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Abstract

The prevalence of obesity, an established risk and progression factor for breast

and many other cancer types, remains very high in the United States and

throughout the world. Calorie restriction (CR), a reduced-calorie dietary regimen

typically involving a 20–40% reduction in calorie consumption, prevents or

reverses obesity, and inhibits mammary and other types of cancer in multiple

tumor model systems. Unfortunately, the mechanisms underlying the tumor

inhibitory effects of CR are poorly understood, and a better understanding of

these mechanisms may lead to new intervention targets and strategies for prevent-

ing or controlling cancer. We have previously shown that the anticancer effects of

CR are associated with decreased systemic levels of insulin-like growth factor-1

(IGF-1), the primary source of which is liver. We have also reported that CR

strongly suppresses tumor development and growth in multiple mammary cancer

models. To identify CR-responsive genes and pathways, and to further character-

ize the role of IGF-1 as a mediator of the anticancer effects of CR, we assessed

hepatic and mammary gland gene expression, hormone levels and growth of or-

thotopically transplanted mammary tumors in control and CR mice with and

without exogenous IGF-1. C57BL/6 mice were fed either control AIN-76A diet ad

libitum (AL), subjected to 20%, 30%, or 40% CR plus placebo timed-release pel-

lets, or subjected to 30% or 40% CR plus timed-release pellets delivering murine

IGF-1 (mIGF-1, 20 lg/day). Compared with AL-fed controls, body weights were

decreased 14.3% in the 20% CR group, 18.5% in the 30% CR group, and 38% in

the 40% CR group; IGF-1 infusion had no effect on body weight. Hepatic tran-

scriptome analyses indicated that compared with 20% CR, 30% CR significantly

modulated more than twice the number of genes and 40% CR more than seven

times the number of genes. Many of the genes specific to the 40% CR regimen

were hepatic stress-related and/or DNA damage-related genes. Exogenous IGF-1

rescued the hepatic expression of several metabolic genes and pathways affected

by CR. Exogenous IGF-1 also rescued the expression of several metabolism- and

cancer-related genes affected by CR in the mammary gland. Furthermore, exoge-

nous IGF-1 partially reversed the mammary tumor inhibitory effects of 30% CR.

We conclude that several genes and pathways, particularly those associated with

macronutrient and steroid hormone metabolism, are associated with the anti-

cancer effects of CR, and that reduced IGF-1 levels can account, at least in part,

for many of the effects of CR on gene expression and mammary tumor burden.

ª 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative

Commons Attribution Non-Commercial License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited and is not used for commercial purposes.

275

Cancer Medicine
Open Access



Introduction

Calorie restriction (CR) is a well-established dietary inter-

vention for delaying aging and inhibiting cancer in a

variety of animal models [1]. Additionally, restricted

calorie diet regimens in various forms (typically in the

range of 10–30% of usual energy intake) are the most

commonly recommended strategy in humans for prevent-

ing or reversing obesity [2], an issue of growing concern

in the United States (where >35% of women are obese)

and throughout the world [3]. Obesity increases the risk

of developing and/or dying from a host of diseases,

including breast cancer in postmenopausal women [4].

In the United States, approximately 15–20% of breast

cancer deaths are attributed to excess body weight [5],

one of the few modifiable risk factors for breast cancer

[6]. As breast cancer is the most frequently diagnosed

cancer in postmenopausal women in the United States

and ranks second as a cause of female cancer death [7],

effective intervention strategies for breaking the obesity–
postmenopausal breast cancer link are urgently needed

The beneficial effects of CR, typically involving a

20–40% reduction in total energy intake, but isonutrient

for vitamins, minerals, fatty acids, and amino acids rela-

tive to an ad libitum [AL] fed control diet regimen) on

mammary tumor burden in experimental models are well

documented [1]. Unfortunately, the mechanisms under-

lying the anticancer effects of CR are not well established,

though evidence has suggested some role for the circulat-

ing growth factor, insulin-like growth factor-1 (IGF-1).

We and others have shown that exogenous IGF-1 infusion

in CR mice ablates many of the anticancer effects of CR

[8, 9], suggesting IGF-1-dependent processes play a major

role in the CR response. We have also shown that tumor

development in liver-specific IGF-1 deficient (LID) mice,

which have a ~75% reduction in systemic IGF-1 levels

relative to wild-type mice, is inhibited to levels observed

in wild-type mice on a CR regimen [10, 11]. These find-

ings suggest that IGF-1 may be a key mediator of the

anticancer effects of CR. IGF-1 exerts its effects on cellu-

lar growth and metabolism, at least in part, through

activation of the phosphatidylinositol 3-kinase (PI3K)/

Akt/mammalian target of rapamycin (mTOR) pathway

[12, 13]. We and others have shown that treatment with

the mTOR inhibitor rapamycin partially mimics the effects

of CR [10, 14, 15]. However, our studies in LID mice and

our IGF-1 replacement studies suggest that while IGF-1 is

an important mediator of energy balance effects on cancer,

other pathways that interact with or are independent of

the IGF-1/mTOR pathway are clearly involved as well, and

these interactions have not been well characterized.

