
Carcinogenesis vol.30 no.5 pp.832–840, 2009
doi:10.1093/carcin/bgn273
Advance Access publication December 4, 2008

C/EBPb regulates body composition, energy balance-related hormones and tumor
growth

Jennifer Staiger1,2, Mary J.Lueben1,2, David Berrigan3,
Radek Malik1,5, Susan N.Perkins4, Stephen D.Hursting4

and Peter F.Johnson1,�

1Basic Research Laboratory, Center for Cancer Research, National Cancer
Institute-Frederick, Frederick, MD 21702-1201, USA, 2Department of
Science, Mount St Mary’s University, Emmitsburg, MD 21727, USA,
3Applied Research Program, Division of Cancer Control and Population
Sciences, National Cancer Institute, Bethesda, MD 20892, USA and
4Department of Human Ecology, University of Texas at Austin, Austin, TX
78712, USA
5Present address: Department of Epigenetic Regulations, Institute of
Molecular Genetics AS CR, Videnska 1083, CZ-142 20 Prague 4, Czech
Republic

�To whom correspondence should be addressed. Tel: þ1 301 846 1627;
Fax: þ1 301 846 5991;
Email: johnsopf@ncifcrf.gov

The prevalence of obesity, an established epidemiologic risk factor
for many chronic diseases including cancer, has been steadily in-
creasing in the US over several decades. The mechanisms used to
regulate energy balance and adiposity and the relationship of
these factors to cancer are not completely understood. Here we
have used knockout mice to examine the roles of the transcription
factors CCAAT/enhancer-binding protein (C/EBP) b and
C/EBPd in regulating body composition and systemic levels of
hormones such as insulin-like growth factor-1 (IGF-1), leptin
and insulin that mediate energy balance. Dual-energy X-ray ab-
sorptiometry showed that C/EBPb, either directly or indirectly,
modulated body weight, fat content and bone density in both
males and females, while the effect of C/EBPd was minor and
only affected adiposity and body weight in female animals. Levels
of IGF-1, leptin and insulin in the serum were decreased in both
male and female C/EBPb2/2 mice, and C/EBPb was associated
with their promoters in vivo. Moreover, colon adenocarcinoma
cells displayed reduced tumorigenic potential when transplanted
into C/EBPb-deficient animals, especially males. Thus, C/EBPb
contributes to endocrine expression of IGF-1, leptin and insulin,
which modulate energy balance and can contribute to cancer pro-
gression by creating a favorable environment for tumor cell pro-
liferation and survival.

Introduction

Obesity is a growing epidemic in our country, with .32% of the US
adult population categorized as obese (1). In addition to numerous
other health hazards, obesity is a risk factor for many types of cancer.
In fact, �20% of cancer deaths in women and 14% of those in men
have been attributed to excess weight (2). Thus, it is essential to gain
a better understanding of the mechanisms underlying the obesity–
cancer link to guide the development of effective preventive and
therapeutic strategies.

Several hormones serve as intermediate and long-term communi-
cators of nutritional state and have been implicated in both energy
balance and carcinogenesis. These hormones include insulin-like
growth factor-1 (IGF-1), insulin and leptin, which play interactive
roles in endocrine, paracrine and autocrine signaling networks con-
trolling body composition, energy metabolism and cancer cell growth
(3). Numerous studies have supported an association between ele-

vated levels of IGF-1 and proliferation of cancer cells in vitro and
in vivo (4). IGF-1 enhances the survival of several cell lines, such as
human colon cancer cells (5,6). Furthermore, the risk of many types of
human cancers is associated with elevated serum levels of IGF-1,
including breast, colon, prostate, bladder, pancreas and lung (7,8).

Experiments with calorie restriction, which reduces circulating
IGF-1 (4), liver-specific IGF-1-deficient mice (9), or antisense oligo-
nucleotides reveal that blocking IGF-1 signaling can inhibit tumor
growth in several animal models of cancer (10,11). IGF-1 signaling
also suppresses apoptosis in a variety of cells (12–14). Because IGF-1
signaling promotes proliferation and metastasis in many cancer cells,
strategies to disrupt IGF-1-signaling pathways have emerged as a po-
tential means of both chemoprevention (15) and cancer therapy (16).

Chronic hyperinsulinemia and insulin resistance increase risk for
several cancers (17,18). The tumor-enhancing effects of insulin may
be due to direct effects via the insulin receptor or to indirect effects via
stimulation of IGF-1 or other hormones. High circulating levels of
insulin promote the hepatic synthesis of IGF-1 and decrease the pro-
duction of insulin-like growth factor binding protein-1, consistent
with enhanced IGF-1 signaling (17,18). In addition, both insulin
and IGF-1 act in vitro as growth factors to promote cancer cell pro-
liferation and decrease apoptosis (19). Epidemiologic evidence sug-
gests that Type 2 diabetes, which is usually characterized by
hyperinsulinemia, elevated IGF-1 and insulin resistance, is associated
with increased risks of endometrial, colon, pancreas, kidney, pancre-
atic and post-menopausal breast cancers (17,18).

