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Supplementary File 1 - Detailed methodology 

A - Tissue RNA extraction and purification 

Total RNA was isolated for gene expression analysis as described previously (Halappanavar et al. 2011; 

Labib et al. 2013; Labib et al. 2012). Briefly, total RNA was extracted from a random slice of the 

forestomach, liver, and lung using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified using 

RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada) following manufacturer’s recommendations. All 

samples showed high quality RNA: with a A260/A280 ratios between 2.0 and 2.2 as determined by the 

NanoDrop Spectrophotometer (ThermoFisher Scientific, Mississauga, ON, Canada) and RNA integrity 

numbers above 7 as determined using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., 

Mississauga, ON, Canada).  

B - Microarray hybridization and analysis  

Detailed protocols of the microarray hybridization and statistical analysis of the gene expression data are 

described in Labib et al. (2013). A minimum of four individual animals were used from each treatment 

group from each PAH except for BkF low dose group, which had only 3 mice. Sample sizes of 5 were 

used for each PAH and treatment group, except for the BkF and IP exposures (Table 1).In brief, 200 ng of 

total RNA from each individual sample and 200 ng of Universal Mouse Reference RNA (Stratagene, 

Mississauga, ON, Canada) was used to synthesize cDNA and cyanine-labeled cRNA using the Agilent 

Linear Amplification Kit (Agilent Technologies Inc., Mississauga, ON, Canada). The labeled cRNA 

(Cyanine-5 for experimental samples and Cyanine-3 for reference RNA) was purified using RNeasy Mini 

Kit (Qiagen, Mississauga, ON, Canada). 300 ng of labeled cRNA from each experimental sample was 

hybridized with the same amount of labeled reference RNA to Agilent Sureprint G3 Mouse GE 8x60K 

microarrays (Agilent Technologies Inc., Mississauga, ON, Canada) at 65oC for 17 hours in the Agilent 

SureHyb hybridization chamber. The arrays were washed and scanned on the Agilent G2505B Scanner 

according to the manufacturer’s recommendations. Data were extracted using Feature Extraction 10.7.3.1 

(Agilent Technologies Inc., Mississauga, ON, Canada).  

 Details of the statistical normalization methods of the gene expression data are described in 

Labib et al. (2013). Briefly, a reference design (Kerr and Churchill 2001; Kerr and Churchill 2007) was 

used to analyse microarray data. Non-background median signal intensities were normalized using 

LOWESS (Yang et al. 2002) using the R (R Development Core Team 2010) software. A gene was 

considered differentially expressed using the Fs statistic (Cui et al. 2005) in the MAANOVA R library (Wu 

et al. 2003). The P values for all statistical tests for each probe ID were estimated by the permutation 

method using residual shuffling, followed by adjustment for multiple comparisons using the false 

discovery rate (FDR) approach (Benjamini and Hochberg 1995). The fold change calculations were based 

on the least-square means (Goodnight and Harvey 1978; Searle et al. 1980). All microarray results are 
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deposited in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under the 

accession number GSE51321. 

C - Hierarchical clustering analysis  

Biological replicates of each experimental condition were collapsed to an average expression value for 

each gene and were normalized to the median of the control samples. The expression data relative to 

controls for all samples treated with the eight PAHs were then merged together using the Agilent probe 

IDs. This dataset was then filtered using the differentially expressed genes (DEGs) from the eight 

independent MAANOVA analyses. Hierarchical clustering was then applied to the filtered data using the 

one minus correlation dissimilarity metric using the spearman correlation with average linkage. Data was 

visualized using a heatmap. 

D - Bioinformatics and pathway analysis 

List of DEGs (FDR P ≤ 0.05, fold change ± 1.5) from each PAH congener were independently analysed to 

identify biological functions or processes perturbed in response to the treatment. DAVID (Huang da et al. 

2009) Functional Annotation Charts were used to identify gene ontology (GO) terms (biological processes 

and cellular compartments) associated with the significant genes, and to classify the DEGs into biological 

pathways using KEGG pathways (Kanehisa and Goto 2000). MetaCore (Thomson Reuters, 

http://www.genego.com/metacore.php) pathway analysis and network process analysis were used for 

functional classification. Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City, CA, USA) 

Canonical Pathway analysis, Biological Function analysis, and Network analysis were used to identify 

biological pathways and functions associated with the DEGs. Based on the tool used, different criteria 

were used to determine the significance of pathways, functions or biological processes perturbed. Any 

pathway or process that was associated with more than 3 DEGs was included in the interpretation of the 

results. In addition, an EASE score cut-off of P ≤ 0.05 was applied to DAVID ontologies and KEGG 

pathways, and P ≤ 0.05 to IPA canonical pathways and MetaCore process networks. Redundancy in 

pathways and processes were reduced by collapsing multiple pathways or processes implying 

perturbation of the same biological function (Supplementary File 2).  

 IPA’s upstream regulator analysis was performed to determine the common regulatory 

mechanisms (transcription factors and receptors) operating in response to individual PAHs compared to 

BaP. This analysis constructs a network of all possible relationships between upstream regulators and the 

genes in the data. The activation Z-score makes predictions about the activation state of the regulators 

(activated or inhibited) by using information about the direction of gene regulation. All upstream regulators 

with ≥ 3 genes, P ≤ 0.05, and activation Z-score ≥ |2.0| were included in the interpretation. Upstream 

regulators categorized as chemical drugs, chemical toxicants, biologic drugs, chemical kinase inhibitor, 

chemical protease inhibitor, chemical endogenous (non-mammalian), chemical reagent, and chemical 

toxicant were not included in the analysis.   