As CR-related changes in gene expression can markedly

affect the physiological state of an organism, gene expres-

sion microarray approaches have been useful in identifying

previously unknown CR-responsive genes in a tissue-

specific fashion [16]. However, these studies have typically

used a single CR dose in a single tissue, with a focus on

aging-related pathways, and no particular set of genes or

pathways common to different organ systems has been

identified from these studies to date. We have previously

described the effects of CR, across a range of 20–40% CR

(and with or without exogenous IGF-1 infusion), on body

composition and serum hormones [8]. This study uses

tissues from that same study to evaluate (for the first time

to our knowledge) the effects of CR across a CR dose

range of 20–40%, and with/without IGF-1 infusion, on

the hepatic and mammary gene expression. As the liver is

a critical metabolic tissue and the main production site of

IGF-1 and many other energy balance-related factors,

understanding the effect of CR on the hepatic transcrip-

tome and identifying which CR-responsive genes are IGF-1

dependent or independent in liver is important. In addi-

tion, as dietary energy balance is one of the few known

modifiable factors associated with breast cancer progres-

sion, we assessed the effects of CR, with or without exog-

enous murine IGF-1 infusion, on mammary gland

expression of cancer-related genes along with mammary

tumor progression and cell signaling in an orthotopic

MMTV-Wnt-1 transplant model.

Materials and Methods

Animal study design for hepatic microarray
experiment

Mice used for hepatic transcriptome analysis were main-

tained according to the guidelines of the Animal Care

and Use Committee of the National Cancer Institute, and

the committee approved this study. Forty-five 5-week-old

female C57BL/6NCr mice were obtained from the NCI-

Frederick Animal Production Area, and, after 1 week, the

mice were randomized (n = 5 per group) to one of the

six groups: (1) control, (2) 20% CR, (3) 30% CR,

(4) 30% CR + IGF-1, (5) 40% CR, or (6) 40%

CR + IGF-1. All mice were singly housed and received

water AL. Control mice received AIN-76A diet (Bio-Serv

Corp., Frenchtown, NJ) AL. Mice in the 20% CR group

received a daily aliquot of control diet equal to 80% of

the mean daily control consumption. CR mice (30% and

40%) received modified versions of the AIN-76A diet for-

mulated such that, when provided as daily aliquots equal

to 70% or 60%, respectively, of the mean daily control

consumption, the reduction in calorie intake was entirely

due to carbohydrates; intakes of all other nutrients were

equivalent to those in the control group. All mice

received a timed-release pellet (Innovative Research of
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America, Sarasota, FL) delivering either vehicle or 24 lg/
day recombinant murine IGF-1 obtained from PeproTech,

Inc. (Rocky Hill, NJ). Body weight and food consumption

data were recorded weekly beginning 1 week prior and

4 weeks after randomization to the diet regimens. At the

study endpoint (when the mice were 10 weeks of age, a

point when the mammary glands are fully mature) all

mice were killed under continuous CO2/O2 exposure, and

serum, liver, and mammary fat pads were frozen and

stored at �80°C. Necropsied carcasses were also frozen

and stored at �80°C for subsequent body composition

analyses using dual-energy X-ray absorptiometry accord-

ing to previously described methods [8]. Serum IGF-1

was measured using a rat IGF-1 radioimmunoassay (RIA)

that recognizes both rat and mouse IGF-1 (Diagnostic

Systems Laboratories, Inc., Webster, TX). Average values

were calculated for two determinations made on a single

aliquot of serum from each animal [8].

RNA isolation

Total liver RNA was isolated using a combined Trizol/Qia-

gen RNeasy Midi Kit (Qiagen, Valencia, CA) method for

hepatic microarray analysis. Tissues were homogenized,

centrifuged at low speed, and supernatant was combined

with Trizol for RNA extraction as previously described

[17].

Hepatic transcriptome analysis

The Affymetrix M430 A2.0 Array (Affymetrix, Santa

Clara, CA) was used for liver gene expression analysis

addressing three questions: (1) which hepatic genes are

responsive to CR at varying levels of restriction; (2) which

CR-responsive genes are dependent on circulating IGF-1

levels; and (3) which CR-responsive genes are IGF-1-inde-

pendent. Probe synthesis was performed according to the

Affymetrix recommended protocol. The purified cDNAs

were then used to synthesize biotin-labeled cRNA using

the Enzo BioArray HighYield RNA Transcript Labeling

Kit (Affymetrix). The biotin-labeled cRNAs were purified

and quantified as described in the Affymetrix protocol.

After quantification, the cRNAs were fragmented and

hybridization to the chips, and detection of hybridized

signal intensities were performed according to the proto-

cols provided by the manufacturer.

Sample normalization was carried out using the robust

multichip average (RMA) followed by multiple group anal-

ysis comparison using analysis of variance (ANOVA). Pair-

wise comparisons were performed to identify expression

fold differences with false-discovery rate (FDR) set at 0.05.

Genes that presented consistent expression changes

between the groups were further analyzed, and genes with

expression differences equal to or greater than twofold

between treatment and control were selected for func-

tional analysis. Gene ontology (GO) analysis and pathway

identification of differentially expressed genes was carried

out using DAVID [18].

Mammary insulin signaling polymerase
chain reaction (PCR) array

As many of the CR-responsive genes identified in the hepa-

tic transcriptome analysis related to carbohydrate metabo-

lism and insulin-related signaling, Mouse Insulin Signaling

Pathway RT2 ProfilerTM PCR Array (SABiosciences, Fred-

erick, MD) analysis was performed using RNA extracted

from the fourth mammary fat pads (excised from the same

mice as the livers used in the hepatic transcriptome analy-

sis) using the RNeasy Lipid Tissue Mini Kit (Qiagen Inc.,

Valencia, CA). RNA was reverse transcribed into cDNA

using High-Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Carlsbad, CA). The cDNA was mixed

with ready-to-use PCR master mix and added to the 96-

well plate containing primers for 84 insulin signaling-

related genes. Expression was normalized to multiple

housekeeping genes. Expression levels were calculated using

the comparative cycle threshold method and expressed as

mean fold change as previously described [19].