Leptin is an adipokine involved in appetite control and energy
metabolism. The obese state is associated with high systemic leptin
levels and leptin resistance (20–22). An association between circulat-
ing leptin levels and cancer risk has been reported for several cancer
types, notably colon (23) and prostate cancer (24,25). Leptin stimu-
lates proliferation of multiple types of preneoplastic and neoplastic
cells but not ‘normal’ cells (26), and in animal models it appears to
promote tumor invasion and angiogenesis (27).

There is substantial evidence suggesting that specific transcription
factors may integrate the hormonal signals underlying the obesity–
cancer link. In particular, members of the CCAAT/enhancer-binding
protein (C/EBP) family of transcription factors are important regula-
tors of adipogenesis, glucose metabolism and IGF-1 expression (28).
Several studies indicate that C/EBPd regulates the IGF-1 promoter in
cells of the skeletal system (29,30). The role of C/EBPb has been less
studied, although we previously reported that IGF-1 gene expression
in macrophage tumor cells is strongly dependent on C/EBPb (31).
Transformed C/EBPb�/� macrophages failed to survive in the absence
of exogenous hematopoietic growth factors due to loss of autocrine/
paracrine IGF-1 signaling, and these cells also displayed a markedly
diminished capacity to form tumors in nude mice (31). IGF-1 promoter–
reporter assays indicated that IGF-1 is a direct transcriptional target of
C/EBPb. These and other studies suggest an important role for C/EBPb
in modulating tumorigenesis and for C/EBPb and C/EBPd in regulating
expression of IGF-1 in specific cellular contexts.

In the present study, we have used knockout mice to investigate the
relative importance of C/EBPb and C/EBPd in regulating body com-
position, systemic IGF-1 and other energy balance-related hormones
and colon cancer cell growth.

Materials and methods

Animals

C57BL/6 C/EBPd�/� mice (32) were mated to 129Sv C/EBPbþ/� animals (33)
and F1 progeny heterozygous for both loci were intercrossed to create an F2
generation of mixed C57Bl/6;129Sv background. The resulting animals rep-
resenting all nine possible genotypes (minimum of five animals per gender and
genotype) were singly housed and analyzed at 10 weeks of age. Weights and

Abbreviations: BMD, bone mineral density; C/EBP, CCAAT/enhancer-
binding protein; ChIP, chromatin immunoprecipitation; HSD, honestly signif-
icant differences; IGF-1, insulin-like growth factor-1; IL, interleukin.

� The Author 2008. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org 832



blood samples were taken immediately prior to killing by CO2 asphyxiation,
and a portion of the liver was removed following killing and used for RNA
extraction. All animals were maintained in accordance with the National
Institutes of Health animal guidelines.

RNA isolation and IGF-1 RNase protection assays

Liver RNA was isolated using ToTALLY RNA (Applied Biosystems/Ambion,
Austin, TX) or MELT Total RNA (Ambion), essentially as recommended by
the manufacturer. RNA was stored at �70�C. Total RNA (10 lg) was analyzed
for IGF-1 expression using Riboquant Ribonuclease Protection Assay (BD-
Biosciences, San Jose, CA). A custom probe set containing mouse IGF-1 and
glyceraldehyde 3-phosphate hydrogenase (GAPDH) and L-32 controls (BD-
Biosciences) was labeled with [a-32P]uridine triphosphate (Amersham/GE
Healthcare, Piscataway, NJ) using the Riboquant in vitro assay kit (BD-
Biosciences) as recommended by the manufacturer. Ten microliters of
hybridization buffer/probe mixture was added to each sample and incubated
overnight at 57�C. The samples were RNAse treated and precipitated before
loading onto a 6% denaturing polyacrylamide gel. IGF-1 transcripts were
quantitated using a STORM 860 PhosphorImager (Molecular Dynamics,
Inc., Sunnyvale, CA). IGF-1 expression data were analyzed using ImageQuant
5.2 software (Molecular Dynamics) and normalized to GAPDH.

Serum collection and hormone assays

Serum was obtained from blood samples taken just prior to animal killing at
10 weeks of age and stored at �80�C. IGF-1 levels were measured using an
radioimmunoassay kit for mouse/rat serum (Diagnostic Systems Laboratories,
Inc., Webster, TX) according to the manufacturer’s protocol. The assay was
normalized based on internal controls of both low and high mouse/rat IGF-1
levels. Serum leptin and insulin levels were determined using the Mouse Endo-
crine kit (Lincoplex) containing insulin and leptin antibody-immobilized beads.
Samples (25 ll) were placed in duplicate wells that were previously blocked using
assay buffer. The endocrine antibody-immobilized beads were then added to the
samples and mixed on a plate shaker overnight at 4�C. Samples were washed
and a secondary antibody cocktail was used to bind the insulin and leptin anti-
bodies. Streptavidin–phycoerthrin was added to each well, incubated and washed.
Sheath fluid was added to each well and the samples were read using an array
reader (Bio-Plex). The data were analyzed using Bio-Plex manager software.

