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Abstract

We previously demonstrated that the chronic consumption of a high-fat diet (HFD) promotes lung and liver metastases of 4T1 mammary
carcinoma cells in obesity-resistant BALB/c mice. To examine early transcriptional responses to tumour progression in the liver and lungs
of HFD-fed mice, 4-week-old female BALB/c mice were divided into four groups: sham-injected, control diet (CD)-fed; sham-injected,
HFD-fed (SH); 4T1 cell-injected, CD-fed (TC); 4T1 cell-injected, HFD-fed (TH). Following 16 weeks of either a CD or HFD, 4T1 cells
were injected into the mammary fat pads of mice in the TC and TH groups and all mice were continuously fed identical diets. At 14d
post-injection, RNA was isolated from hepatic and pulmonary tissues for microarray analysis of mRNA expression. Functional annotation
and core network analyses were conducted for the TH/SH Unique gene set. Inflammation in hepatic tissues and cell mitosis in pulmonary
tissues were the most significant biological functions in the TH/SH Unique gene set. The biological core networks of the hepatic TH/SH
Unique gene set were characterised as those genes involved in the activation of acute inflammatory responses (Orm1, Lbp, Hp and Cfb),
disordered lipid metabolism and deregulated cell cycle progression. Networks of the pulmonary Unique gene set displayed the deregula-
tion of cell cycle progression (Cdc20, CdkI and Bub1b). These HFD-influenced alterations may have led to favourable conditions for the
formation of both pro-inflammatory and pro-mitotic microenvironments in the target organs that promote immune cell infiltration and
differentiation, as well as the infiltration and proliferation of metastatic tumour cells.
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Breast cancer is the most commonly reported malignancy in tumour to distant organs — is the principal cause of death
women worldwide. In the USA, breast cancer accounts for for the majority of cancer patients'®. As there are few effective
nearly one in three female cancer diagnoses and is the treatment options for tumour metastasis, preventative methods
second leading cause of cancer death®”. Tumour metastasis need to be developed. Lifestyle factors, including dietary
— the spread of cancer from the original site of the primary factors, have been increasingly implicated as having a crucial

Abbreviations: APC, anaphase-promoting complex/cyclosome; APP, acute-phase protein; CD, control diet; Cdc20, cell division cycle 20; ¢fb, complement
factor B; DEG, differentially expressed genes; HFD, high-fat diet; IPA, Ingenuity Pathway Analysis; Lbp, lipopolysaccharide-binding protein; Lgals1, lectin,
galactose binding, soluble 1; Orm1, orosomucoid 1; SC, sham-injected, control diet-fed mice; SH, sham-injected, high-fat diet-fed mice; Sqle, squalene
epoxidase; TC, 4T1 cell-injected, control diet-fed mice; TH, 4T1 cell-injected, high-fat diet-fed mice.
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role in both the development and survival of breast cancer™.

It is important that such factors, including dietary habits, are
modified as a method of preventing the development and
progression of breast cancer.

Several epidemiological studies have identified total fat
intake, regardless of the type of fat, as a risk factor for the
occurrence of postmenopausal breast cancer™. The effect
of a high-fat diet (HFD) on breast cancer has been investigated
in correlation with obesity. However, certain individuals
appear to be genetically predisposed to staying lean even
with a high intake of dietary fat, whereas other people will
more easily become obese®. In a previous study” that eval-
uated the effects of a HFD on breast cancer development and
progression, we inoculated 4T1 mammary carcinoma cells into
the mammary fat pads of syngeneic, obesity-resistant BALB/c
mice. The chronic consumption of a HFD (60 % energy from
fat), without discernible increases in body weight, increased
both lung and liver metastases, thereby increasing mortality.
These results suggested that a HFD can promote breast
cancer progression irrespective of obesity. However, to the
best of our knowledge, the molecular mechanisms that pro-
vide the associating link between a HFD and breast cancer
metastasis have yet to be fully elucidated.

In 1889, Paget® hypothesised that metastasis develops only
when the ‘seed’ (i.e. particular cancer cells with metastatic
capacity) and the ‘soil’ (tissue microenvironments providing
growth advantages to the cancer cells) are well matched.
Since this early hypothesis, it has been repeatedly shown
that there exist many steps in the growth and metastasis of
cancer (e.g. migration, invasion, adhesion and proliferation
of cancer cells) that are promoted by local microenvironmen-
tal factors. The tumour microenvironment comprises multiple
stromal cells including infiltrating immune cells, endothelial
cells, fibroblasts and pericytes, as well as a wide variety of
extracellular matrix components. These stromal cells produce
various factors (e.g. growth factors, chemokines/cytokines,
extracellular matrix components and pro-angiogenic and
pro-invasive matrix-degrading enzymes) that are critical for
tumour metastasis (reviewed in Hanahan & '\Weinberg(9) and
Hanahan & Coussens'”). For example, these stromal cells
express matrix metalloproteinases that cleave and remodel
the extracellular matrix. Integrins are the primary matrix cell
adhesion molecules that integrate the signals between the
extracellular matrix and the intracellular signalling pathway
in endothelial cells and thereby orchestrate tumour angiogen-
esis (reviewed in Jodele et al "V and Weis & Cheresh(lz)).

Earlier studies have reported that a HFD caused alterations
in tissue microenvironments. Macrophages accumulate™® and
a variety of inflammatory and macrophage-specific genes' ¥
are markedly up-regulated in the adipose tissues of C57BL/
6] mice fed a HFD. Recently, we have shown that chronic con-
sumption of a HFD results in increased infiltration of immune
cells in tumours and increased serum levels of various cyto-
kines in 4T1 mammary tumour-bearing BALB/c mice”.
In vitro, some cytokines stimulate the growth, migration and
adhesion of 4T1 mammary cancer cells”. We have also
demonstrated that HFD feeding increases the tumour infiltra-
tion of leucocytes, increases the production of inflammatory

markers such as cyclo-oxygenase-2 and inducible NO
synthase in tumour tissues and increases the serum levels of
various cytokines/chemokines in BALB/c mice injected with
CT26 colon cancer cells"?. These studies have indicated the
occurrence of HFD-induced inflammatory changes in tissue
microenvironments, which may contribute to the stimulation
of metastasis. We hypothesised that a HFD leads to changes
in target organs including the lungs and liver (‘the soil’)
which then provide more favourable microenvironments
into which mammary cancer cells (‘the seed) can infiltrate
and then grow.

The aim of the present study was to identify differentially
expressed genes (DEG) and their biological networks that
are active in the early metastatic phase of lung and liver tissues
of the 4T1 orthotopic model following chronic consumption
of a HFD, without a discernible increase in body weight.
Such early molecular alterations in gene expression and
biological networks may vyield insights into how a HFD
stimulates breast cancer progression. In the present study,
hepatic and pulmonary mRNA expressions in 4T1 tumour-
bearing mice fed a control diet (CD) and a HFD were com-
pared with those observed in sham-injected mice fed a CD
and HFD. From these data, we attempted to identify the
biological processes and networks that contribute to the
HFD-stimulated lung and liver metastasis of mammary
cancer cells.