Quantitative PCR analysis

Using Multiscribe Reverse Transcriptase and TaqMan

assays (Applied Biosystems, Branchburg, NJ), quantitative

real-time PCR was used to analyze liver and mammary

fat pad mRNA levels (n = 3). In brief, reverse-transcribed

cDNA was independently analyzed in triplicates for

Fabp5, Gck, Acot1, Cdkn1, Serpina12, Hnf4a, and Scd1

in liver samples and Dusp14, Fbp1, and Irs2 in mammary

fat pad samples. Expression levels were calculated using

the cycle threshold method, normalized against Actb, and
expressed relative to values from control mice, which

were set at 1.

Wnt-1 mouse mammary tumor study

Mice were maintained according to the guidelines of the

Institutional Animal Care and Use Committee of the Uni-

versity of Texas at Austin. Forty-five 6-week-old ovariec-

tomized female C57BL/6 mice (Charles River Labs, Inc.

Frederick, MD) were randomized into three diet groups

(n = 15 per group), as described above: (1) Wnt-control,

(2) Wnt-30% CR, and (3) Wnt-30% CR + IGF-1. Also as

described above, the Wnt-30% CR + IGF-1 group con-

sumed the same diet as the CR group and received

approximately 24 lg/day of recombinant murine IGF-1

© 2012 The Authors. Published by Blackwell Publishing Ltd. 277
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(PeproTech, Rocky Hill, NJ), administered through an

Alzet osmotic minipump, model 2006 (DURECTTM,

Cupertino, CA). All mice were singly housed to facilitate

individual dietary intake assessment, and received water

AL. Both the control and 30% CR (without IGF) groups

also had osmotic minipumps implanted, but received

0.9% saline as a vehicle control. Two weeks after the

osmotic minipumps were inserted, mice were injected

with ~50,000 syngeneic MMTV-Wnt1 mammary tumor

cells as previously described [20]. Five weeks after injec-

tion, serum and tissues were collected. Tumors were

weighed, measured, and fixed in 10% formalin or stored

at �80°C. Fasting serum leptin and IGF-1 levels were

measured using murine LINCOplex® Multiplex Assays

(Millipore, Inc., Billerica, MA) analyzed on a BioRad

Bioplex 200 analysis system (Biorad, Inc. Hercules, CA).

Immunohistochemistry analysis of
mammary tumors

Formalin-fixed tumor tissues (n = 3 per group) were

embedded in paraffin and cut into 4-lm-thick sections and

processed for either hematoxylin and eosin (H&E) staining

or immunohistochemical staining at the Histology Core

Laboratory at the U.T. M.D. Anderson Cancer Center –
Science Park Research Division (Smithville, TX). Slides

were deparaffinized in xylene and rehydrated sequentially

in ethanol to water. Antigen retrieval required microwaving

slides for 10 min with 10 mmol/L citrate buffer. Endoge-

nous peroxidase activity was quenched with 3% hydrogen

peroxide for 10 min. Nonspecific binding was blocked with

Biocare blocking reagent (Biocare Medical) for 30 min at

RT. Sections were incubated with the following primary

antibodies diluted in blocking buffer: Ki-67 (Dako, Carpinteria,

CA; 1:200, 4°C overnight); phospho (p)-IGF-1RTyr1131 and

IGF-1R (Cell Signaling, Danvers, MA; 1:50, 4°C overnight);

p-AktSer473 (Santa Cruz Biotechnology, Santa Cruz, CA;

1:50, 1 h RT); Akt (Cell Signaling; 1:100; 4°C overnight)

p-GSK-3bSer9 (Santa Cruz Biotechnology; 1:50, 1 h RT);

and CD31. Slides were washed twice in PBS, incubated with

horseradish peroxidase (HRP)-labeled a-rabbit secondary

antibody (Dako) for 30 min at RT at a concentration

of 1:200. Diaminobenzidine was used to develop the anti-

body staining followed with a hematoxylin counterstain.

Images were captured using a light microscope equipped

with a digital camera (Leica Camera, Inc., Wetzlar,

Germany).

Statistical analysis

Data are presented as mean with standard error of the

mean, unless otherwise stated. Affymetrix gene chip data

were analyzed as described above. One-way ANOVA

followed by Tukey’s Honestly Significant differences test

was performed to assess differences in serum adipokine

levels between groups of mice in the mammary tumor

study. Unpaired Student’s t-test was used to assess dif-

ferences in mammary gland gene expression. Tumor

weight differences were analyzed using the Mann–Whit-

ney test. SPSS software was used for all tests (SPSS Inc.,

Chicago, IL) and P � 0.05 was considered statistically

significant.

Results

Hepatic transcriptome analysis

Pairwise gene expression comparisons of hepatic mRNA

samples from control versus either 20%, 30%, or 40% CR

produced three overlapping groups of 59, 100, and 379

significantly altered genes, respectively, at � twofold

(Fig. 1A). A total of 14 genes were identified as being

common to all CR groups (Table 1).

GO analysis showed significant enrichment among the

CR-responsive genes for macronutient metabolism pro-

cesses (10 genes; P = 0.019), steroid hormone metabolic

processes (three genes; P = 0.004), and electron transport

(three genes; P = 0.036) (Fig. 1B). Our analysis focused

on validating and further characterizing the genes related

to macronutrient metabolic processes, as these genes are

potentially highly relevant to the effects of energy balance

in the liver.