Dual-energy X-ray absorptiometry scans

Fat weight, lean weight and bone mineral density (BMD) were determined
using dual-energy X-ray absorptiometry (GE Lunar Piximus II) following the
methods of Nagy et al. (34) and Berrigan et al. (35). Briefly, frozen mouse
carcasses were thawed for 24 h at 4�C and placed on a specimen tray in the
prone position with limbs and tail outstretched and repositioned after each
scan. Carcasses were weighed and scanned individually. After scanning, GE-
supplied software (version 1.46) was used to exclude heads from the image
area and then estimates of total, lean and fat weight were obtained directly
from the dual-energy X-ray absorptiometry instrument output. This procedure
was used because some of the mice were longer than the scan window. Samples
sizes ranged from 12 to 24 per group.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was performed as described
previously (36). Briefly, livers from C/EBPbþ/þ and C/EBPb�/� female
mice were isolated and cross-linked in phosphate-buffered saline containing
1% formaldehyde for 10 min at room temperature. Tissues were disinte-
grated by Dounce homogenization, washed with phosphate-buffered saline,
resuspended in lysis buffer (0.1% sodium dodecyl sulfate, 0.5% Triton
X-100, 150 mM NaCl and 20 mM Tris–HCl, pH 8.1) and sonicated to obtain
DNA fragments of 500–1000 bp. Immunoprecipitation was performed using
1 lg antibody against C/EBPb (C-19, Santa Cruz Biotechnology, Santa
Cruz, CA) or C/EBPd (C-22, Santa Cruz). In control reactions, antibodies
were preincubated with their respective blocking peptides. Samples were
incubated with antibodies overnight at 4�C and preblocked StaphA cells
(Calbiochem, Gibbstown, NJ) were added and incubated for 30 min at
4�C. Precipitates were washed and processed for DNA purification. DNA
was amplified by polymerase chain reaction using sequence-specific primers
for 30–35 cycles (primer sequences are available upon request). Bands were
imaged and quantitated using a Kodak Gel Logic 100 Imaging system; band
densities were corrected by subtracting background values.

Tumor transplantation

C/EBPb�/� and C/EBPbþ/þ mice were used as recipients for tumor cells.
MC-38 mouse colon adenocarcinoma cells (37) derived from C57Bl/6 mice
were obtained originally from Dr J.Helman, National Cancer Institute. Ap-
proximately, 500 000 cells in 100 ll phosphate-buffered saline were injected
into each flank of male and female C/EBPb�/� and C/EBPbþ/þ mice at 6–10
weeks of age. Twenty-six animals (14 females and 12 males) were used in

this study. Tumor growth was assessed through daily observation and mea-
surement of tumor diameter for 3–4 weeks. Animals were killed by CO2

asphyxiation when the animal showed signs of morbidity and/or tumors
reached 2 cm in diameter.

Statistical analysis

Body composition data were analyzed using analysis of variance and analysis
of covariance with body weight or lean weight as covariates. Note that for

Table I. Effects of genotype on body composition by gender

Massa, (g),
mean (SE)b

BMD 1000
(g/cm2),
mean (SE)

Adjusted BMDc

1000 (g/cm2),
mean (SE)

Fat mass
(g), mean
(SE)

Females
b þ/þ 21.91 (0.4) 48.831 (0.06) 47.701 (0.06) 5.21 (0.3)

þ/� 20.81 (0.4) 48.661 (0.06) 48.291 (0.06) 4.02 (0.3)
�/� 17.72 (0.5) 43.652 (0.06) 45.362 (0.07) 3.42 (0.4)

d þ/þ 19.72 (0.5) 46.411 (0.06) 46.791 (0.06) 3.82 (0.3)
þ/� 21.51 (0.4) 48.171 (0.06) 47.271 (0.06) 5.11 (0.3)
�/� 19.12 (0.4) 46.561 (0.07) 47.291 (0.06) 3.72 (0.3)

P (b) ,0.0001 ,0.0001 0.0127 0.0001
P (d) 0.0006 0.1025 0.8021 0.0010
P (b � d) 0.034 0.0117 0.1727 0.4697
Males
b þ/þ 26.61 (0.6) 46.861 (0.06) 45.961 (0.05) 7.11 (0.3)

þ/� 26.61 (0.6) 48.631 (0.06) 47.721 (0.06) 6.91 (0.3)
�/� 21.12 (0.5) 43.272 (0.06) 45.222 (0.06) 3.92 (0.4)

d þ/þ 24.81 (0.6) 46.411 (0.06) 46.451 (0.05) 6.11 (0.3)
þ/� 24.71 (0.6) 46.401 (0.05) 46.391 (0.05) 6.01 (0.3)
�/� 24.81 (0.6) 45.971 (0.06) 46.061 (0.05) 5.91 (0.3)

P (b) ,0.0001 ,0.0001 0.0106 ,0.0001
P (d) 0.9719 0.8221 0.8346 0.9037
P (b � d) 0.6395 0.3431 0.6395 0.5425

Fat weight, lean weight and BMD were determined using dual-energy X-ray
absorptiometry. Samples sizes range from 12 to 24 per group. Each genotypic
grouping actually represents three genotypes. For example, the C/EBPbþ/þ

group is the mean of all animals that were wild-type for C/EBPb, which
included C/EBPbþ/þ;dþ/þ, C/EBPbþ/þ;dþ/� and C/EBPbþ/þ;d�/�.
Statistical significance was assessed using Tukey’s HSD test.
aDifferent superscript numerals indicate means that are significantly different
within a gender and genotype based on Tukey’s HSD test. For example, b�/�

females are significantly lighter than þ/þ or þ/� females.
bThe means and standard errors (SEs) were obtained from analysis of
variance and covariance.
cBone density was adjusted for total mass using analysis of covariance.