Materials and methods
4T1 cell culture

4T1 murine mammary carcinoma cells were acquired from the
American Type Culture Collection and maintained in Dulbec-
co’s modified Eagle’'s medium containing 100ml/l of fetal
bovine serum.

Animals, diets and experimental design

All experiments were conducted in accordance with the
protocols approved by the Animal Care and Use Committee
of Hallym University, Korea (ethical approval no. Hallym
2009-124). Female BALB/c mice, 3 weeks old (Orient Bio),
were acclimatised to laboratory conditions for 1 week and
maintained as described previously”. After this acclimatis-
ation, mice were randomly divided into four groups: (1) SC,
sham-injected + CD-fed; (2) SH, sham-injected 4+ HFD-fed;
(3) TC, 4T1 cell-injected + CD-fed; (4) TH, 4T1 cell-injected +
HFD-fed. The SC and TC mice were fed a purified CD (10%
energy as fat, D12450B), whereas the SH and TH mice were
fed with a HFD (60 % energy as fat, D12452; Research Diets)
for 18 weeks as described previously'”. At 16 weeks after
feeding was initiated, 4T1 cells (5 X 10* cells suspended in
0-1 ml matrigel; BD Biosciences) were injected into the ingu-
inal mammary fat pads of TC and TH mice. Vehicle (0-1ml
matrigel) was injected into the SC and SH mice. At 14 d after
the injection of 4T1 cells, mice were killed via CO, asphyxia-
tion and the lungs and liver were quickly excised for RNA
isolation.
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RNA isolation

Total RNA was extracted using Trizol® reagent (Invitrogen)
and purified using RNeasy columns (Qiagen) according to
the manufacturer’s instructions. After processing with DNase
digestion and conducting clean-up procedures, RNA samples
were quantified and aliquots were stored at —70°C until
use. For quality control, RNA purity and integrity were evalu-
ated using denaturing gel electrophoresis, and determination
of the absorbance ratio at 260 ». 280nm analysed on a
Model 2100 Bioanalyzer (Agilent Technologies). For microar-
ray analyses, three pooled RNA sample sets for each group
were constructed from fifteen mouse samples.

Microarray analyses

Microarrays were conducted by Macrogen. Briefly, the total
RNA was amplified and purified using the Ambion Illumina
RNA amplification kit (Ambion) to yield biotinylated comp-
lementary RNA according to the manufacturer’s instruction.
Biotinylated complementary RNA samples (750ng) were
hybridised to each Mouse WG-6 v2 Expression Bead chip
preparation (Illumina) for 16 h at 58°C according to the man-
ufacturer’s instructions. The hybridised arrays were stained
with fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences)
following the standard protocol from the bead array manual.
The arrays were scanned with a bead array reader confocal
scanner according to the manufacturer’s instructions (Illu-
mina). Array data export processing and analysis were per-
formed using GenomeStudio v2009.2 (Gene Expression
Module v1.5.4; Ilumina). All probe signal values were log-
transformed and normalised by the quantile method. An
independent ¢ test and fold change were applied. Statistical
significance was adjusted by the Benjamini—Hochberg
multiple-testing correction with a false discovery rate.
Hierarchical cluster analysis was performed using complete

linkage and Euclidean distance as measures of similarity. All
data analyses and visualisation of DEG were conducted
using ArrayAssist® (Stratagene) and R statistical language ver-
sion 2.4.1 (Comprehensive R Archive Network). Biological
ontology-based analysis was performed using the Panther
database (http://www.pantherdb.org). The microarray data
have been deposited in the Gene Expression Omnibus
(GEO) repository (GEO accession no. GSE36211).

Functional annotation analysis

We divided the DEG into a ‘common’ gene list (207 genes in
the liver and 436 genes in the lungs) and a ‘unique’ gene list
(107 genes in the liver and 123 genes in the lungs). The
former list indicates the DEG in both the TC/SC and TH/SH
groups, whereas the latter indicates the DEG in the TH/SH
group but not in the TC/SC group (Table 1). The DAVID Func-
tional Annotation Clustering tool (v6.7b, January 2010; http://
david.abee.nciferf.gov)*® was applied to the ‘common’ and
‘unique’ gene sets to identify the biological processes associ-
ated with the metastatic potential of HFD-responsive genes
(Supplementary data S1, available online). This tool provides
typical batch annotation and gene-Gene Ontology (GO)
term enrichment analysis to highlight the most relevant gene
ontology terms associated with a common or unique gene
list. The analysis was performed using disease (OMIM), func-
tional categories (COG_Ontology, SP_PIR_Keywords and
UP_SEQ_Feature), gene ontology (GOTERM_BP FAT,
GOTERM_MF FAT and GOTERM_CC FAT), pathways (BRID,
BIOCARTA and KEGG) and protein domains (Interpro, PIR_-
Superfamily and SMART) based on the default settings, with
classification stringency being performed at the medium
level. An equivalent analysis was performed using separately
up-regulated (ninety-four genes in the liver and fifty genes
in the lungs) and down-regulated (thirteen genes in the liver

Table 1. Number of differentially expressed genes (DEG) and the top ten genes of the

TH/SH unique genes*

Number of DEG

TC/SC TH/SH Commont Uniquet
Liver 272 (2091, 63 1) 314 (2801,34 ) 207 107 (941, 131)
Lung 474 (4321,42]) 559 (4561, 103 ) 436 123 (501,731)

Top ten genes§ of Uniquet

Up-regulated

Down-regulated

Liver Chi3l1, Sipi, Lbp, Orm1, Lbr, Gadd45 g,
G6pdx, Knt8, Atf4, Myh9

Lung Mela, Tns4, Timp1, Prc1, Pbk, Anin,
Orm1, Lgals1, Cdc2a, Mcm10

ldb2, Hamp2, Bcl6, Cyp2c44,
Decr1, Ccdc65, Ddah1, Elat,
Gstt3, Wdr13
Nppa, Hamp2, Hspa1a, Hbb-
b1, Ahsg, Ednrb, Cgn, Dst,
Sepp1, Dnajb9

TH, 4T1 cell-injected, high-fat diet-fed mice; SH, sham-injected, high-fat diet-fed mice; TC, 4T1 cell-injected,
control diet-fed mice; SC, sham-injected, control diet-fed mice; 1, number of up-regulated genes; |,
number of down-regulated genes.

*For description of gene symbols see text and Appendix 1.

1 Common means the group of DEG involved commonly in both TC/SC and TH/SH groups.

1 Unique means the group of DEG involved uniquely in the TH/SH group alone.

§ The top ten genes are displayed in a fold-change order.
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and seventy-three genes in the lungs) unique genes
(Supplementary data S1, available online).

