3 = hed
200~ s D
g 1 £
2 1504 8 2 1007
3 [} >
by © 1 0- K
= 1004 £ »
g 8 S 50-
@ 2 0.54 3
3 1 i >
5 g
0.0 = 0-
1d4*"* 1d4™ 1d4*"* 1d4”
D E
- g 800-
200- ~
o 750
=
180 =
T E 700-
E £
5 1604 2 650
g 4
2 1401 § 600-
[-%
o X
] 1204 550
o
100- 500-

Diastolic 1d4*"*

Systolic

FIGURE 8. Effect of HFD on Id4~'~ mice. A, serum cholesterol levels of WT and Id4~"~ mice fed a HFD for 6 weeks
(n = 5 mice per genotype). B, serum-free fatty acid levels of WT and Id4 "~ mice fed a HFD for 6 weeks (n = 6 mice
per genotype). G, serum triglycerides levels of WT and Id4 "~ mice before and after being fed a HFD for 6 weeks (n =
8 mice per genotype). Blood pressure (D) and heart rate (F) measurementsin WT and Id4~/~ mice determined by the
tail-cuff method. Determinations were made 30 times per day every other day during a 2-week period. The bars
correspond to the mean = S.E. of 5 days of measurements (n = 6 mice per genotype). **, p < 0.01.

in these animals (Fig. 8, D and E). Although no significant dif-
ferences were identified, the systolic, diastolic, and mean blood
pressures suggested a trend toward lower levels in the Id4 ™"~
compared with WT mice (Fig. 8D).

DISCUSSION

ID4 belongs to a family of transcription factors that act as
dominant negative inhibitors of bHLH transcription factors,
which are key mediators of tissue-specific transcriptional activ-
ity in many different tissues throughout the body (31). The best
characterized function of Id genes, their inhibition of cellular
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differentiation, has been widely
characterized in vitro. For example,
Idl, 1d2, and Id3 expression
decreases during in vitro adipose
differentiation of 3T3-F442A cells,
and constitutive expression of ID3
can block adipocyte differentiation
(32). Consistent with such a view of
Id gene function are observations
demonstrating that in mature, dif-
ferentiated tissues, the expression of
the Id family of genes tends to be
low, although in some stem cell
populations their expression is high
(33-35).

In apparent contrast to this inhib-
itory role for the Id family of genes, a
more limited number of observa-
tions have suggested a role for ID
family members in supporting lin-
eage-specific differentiation (18, 22,
34, 36, 37). Both ID2 and ID4 have
been shown to be induced in various
cell culture systems during adipo-
cyte differentiation in vitro (18, 22).
Also, our evaluation of cells during
adipocyte differentiation induced
by treatment with dexamethasone, 3-isobutyl-1-methylxan-
thine, and insulin demonstrated that ID4 expression facilitates
adipocyte maturation and fat production (Figs. 1, 2, and 5). In
these experiments, we observed that mRNA levels of both
C/EBPa and PPARY2, important regulators of adipocyte differ-
entiation, were reduced in Id4~"~ MEFs when compared with
WT cells, suggesting that ID4 modulates the expression of
these key regulators (Fig. 5). In contrast to the observation that
some Id genes are not found to be expressed in some mature
tissues, Id2 and Id4 expression can be detected in adipose tissue

& a4t
ld4™

Diet

1d4”
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of adult mice and humans (18, 22). Also, gene expression anal-
ysis of WAT from Id4~’~ animals demonstrated that, in the
absence of Id4, the expression levels of C/EBPa and PPARvy
were reduced in vivo just as they were decreased in the absence
of Id4 in vitro (Fig. 4A). Along with the observation of decreased
adipocyte size (Fig. 3E) and decreased levels of expression of
adipocyte markers in tissues of Id4~"~ mice (Fig. 4A), these
findings strongly support the interpretation that ID4 expres-
sion is critical for normal adipocyte differentiation in vivo.

ID4 expression is clearly permissive of adipocyte differen-
tiation (Fig. 1), raising the issue of what molecular events
mediate this activity. One possibility is the well described
role of Id proteins in enhancing cellular proliferation that
can occur as the result of Id genes inhibiting the expression
of inhibitors of proliferation, such as p21 and p27 (38, 39). In
vitro, adipocyte differentiation requires an initial period of
proliferation, during which time epigenetic alterations
important for differentiated gene expression may occur (8,
40). Alternatively, ID4 might act to inhibit bHLH molecules
that function to limit adipocyte differentiation. A few mole-
cules have been identified as potential inhibitors of adipo-
cyte differentiation in vitro (41, 42). In addition, the finding
that ID2 fosters neuronal maturation by inactivating HES, a
bHLH transcription factor that inhibits neuronal differenti-
ation, is suggestive of this possibility (34). Consistent with a
pro-adipogenic role of Id proteins is the observation by oth-
ers that ID2 expression in pre-adipocytes promotes PPARy
expression (18), although the mechanism mediating this
activity of ID2 is unknown.

Inhibition of ID2 in vitro, like inhibition of ID4, disrupts adi-
pocyte differentiation (18, 22). ID2 regulates fat metabolism in
adipose tissue and liver, and the loss of 1d2 leads to decreased
adipogenesis, both in vitro and in vivo (18, 21). Like ID4, loss of
ID2 in vivo severely compromised adipose tissue formation but
does not block it completely. These findings provide strong
evidence indicating that ID2 and ID4 play complementary
rather than redundant roles in adipogenesis. In vivo, the expres-
sion of both these Id family proteins is required for normal
adipose tissue formation, and animals in which the expression
of either gene is inhibited have abnormal adipose tissue devel-
opment (Fig. 3) (18).

Loss of Id4 function greatly inhibited weight gain in animals
exposed to diets with both modestly elevated and high fat con-
tent (Fig. 6). We observed differences in both white and brown
fat tissue not only in adult animals (Fig. 6A4) but also in very
young animals (data not shown). These findings are consistent
with our observations that ID4 is a critical regulator of adipo-
cyte differentiation (Figs. 1, 2, and 5), and they are in agreement
with previous observations that animals with impaired adipose
tissue development are protected from adipocyte hypertrophy
when fed a HED (5). WAT isolated from Id4~/~ animals had a
reduction in adipocyte size (Fig. 3E and Fig. 7B), which could
reflect either a primary disorder of adipocyte size determina-
tion or altered fatty acid metabolism in Id4~"~ adipose tissue.
Ultimately it will be important to understand the fate of dietary
fat in Id4~’~ animals to understand the possible roles of
reduced fat absorption, decreased fatty acid synthesis, and
altered fatty acid oxidation in contributing to the phenotype we
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observe. Also, it will be of considerable interest to determine
whether inhibition of ID4 in adult animals is sufficient to inhibit
weight gain, as alterations in adipose tissue function in other
settings leads to a broad variety of metabolic disorders, includ-
ing obesity, insulin resistance, and hyperlipidemia (4). If inacti-
vation of ID4 can inhibit weight gain induced by diet, exploring
therapeutic strategies to inhibit ID4 may also impact the treat-
ment of diabetes and hypertension, key aspects of a widely
observed metabolic syndrome (1, 43).
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