
Figure 1. Structure  of  microarray experiment.
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Liver profile

There was significant induction of a battery of genes 
regulated by PPARα, including several genes involved in 
peroxisomal β oxidation and proliferation e.g. Acyl-CoA-
oxidase (~10 fold), peroxisomal membrane protein (~10 
fold) and Cyp IVA2/3 (~50 fold). There was a Down-
regulation of genes associated with lipid trafficking e.g. 
Apolipoproteins (C-IV,AII, B)

Pancreas profile
There was an absence of PPARα regulated genes. Up-regulation 
of genes associated with gluconeogenesis and glutamate 
metabolism was seen. e.g. Phosphoenolpyruvate carboxykinase
(up~ 6 fold), Glutamine aminohydrolase, glutamate decarboxylase
(up~2fold). There was up-regulation of genes associated with cell 
proliferation and inhibition of apoptosis e.g. Early growth response 
gene 1, RAS/MAPkinase signalling, notch signalling, Insulin-like 
growth factor II. Down-regulation of carbonic anhydrase(~ 4 fold) 
and thymine glycosylase was seen.

Summary of cancer hypotheses with gene 
targets:

• Increased endogenous mutation rate through 
hydrolytic deamination of 5-methyl cytosine caused 
by metabolic acidosis  (carbonic anhydrase) and 
decreased efficiency of G/T mismatch repair 
(thymine glycosylase).

• Increased rate of cell proliferation through growth 
factor signalling via Ras/MAP kinase pathway 
(Insulin-like growth factor II, ets related protein 81, 
Farnesyltransferase, EGR1).

• Decreased rate of apoptosis and differentiation 
through induction of Notch signalling pathway 
(R.rattus mRNA homologue of Drosophila Notch 
protein, deltex 1 homolog ).  

GenBank Description
fold 
change P value

Rank 
value Function

lipid 
metabolism

1J02582 Apolipoprotein E, -1.65 4.41E-07 -1289
AND CATABOLISM OF LIPOPROTEIN 
PARTICLES. IT CAN SERVE AS A LIGAND FOR 

1D90109
Acyl CoA synthetase, 
long chain -1.3 0 -751

FOR BOTH SYNTHESIS OF CELLULAR LIPIDS, 
AND DEGRADATION VIA BETA-OXIDATION. 

1X13415 fatty acid synthase -1.54 2.46E-05 -370
FORMATION OF LONG-CHAIN FATTY ACIDS 
FROM ACETYL-COA, MALONYL-COA AND 

1AJ132139
2-hydroxyphytanoyl-CoA 
lyase -1.19 0.01 -103

y g
cleaves a 2-hydroxy-3-methylacyl-CoA into formyl-
CoA and a 2-methyl-branched fatty aldehyde (By 

1L03294 Lipoprotein lipase 1.41 4.67E-04 3806
THE HYDROLYSIS OF TRIGLYCERIDES OF 
CIRCULATING CHYLOMICRONS AND VERY 

1M76767 fatty acid synthase 1.88 0 384

FORMATION OF LONG-CHAIN FATTY ACIDS 
FROM ACETYL-COA, MALONYL-COA AND 
NADPH. THIS MULTIFUNCTIONAL PROTEIN 

glutamate 
metabolism J05499

Rattus norvegicus L
glutamine 
amidohydrolase mRNA, 
complete cds 2.15 1.46E-23 11221

Plays an important role in the regulation of 
glutamine catabolism.

2X57573
Glutamate 
decarboxylase 1 (brain) 1.44 0 182CATALYZES THE PRODUCTION OF GABA.

2Z11548
glutamate receptor, 
ionotropic, kainate 2 1.5 0 129

L-GLUTAMATE ACTS AS AN EXCITATORY 
NEUROTRANSMITTER AT MANY SYNAPSES IN 
THE CENTRAL NERVOUS SYSTEM. 