Among the 10 genes associated with macronutrient

metabolic processes that are common to all CR groups,

fatty acid-binding protein 5 (Fabp5) and Acyl-CoA thio-

esterase 1 (Acot1) were selected for further validation

through quantitative real-time PCR. These genes were

selected because they participate in lipid metabolism and

the peroxisome proliferator-activated receptor (PPAR)

signaling pathway, processes important during energy bal-

ance changes. Real-time PCR analysis showed that Fabp5

expression decreased in every CR group (4.68 ± 0.83-fold

in 20% CR, 10.18 ± 0.13-fold in 30% CR, and

23.60 ± 0.19-fold in 40% CR) compared with control

(Fig. 1C). On the other hand, Acot1 was upregulated in

all CR groups (5.8 ± 0.9-fold in 20% CR, 3.0 ± 0.5-fold

in 30% CR, and 27.5 ± 0.5-fold in 40% CR) compared

with control (Fig. 1D).

Only four genes were unique to 20% CR compared to

control, with no statistically significant functional cate-

gory identified. Expression changes for 51 genes were

unique to 30% CR compared with control, with signifi-

cant enrichment of genes related to macronutrient meta-

bolic processes (11 genes; P = 0.02). Among these 11

genes, we chose to validate the expression of glucokinase

(Gck), as it catalyzes the first rate-limiting step in glycoly-
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sis and its transcription is modulated by diet and insulin

treatment, as well as by hepatic nuclear factor 4a HNF4a
[21]. When quantitative real-time PCR was run, both

30% CR and 40% CR displayed significantly higher Gck

expression (2.7 ± 0.6-fold and 4.2 ± 0.5-fold, respectively)

compared with control (Fig. 1E).

In the set of 294 genes specific to 40% CR treatment,

GO analysis identified enrichment of genes related to mac-

ronutrient metabolic processes (115 genes; P = 0.001),

genes related to steroid hormone metabolism (19 genes;

P < 0.001), and genes related to apoptosis (13 genes;

P = 0.013) (Fig. 1F). Apoptosis is critical for cellular

homeostasis, has been associated with the beneficial effects

of CR [22], and can be regulated by IGF-1 [23]. Hence,

we selected cyclin-dependent kinase inhibitor 1A (Cdkn1a),

an important regulator of apoptosis, for further validation.

Cdkn1a was expressed 178.7 ± 0.6-fold higher in 40% CR

compared with control, but it was also significantly

expressed at higher levels in 20% and 30% CR, although

with lower expression differences (4.5 ± 1.6-fold and

3.6 ± 0.6-fold, respectively) (Fig. 1G).

We then compared the list of genes differentially

expressed in the 30% CR group with genes differentially

expressed in the 30% CR + IGF-1 and control groups to

determine which CR-responsive genes are IGF-1 depen-

dent or independent. A total of 18 genes were unique to

A

C D

E

G

F

B

Figure 1. Regulation of gene expression by calorie restriction (CR). (A) Venn diagram comparing 20%, 30%, and 40% CR. (B) Gene ontology of

genes common to all. (C) Expression of Fabp5. (D) Expression of Acot1. (E) Expression of Gck. (F) Gene ontology of genes unique to 40% CR.

(G) Expression of Cdkn1. Data shown are mean ± SEM, n = 5 per group. Significance (P < 0.05) between groups is denoted by different letters.

© 2012 The Authors. Published by Blackwell Publishing Ltd. 279
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30% CR, suggesting that IGF-1 treatment changed the

expression of these genes back to levels comparable with

control (Fig. 2A), but DAVID analysis revealed no spe-

cific categories significantly represented in this set of

genes. The 75 genes which displayed significant expression

differences between 30% CR + IGF-1 and control, but

not 30% CR versus control, contained four genes related

to steroid hormone metabolic processes (P = 0.014), 12

genes related to stress response (P < 0.001), and 34 genes

related to macronutrient metabolic processes (P = 0.03)

(Fig. 2B). This set represents genes for which expression

changes were mainly caused by added IGF-1 and not by

CR. The 82 genes common between 30% CR and 30%

CR + IGF-1 represent genes that were significantly chan-

ged by 30% CR, but IGF-1 infusion did not affect expres-

sion. Of these, GO identified four genes significantly

Table 1. Gene expression changes in 20%, 30%, and 40% calorie restriction (CR) compared with control.

Gene

symbol Gene title

Fold change

20%

CR

30%

CR

40%

CR

Hsd3b5 Hydroxy-D-5-steroid dehydrogenase �4.15 �7.37 �13.36

Fabp5* Fatty acid-binding protein 5 �3.68 �8.34 �25.94

Ugt2b37 UDP glucuronosyltransferase 2 family �3.21 �3.55 �5.34

Serpina12 Serine (or cysteine) peptidase inhibitor �2.67 �4.60 �9.75

Cyp51 Cytochrome P450 �2.10 �2.05 �3.07

Gnat1 Guanine nucleotide-binding protein �2.10 �2.16 �2.96

Xlr3a X-linked lymphocyte-regulated 3a �2.07 �2.08 �2.69

Cyp39a1 Cytochrome P450 2.12 2.09 5.12

Fmo3 Flavin-containing monooxygenase 3 2.15 2.49 3.24

Pcp4l1 Purkinje cell protein 4-like 1 2.21 2.88 3.37

Plin5 Perilipin 5 2.79 2.94 8.45

Zbtb16 Zinc finger and BTB domain containing 16 2.92 �2.45 4.00

Acot1* Acyl-CoA thioesterase 1 3.61 2.55 8.54

Gm3579 Predicted gene 3579 4.99 4.58 9.77

*Genes displayed more than once in the original list (total of 17 hits).