The NextBio meta-analysis function was used to compare the transcriptomic responses following 

exposure to individual PAHs and following exposure to BaP. A less stringent non-FDR p-value cut-off of 

less than 0.05 and fold change of ± 1.2 was applied. A pairwise comparison was made for each gene 

between the two datasets (for example, BaP vs BbF). A rank-based enrichment statistic was applied to 

determine the final correlation score. If the direction of change in the expression of a gene following a 

PAH is the same as the direction of change in expression of that gene following exposure to BaP, then 

the correlation is positive.  
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Since the focus of the study was to compare the carcinogenic potential of PAHs, significantly perturbed 

pathways and processes were reorganized according to their association with the 6 hallmarks of cancer 

(activating invasion and metastasis, enabling replicative immortality, evading growth suppressors, 

inducing angiogenesis, resisting cell death, sustained proliferative signaling), 2 emerging hallmarks 

(deregulating cellular energetics, avoiding immune destruction), and 2 enabling characteristics (genome 

instability and mutation, tumor promoting inflammation), as described in Hanahan and Weinberg (2011). 

The pathways or processes that could not be classified as cancer related were not used in the analysis 

and interpretation of the results.  

E - DNA extraction from lung tissue 

The frozen lung tissues were sliced randomly for isolation of genomic DNA as described in Labib et al. 

(2012). In brief, lung tissue was minced and degassed to remove all traces of air in the alveoli and 

washed in ice cold Phosphate Buffered Saline (PBS) twice. The minced tissue was lysed in 10 mM Tris, 

pH 7.6, 10 µM EDTA, 100 µM NaCl, and 1% SDS and digested with proteinase K (1 mg/ml) overnight on 

a rotating platform at 37oC. Genomic DNA was isolated on the following day using a 

phenol/chloroform/isoamyl alcohol (25:24:1) and chloroform/isoamyl alcohol (24:1) extraction procedure 

(Renault et al. 1997). The DNA was precipitated in ethanol and dissolved in TE buffer and stored at 40C 

until used.  

F - LacZ mutant frequency in lung tissue 

The lacZ mutant frequency analysis in lung tissues using the phenyl-β-D-galactopyranoside (P-Gal) 

positive selection assay was conducted as described previously (Labib et al. 2012; Lemieux et al. 2011). 

Briefly, the λgt10lacZ DNA was removed from the mouse genomic DNA and packaged using the 

Transpack lambda packaging system (Stratagene, La Jolla, CA, USA). The packaged DNA was mixed 

with bacteria (Escherichia coli lacZ-, galE-, recA-, pAA19 with galT and galK), plated on minimal medium 

(0.3% (w/v) P-Gal), and incubated overnight at 37oC. At the same time, total plaque forming units were 

measured on titers that did not contain P-Gal. Mutant frequency is expressed as a ratio of the number of 

mutant plaque forming units to total plaque forming units.  

G - DNA adduct analysis in lung tissue  

DNA adduct formation in each sample was determined using the nuclease P1 digestion enrichment 

version of 32P-post-labeling assay as described previously (Phillips and Arlt 2014; Phillips and Arlt 2007) 

with minor modifications as described in Labib et al. (2012). Briefly, 4 µg of total DNA was digested with 

micrococcal nuclease (288 mUnits, Sigma) and calf spleen phosphodiesterase (1.2 mUnits, MP 

Biomedicals), enriched, and was radiolabelled (Phillips and Arlt 2014; Phillips and Arlt 2007). The labeled 

adducted nucleotide biphosphates were separated by thin-layer chromatography (TLC) on 

polyethyleneimine-cellulose plates (Macherey-Nagel, Düren, Germany) with chromatographic conditions 

described in (Arlt et al. 2008). Chromatographs were scanned using a Packard Instant Imager (Canberra 

Packard, Downers Grove, USA) and DNA adduct levels (relative adduct labeling) were calculated from 

the adduct counts per minute (cpm), the specific activity of [γ-32]PATP, and the amount of DNA (pmol of 

DNA-P) used. Results are expressed as DNA adducts per 108 nucleotides.  

H - Enzymatic analysis of lung Cyp1a activity 

For the enzymatic analysis, since the available amount of tissue from each treatment group was small, 

samples from the same treatment group were pooled (Supplementary File 1). Approximately 30 mg of 

lung tissue from each individual sample from specific treatment group were pooled and homogenized 

using a serrated Teflon pestle and glass grinding vessel in 2.5 volumes of ice cold 0.05M Tris-1.15% KCl 



buffer pH 7.4. The homogenate was centrifuged at 10,200 g for 20 minutes at 4°C (Sorval Legend Micro 

21R) and the supernatant (S9 fraction) was separated for protein and EROD analyses. EROD activity, a 

measure of CYP1A1 and CYP1A2 enzyme activity, was determined according to the method of Burke et 

al. (1985), with modifications. Reactions were carried out at 37°C with triplicate technical replicates in 96-

well plates. The final incubation consisted of Tris buffer (0.05 M, pH 7.4), 0.5 µM 7-ethoxyresorufin 

substrate, 15 µM dicumerol, 11 mM MgCl2, 20 µl of lung S9 supernatant, and 280 µM NADPH (Sigma 

Aldrich Canada Ltd, Oakville, ON, Canada), with a final well volume of 220 µl. The fluorescence of 

resorufin was measured every minute for 8 minutes with a SpectraMax M2 (Molecular Devices, 

Sunnyvale, CA, USA), with excitation and emission wavelengths of 530 nm and 585 nm. Fluorescence 

values were converted to nanomoles using standard resorufin fluorescence. Total protein content of the 

S9 fraction was measured using the Quick StartTM Bradford Protein Assay (Bio-Rad Laboratories, 

Hercules, CA, USA), using a standard curve of bovine serum albumin.  
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