Retinoid  
signalling AF001896

dehydrogenase 1 
(phenobarbitol 
inducible) -1.47 2.16E-04 -1668

TRANS RETINAL TO CORRESPONDING 
RETINOIC ACID WITH HIGH EFFICIENCY, 9-CIS 
RETINAL BEING 2-FOLD MORE ACTIVE THAN 

4U34277

g
VII (platelet-activating 
factor acetylhydrolase, 1.99 1.64E-08 930

ACTIVATING FACTOR (PAF) BY HYDROLYZING 
THE SN-2 ESTER BOND TO YIELD THE 

4Y15163

g
transactivator, with 
Glu/Asp-rich carboxy- 1.3 0 834

Interferes with the binding of transcription factors 
HIF-1a and STAT2 to p300/CBP (By similarity).

Notch 
signaling X57405

homologue of 
Drosophila notch 
protein. 1.49 0 290

ligands Jagged1, Jagged2 and Delta1 to regulate 
cell-fate determination. Upon ligand activation 
through the released notch intracellular domain 

U38252
deltex 1 homolog 
(Drosophila) 1.44 0 183Acts downstream of Notch receptors

U57368 Notch2-like 1.21 3.60E-04 104
modulates mitogenic response to insulin-like 
growth factor 1

MAP kinase 
signalling AF036332 nemo like kinase -1.21 0 -276homology to ERK2

5M74295 rhoB gene -1.29 0.01 -275

REGULATES A SIGNAL TRANSDUCTION 
PATHWAY LINKING PLASMA MEMBRANE 
RECEPTORS TO THE ASSEMBLY OF FOCAL 
ADHESIONS AND ACTIN STRESS FIBERS.

5U88984

g
protein kinase kinase 
kinase kinase 4 -1.13 0.01 -137SAPK activation

5X07286
Rat mRNA for protein 
kinase C alpha. -1.32 6.94E-04 -126

PKC is activated by diacylglycerol which in turn 
phosphorylates a range of cellular proteins. PKC 
also serves as the receptor for phorbol esters, a 
class of tumor promoters.

5M18416 Early growth response 1 6.5 2.29E-12 11920

TRANSCRIPTIONAL REGULATOR. RECOGNIZE 
AND BINDS TO THE DNA SEQUENCE 5'-
CGCCCCCGC-3'(EGR-SITE). ACTIVATE THE 
TRANSCRIPTION OF TARGET GENES WHOSE 
PRODUCTS ARE REQUIRED FOR 
MITOGENESIS AND DIFFERENTIATION.

5U42627

g
specificity protein 
tyrosine phosphatase 2.39 3.86E-18 2920

SPECIFICITY FOR THE ERK FAMILY. 
IMPLICATED IN MUSCLE AND NEURONAL 

5L10426 ets related protein 81 2.34 4.30E-08 1638
TO DNA SEQUENCES CONTAINING THE 
CONSENSUS PENTANUCLEOTIDE 5'-CGGA[AT]-

5X14834
R.norvegicus insulin-like 
growth factor II mRNA 1.95 8.24E-04 558

POSSESS GROWTH-PROMOTING ACTIVITY. IN 
VITRO, THEY ARE POTENT MITOGENS FOR 

5AF104223

g
containing fibulin-like 
extracellular matrix 1.46 1.02E-04 233p53 binding protein 1 (Mbp1) 

5U46956

gy
containing transforming 
protein C 1.34 3.29E-07 189

RECEPTORS TO A SIGNALING PATHWAY THAT 
REGULATES THE PROLIFERATION OF 

5U49953
p21 (CDKN1A)-
activated kinase 1 1.33 0 131

OF TARGETS. LIKELY TO BE THE GTPASE 
EFFECTOR THAT LINKS THE RHO-RELATED 

Cancer AF069519
thymine DNA 
glycosylase -1.17 7.85E-04 -209

HYDROLYTIC DEAMINATION OF 5-
METHYLCYTOSINE TO THYMINE LEADS TO 

7U64033
teratocarcinoma 
expressed, serine rich -1.58 0.01 -145

7AF022147

g
estrogen-regulated 
protein (ERG1) mRNA, 2.32 1.15E-14 356370

7AB030238

g g
for 
hepatocarcinogenesis- 1.78 3.19E-14 25805

7U60096 Integrin, beta 4 1.48 1.51E-05 377
FOR LAMININ. IT PLAYS A CRITICAL 
STRUCTURAL ROLE IN THE HEMIDESMOSOME 

Metabolic K03243

phosphoenolpyruvate 
carboxykinase (GTP) 
gene, exons 1-3. 5.75 5.73E-26 20303

Table 2. Differentially expressed genes in pancreas in response to APFO treatment of male SD rats. 
Table includes gene categories discussed in the manuscript. Genes are grouped by functional category. 