Biological network analysis

We inputted the probe identifiers and the associated
expression values from the Illumina BALB/c hepatic and
pulmonary array data to upload into the Ingenuity Pathway
Analysis (IPA) tool (Ingenuity® Systems, www.ingenuity.com,
IPA version: 8.8 (2010), content version: 3204 (2010)). Each
probe identifier was mapped into its corresponding gene
object using the IPA Knowledge Base. These focus genes
were overlaid onto a global molecular network developed
from information contained in the database. The networks
of the focus genes were then algorithmically generated
based on their interaction type (direct and/or indirect).
Scores were generated based on Fisher’s test so as to rank
the networks according to the degree of relevancy to the
genes in the input dataset. Genes or gene products are rep-
resented as nodes, and the biological relationship between
the nodes is represented by an edge (line). The connectivity
of genes (nodes) is based on the data in the IPA Knowledge
Base, which is a large repository of gene—phenotype associ-
ations, molecular interactions, chemical knowledge and regu-
latory events. Red nodes indicate differentially up-regulated
genes (fold change >2) and green nodes indicate differen-
tially down-regulated genes (fold change <—2). Yellow
nodes are slightly up-regulated genes (fold change <2) and
pale green nodes are slightly down-regulated genes (fold
change >—2). Yellow and pale green nodes also indicate
that the genes in question were expressed in the opposite
direction in the TH/SH group when compared with those in
the TC/SC group. Information regarding the location and
secretion of proteins was obtained from the LOCATE subcellu-
lar localisation database, which is a curated, Web-accessible
database that houses the data describing the membrane organ-
isation and subcellular localisation of proteins from the
FANTOMS3 Isoform protein sequence set.

Real-time quantitative RT-PCR

Quantitative RT-PCR was used to validate the expression
patterns of the selected genes. Complementary DNA was syn-
thesised from total RNA with SuperScript II RT (Invitrogen), as
described previously”. Real-time PCR was carried out using
a Rotor-Gene 3000 PCR (Corbett Research) as described pre-
viously"®. Sequences for the PCR primer sets are listed in
Table S1 (available online). PCR amplification of comple-
mentary DNA was carried out at 94 °C for 3 min, followed by
thirty cycles as follows: 94°C for 5s, annealing temperature
for 12s and 72°C for 15s. The analysis of the PCR results
and the calculations of relative concentrations were performed
using Rotor-Gene software (version 6; Corbett Research).
RT-PCR results are expressed as means with their standard
errors and were analysed by Student’s ¢ test, using SAS for
Windows, version 9.1 (SAS Institute). A P value <0-05 was
considered as statistically significant.

Results

Global transcriptional changes in high-fat diet-fed
BALB/c mice

Hepatic and pulmonary mRNA expression levels in TC and TH
mice were compared with those in SC and SH mice as a con-
trol. The expression values of 45281 genes were obtained for
each of the TC/SC and TH/SH groups. The ten most significant
genes for the TC/SC and TH/SH groups were almost identical
because cancer exerts a much stronger influence on transcrip-
tional response than does dietary treatment (Supplementary
data S2, available online). In an attempt to identify transcrip-
tional changes according to tumour progression under the sys-
temic environment of a HFD, but not a CD, we paid close
attention to the DEG in TH/SH mice rather than those in
TC/SC mice. We divided all DEG into three groups and
obtained 207, 75 and 107 hepatic genes as well as 430,
53 and 123 pulmonary genes in the Common, TC/SC Unique
and TH/SH Unique groups, respectively (Supplementary
data S2, available online; Table 1). The top ten most signifi-
cantly up-regulated and down-regulated genes in the TH/SH
Unique group are listed in Table 1.

Functional annotation analysis

Based on the false discovery rate < 5%, Benjamini and
Hochberg-adjusted P value <0:05 and log fold change >2,
272 and 314 hepatic genes, and 474 and 559 pulmonary
genes were differentially expressed by 4T1 cell injection in
the CD (TC/SC) and HFD (TH/SH) groups, respectively
(Table 1). DAVID functional annotation clustering analysis
for TC/SC and TH/SH was performed to identify significant
genes as well as their protein interaction partners obtained
from the Michigan Molecular Interactions database. The repre-
sentative biological functions of the hepatic TC/SC gene set
were energy metabolism, cell signalling-related process,
protein biosynthesis and various metabolic processes. Those
within the pulmonary TC/SC gene set were cell signalling-
related processes, glucose metabolic process, cytoskeleton-
related process, cell cycle and apoptosis, and oxidative
stress. The representative biological functions of the hepatic
TH/SH genes were similar to those of the hepatic TC/SC
genes, and several additional terms were identified including
complement pathway, ubiquitin
adhesion and migration. The biological characteristics of the
pulmonary TH/SH gene set were also similar to those of the
hepatic TH/SH genes (Supplementary data S3, available
online). These data demonstrate that the additional biological
processes present in both hepatic and pulmonary TH/SH
genes comprised immune response, complement pathways,
cell adhesion and cell migration.

DAVID annotation clustering analysis of 207 hepatic and
436 pulmonary common genes revealed that the hepatic
representative functions selected by the statistical thresholds
(enrichment score >1-3, P <0-05, false discovery rate
<0-05) were signal, inflammatory response and chemotaxis,
enzyme inhibitor activity, haem binding and aminoglycan
metabolic process. Pulmonary representative functions were

conjugation, and cell
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inflammatory response and immune cell activation, signal, Src
homology-3 domain, regulation of protein kinase cascade and
glycoproteins (Supplementary data S4, available online).
These results indicated that the functional biological features
that appeared in the common genes of the two tissues were
similar.

For 107 hepatic and 123 pulmonary TH/SH Unique genes, a
functional annotation analysis was performed and an equival-
ent analysis for up- or down-regulated unique genes was
again separately conducted. The results are provided in Sup-
plementary data S5 (available online) and significant biologi-
cal functions as well as the microarray expression of several
representative genes are displayed as heat maps in Fig. 1.
‘Acute-phase inflammation’ and ‘cell mitosis’ were the most
significant biological processes in the liver and lungs, respect-
ively. Genes such as orosomucoid 1 (Orm1), lipopolysacchar-
ide-binding protein (Zbp), complement component 1,
s subcomponent (C7 s) and complement factor B ((fb) encod-
ing specific acute-phase proteins (APP) were significantly up-
regulated in the hepatic TH/SH group. On the other hand, in
the pulmonary TH/SH group, the genes encoding mitotic pro-
teins involved in the regulation of the cell cycle and histone
modification were up-regulated.

In the hepatic TC/SC group, genes characterised by func-
tions related to acetylation, peroxisome and fatty acid metab-
olism were significantly enriched. In the pulmonary TC/SC
group, there was a significant
with functions related to pleckstrin homology, inflammatory

enrichment of genes

response, oxidoreductase activity and cytochrome p450
(Supplementary data S6, available online). These results
indicated that the TH/SH Unique genes have independent
functional features that do not overlap with those displayed
in the TC/SC group.