A B

C D

Figure 2. Regulation of gene expression by 30% CR and 30% CR + IGF-1. (A) Venn diagram comparing number of genes expressed by 30% CR

and 30% CR + IGF-1 compared to control. (B) Gene ontology of genes specific to 30% CR + IGF-1. (C) Gene ontology of genes common to

30% CR and 30% CR + IGF-1. (D) Expression of Serpina12. Data shown are mean ± SEM. Significance (P < 0.05) between groups is denoted by

different letters. CR, calorie restriction; IGF-1, insulin-like growth factor-1.

280 © 2012 The Authors. Published by Blackwell Publishing Ltd.
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represented in steroid hormone metabolic processes

(P = 0.02) and 40 genes related to macronutrient meta-

bolic processes (P = 0.01) (Fig. 2C). Using real-time

PCR, we validated the expression of Serpin12, an adipo-

kine linked to the metabolic syndrome and insulin sensi-

tivity [24]. It was found that 30% CR decreased the

expression of Serpina12 (2.61 ± 0.17; P < 0.01), and the

addition of IGF-1 did not reverse the effect of CR

(2.19 ± 0.35; P relative to 30% CR >0.05) (Fig. 2D).
When comparing genes differentially expressed between

40% CR and 40% CR + IGF-1, 280 genes were common

between the two, meaning that adding IGF-1 back to

40% CR animals had no effect on the expression of these

genes (Fig. 3A). The 99 genes differentially expressed by

40% CR, but not 40% CR + IGF-1, were significantly

represented in the maturity onset of diabetes pathway

(three genes, P = 0.016), the PPAR signaling pathway

(four genes, P = 0.017), and 50 genes related to macro-

nutrient metabolic processes (P < 0.001) (Fig. 3B). This

group of 99 genes had their expression restored to levels

comparable to control when IGF-1 was infused. We vali-

dated the expression of Hnf4a, a gene that encodes a

transcription factor controlling lipid metabolism in the

liver, and is downregulated during hyperinsulinemia [21].

Furthermore, Hnf4a activates the transcription of both

Gck and glucose-6-phosphatase (G6Pase), depending on

fasting or feeding states [21]. Hnf4a expression was sig-

nificantly increased by 40% CR (5.22 ± 0.21-fold). The

40% CR + IGF-1 group showed decreased Hnf4a expres-

sion compared with 40% CR, although expression level

was still significantly higher than control (2.80 ± 0.38-

fold) (Fig. 3C), suggesting that IGF-1 partially mediates

the effects of CR on this gene.

A total of 191 genes were differentially expressed

between 40% CR + IGF-1 and control, but not 40% CR

and control, representing expression differences specifi-

A B

C

E

D

Figure 3. Regulation of gene expression by 40% CR and 40% CR + IGF-1. (A) Venn diagram comparing number of genes differentially

expressed for 40% CR and 40% CR + IGF-1, compared with control. (B) Gene ontology of genes uniquely differentially expressed between 40%

CR and control, but not 40% CR + IGF-1 and control. (C) Expression of Hnf4a. (D) Gene ontology of genes unique to 40% CR + IGF-1.

(E) Expression of Scd1. Data shown are mean ± SEM. Significance (P < 0.05) between groups is denoted by different letters.

© 2012 The Authors. Published by Blackwell Publishing Ltd. 281
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cally caused by IGF-1 treatment. These genes were signifi-

cantly overrepresented by macronutrient metabolic pro-

cesses (98 genes, P < 0.001), response to stress (15 genes,

P = 0.02), electron transport (16 genes, P < 0.001), ste-

roid hormone metabolism (12 genes, P < 0.001), and the

PPAR signaling pathway (5 genes, P = 0.03) (Fig. 3D).

We further validated the expression of stearoyl-CoA

desaturase-1 (SCD1) because it is a critical control point

in the development of obesity and insulin resistance. In

fact, mice lacking the SCD1 enzyme are lean and pro-

tected from diet-induced obesity and glucose intolerance

[25]. Relative to controls, Scd1 expression was down-

regulated in the CR mice (24.33 ± 0.65, P = 0.03) and

(to a greater extent) the CR + IGF-1 group (2.57 ± 0.30,

P < 0.001) (Fig. 3E).

Gene expression changes in the mammary
fat pad

To characterize the effects of CR (with and without IGF-1

infusion) in the microenvironment in which mammary

tumors arise in mice, we ran Insulin-PCR Super arrays

(SABiosciences, Frederick, MD) using mRNA extracted

from the mammary fat pads of control, 30% CR, and

30% CR + IGF-1 mice. The Mouse Insulin Signaling

Pathway RT2 ProfilerTM PCR Array profiles the expression

of 84 insulin-responsive genes, many of which were found

altered in the hepatic transcriptome analysis. We chose to

validate the four genes that were differentially expressed

between 30% CR and control, but not 30% CR + IGF-1

and control, as these represent genes that were apparently

reversed by IGF-1 under CR conditions. Among these

genes, Dusp14, a mitogen-activated protein kinase

(MAPK) phosphatase, was increased 4.5 ± 0.6-fold com-

pared with control, as validated by real-time PCR

(Fig. 4A). This change in DUSP14 expression was dimin-

ished in the 30% CR + IGF-1 group compared with 30%

CR, though not completely reversed to control levels

(3.5 ± 1.2-fold vs. control, P = 0.03). This finding suggests

the reduction of DUSP14 in response to CR is partially

IGF-1-dependent, consistent with the well-established link

between MAPK activation and IGF-1 [26]. As fructose

biphosphatase 1 (Fbp1) gene expression is controlled by

insulin, we also validated its expression by real-time PCR.