The absolute expression intensity (AEI) was used to calculate the fold changes. The 'P' value is 
calculated using a cumulative error model developed for Agilent cDNA arrays using Rosetta Resolver 

software. The rank value (RV= fold change*(max AEI-minAEI) is used to asign 'importance' to the gene 
changes.

Category
Gene 
bank

sequence 
description

Fold 
chang P value

Rank 
value Function

peroxisomal 
β oxidation 
(1) U26033

Rattus norvegicus 
carnitine 
octanoyltransferase 
mRNA, complete 17.8 1.92E-32 252794

BETA-OXIDATION OF FATTY ACIDS. THE 
HIGHEST ACTIVITY CONCERN THE C6 TO 
C10 CHAIN LENGTH SUBSTRATE.

1 AJ224120

Rattus norvegicus 
peroxisomal 
membrane protein 
Pmp26p (Peroxin- 11.2 0 64127

1 AF180801

Mus musculus 
peroxisomal long 
chain acyl-CoA 
thioesterase Ib 11.0 3.96E-35 33734

1 J02752 acyl-coA oxidase 10.5 0 421666

CATALYZES THE DESATURATION OF VERY 
LONG CHAIN ACYL-COAS TO 2-TRANS-
ENOYL-COAS.

1 J02753

Rat acyl-CoA 
oxidase (aCoA) 
gene, 5' end. 10.1 0 22595

CATALYZES THE DESATURATION OF VERY 
LONG CHAIN ACYL-COAS TO 2-TRANS-
ENOYL-COAS.

1 AB010428

Rattus norvegicus 
mRNA for acyl-CoA 
hydrolase, complete 
cds 7.6 6.16E-17 225736

MAY PLAY A REGULATORY ROLE BY 
MODULATING THE CELLULAR LEVELS OF 
FATTY ACYL-COA LIGANDS FOR CERTAIN 
TRANSCRIPTION FACTORS AS WELL AS 

1 D00569

Rattus norvegicus 
mRNA for 2,4-
dienoyl-CoA 
reductase 6.6 5.48E-20 208055

AUXILIARY ENZYME OF BETA-OXIDATION. 
IT PARTICIPATES IN THE METABOLISM OF 
UNSATURATED FATTY ENOYL-COA 
ESTERS HAVING DOUBLE BONDS IN BOTH 

1 K03249

Rat peroxisomal 
enoyl-CoA: 
hydrotase-3-
hydroxyacyl-CoA 5.8 0 59496

1 AF044574

putative 
peroxisomal 2,4-
dienoyl-CoA 
reductase 3.9 7.11E-10 41231

1 AF200357

Mus musculus 
pantothenate 
kinase 1 beta 
(panK1beta) mRNA, 3.3 6.82E-18 34858

Plays a role in the physiological regulation of 
the intracellular CoA concentration.

1 X65083

R.norvegicus 
mRNA for cytosolic 
epoxide hydrolase 2.8 3.67E-10 1606

THIS ENZYME ACTS ON EPOXIDES (ALKENE 
OXIDES, OXIRANES) AND ARENE OXIDES. 
PLAYS A ROLE IN XENOBIOTIC 
METABOLISM BY DEGRADING POTENTIAL 

peroxisomal 
alpha/omega 
oxidation (2) M57719

Rat Cyp4a locus, 
encoding 
cytochrome P450 
(IVA3) mRNA, 46.1 0 2021556

CYTOCHROMES P450 ARE A GROUP OF 
HEME-THIOLATE MONOOXYGENASES. IN 
LIVER MICROSOMES, THIS ENZYME IS 
INVOLVED IN AN NADPH-DEPENDENT 