Core network analysis

For the core network analysis by the IPA tool, 107 hepatic and
123 pulmonary TH/SH Unique genes were inputted into the
experimental gene sets. From this analysis, three significant
networks were identified in the liver and two in the lungs
(Figs. 2(a) and 3(a)). In the liver, network 1, which exhibited
the highest score, was characterised as having functions
related to cancer, inflammatory response and cellular move-
ment. The main molecules of this network were several
genes encoding APP (Zbp, Orm1 and (fb) and critical genes
regulating lipid metabolism (squalene epoxidase (Sqgle),
Sc4 mol sterol-C4-methyl oxidase-like (Sc4 mol), Ppard, carni-
tine palmitoyltransferase 2 (Cpt2) and leptin (Zep)) (Fig. 2(a)
and (b)). Network 2 was composed of genes related to
immune cell-mediated response (//4, 1121 and Spleen focus
forming virus provital integration oncogene (Spi1)) and cell
adhesion and metastasis (lectin, galactose binding, soluble 1
(Lgals1), vimentin (Vim) and fibronectin 1 (Fr1)) (Fig. 2(a)
and (0)). Network 3 was characterised by functions including
cell death and cell cycle progression, and its representative
genes were heat shock protein 90kDa alpha (cytosolic),

Functional annotations Count

P Genes and expression

Liver Acute inflammatory 7

response
Immune response 12

Adaptive immune 6
response

4-61x1078

3.94x107°

8:65x 1073

Oorm1
Lbp

Cls
Gadd45G
Apoad
H2-g5
Fn1

Cfb
SerpinalA
Igh-6
Lst1
H2-d1
C4bp
Bcl6

TC/SC TH/SH

Lung Mitosis 6

Mitotic cell cycle 6

1-86x 1074

7-92x 107

Anlin
Ccnb1
Aurka
Cdc20
Ktf2c
Cdc2a
Bub1b

TC/SC TH/SH

Fig. 1. Significant functional annotations in the 4T1 cell-injected, high-fat diet-fed mice (TH)/sham-injected, high-fat diet-fed mice (SH) Unique gene set. TH/SH

Unique signifies the differentially expressed genes (DEG) (fold change >2 or < —2) in only the TH/SH group. The DAVID Bioinformatic Database was used for

functional annotation analysis, and significant biological functions were selected by enrichment score thresholds: >1-3; P<0-05; false discovery rate <0-25.

Count is the number of genes related to each function term and P is the threshold of the Expression Analysis Systematic Explorer (EASE) score, a modified Fisher

exact P value, for gene enrichment analysis. Usually, a P value =<0-05 is considered to be strongly enriched in the annotation categories. The genes related to the
indicated functions and mRNA expression levels of the indicated genes in the TH/SH and TC/SC groups are displayed with heat maps (red, up-regulated; black,

no change; green, down-regulated). For description of gene symbols see text and Appendix 1. (A colour version of this figure can be found online at

http://www.journals.cambridge.org/bjn).
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(a) (b)
. . . Focus
ID  Associated network functions Representative molecules  Score
molecules
1 Cancer, inflammatory response, LBP, ORM1/2, CFB, IL1B, 27 17
cellular movement PPARA, PPARD
2 Cellular development, cell-mediated L4, SPI1, IL21, BCLS6, 19 13
immune response, cellular function MXD1, GADD45G, MCM5,
and maintenance VIM, FN1, LGALS1
3 Developmental disorder, cell death, HSP90AA1/AB1, HSPA8 19 13
cellular and proliferation CDK4,TP53, ESR1,YY1
(d) [ sm:u.

@

~Log 10 of Pvalue

1 2 3 4 5
Acute- Cell cycle Integrin- Complement Actin cyto-
phase  G2/M DNA linked system skeleton

response damage  kinase signalling

signalling checkpoint signalling
regulation

]
EEFIB

Fig. 2. Top core networks and top canonical pathways resulting from the hepatic 4T1 cell-injected, high-fat diet-fed mice (TH)/sham-injected, high-fat diet-fed mice
(SH) Unique gene set. Core network analysis for the hepatic TH/SH Unique gene set was performed using Ingenuity Pathway Analysis. (a) Network numbers
were assigned in the order of their significance score and the associated network functions are the three most significant functions for each network. Representa-
tive molecules indicate genes showing altered transcriptional expression or having a critical role in each network. The score is based on a P value calculation of
the likelihood that the network eligible molecules are part of a network found therein by random chance alone. The greater the number of network eligible mol-
ecules in a network, the higher the score (lower the P value). Focus molecules indicate the number of network eligible molecules, i.e. the genes that are eligible
for network generation. (b—d) Core networks in the liver. Genes or gene products are represented as nodes, and the biological relationship between the nodes is
represented by an edge (line). In these networks, red nodes indicate differentially up-regulated genes (fold change >2) and green nodes indicate differentially
down-regulated genes (fold change <—2). Yellow nodes are slightly up-regulated genes (fold change <2) and pale green nodes are slightly down-regulated
genes (fold change > —2). Yellow and pale green nodes also mean that the genes were expressed in the opposite direction in the TH/SH group when compared
with those in the 4T1 cell-injected, control diet-fed mice (TC)/sham-injected, control diet-fed mice (SC) group. The various symbols indicate the representative bio-
logical roles of each gene investigated using the NCBI Gene database. (e) Top canonical pathways of the liver. (b) s, Acute-phase inflammation; ¢, gap junction
proteins; a, cholesterol biosynthesis; &, energy generation. (c) 4, Cell-mediated immune response; 3, regulation of cell cycle and proliferation; &, cell adhesion
and metastasis. (d) :x, Regulation of cell cycle and proliferation; &, heat shock proteins; a, cell adhesion and junction. For description of gene symbols see text
and Appendix 1. (A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn).

class A member 1 (Hsp90aal), heat shock protein 90kDa
alpha (cytosolic), class B member 1 (Hsp90ab1), heat shock
70kDa protein 8 (Hspa&), cyclin-dependent kinase 4 (Cdk4),
tumour protein 53 (7p53), oestrogen receptor 1 (Esrl) and
YY1 transcription factor (Yy1) (Fig. 2(a) and (d)). The top bio-
logical functions of this gene set were cancer, inflammatory
response, cell death, cell morphology and tissue development.
The top canonical pathways in the hepatic response were
acute-phase response signalling, cell cycle G2/M DNA
damage checkpoint regulation, integrin-linked kinase signal-
ling, the complement system and actin cytoskeletal signalling
(Fig. 2(e); Supplementary data S7A, available online), in the
order of low to high P values. Acute-phase inflammation

proteins were the main components of the most significant
hepatic network 1 as well as the top canonical pathway.