We found that 30% CR decreased expression of Fbp1

(2.32 ± 0.12-fold), whereas expression was not signifi-

cantly different from control in the 30% CR + IGF-1

group (Fig. 4B), suggesting that the effect of CR on Fbp1

expression is IGF-1 dependent. Finally, the expression of

insulin receptor substrate 2 (Irs2), which is critical for

insulin-stimulated glucose uptake [27], was also decreased

in 30% CR compared with control (2.02 ± 0.19-fold), but

displayed no significant difference between control and

the 30% CR + IGF-1 groups (Fig. 4C), suggesting that

the effect of CR on Irs2 is IGF-1 independent.

Wnt-1 mammary tumors

To elucidate the effects of CR (with and without IGF-1

infusion) on mammary tumor progression, we injected

MMTV-Wnt-1 mammary tumor cells in a separate

cohort of C57BL/6 mice (n = 15 mice/group) that were

randomized to receive the same control, 30% CR, and

A

B

C

Figure 4. Gene expression changes between 30% CR and 30%

CR + IGF-1 in the mammary fat pad. (A) Expression of Dusp14.

(B) Expression of Fbp1. (C) Expression of Irs2. Data shown are

mean ± SEM. Significance (P < 0.05) between groups is denoted by

different letters.
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30% CR + IGF-1 regimens described above. Mice in the

30% CR and 30% CR + IGF-1 groups had significantly

lower levels of leptin than controls (Fig. 5A). Leptin has

been shown to positively influence breast cancer cell

proliferation, invasion, and metastasis in vitro and

in vivo [28]. There were no differences in serum insulin

and adiponectin levels between the groups (data not

shown). Mice in the 30% CR group displayed signifi-

cantly lower levels of serum IGF-1 (113.7 ± 8.9 ng/mL,

P < 0.05) compared with control (117.0 ± 15.4 ng/mL),

as did mice in the 30% CR + IGF-1 group at this time

point (100.8 ± 7.5 ng/mL, P < 0.05) (Fig. 5B). As exoge-

nous IGF-1 is cleared very quickly in serum, as previ-

ously reported [8], we did not observe an increase in

serum IGF-1 levels, but had previously shown that this

IGF-1 infusion regimen increases bone density and acti-

vation of the IGF-1 receptor in mammary and other epi-

thelial tissues. At the end of the study (5 weeks after

injection), tumors in the 30% CR group weighed signifi-

cantly less than control tumors (P = 0.02), consistent

with our previous findings of inhibitory effects of CR on

mammary tumor growth (Fig. 5C). However, tumor

weights from mice receiving the 30% CR + IGF-1 regi-

men were not statistically different from either CR or

control mice, suggesting the IGF-1 infusion partially res-

cued the reduced mammary tumor growth observed in

CR mice.

We then tested whether there were differences between

the groups in tumoral IGF-1 receptor (IGF-1R) activa-

tion. We measured phosphorylated (p) IGF-1R in tumors

by immunohistochemistry. The 30% CR group displayed

decreased levels of IGF-1R activation, whereas tumors in

the 30% CR + IGF-1 group displayed levels of activation

comparable with controls (Fig. 5D). There were no

changes in total IGF-1R, indicating that only receptor

activation, but not receptor expression, was affected by

CR and IGF-1 levels (Fig. 5D). The tumors displayed no

changes in cell proliferation, as assessed by staining with

Ki67, or angiogenesis, as shown by staining with CD31

(data not shown).

Discussion

Given the very high and rising prevalence of obesity

among U.S. women [7], and the observed obesity/breast

cancer associations in epidemiologic studies [29], a bet-

ter understanding of the factors responsible for the

energy balance–breast cancer link is urgently needed to

identify new targets and strategies for preventing breast

cancer. CR is a well-established, but poorly understood,

A B

C D

Figure 5. Effects of 30% CR and 30% CR + IGF-1 on mammary tumor growth. (A) Serum leptin levels. (B) Serum total IGF-1 levels. (C) Tumor

weight at the end of the study. Data shown are mean ± SEM for serum hormones. Significance (P < 0.05) between groups is denoted by

different letters. (D) CR tumors showed decreased IGF-1R activation (pIGF-1R) whereas control and 30% CR + IGF-1 showed increased IGF-1R

activation. There were no changes in total IGF-1R, pAkt, total Akt, CD31, and Ki67 between the groups. Scale bar = 100 lm.
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experimental intervention for preventing/reversing obes-

ity and suppressing the development and progression of

mammary and other types of cancers [1]. In this study,

we used microarray analysis to identify gene expression

changes in response to three CR levels (20%, 30%, or

40% CR relative to AL-fed controls) in the liver, a criti-

cal metabolic organ highly responsive to energy balance

changes. As the liver is also the primary site for IGF-1

production, and changes in the levels of this growth fac-

tor are thought to play a central role in the beneficial

effects of CR [1], we also evaluated gene expression

changes in the liver of CR mice infused with saline or

IGF-1. Finally, we used a MMTV-Wnt-1 syngeneic

orthotopic transplant model to evaluate the effects of

CR (with and without) infused IGF-1 on mammary

tumor growth. Our hepatic gene expression analyses

indicated that relative to 20% CR (which was similar to

control), 30% CR significantly modulated more than

twice the number of genes, and 40% CR more than

seven times the number of genes. Many of the genes

specific to the 40% CR regimen were hepatic stress-

related and/or DNA damage-related genes, suggesting

this level of restriction may be too severe. Exogenous

IGF-1 rescued the hepatic expression of several meta-

bolic genes and pathways affected by CR, but did not

normalize the expression of stress-related genes in the

liver, suggesting that the stress-related gene expression

changes in response to more severe (i.e., 40%) CR regi-

mens are IGF-1 independent. Exogenous IGF-1 rescued

the expression of several metabolism- and cancer-related

genes affected by CR in the mammary gland.