Table II. Effects of genotype on serum leptin and insulin levels

b d Female Male

Serum
insulin

Serum
leptin

Serum
insulin

Serum
leptin

þ/þ þ/þ 4.61 (0.1) 4.21 (0.3) 5.21 (0.2) 5.11 (0.4)
þ/þ �/� — 4.41 (0.2) — 4.91 (0.2)
�/� þ/þ 4.02 (0.1) 3.12 (0.1) 4.71,2 (0.1) 3.62 (0.1)
�/� �/� 3.63 (0.1) 1.73 (0.1) 4.52 (0.1) 2.53 (0.1)
P (b) — 0.0001 — 0.0001
P (d) — 0.0237 — 0.0526
P (b � d) — 0.0039 — 0.2214

Serum obtained from animals prior to killing was used to analyze insulin or
leptin levels. Levels of insulin and leptin are depicted in male and female
mice by genotype and are expressed as natural log-transformed mean ng/ml
(standard error). Means and standard errors were obtained from one-way
analysis of variance treating each group as an independent variable. Statistical
significance was analyzed using the Tukey’s HSD test. Different superscript
numerals indicate means that are significantly different based on Tukey’s
HSD test. For example, serum insulin levels in b�/�;d�/� females are
significantly lower than the other female genotypes.
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body composition and IGF-1 levels, all possible combinations of C/EBPb and
C/EBPd mutant genotypes were measured. Thus, a complete factorial ap-
proach was possible, allowing robust estimation of the presence of interac-
tions between C/EBPb and C/EBPd. We report estimates of the main effects
of each genotype and discuss interactions in the text. Differences in body
weight were examined using analysis of variance and analysis of covariance
with body weight or lean weight as covariates to test for treatment effects.
Then, to examine the difference between group means, comparisons were
performed using Tukey’s honestly significant differences (HSD) test or linear
contrasts. For analysis of serum insulin and leptin, only a subset of genotypic
combinations was measured, precluding the estimation of interaction effects.
Serum levels of IGF-1, insulin and leptin and liver IGF-1 messenger RNA
levels were analyzed by analysis of covariance or analysis of variance on log-
transformed values. Mortality data were analyzed using a Kaplan–Meier
survival test. Means comparisons were performed using Tukey’s HSD test,
linear contrasts or t-tests. Tables I and II include superscript numerals iden-
tifying significantly different means. In Table I, these tests are performed
within a genotype (b or d) and within a gender (male or female). Therefore,
different superscript numerals refer to the three means reported for each
gender and genotypic combination. In Table II, superscript numerals refer
to contrasts between the four genotypic combinations within each gender. All

analyses were performed in SAS JMP (Cary, NC). Data represented graphically
compared each genotype with C/EBPbþ/þ;C/EBPdþ/þ or control animals using
a t-test assuming unequal variances. Significance values of ,0.05 are denoted
with a single asterisk (�) and ,0.01 are denoted with a double asterisk (��).

Results

Effects of C/EBPb and C/EBPd deficiency on body composition

Singly and doubly mutant C/EBPb and C/EBPd knockout mice were
subjected to various measurements to assess whether these two tran-
scription factors modulate physiological parameters related to energy
metabolism. Following necropsy, total body weight was measured and
then dual-energy X-ray absorptiometry scans were used to assess fat
weight and bone density in male and female animals for each of the
nine possible genotypes. Figure 1 shows the effects of deleting
C/EBPb, C/EBPd or both on body composition, whereas Table I pro-
vides information about the interaction between C/EBPb and C/EBPd
and the effect of that interaction on various aspects of body compo-
sition. It is important to note that for the analysis depicted in Table I,

Fig. 1. Comparison of total body weight, fat weight and bone density in male and female animals by genotype. Fat weight, lean weight and BMD were each
determined using dual-energy X-ray absorptiometry. Samples sizes range from 12 to 24 per group. Data represent the average ± standard error sorted by genotype.
The male and female body weight (A) and fat weight (B) are measured in grams, whereas bone density (C) is measured in grams per square centimeter. Differences
in body weight and bone density were examined using analysis of variance to test for treatment effects and Student’s unpaired t-test for comparisons with þ/þ;þ/þ
animals (�P , 0.05; ��P , 0.01).
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each grouping represents three genotypes in Figure 1. For example,
the C/EBPbþ/þ group is the mean of all animals wild-type for
C/EBPb, which included bþ/þ;dþ/þ, bþ/þ;dþ/� and bþ/þ;d�/� mice.
b�/� female mice were significantly lighter (Figure 1A) and had

lower fat content (Figure 1B) and lower BMD (Figure 1C) than their
wild-type counterparts. There was some evidence for a C/EBPb dose
effect, as female heterozygous mice had lower body weights (Table I)
and had less fat than wild-type mice but these differences were only
significant for fat content. Similar results were obtained for fat mass
after adjustment for lean mass. BMD values were positively corre-
lated with total body mass. However, the reduced bone density ob-
served in b�/�;d�/� mice persisted after adjustment for total body
mass. Although bone density is highly influenced by changes in bio-
mass, this result indicates that C/EBPb has a direct effect on bone
physiology in addition to its influence on body mass. The effects of C/
EBPb loss in male mice were similar to those in females, with b�/�

mice being smaller (Figure 1A), having less fat (Figure 1B) and lower
BMD (Figure 1C) than their wild-type littermates.