2 M33936

Rat Cyp4a locus, 
encoding 
cytochrome P450 
(IVA3) mRNA, 35.1 0 2855679

CYTOCHROMES P450 ARE A GROUP OF 
HEME-THIOLATE MONOOXYGENASES. IN 
LIVER MICROSOMES, THIS ENZYME IS 
INVOLVED IN AN NADPH-DEPENDENT 

2 D43623

Carnitine 
palmitoyltransferas
e 1 beta, muscle 
isoform 6.5 7.32E-34 10273

2 AJ007704

Rattus norvegicus 
mRNA for malonyl-
CoA decarboxylase 2.4 1.92E-04 6795

2 L07736

Rat carnitine 
palmitoyltransferas
e I mRNA, complete 
cds 1.5 1.40E-05 953

mitochondria
l β oxidation 
(3) X97831

R.norvegicus 
mRNA for 
carnitine/acylcarniti
ne carrier protein 3.1 3.46E-09 20609

Transport of carnitine or acylcarnitine from the 
cytosol to the mitochondrial matrix.

lypolysis/FA 
absorption 
(4) D17695

Rat mRNA for water 
channel aquaporin 
3 (AQP3), complete 
cds. 12.7 6.17E-31 27912

FORMS A WATER-SPECIFIC CHANNEL 
THAT PROVIDE KIDNEY MEDULLARY 
COLLECTING DUCT WITH HIGH 
PERMEABILITY TO WATER, THEREBY 

4 AJ001118
monoglyceride 
lipase 5.9 8.61E-10 16866

4 AF228917

Rattus norvegicus 
small rec (srec) 

mRNA, complete 
cds 4.9 7.24E-15 2755

4 L03294 Lipoprotein lipase 4.1 2.16E-04 6747

THE PRIMARY FUNCTION OF THIS LIPASE 
IS THE HYDROLYSIS OF TRIGLYCERIDES 
OF CIRCULATING CHYLOMICRONS AND 
VERY LOW DENSITY LIPOPROTEINS (VLDL). 
THE ENZYME FUNCTIONS IN THE 

4 AF113914

Rattus norvegicus 
FAT mRNA, 
complete cds 4.1 2.21E-35 13228

BINDS LONG CHAIN FATTY ACIDS AND 
MAY FUNCTION IN THE TRANSPORT 
AND/OR AS A REGULATOR OF FATTY ACID 
TRANSPORT.

4 D85100

Rattus norvegicus 
mRNA for very-long-
chain acyl-CoA 
synthetase, 2.7 5.69E-06 145339

4 M14201

Rat diazepam 
binding inhibitor 
(DBI) mRNA, 
complete cds 2.7 9.18E-25 145530

BINDS MEDIUM- AND LONG-CHAIN ACYL-
COA ESTERS WITH VERY HIGH AFFINITY 
AND MAY FUNCTION AS AN 
INTRACELLULAR CARRIER OF ACYL-COA 

4 X03468 Apolipoprotein A-II -1.6 0.01 -95

MAY STABILIZE HDL (HIGH DENSITY 
LIPOPROTEIN) STRUCTURE BY ITS 

ASSOCIATION WITH LIPIDS, AND AFFECT 
THE HDL METABOLISM.

4 U72886

Rattus norvegicus 
apolipoprotein B 

mRNA editing 
enzyme complex-1 -1.9 4.74E-04 -7877

4 M13508 Apolipoprotein C-IV -13.1 6.42E-06 -18058

MAY HAVE A ROLE IN CHYLOMICRONS AND 
VLDL SECRETION AND CATABOLISM. 
REQUIRED FOR EFFICIENT ACTIVATION OF 
LIPOPROTEIN LIPASE BY APOC-II; POTENT 

Gluconeoge
nesis/glycoly
sis (5) AJ005046

Rattus norvegicus 
mRNA for muscle 
fructose-1,6-
bisphosphatase. 4.6 8.72E-10 2469

5 K03243

Rat 
phosphoenolpyruva
te carboxykinase 

(GTP) gene, exons -2.2 0 -630

5 D63834

Solute carrier 16 
(monocarboxylic 
acid transporter), 
member 1 2.8 5.00E-15 15977