Furthermore, exogenous IGF-1 partially reversed the

mammary tumor inhibitory effects of 30% CR. Thus,

CR modulates (in a dose-dependent manner) several

metabolic pathways in liver, a key systemic regulator of

energy metabolism. CR also alters multiple metabolic-

and/or cancer-related genes (many in pathways observed

to be CR responsive in liver) in the in mammary tissue,

in which tumor development and progression are modu-

lated by dietary energy balance modulation.

Most of the previous CR-related microarray studies in

the liver have focused on the effects of CR in aging-

related processes [30, 31]. Other studies have evaluated

the effects of CR across a time course, showing that

changes in gene expression occur fairly early after CR

treatment has started [16] and that the effects of CR in

aging change depending on the time in life when treat-

ment started [32]. To our understanding, this is the first

microarray analysis comparing the effects of variable lev-

els of CR on hepatic and mammary gene expression. We

concomitantly analyzed the effects of increasing levels of

CR and infused IGF-1 on gene expression in the liver,

and identified a list of genes for which expression changes

are common between three different levels of CR, as well

as a set of genes for which expression is returned to con-

trol levels when IGF-1 is infused into CR mice.

First, we hypothesized that increasing levels of CR

would lead to increasing qualitative and quantitative

effects on gene expression in the liver, which could be

evaluated by the number of differentially expressed genes,

number of GO categories identified, number of genes in

each functional category, and gene expression fold

changes. As hypothesized, 30% CR altered the expression

of two times more genes than 20% CR, whereas 40% CR

altered the expression of approximately seven times more

genes than 20% CR. Increasing levels of CR also increased

the number of genes in specific GO categories. For exam-

ple, 40% CR displayed 115 genes associated with meta-

bolic processes, compared with 11 genes in 30% CR.

Increasing severity of CR (from 20% to 40% total energy

reduction relative to AL-fed controls) also increased dif-

ferences in expression of several specific genes. Fabp5 was

identified as being significantly downregulated in all three

CR groups in a dose-dependent manner; 20% CR dis-

played a fivefold change, whereas 30% CR displayed

11-fold, and 40% CR displayed 25-fold change compared

with controls. To our knowledge, this is the first report

that CR modulates Fabp5, although its expression has

been shown to be increased in human nonalcoholic fatty

liver disease [33, 34]. Additionally, apoptosis was identi-

fied as a functional category significantly represented in

the set of genes unique to 40% CR, which had not been

identified in the 20% and 30% CR groups. Higher levels

of hepatic apoptosis in CR had been previously reported,

although the mechanism responsible for this effect, as well

as the consequences, are not well established [22]. The

fact that several stress-related genes, as well as Cdkn1, are

known to be upregulated following liver damage [35]

might mean that 40% CR is detrimental to the liver.

This study design also allowed for the identification of

a set of genes for which expression changes are common

to different levels of CR. Of the 14 genes identified, 10

were related to macronutrient (particularly lipid and car-

bohydrate) metabolic processes. Among these, we vali-

dated the expression of Fabp5 and Acot1. Fabp5

functions as an antioxidant protein by scavenging reactive

lipids in the liver [36, 37] and has been shown to display

increased expression in hepatic cells of mice treated with

Western Diets [38]. The fact that Fabp5 expression was

decreased in every CR group indicates that the levels of

scavenging reactive lipids are diminished in the liver dur-

ing negative energy balance status, compared to the typi-

cal high-fat Western Diet. The specific function of Acot1

is not fully understood, but it is thought to increase fatty

acid oxidation, decreasing triglyceride formation [39]. It

is also thought to be highly regulated at the mRNA level
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under different physiological conditions by both PPAR

and HNF4a [40].

We then compared changes in hepatic gene expression

between 30% CR and 30% CR + IGF-1, and 40% CR and

40% CR + IGF-1 to identify CR-responsive genes that are

IGF-1 dependent and independent. We focused on genes

that were differentially expressed between CR and control,

but not different between CR + IGF-1 and control. These

genes are representative of expression changes that were

returned to control levels when IGF-1 was added back. In

the 40% CR and 40% CR + IGF-1 comparison, at least

two functional categories highly relevant for the effects of

obesity on breast cancer risk were identified: maturity

onset of diabetes and PPAR signaling pathway. Type 2

(maturity-onset) diabetes is a disease associated with

obesity and thought to be responsible for some of its con-

sequences in increasing breast cancer risk and worsening

prognosis [41]. The PPAR signaling pathway is highly

associated with obesity [42] and has also been shown to

be important in regulating tumor growth [43]. We vali-

dated the expression of Hnf4a, a gene downregulated

during hyperinsulinemia that also participates in the

PPAR pathway, underscoring the importance of IGF-1 to

the metabolic effects of CR.

Given that 40% CR is likely too severe to be practically

translated in human studies and might be detrimental to

the liver, and that 20% CR had minimal effects on gene

expression, we decided to focus on the effects of 30% CR

on mammary fat pad gene expression and tumor burden.