In both genders, the effects of C/EBPd differed from those of C/
EBPb. Heterozygous dþ/� females were slightly larger and had in-
creased adiposity compared with either wild-type (dþ/þ) or d�/�

groups (Table I), suggesting that C/EBPd may contribute to the effects
of C/EBPb on body weight and fat content. However, C/EBPd had no
observable effect on bone density for either gender. In addition, in
female animals, there was a small but statistically significant interac-
tion term between C/EBPb and C/EBPd (Table I). This results from
C/EBPd-deficient females being larger than expected based on the
additive effects of C/EBPb and d absence. In contrast, C/EBPd de-
ficiency had no influence on body composition in males and conse-
quently there was no detectable interaction observed between C/EBPb
and C/EBPd in these mice. Collectively, these data suggest that while
C/EBPd may contribute to the ability of C/EBPb to modulate body

size and fat content in females, only C/EBPb mediates these param-
eters in male mice. Furthermore, C/EBPb, but not C/EBPd, is a critical
regulator of bone density.

Systemic IGF-1 levels are reduced in b�/� and b�/�;d�/� mice

To investigate the role of these two transcription factors in deter-
mining IGF-1 levels, we analyzed serum IGF-1 titers and IGF-1
messenger RNA expression in liver (Figure 2). In males and females,
both wild-type and bþ/� mice had higher levels of serum IGF-1 than
either b�/� or b�/�;d�/� mice (Figure 2A). In animals lacking
C/EBPb, there was an �50% reduction in circulating levels of
IGF-1. As predicted, the liver IGF-1 messenger RNA expression
data (Figure 2B) were similar, with both male and female C/EBPb
and C/EBPb/d-deficient mice showing a substantial reduction.
However, in females, the decrease in IGF-1 expression was more
pronounced, similar to the 50% reduction seen in serum IGF-1. In
contrast to the dramatic effects of C/EBPb on IGF-1 expression, loss
of C/EBPd had no observable effect on either IGF-1 serum or liver
RNA for either males (P 5 0.14 and P 5 0.17) or females
(P 5 0.23 and P 5 0.84). These results could be related to the de-
crease in body size seen in female C/EBPb knockouts (Figure 1 and
Table I). In addition, for female animals, there was a small interac-
tion effect observed between C/EBPb and C/EBPd for both serum
and liver IGF-1 (P 5 0.077 and P 5 0.023, respectively). Thus, loss
of C/EBPb but not C/EBPd has a significant impact on IGF-1
expression in adult mice.

C/EBPb interacts with the IGF-1 promoter in vivo

Promoter 1 of the IGF-1 gene contains a C/EBP site located in the
non-coding region of exon 1 that mediates transcriptional activa-
tion by C/EBPd in osteoblasts (30). Therefore, we used ChIP assays

Fig. 2. Diminished circulating IGF-1 levels in the absence of C/EBPb/d. (A) Blood was collected from both male and female mice by genotype upon sacrifice
and serum was isolated by centrifugation. IGF-1 levels in the serum were assayed by radioimmunoassay. (B) RNA was isolated from mouse livers and IGF-1
messenger RNA levels were determined by RNase protection assay. Results are normalized to GAPDH (au, arbitrary units). Data show the average ± standard error
and are sorted by gender and genotype. To increase the sample size of the control (wild-type) group, data from bþ/þ;dþ/þ and bþ/�;dþ/þ animals were combined
and are labeled ‘Ctrl’. Statistical analysis in comparison with the control group was performed using Student’s unpaired t-test (�P , 0.05; ��P , 0.01).
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to examine whether C/EBPb and C/EBPd bind to this region of the
IGF-1 gene in mouse liver (Figure 3). C/EBPb showed significant
interaction and C/EBPd binding was also detectable, but weaker.
The specificity of the interactions was demonstrated by decreased
ChIP signals when the appropriate blocking peptides were included
in the immunoprecipitations. As a further control, C/EBPb bind-
ing was not evident when liver tissue from b�/� mice was used.
Positive signals were obtained for C/EBPb binding to the interleu-
kin (IL)-6 promoter, which has a well-characterized C/EBP site
(38), whereas no binding was detected using a negative control
region from the b2-microglobulin gene (36). Thus, C/EBPb and,
to a lesser extent, C/EBPd are associated with the IGF-1 C/EBP site
in vivo.