In the pulmonary TH/SH Unique genes, network 1 was
composed of two sub-networks: cell cycle regulators (cell div-
ision cycle 20 (Cdc20), cyclin B1 (Cenbl), Cdki and budding
uninhibited by benzimidazole 1 homologue beta (Bubib))
and inflammation-related critical signalling molecules (IL-1
receptor-associated kinase 4 (Irak4) and Toll-IL 1 receptor
domain containing adaptor protein (7irap)) (Fig. 3(a) and
(b)). Network 2 also had two sub-networks: YY1-originated
cell division regulators (kinesin family member 2C (Kif2¢),
centromere protein A (Cenpa) and protein regulator of
cytokinesis 1 (Prc1)) and potential regulators of tumour cell
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ID Associated network functions Representative molecules Score Focus
molecules
1 Celluar development, BUB1B, CCL5, CCNB1, 25 17
haematopoiesis, cellular movement = CDC20, CDK1,
HSPA1A/HSPA1B, IRAK4,
MCMS5, NFxB
1 Cell death, cancer, cardiovascular CENPA, FOSL2, GNB2, 25 17
system development and function KIF1B, KIF2C, LGALS1,
MCMS6, Mela, PRC1,YY1
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Fig. 3. Top core networks and top canonical pathways resulting from the pulmonary 4T1 cell-injected, high-fat diet-fed mice (TH)/sham-injected, high-fat diet-fed
mice (SH) Unique gene set. Core network analysis for the pulmonary TH/SH Unique gene set was performed using Ingenuity Pathway Analysis. (a) Network
numbers were assigned in the order of their significance score and associated network functions represent the three most significant functions for each network.
Representative molecules indicate genes showing altered transcriptional expression or having a critical network role. The score is based on a P value calculation
of the likelihood that the network eligible molecules are part of a network found therein by random chance alone. Focus molecules indicate the number of network
eligible molecules, i.e. the genes that are eligible for network generation. Mela, melanoma antigen. (b, c) Core networks in the lung. Genes or gene products are
represented as nodes, and the biological relationship between the nodes is represented by an edge (line). In these networks, red nodes indicate differentially up-
regulated genes (fold change >2) and green nodes indicate differentially down-regulated genes (fold change < —2). Yellow nodes are slightly up-regulated genes
(fold change <2) and pale green nodes are slightly down-regulated genes (fold change >—2). Yellow and pale green nodes also indicate that the genes were
expressed in the opposite direction in the TH/SH group compared with those in the 4T1 cell-injected, control diet-fed mice (TC)/sham-injected, control diet-fed
mice (SC) group. The various symbols indicate the representative biological roles of each gene investigated using the NCBI Gene database. (d) Top canonical
pathways of the lung. (b) =, Regulation of cell cycle and proliferation; ¢, APC/C:CDC20-mediated degradation of mitotic proteins; @, protein ubiquitination;
o, IRAK4-NF-kB. (c) sk, Regulation of cell cycle/cell division; %, implicated as regulators of cell proliferation. For description of gene symbols see text and
Appendix 1. (A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn).
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proliferation (fos-like antigen 2 (Fosl2), Lgals1 and epidermal
growth factor receptor kinase substrate 8 (Eps8)) (Fig. 3(a) and
(). The top biological functions were development disorder,
cell-to-cell signalling and interaction, and haematological
system development and function. The top canonical path-
ways were the mitotic roles of polo-like kinase, hepatic fibro-
sis/hepatic stellate cell activation, the cell cycle control of
chromosomal replication, glucocorticoid receptor signalling
and the protein ubiquitination pathway (Fig. 3(d); Supplemen-
tary data S7B, available online). The genes (Cdc20 and Ccnb1)
participating in the protein ubiquitination pathway were also
components of the most significant pulmonary network 1
(Fig. 3(b)). The activation of cell cycle progression, especially
the G2/M phase, appeared to be a main pulmonary biological
process activated by the chronic consumption of the HFD in
4T1 tumour-bearing mice.

To investigate whether the molecules identified in the indi-
cated networks are proteins secreted into the circulatory
system, the LOCATE database was used to search for infor-
mation regarding the subcellular localisation and secretion of
each protein. Liver-secreted proteins are CFB, chemokine
(C—X~-C motif) ligand 2 (CXCL2), colony-stimulating factor 2
(CSF2), haptoglobin (HP), LBP, ORM1, LEP, C1S, APOA4,
FN1, IL21, IL4, napsin A aspartic peptidase (NAPSA) and
Secretory leucocyte peptidase 1 (SLP1). Among these, (fb,
Lbp, Orm1 and Fnl were markedly up-regulated DEG of the
TH/SH Unique group. Chemokine (C-C motif) ligand 5
(CCL5) is a protein secreted into the blood and was a down-
regulated DEG in the lungs of the TH/SH Unique group (Sup-
plementary data S8, available online).
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Quantitative RT-PCR validation

To examine the reliability of the difference in expression levels
detected by profiling analysis using microarray, quantitative
RT-PCR analysis with the same RNA samples that were utilised
for the microarray analysis was performed. For this, we selected
four different genes in the liver and lungs. A strong correlation
was observed between the gene expression levels determined
by microarray and quantitative RT-PCR analyses. In the liver,
the expression levels of three genes (chitinase 3-like (Chi3I1),
Lbp and Orm1) that were shown to be markedly up-regulated
in the TH/SH Unique group by microarray analysis were shown
to be similarly changed using quantitative RT-PCR analysis.
The expression of B-cell leukaemia/lymphoma 6 (Bcl6),
which was significantly down-regulated in the TH/SH Unique
group by microarray analysis, was also decreased as shown
using quantitative RT-PCR analysis (Fig. 4(a)). In agreement
with the microarray results, the results of quantitative RT-PCR
analysis revealed that the gene expression of Prci, Lgalsl
and Cell division cycle 2a (Cdc2a) was increased, whereas
that of a-2-HS-glycoprotein (4hsg) decreased in the lung tis-
sues of HFD-fed, tumour-bearing mice when compared with
HFD-fed, sham-injected mice (Fig. 4(b)).

Discussion

Global interpretation of the transcriptional response to
tumour progression in the hepatic and pulmonary tissues
of high-fat diet-fed, obesity-resistant BALB/c mice

We previously demonstrated that the chronic consumption of a
HFD enhanced solid tumour growth and metastatic virulence

=)
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Microarray Microarray qRT-PCR
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Gene expression (fold change)
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Fig. 4. Validation of the microarray results by quantitative RT-PCR (qRT-PCR) analysis in hepatic and pulmonary tissues of 4T1 orthotopic mice fed a high-fat diet
(HFD). Total RNA was assayed by quantitative RT-PCR. The housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used for data normal-
isation. Fold changes in (a) Chi3I1, (b) Lbp, (c) Orm1 and (d) Blc6é mRNA in hepatic tissues. Fold changes in (e) Prct, (f) Lgals1, (g) Cdc2a and (h) Ahsg mRNA
in pulmonary tissues. Values are means, with their standard errors represented by vertical bars. *Mean value was significantly different from that of the TC/SC
group (P<0-05). m, TC/SC (4T1 cell-injected, control diet-fed/sham-injected, control diet-fed); &2, TH/SH (4T1 cell-injected, HFD-fed/sham-injected, HFD-fed). For

description of gene symbols see text and Appendix 1.
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when compared with a CD in 4T1 mammary cancer-bearing,
obesity-resistant BALB/c mice'”. Interestingly, both lung and
liver metastases were increased, suggesting that the tissues
of HFD-fed mice are better prepared to receive and
nurture the invading tumour cells than those of CD-fed
mice. In a preliminary study, metastatic nodules were not
detected in the lungs and liver in this mouse model when
mice were killed 14 d after 4T1 cell injection. We thus chose
to examine early transcriptional responses to tumour pro-
gression in HFD-fed mice by examining the metastasis target
tissues 14 d after the injection of tumour cells. Transcriptional
responses to tumour progression were much stronger than
those to the dietary treatment (HFD), indicating that
marked changes in gene expression occurred due to the 4T1
mammary cancer progression. Consistent with this result, the
top DEG in the TC v. SC group were similar to those in
the TH ». SH group when significant genes were listed in
the order of expression fold change. This result allowed us
to presume that the annotated representative functions for
each gene set would be similar. Thus, we focused our atten-
tion to the identification of specific DEG only in the target
organs of tumour-bearing mice fed on the HFD (i.e. TH/SH
Unique group).