PROTON-LINKED MONOCARBOXYLATE 
TRANSPORTER. CATALYZES THE RAPID 
TRANSPORT ACROSS THE PLASMA 
MEMBRANE OF MANY 

5 Z12158

R.rattus pyruvate 
dehydrogenase E1 
alpha form 1 
subunit. 1.5 7.93E-05 469

The pyruvate dehydrogenase complex 
catalyzes the overall conversion of pyruvate to 
acetyl-CoA and CO(2). It contains multiple 
copies of three enzymatic components: 

5 X03430
Pyruvate kinase, 
liver and RBC -3.0 9.06E-41 -6503

Table 3. Differentially expressed genes in liver in response to APFO treatment of male SD 
rats. Table includes gene categories discussed in the report. Genes are grouped by 

functional category. The absolute expression intensity (AEI) was used to calculate the fold 
changes. The 'P' value is calculated using a cumulative error model developed for Agilent 

cDNA arrays using Rosetta Resolver software. The rank value (RV= fold change*(max AEI-
minAEI) is used to asign 'importance' to the gene changes. There is a higher probability of 

gene changes being positive in subsequent QRT-PCR analysis if the rank value is high 
(Mutch et al 2002) 

Postulated mechanism of APFO carcinogenesis in the pancreas.

Thymine DNA Thymine
glycosylase

Increased endogenous mutation rate 
(C/T, G/A transitions) in cancer genes 
(eg) Ras, P53

Orange boxes= genes up-regulated by APFO in pancreas
Green boxes= genes down-regulated by APFO in pancreas

Increased acinar cell proliferation

carbonic 
anhydrase III

metabolic acidosisreduced 
DNA repair 
capacity

early 
growth 
response 
gene 1 
(Erg-1)

INITIATION PROMOTION

inhibition of 
apoptosis

pancreatic cell transformation/cancer

Up-regulated growth factor signalling 
via RAS (several genes).

Notch 
signalling 
via Deltex 1 
homologue

Inhibition of 
pancreas cell 
differentiation

PI3K/Akt

Insulin-like 
growth 
factor II
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Introduction

Ammonium perfluorooctanoate (APFO) is used in the 
emulsion polymerisation of fluoropolymers. Two-year 
carcinogenicity studies in rats have shown an 
increased incidence of liver, pancreatic (acinar cell) 
and testicular (Leydig cell) tumours (1). APFO is a
peroxisome proliferator activated receptor (PPAR)
ligand and previous studies have shown that several 
agents that fall into this class induce a characteristic 
profile of liver, pancreatic and testicular tumours. 
The mechanism(s) of pancreatic carcinogenesis 
induced by APFO poorly understood but evidence 
suggests that direct genotoxicity is not involved. This 
study was designed to determine the profile of gene 
expression changes taking place in the the pancreas 
(and liver) when rats are exposed to APFO in the diet 
in order to gain insight into the potential mechanisms 
of carcinogenicity in this organ.

Study design
6 control rats and 6 rats were fed PPC (300ppm) in the diet 
for 28 days. The pancreas and liver were removed into RNA 
later. RNA was extracted with Tri-Reagent and RNeasy
columns. RT synthesis of Cy5 (red) and Cy3 (green) labelled 
cDNA from test and control RNA, respectively. The labelled 
cDNAs were combined and hybridised on Agilent rat cDNA
arrays containing 14,841 rat genes. RNA from three individual 
rats were analysed in duplicate in order to incorporate a ‘dye 
swap’,Figure1. 
The arrays were scanned on an Agilent microarray scanner 
and data extracted using Agilent Feature Extraction software. 
Tertiary analysis of the data to generate a ‘signature’ gene list 
derived from the combined data from six arrays was 
performed using Rosetta Resolver software. Functional 
annotation of the ‘regulated’ genes (i.e. genes for which there 
was a significant alteration in the amount of expression 
relative to the control (reference RNA derived form untreated 
rat pancreas/liver) was performed using Dragon Annotate 
software. 
Supervised clustering analysis was used to define pathways 
that were significantly affected by the treatment. These 
pathways were used to formulate a hypothesis to explain the 
carcinogenic effects of the compound in pancreas.

These studies were funded by Plastics Europe 
Fluoropolymers Committee.

Discussion and Conclusions
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