Effect of C/EBPb and C/EBPd deficiency on serum insulin and leptin
levels

Insulin and leptin are also important hormones that mediate energy
balance and contribute to body weight and bone mass. Therefore, we
analyzed levels of serum insulin and leptin in b�/�, d�/�, b�/�;d�/�

and wild-type control mice (Figure 4 and Table II). In females, all
three mutant genotypes showed reduced insulin, with lowest levels in
b�/�;d�/� mice. In males, only animals lacking C/EBPb (b�/� and
b�/�;d�/�) had decreased levels of insulin. These effects of genotype
were significant for both genders (P , 0.05). Serum leptin was also
diminished in male and female b�/� animals, whereas b�/�;d�/� mice
exhibited even lower leptin levels. Note that the overall insulin and
leptin values are higher in males than females, as reflected in previous
reports (39–41). While female d�/� animals also showed a decrease in
circulating insulin, the deletion of C/EBPd alone had no observable
effect on leptin levels. In contrast, the combined effect of C/EBPb and
d on leptin levels is much more dramatic than for insulin, with little
leptin detected in the b�/�;d�/� mice. Table II supports an interaction
between the two genes in determining leptin levels in female animals
[P(interaction) 5 0.02]. There was no significant interaction observed
between C/EBPb and d in male animals [P(interaction) . 0.1]. How-
ever, from a statistical standpoint, it is important to note that this is
a weaker test than the analyses of IGF-1 because measurements of
several of the heterozygous genotypes were lacking due to sample
availability.

In Table II and Figure 4A, serum insulin measurements on bþ/þ;d�/�

mice were not available due to a shortage of serum, but we were able to
measure serum insulin on a small sample of bþ/�;d�/� females (n 5 5)
and males (n 5 3). Female bþ/�;d�/� serum insulin levels [mean ln
level 5 3.8 (SE 5 0.16)] were significantly lower than those in bþ/þ;
dþ/þ females but were indistinguishable from the other genotypes. In
contrast, serum insulin levels of male bþ/�;d�/� mice were indistin-
guishable from those of bþ/þ;dþ/þ males but were significantly higher
than in the other two genotypes.

Because loss of C/EBPb and/or C/EBPd decreased insulin and
leptin expression, we examined binding of these proteins to the re-
spective promoters using ChIP assays (Figure 4C). C/EBPb binding to
the insulin promoter was evident, as the ChIP signal was diminished
by the C/EBPb antibody-blocking peptide and this reduction was not
observed for b�/� tissue. Weak C/EBPd binding was only apparent
in the C/EBPb�/� background, possibly reflecting competition for
binding between these two transcription factors when both are present.
C/EBPb association with the leptin gene was also observed, but there
was no evidence for C/EBPd binding. This parallels the serum leptin
results, as there was no significant decrease in leptin levels in
C/EBPd�/� animals.

Decreased tumorigenicity of colon adenocarcinoma cells in C/EBPb
deficient mice

Given the importance of C/EBPb in regulating IGF-I expression and
the relationship between reduced IGF-I levels and diminished malig-
nancy of numerous cancers, as observed with calorie restriction and
IGF-1-deficient mice (4,42), we asked whether the tumorigenic po-
tential of transplanted tumor cells is altered in C/EBPb-deficient host

animals. MC-38 mouse colon adenocarcinoma cells (37) were in-
jected subcutaneously into b�/� mice or their wild-type littermates
and the animals were monitored for mortality and tumor growth over
time (Figure 5). In female mice, the tumor growth rate was similar for
wild-type and b�/� recipients (Figure 5A). In contrast, male mutant
mice showed a substantially slower rate of tumor growth between
days 13 and 20 compared with wild-type. For example, on day 20,
the average tumor volume in male b�/� mice was 711 versus 1801 mm3

for wild-type animals.
The Kaplan–Meier plots shown in Figure 5B illustrate that the

survival of b�/� mice injected with tumor cells is enhanced compared
with wild-type animals. The average survival times for wild-type
males and females calculated from the data of Figure 5B were 20.1
(1.4) and 21.8 (1.2) days, respectively, versus 26.7 (1.4) and 23.8 (1.4)
days for b�/� males and females. The differences between the wild-
type and b�/� groups were significant (P 5 0.0034) and these differ-
ences persisted even after exclusion of a long-lived knockout male
mouse. Collectively, these data indicate that the presence of C/EBPb

Fig. 3. C/EBPb and C/EBPd bind to the IGF-1 promoter in liver. ChIP
assays from C/EBPbþ/þ and C/EBPb�/� liver tissue. Chromatin was
immunoprecipitated with the indicated antibodies and the recovered DNA
was analyzed by polymerase chain reaction using primers corresponding to
the indicated genes. Normal rabbit IgG and no antibody (Ab) were used as
controls. Specific binding of the antibodies was determined by preincubating
the antibodies with their respective blocking peptides (BP) prior to the
immunoprecipitation reaction. Input represents 2% of the total chromatin.
b2-Microglobulin (B2-MG) is a negative control and IL-6 is a positive
control for C/EBP binding. Bands were quantitated by densitometry;
Ab:AbþBP ratios are indicated beneath each pair of lanes.
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provides a more permissive tumor environment that promotes tumor
development and malignancy, at least for colon adenocarcinoma cells.
Moreover, this effect is more pronounced in male animals.