We have previously reported that 30% CR decreases tumor

growth in the MMTV-Wnt-1 transgenic mouse model, and

that diet-induced obesity enhances tumor growth [20]. We

also previously reported that 30% CR differentially affects

the mammary transcriptome, relative to treadmill exercise,

and that CR particularly impacts genes involved in carbo-

hydrate and lipid metabolism, including Fabp5 and Acot1

discussed above [44]. Here, we first evaluated gene expres-

sion changes in the mammary fat pad between 30% CR and

30% CR + IGF-1 using insulin PCR array. We focused on

genes following the same pattern of expression: differen-

tially expressed by 30% CR, but not by 30% CR + IGF-1,

compared with control. Among these, Dusp 14 (also found

to be CR responsive in [44]) was identified and its expres-

sion validated. Dusp14 is a MAPK phosphatase responsible

for dephosphorylating ERK, JNK, and p38, and thus, of

extreme importance as a downstream signal in the IGF-1

pathway in regulating mammary tumor growth. That

Dusp14 inhibits the MAPK pathway and its expression was

increased by 30% CR, but not different from control when

IGF-1 was added, indicates that IGF-1 is of central impor-

tance to the beneficial effects of CR in mammary tumori-

genesis. Another gene, namely Fbp1, followed the same

pattern of expression between the groups, but in a different

direction. Fbp1 was downregulated by 30% CR, but not by

30% CR + IGF-1 in the mammary fat pad. Fbp1 is under

the control of insulin and is one of the major regulators of

glycolysis [45]. Decreased expression of Fbp1 has recently

been associated with tumor growth control [46] consistent

with the results obtained in our study. Gene expression

changes modulated by energy balance in the mammary fat

pad, and the relevance of these gene expression changes to

breast cancer, have been previously investigated [44], but

this is the first time, to our knowledge, that analyses of the

effects across a range of CR levels with and without IGF-1

infusion have been reported.

Finally, we analyzed the effects of 30% CR, with and

without IGF-1 infusion, on mammary tumor growth using

a syngeneic orthotopic transplant mammary tumor model.

We found that 30% CR decreased tumor burden, as mea-

sured by final tumor weight, compared with control

(P = 0.02), whereas 30% CR + IGF-1 displayed no signifi-

cant difference between either 30% CR or control. This

indicates that IGF-1 is a strong component of the CR

effects in tumor growth, but is not sufficient for reversing

all CR effects. These findings are in contrast to a report of a

lack of effect of IGF-1 infusion on the anticancer effects if

CR in a chemically induced mammary tumor model in rats,

[47]. Possible explanations for the lack of effects of IGF-1

in that study include the short infusion period (8 days) as

well as the fact that recombinant human IGF-1 was used.

Our findings are consistent with previous reports of the

ability of IGF-1 infusion to reverse the anticancer effects of

CR in models of mammary, pancreas, bladder, and hema-

topoietic cancers [10, 23, 48, 49].

Although, as expected, serum IGF-1 levels were not dif-

ferent between 30% CR and 30% CR + IGF-1 at the end

of the study, given the rapid clearance of exogenous IGF-1

unbound to IGF-binding proteins, IGF-1 receptor activa-

tion in tumors was decreased in 30% CR, but not 30%

CR + IGF-1 compared with control. Berrigan et al. previ-

ously reported that infused murine IGF-1 leads to

increased serum levels of this hormone during the initial

period of infusion, with decreased levels toward the end

of the study [8]. Here, we show that increasing levels of

CR lead to increasing metabolic responses in the liver.

While 20% CR did not allow for the identification of any

specific gene category, 40% CR appeared to be detrimen-

tal to the liver, indicating that 30% CR is an appropriate

level of restriction for future mechanistic studies.

There are several limitations to these studies that

require consideration. The first is the relatively small

number of replicates (five per group) used in the micro-

array analyses. While more replicates would have been

preferred, budgetary constraints prevented increasing the

number of gene chips used. Numerous sources suggest

five arrays per treatment group can provide adequate rep-
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lication for such analyses [50, 51]. To increase our confi-

dence in the results, we also repeated the entire array pro-

cess on a select number of mRNA samples, with nearly

identical results (data not shown), and we validated sev-

eral key targets identified in the array analyses by qRT-

PCR, as described above. Another limitation of our stud-

ies is the relatively short exposure period (4 weeks) to the

diets or IGF-1 infusion. It is possible that a different pro-

file would have been observed if a longer period of CR

had been employed, so we can only draw conclusions

about short-term CR from our studies. We have shown

in other time-course studies that metabolic, body compo-

sition, and cellular signaling measurements appear to be

quite stable from 4 to 20 weeks of CR; so, given that our

focus was on different levels of CR rather than timing of

exposure, we thought this was a reasonable strategy. One

other limitation is that due to budget constraints, we

restricted our studies to a single mouse strain, and a sin-

gle mammary tumor model. We are planning to extend

our gene expression findings to a broader range of models

in the future.

In conclusion, several genes and pathways, particularly

those associated with macronutrient and steroid hor-

mone metabolism in liver and mammary tissue, are asso-

ciated with the anticancer effects of CR. Furthermore,

reduced IGF-1 levels can account, at least in part, for

many of the effects of CR on gene expression and mam-

mary tumor burden. Thus, components of the IGF-1

pathway, as well as components of macronutrient meta-

bolic processes and/or steroid hormone metabolism, rep-

resent possible targets for mimicking the anticancer

effects of CR.
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