When we examined the ten most up-regulated genes of the
TH/SH Unique group, a marked change in hepatic mRNA
transcription was observed in immune and inflammation
response-related genes including Chi3l1, secretory leucocyte
peptidase inhibitor (Sipi), Lbp and Ormi. Increased serum
levels of CHI3L1 (cartilage glycoprotein-39) have previously
been reported to be associated with disease severity,
poorer prognosis and decreased survival in various types of
cancers, including breast cancer"®. It has also recently
been shown that the iz vivo administration of chitin to mam-
mary tumour-bearing mice significantly decreased lung
metastasis>”. The second top hepatic gene, Slpi, has an
angiogenic effect by inhibiting elastase, an activator of the
is up-regulated in breast
cancer samples, and its serum levels correlate with overall
survival, tumour stage and response to therapy*®. Other
hepatic genes that were substantially altered in the TH/SH
Unique group were growth arrest and DNA damage-induci-
ble protein gamma (Gadd45g), keratin 8 (K18 and Bclo.
GADD45G proteins function as stress sensors and mediate
cell cycle arrest, DNA repair, genomic stability and apopto-
sis??. The major function of KRTS in the liver is protection
from liver injury stress and apoptosis(24), regulating the
shape and function of mitochondria®®”. Thus, Gadd45g
and Knt8 appear to be overexpressed to protect liver tissue
from metabolic or injury stresses that are promoted by exces-
sive dietary fat and tumours. The intensity of 2,4-dienoyl-CoA
reductase 1 (Decrl) and Bcl6 mRNA was substantially
decreased; these are components of hepatic networks 1
and 2, respectively. DECR1 catalyses the rate-limiting step
in a process that prepares PUFA to be utilised as substrates
for B-oxidation®. DECRI is repressed during mammary
tumour  development?”-*®, in ErbB2
((v-erb-b2  erythroblastic oncogene
homolog 2, neuro/glioblastoma derived oncogene homolog

antiangiogenic factor®V.  Sip1

and re-expression
leukaemia  viral

(avian)))-expressing mammary tumour cells results in a
marked suppression of tumour growth and decreased rates
of de mnovo fatty acid synthesis®”. Bcl6 has also been
reported to repress the genes that function in lymphocyte
differentiation, inflammation and cell cycle control®®.
Consistent with the present results, Park et al®"

that HFD feeding promotes liver inflammation and diethylni-

reported

trosamine-induced hepatocarcinogenesis in C57BL/6 mice by
enhancing the production of IL-6 and TNF. The authors
observed that infiltration of macrophages and neutrophils
into the liver was markedly increased in HFD-fed mice.
Their results indicate that IL-6 produced by immune cells
leads to signal transducer and activator of transcription
3 (STAT3) activation in hepatocytes®?, and that the chronic
activation of the IL-6/STAT3 axis increases the likelihood of
proliferation and further progression of transformed hepato-
cytes®®. We postulate that in the premetastatic hepatic tissues
of our HFD-fed mice, the alterations in transcriptional features
may have led to the formation of a favourable pro-inflamma-
tory microenvironment for the infiltration of immune cells into
the liver. Currently, the detailed mechanism underlying the
effect of a HFD on the interaction between immune cells
and hepatocytes is not known. Additionally, we need to
answer the question of how different dietary fatty acids
affect the interaction between immune cells and hepatocytes
in the near future.

The biological features of the pulmonary top-regulated
genes in the TH/SH Unique group can be described as an
up-regulation of cell cycle regulators and cancer cell-related
factors. Among these, Lgals and tissue inhibitor of metallo-
proteinase 1 (Timp1) have been reported to show a positive
correlation between their expression levels and the pro-
gression or metastasis of various types of cancer®*?” . Other
notable pulmonary genes such as Prc1, Cdc2a and minichro-
mosome maintenance complex component 10 (Mcm10) are
involved in tumour cell division®®.

Taken together, the representative biological events inter-
preted by top-regulated genes of the TH/SH Unique group
can be characterised as ‘inflammation and damage’ in liver
tissues and ‘progressive cell division’ in lung tissues. These
biological features in the hepatic and pulmonary tissues of
metastasising mammary tumour-bearing mice, which are pro-
moted by a HFD, appear to be very favourable for metastasis-
ing breast cancer cells to invade and grow.

In order to elucidate changes in the specific microenviron-
ments induced by a HFD in the target tissues, it is necessary
to determine changes in gene expression in different cell
types including parenchymal cells, immune cells, adipocytes,
endothelial cells and fibroblasts, and to determine the
interactions between these different cells within the microen-
vironment. Since we extracted whole-tissue RNA in the liver
and lung in the present study, it was impossible to investigate
how a HFD caused changes in gene expression in specific cell
types and affected the interactions between these different
cells and tumour cells.
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Acute-phase response inflammation, cholesterol synthesis
and energy metabolism in the hepatic tissues of high-fat
diet-fed, metastasising, tumour-bearing BALB/c mice

Several APP (Ormli, Lbp, Hp and Cfb) are components of
hepatic network 1 alongside the significantly increased TH/
SH Unique genes. Fn and Serpinala (the serpin peptidase
inhibitor, clade A) are also acute-phase response-related
genes that were significantly up-regulated in the TH/SH
Unique genes. However, these genes were not included in
network 1. LBP is produced predominantly by hepatocytes
and modulates various liver injuries””*®. Cfb encodes comp-
lement factor B, a component of the alternative pathway of
complement activation. The activation of this gene is critical
to the development of innate inflammation against infec-
tions®>*®. ORM1 has pro-angiogenic properties and supports
the angiogenic effect of vascular endothelial growth factor
A“Y " Therefore, the transcriptional reinforcement of APP
could be a remarkable hepatic response that is associated
with the establishment of favourable microenvironments for
the infiltration of immune cells into the liver, thereby stimulat-
ing mammary cancer progression in HFD-fed mice. Among
the APP genes identified in the TH/SH Unique group, the pro-
teins encoded by Hp, Lbp, Cfb, Orm1/Orm2, Csf2 and Fnl are
secreted into the bloodstream. Various studies have used these
APP as potential serum biomarkers of cancer progression or
metastasis‘*! =1 For example, a glycoproteomic study of
advanced breast cancer serum demonstrated that increases
in ORM1 and HP B-chain may be candidates for improved
markers in the monitoring of breast cancer progression in
lieu of the CA 15-3 marker™®.