Discussion

Previous work supports the notion that C/EBPa, b and d are important
regulators of adipocyte terminal differentiation and gene expression
(43–46). In addition, the absence of C/EBPb reduces triglyceride
content and lipogenic enzyme activity and decreases adiposity (47).
Our study is the first to comprehensively investigate the in vivo roles
of C/EBPb and d in body weight, fat weight and bone density as well
as the hormonal regulators involved in modulating energy homeosta-
sis and body composition. C/EBPb is the most critical regulator of
body weight, fat and bone density. Whereas C/EBPb is involved in
regulating all three of these biological parameters in both male and
female mice, C/EBPd has minimal effects on these properties in either
sex. The difference in importance of these two C/EBPs may be par-
tially explained by the fact that C/EBPd is primarily an inducible
factor, whereas C/EBPb expression is constitutive in many tissues.
For example, normal unstimulated hepatocytes contain abundant
C/EBPb but express only low levels of C/EBPd.

In some tissues, such as bone, C/EBPd may also be constitutively
expressed. Most of the studies on C/EBPs and bone mass have
focused on the role of C/EBPd in regulating IGF-1 expression in
osteoblasts and osteoclasts. In a normal physiologic setting, para-
thyroid hormone and prostaglandin E2 cause osteoblasts to produce
IGF-1 and ultimately stimulate bone growth (48,49). Exposure to
these hormones stimulates cyclic adenosine 3#,5#-monophosphate
synthesis and activates protein kinase A. These stimuli result in
translocation of constitutively expressed C/EBPd from the cyto-
plasm to the nucleus where it can activate expression of IGF-1

(50,51). Although numerous reports implicate C/EBPd as a key reg-
ulator of IGF-1 and, by extension, growth of osteoblasts and bone
formation, our data clearly identify C/EBPb as more critical for bone
density in vivo. Whether this phenotype of C/EBPb�/� mice results
from decreased circulating IGF-1 or from impaired local IGF-1 pro-
duction, or both, is presently unclear.

C/EBPb was shown previously to regulate IGF-1 expression in
various cells, including myeloid tumor cells, normal bone marrow
macrophages and HepG2 hepatocarcinoma cells (31,52). However,
to date, there has been no evidence that C/EBPb controls endocrine
expression of IGF-1, which is thought to mediate physiological pa-
rameters such as bone density and body weight regulation. Since there
is a substantial decrease in circulating IGF-1 in C/EBPb-deficient
mice, C/EBPb clearly plays an important role in regulating IGF-1
produced by the liver and secreted into the circulation. Thus, in ad-
dition to controlling an autocrine IGF-1 pro-survival pathway (31),
C/EBPb modulates systemic IGF-1 levels.

Leptin regulates body weight by decreasing appetite and food in-
take and increasing energy output. Leptin is secreted primarily by
adipocytes and acts as part of a feedback mechanism to provide the
hypothalamus with information on fat stores in the body (53,54).
Studies in leptin-deficient ob/ob mice, which are obese, insulin re-
sistant and infertile (55–58), in addition to clinical studies showing
that the ob gene is markedly upregulated in obese subjects (53),
demonstrate the importance of this hormone to maintaining body
weight and adiposity (59). We found that leptin levels are modulated
predominantly by C/EBPb. Nonetheless, leptin is further reduced
when both C/EBPb and C/EBPd are absent, indicating that C/EBPd
also contributes to leptin gene regulation. C/EBPb interacts with the
leptin promoter in vivo (Figure 4C), consistent with previous obser-
vations showing that there is a C/EBP motif within the leptin gene and
C/EBPa, b and d are capable of transactivating the leptin promoter

Fig. 4. Role of C/EBPb in mediating the levels of other hormonal regulators of energy homeostasis. Serum was assayed for insulin and leptin content. Levels of
insulin (A) and leptin (B) are depicted for male and female mice by genotype. Statistical significance in comparison with control animals was evaluated using
Student’s unpaired t-test (�P , 0.05; ��P , 0.01). (C) ChIP analysis of C/EBPb and C/EBPd binding to the insulin and leptin promoters. Chromatin from
C/EBPbþ/þ and C/EBPb�/� liver tissue was immunoprecipitated with the indicated antibodies and the DNA was analyzed by polymerase chain reaction using
primers corresponding to the indicated genes. The experiment was performed as described in Figure 3.
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(60,61). Although it is probable that C/EBPb regulates leptin gene
transcription, serum leptin is also determined by fat content (17).
Therefore, the reduction in leptin levels in C/EBPb-deficient mice
could be partly due to their decreased adiposity. Serum leptin levels
are higher in women than men (62), but leptin levels in male mice (39)
and rats (40,41) are higher than in females. Such reverse sexual
dimorphism may be explained by the higher levels body fat found
in males of some rodent species. Male mice in our study had greater
absolute levels of body fat (Table I) and significantly higher percent
fat (23.5% in males versus 20.4% in females), and this difference
may account for the much higher serum leptin levels found in males
(Figure 4B).