In the hepatic core network 1, several genes (Sgle, Sc4 mol,
Cpt2, mitochondrially encoded cytochrome ¢ oxidase II
(Mt-co2), C1s and aldolase A, fructose-bisphosphate (Aldoa))
involved in PPARa-mediated glucose or lipid metabolism
were significantly up-regulated. Sc4 mol is regulated by the
transcription factor PPARa through the cross-talk between
PPARa and sterol regulatory element binding protein signalling,
and Sgle is an exclusive target of PPARa‘*”. SQLE catalyses the
first oxygenation step in sterol biosynthesis and is thought to
strongly influence the flux through the cholesterol biosynthesis
pathway“g). Sgle mRNA expression in breast tumour tissues has
been reported to be strongly associated with high-risk
oestrogen receptor-positive stage 1/11 breast cancers”. CPT2
catalyses the conversion of acyl-carnitine to acyl-CoA, a rate-
limiting step in mitochondrial fatty acid B-oxidation®® and is
an exclusive target of PPARa‘"”. Another significant energy-
generating member is Mt-CO2, which is a component of the
electron transport system of mitochondria. Tumour cells gener-
ate the majority of their ATP by glycolysis, even when grown in
the presence of oxygen, and decrease the B-oxidation of fatty
acids while stimulating the biosynthesis of fatty acids or choles-
terol necessary for membrane synthesis for rapidly dividing
cells®Y. In our HFD-fed, tumour-bearing mice, there may
have been sufficient accumulation of fatty acids from the diet
for membrane synthesis in the liver. The production of more
ATP through the B-oxidation of surplus fatty acids may
have assisted in the proliferation of infiltrating cancer cells.

This biological feature appearing in the hepatic core network
1 suggested that a HFD generates transcriptional alterations
in several genes associated with PPARa that are involved
biosynthesis and mitochondrial fatty acid
oxidation, thereby stimulating metastasising tumour cell
growth in the liver.

in sterol

Negative association between heat shock proteins and p53
in the hepatic tissues of high-fat diet-fed, BALB/c mice
bearing metastasising mammary cancer

The hepatic core network 3 clearly showed the negative
association between HSP and p53, and the activation of the
cell cycle through these two critical gene families. The liver
of HFD-fed, tumour-bearing mice revealed transcriptional
changes in several HSP including Hsp90aal, Hsp90abl and
Hspa8 as well as the suppression of p53. In addition, these
two key gene families were linked to the activation of genes
related to cell proliferation such as Cdk4, Mcm5, topoisome-
rase I a (Top2a), tyrosine 3-mono-oxygenase/tryptophan
5-mono-oxygenase activation protein gamma (Ywhag) and
polo-like kinase (Plk1). HSP are highly conserved proteins
that act as molecular chaperones and as a defence mechanism
against metabolic and environmental stress, allowing the
maintenance of cellular homeostasis®?. The role of HSP has
been investigated in many cancers in terms of its relationships
with p53, and the reported results suggest that HSP may play a
role in p53-associated cellular oncogenesis®®. In cancer cells,
oncogenes within the Ras pathway activate two parallel path-
ways: the proliferative response and the growth-inhibitory p53
pathway. However, proliferating cells acquire mutations in the
p53 pathway and, alternatively, a high level of HSP inhibits
p53 and allows cells to proliferate®”. CDK4 is a HSP90-depen-
dent protein, and HSP90 inhibitors induce the degradation of
CDK4°. In addition, HSP90 has been shown to be expressed
on the cell surface of highly metastatic cancer cells®® and
involved in the maturation of the cell surface enzyme matrix
metalloproteinase-2°”. We postulate that in HFD-fed, mam-
mary cancer-bearing mice, fat accumulation in the liver leads
to the damage of liver tissues, resulting in the activation of
the stress protein HSP. Thus, the molecular events involved
with HSP activation and the associated decline in p53 tran-
scription may contribute to increased tumour cell proliferation
in the liver of HFD-fed mice.

Deregulation of cell cycle control and inflammatory
signalling in the lungs of high-fat diet-fed, tumour-bearing
BALB/c mice

The important biological function of the pulmonary core net-
work 1 is APC (anaphase-promoting complex/cyclosome)/
C:CDC20-mediated degradation of mitotic proteins, which
belongs to the protein ubiquitination pathway that was also
identified as a top pulmonary canonical pathway. The levels
of CDK and CDK inhibitors as well as other cell cycle-related
regulators are quantitatively controlled by the ubiquitinating
enzymes including APC/C which play a central role in
cell cycle regulation. CDC20 is one of the most important
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activators in APC/C and targets mitotic cyclins and securin for
degradation, thereby promoting sister-chromatide separation.
In addition to Cdc20, several genes related to the cell cycle,
including Ccnbi, Cdki, CDC28 protein kinase regulatory
subunit 18 (Cks1b), CDC28 protein kinase regulatory
subunit 2 (Cks2), Bublb, glypican 1 (Gpcl), and ubiquitin-
like with PHD and ring finger domains 1 (Ub#f1), were also
up-regulated in HFD-fed, tumour-bearing mice. These genes
are mainly related to centrosome functions and spindle
checkpoints, and also play a role in anaphase chromosome
segregation(36) .

The pulmonary core network 1 was also involved in the
transcriptional activation of Irak 4 and Tirap, and the inhi-
bition of 7I-12. TIRAP plays a crucial role in the myeloid differ-
entiation factor 88 (MyD88)-dependent signalling pathway
shared by TLR®®. MyD88 and TIRAP, adaptor molecules for
Toll-like receptors, recruit IRAK. These events subsequently
lead to the activation of the janus kinase and NF-kB signalling
pathways, thereby finally activating the transcription of mul-
tiple pro-inflammatory cytokine genes®®~%”. IL-12 has been
reported to play a critical role in enhancing the activities of
natural killer cells and T—lymphocytes(ém, and also has anti-
angiogenic activity®. TL-12 treatment of 4T1 tumour-bearing
mice results in a significant decrease in tumour size and lung
metastasis, as well as a substantial increase in their survival
time°>°?. In our HFD-fed mice, the sub-network of pulmon-
ary cell cycle progression was enforced, which may have been
associated with a deregulation of inflammatory responses.

The pulmonary core network 2 is mainly composed of
genes encoding for proteins related to cell death and cancer
such as Fosi2, Eps8 and ILgalsi (lectin, galactose binding,
soluble 1 or galectin-1). The fos gene family encodes leucine
zipper proteins that can dimerise with proteins of the Jun
proto-oncogene (JUN) family, thereby forming the transcrip-
tional factor complex AP-1. LGALS1 plays an important role
in several aspects of cancer biology including inflammation
and neoplastic transformation, as well as tumour cell

adhesion, invasiveness and evasion of the immune
response®*®? This sub-network is linked to a gene cluster
of YYl-originated cell division regulators such as Cenpa,
Kif2c, Prc1 and Mcm6.

The collective results support the postulation that the events
in networks 1 and 2 are important for stimulating the prolifer-
ation of tumour cells as well as inflammation in the lungs of
HFD-fed mice, thereby contributing to the pulmonary metasta-

sis of 4T1 mammary tumour cells.

Conclusion

The present study demonstrates that the chronic consumption
of a HFD exerts metabolic stress in mammary cancer-bearing,
obesity-resistant mice, which induces a disturbance in immune
and inflammatory systems resulting in the promotion of
lung and liver metastases. Excessive dietary fat appears to
contribute to this phenotypic feature, at least in part, via the
mediation of specific biological sub-networks and their
molecules in the lungs and liver. The transcriptional
responses of metastatic target tissues to a HFD revealed

that inflammatory response, cholesterol biosynthesis, HSP/
p53-mediated cell cycle progression, CDC20-mediated cell
cycle regulation and the activation of other multiple cell pro-
liferation regulators were the distinctive biological network
characteristics present in HFD-fed, mammary cancer-bearing,
obesity-resistant mice. The induction of pro-inflammatory
and pro-mitotic conditions may provide a favourable microen-
vironment in the target tissues for the infiltration and differen-
tiation of immune cells, as well as for the infiltration and
proliferation of metastasising mammary cancer cells. Elucida-
tion of the mechanisms involved in these responses, especially
the potential role of APP, is essential for the identification of
potential biomarkers or the creation of preventive targets in
obese or non-obese breast cancer patients and for the future
establishment of intervention programmes.

Supplementary material

To view supplementary material for this article, please visit
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Appendix 1

E. J. Kim et al.

Table 1a. Gene names and abbreviations

Abbreviation ~ Gene name

Aurka Aurora kinase A

H2-Q5 Histocompatibility 2, Q region locus 5

Lst1 Leucocyte-specific transcript 1

H2-D1 Histocompatibility 2, D region locus 1

C4bP Complement component 4 binding protein

Anin Anillin, actin binding protein

Tnfsf11 Tumour necrosis factor (ligand) superfamily, member 11
Mxd1 MAX dimerisation protein 1

Egrt Early growth response 1

Rela v-Rel reticuloendotheliosis viral oncogene homolog A (avian)
Rel Reticuloendotheliosis oncogene

Slc27A5 Solute carrier family 27 (fatty acid transporter), member 5
Slc25A25 Solute carrier family 25 (mitochondrial carrier, phosphate carrier), member 25
Hnf4A Hepatic nuclear factor 4, alpha

Slc27A1 Solute carrier family 27 (fatty acid transporter), member 1
Aldoa Aldolase A, fructose-bisphosphate

Runx2 Runt-related transcription factor 2

Jag1 Jagged 1

Mecl1 Myeloid cell leukaemia sequence 1

Csn2 Casein beta

Atf4 Activating transcription factor 4

Mstn Myostatin

Ddit3 DNA damage-inducible transcript 3

Pint Protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1
Tg Thyroglobulin

Smad3 SMAD family member 3

Asns Asparagine synthetase

Pstpip1 Proline-serine-threonine phosphatase-interacting protein 1
Prdm1 PR domain containing 1, with ZNF domain

Cish Cytokine-inducible SH2-containing protein

Rora RAR-related orphan receptor alpha

Npc2 Niemann Pick type C2

Mé6pr Mannose-6-phosphate receptor, cation dependent

Npct Niemann Pick type C1

Nfat5 Nuclear factor of activated T cells 5

Camp Cathelicidin antimicrobial peptide

Sphk1 Sphingosine kinase 1

Rarres2 Retinoic acid receptor responder (tazarotene induced) 2
Mtus1 Mitochondrial tumour suppressor 1

Plaur Plasminogen activator, urokinase receptor

Bpifatl BPI fold containing family A, member 1

Trim21 Tripartite motif-containing 21

Trim30a Tripartite motif-containing 30A

Trim30d Tripartite motif-containing 30D

Palld Palladin, cytoskeletal-associated protein

Gpmé6a Glycoprotein méa

Phidat Pleckstrin homology-like domain, family A, member 1
Camk2D Calcium/calmodulin-dependent protein kinase 11, delta
Itgb1 Integrin beta 1 (fibronectin receptor beta)

Ryr2 Ryanodine receptor 2, cardiac

Hist1h1a Histone cluster 1, H1a

Smarcel SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily e, member 1
Ikbkg Inhibitor of kappaB kinase gamma

Cryt Cryptochrome 1 (photolyase-like)

Mat2a Methionine adenosyltransferase I, alpha

Apin Apelin

Myh6 Myosin, heavy polypeptide 6, cardiac muscle, alpha
Gnb2 Guanine nucleotide binding protein (G protein), beta 2
Camk4 Calcium/calmodulin-dependent protein kinase 1V

Banf Brain-derived neurotrophic factor

Alcam Activated leucocyte cell adhesion molecule

Mapk14 Mitogen-activated protein kinase 14

Map3k4 Mitogen-activated protein kinase kinase kinase 4

Hist1h2ab

Histone cluster 1, H2ab
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Table 1a. Continued

Abbreviation ~ Gene name

Hist1h2ae Histone cluster 1, H2ae

Capg Capping protein (actin filament), gelsolin-like

Lbr Lamin B receptor

G6pdx Glucose-6-phosphate dehydrogenase X-linked
Hamp2 Hepcidin antimicrobial peptide 2

Cyp2c44 Cytochrome P450, family 2, subfamily c, polypeptide 44
Ccdc65 Coiled-coil domain containing 65

Ddaht Dimethylarginine dimethylaminohydrolase 1

Gstt3 Glutathione S-transferase, theta 3

Wdr13 WD repeat domain 13

Tns4 Tensin 4

Pbk PDZ binding kinase

Nppa Natriuretic peptide type A

Hbb-b1 Haemoglobin, beta adult major chain

Ednrb Endothelin receptor type B

Cgn Cingulin

Dst Dystonin

Sepp1 Selenoprotein P, plasma, 1

Dnajb9 Dnad (Hsp40) homologue, subfamily B, member 9
ldb2 Inhibitor of DNA binding 2

Elat1 Elastase 1

Igh-6 Immunoglobulin heavy chain 6

Ktf2c Transcriptional activator of xeropus embryonic keratin 2¢
GJB Gap junction protein

FAM38 Family with sequence similarity 38

FNG Fringe

Gnb2 Guanine nucleotide binding protein (G protein), beta polypeptide 2
Erk Extracellular signal-regulated kinase

p38Maplc p38 Mitogen-activated protein kinase

Jnk c-Jun N-terminal kinase

Kirb1c Kinase-inducible Ras-like protein bic

Agtr1 Angiotensin Il receptor, type 1

Rbbp4 Retinoblastoma binding protein 4
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