Interestingly, Schroeder-Gloeckler et al. (47) recently reported that
crossing leptin receptor-deficient (db/db) mice to C/EBPb knockout
animals attenuates the obesity, fatty liver and diabetic phenotype
conferred by absence of the leptin receptor. Together with our data
showing that C/EBPb deficiency severely reduces leptin levels, these
findings suggest a complex interaction between C/EBPb and leptin
signaling in regulating adiposity and energy metabolism.

Insulin is a major anabolic hormone that mediates the breakdown of
protein, fat and carbohydrates to produce energy. Much like leptin,
insulin has been shown to modulate neuropeptide expression in the
hypothalamus, leading to decreased appetite and food intake (63,64).
In addition, mice lacking a brain-specific insulin receptor display
a phenotype similar to the ob/ob mice, exhibiting obesity and im-
paired fertility (65). Our results show that C/EBPb is an important
regulator of serum insulin in male and female animals, whereas
C/EBPd deficiency affects circulating insulin levels only in females.
ChIP studies indicate that C/EBPb and C/EBPd associate with the
insulin promoter (Figure 4C), which has been shown to contain
a C/EBP site (66,67). These observations suggest that C/EBPb may
directly regulate insulin gene transcription. However, since serum
insulin is also determined by fat content, the reduction in insulin
levels in C/EBPb-deficient as well as female C/EBPd-deficient mice
may be partially due to their decreased adiposity.

C/EBPb influences cellular transformation and tumorigenesis in
a variety of mouse and human cell types (68). For example,
C/EBPb-deficient mice are completely resistant to carcinogen-induced
skin tumors (69), and conditional ablation of C/EBPb in keratinocytes
has established that C/EBPb acts cell autonomously to promote cell
survival and papillomagenesis in the skin tumor model (70). Further-
more, C/EBPb regulates autocrine release of IGF-1 and survival of
Myc/Raf-transformed macrophages (31) and has a pro-survival role in
metastatic Wilms tumor cells (71) and anaplastic large-cell lympho-
mas (72). C/EBPb can also act in a cell non-autonomous manner to
facilitate tumorigenesis since we found that transplanted mouse colon
adenocarcinoma cells display a reduced ability to generate tumors in
C/EBPb�/� mice as evidenced by diminished tumor growth rate and
delayed mortality of these animals (Figure 5).

The ability of C/EBPb to regulate IGF-1 and leptin expression may
contribute to the diminished tumorigenicity observed in C/EBPb-
deficient mice In addition to their roles in maintaining energy
homeostasis, IGF-1 and leptin have been shown to be involved in
tumorigenesis. IGF-1 promotes survival of many types of human
cancer cells in vitro (8,73,74), and increased levels of IGF-1 and its
receptor are found in many tumor cells (75). Moreover, calorie re-
striction experiments suggest that reductions in systemic IGF-1 con-
tribute to the antiproliferative and anticancer effects of reduced
caloric intake (4,76,77). Recently, it has been observed that leptin
stimulates proliferation of preneoplastic and cancer cell lines (26),
and leptin and its receptor are both expressed at higher levels in
human primary breast tumors (78) and lymph node metastases (79)
than in normal breast tissue. Thus, it is plausible that decreased levels
of insulin, IGF-1 and leptin create a less favorable tumor environment
in C/EBPb-deficient animals.

The effect of C/EBPb deficiency on tumor growth was more prom-
inent in males than females. At present, we do not have a molecular
explanation for this gender difference. Recent studies demon-
strated that male mice display increased susceptibility to

Fig. 5. Reduced tumorigenicity of transplanted colon adenocarcinoma cells
in C/EBPb�/� mice. Mouse MC-38 colon adenocarcinoma cells were
injected into each flank of male and female C/EBPbþ/þ and C/EBPb�/�

mice. The animals were monitored for tumor development and were
sacrificed upon onset of severe tumor burden. Six to eight animals per group
were analyzed. (A) Average daily tumor volume is shown in cubic millimeter
± standard error. Statistical significance in comparison with control animals
was evaluated using Student’s unpaired t-test (�P , 0.05; ��P , 0.01). (B)
Survival data. Mortality data were analyzed using the Kaplan–Meier survival
test. Mean comparisons were performed using Tukey’s HSD test or linear
contrasts.
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diethylnitrosamine-induced hepatocellular carcinoma, which was at-
tributed to enhanced IL-6 production by Kupffer cells (liver macro-
phages) in males and increased pro-oncogenic inflammation (80). The
gender disparity in liver carcinogenesis disappeared in mice lacking
IL-6 or the adapter protein MyD88. Decreased hepatocellular carci-
noma incidence in females stems from their elevated estrogen levels,
which suppress nuclear factor-jB activity and inhibit IL-6 production.
Since C/EBPb has a role in regulating inflammatory cytokines and
other mediators such as cyclooxygenase 2 (81,82), it is possible that
this function of C/EBPb also contributes to a permissive tumor mi-
croenvironment in a sex-specific manner.

Much effort has been focused on understanding the mechanism by
which obesity contributes to cancer. The present work and previous
studies establish that C/EBPb is a critical regulator of body weight,
adiposity and tumorigenesis in mice. Future analysis of the mecha-
nism by which C/EBPb regulates expression of IGF-1, insulin and
leptin may suggest novel approaches to cancer prevention via energy
balance-related pathways.
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