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Abstract

The mammalian Cytochrome P450 (Cyp) gene superfamily encodes enzymes involved in 

numerous metabolic pathways and are frequently expressed in the liver. Despite the remarkably 

high sequence similarity of Cyp2a4 and Cyp2a5 genes and their surrounding genomic regions, 

they exhibit differences in expression in the adult mouse liver. For example, Cyp2a4 is highly 

female-biased whereas Cyp2a5 is only moderately female-biased and Cyp2a4, but not Cyp2a5, is 

activated in liver cancer. We hypothesized that the limited sequence differences may help us 

identify the basis for this differential expression. An antisense expressed sequence tag had been 

uniquely annotated to the Cyp2a4 gene which led us to investigate this transcript as a possible 

regulator of this gene. We characterized the full-length antisense transcript and also discovered a 

similar transcript in the Cyp2a5 gene. These transcripts are nuclear long noncoding RNAs that are 

expressed similarly to their sense mRNA counterparts. This includes the sex-biased and liver 

tumor differences seen between the Cyp2a4 and Cyp2a5 genes, but we also find that these two 

genes and their antisense transcripts are expressed within different zones of the liver structure. 

Interestingly, while the differences in sex-biased expression of the mRNAs are established 1-2 

months after birth, the antisense transcripts exhibit these expression differences earlier, at 3-4 

weeks after birth. By analyzing published genomic data, we have identified candidate transcription 

factor binding sites that could account for differences in Cyp2a4/Cyp2a5 expression. Taken 

together, these studies characterize the first antisense RNAs within the Cyp supergene family and 
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identify potential transcriptional and post-transcriptional mechanisms governing different Cyp2a4 
and Cyp2a5 expression patterns in mouse liver.
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1. Introduction

The mammalian Cytochrome P450 (Cyp) gene superfamily encodes numerous enzymes 

involved in a wide range of processes in adult liver, including metabolism of 

pharmaceuticals, foreign chemical and pollutants; cholesterol, sterol and bile acid 

biosynthesis; and steroid synthesis (Nelson et al., 2004). Humans and mice contain 58 and 

105 Cyp genes, respectively (Hrycay and Bandiera, 2009). While many Cyps are expressed 

in a variety of tissues, the majority of mouse Cyps are highly and/or inducibly expressed in 

the liver, the major detoxification organ (Renaud et al., 2011). Thus, understanding 

differential Cyp gene regulation can provide valuable information towards understanding 

molecular pathways that affect chemical toxicity risks and that predispose individuals to 

disease, including cancer.

In mammals, the liver must perform a number of new metabolic functions at birth that 

coincide with new sources of nutrition. Levels of many Cyp mRNAs increase dramatically 

during postnatal liver development and different Cyp genes exhibit distinct developmental 

expression patterns, governed by a variety of factors including different transcription factors 

and hormones (Cui et al., 2012). In the liver, some, but not all, mouse and human Cyp genes 

are also known to exhibit sex-biased expression (Waxman and Holloway, 2009) and to be 

zonally regulated (Braeuning et al., 2006; Loeppen et al., 2005). In mice, sex-biased gene 

expression differences are established during the first few months after birth (Conforto and 

Waxman, 2012) whereas zonal expression initiates shortly before birth (Burke et al., 2018).

The mouse Cyp2a4 and Cyp2a5 genes are highly similar at the DNA sequence level; the 

proteins encoded by these two genes differ by only 11 amino acids (Lindberg and Negishi, 

1989). Interestingly, while Cyp2a4 and Cyp2a5 both catalyze hydroxylation reactions, their 

substrate specificity differs significantly; Cyp2a4 catalyzes testosterone hydroxylation 

(testosterone 15α-hydroxylase) whereas Cyp2a5 catalyzes coumarin hydroxylation 

(coumarin 7-hydroxylase). Cyp2a5 is the mouse ortholog of human CYP2A6, based on their 

shared catalytic hydroxylation of coumarin and a variety of procarcinogens (Hrycay and 

Bandiera, 2009). However, humans do not have a Cyp2a4 ortholog. In fact, Cyp2a4 is only 

found in domestic mouse strains; a wild mouse strain, Mus spretus, only contains Cyp2a5, 

indicating that Cyp2a4 arose via duplication of Cyp2a5 in Mus musculus domesticus within 

the last 3 million years (Aida et al., 1994).

Despite their high sequence similarity, these two genes do not have the same expression 

patterns. Both are expressed in the liver, kidney, and olfactory mucosa, but at varying levels 

(Squires and Negishi, 1988; Su and Ding, 2004; Su et al., 1996). However, while both are 

female biased in the liver (Squires and Negishi, 1988), Cyp2a4 is strongly female-biased 
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(female/male ratio of ~1000) while Cyp2a5 is only modestly female-biased (female/male 

ratio of ~3) (Creasy et al., 2016). Female mice therefore express both Cyp2a4 and Cyp2a5 

while male mice express Cyp2a5 nearly exclusively. Liver Cyp2a4 expression is increased in 

male mice that contain a hepatocyte-specific deletion of the Zinc fingers and homeobox 
domain (Zhx2) gene (Zhx2ΔHep) whereas Cyp2a5 expression is more modestly increased in 

male Zhx2ΔHep mice. Finally, in a model of diethylnitrosamine (DEN)-induced liver tumors 

in male mice, Cyp2a4 expression was much higher in the tumors compared to normal liver, 

whereas Cyp2a5 expression was not altered in these same samples (Creasy et al., 2016).

Given the high sequence homology but dramatic expression pattern differences, especially 

the sex-biased expression, we sought to understand how the mouse Cyp2a4 and Cyp2a5 
genes are differentially regulated. Because an antisense expressed sequence tag (EST) had 

been annotated to overlap the promoter region of the Cyp2a4 gene, we hypothesized that 

antisense transcripts may contribute to differential regulation of Cyp2a4 and Cyp2a5. We 

fully characterized this Cyp2a4 antisense transcript and its multiple alternatively spliced 

variants and discovered a similar spliced Cyp2a5 antisense transcript. We then characterized 

the expression patterns of the Cyp2a4 and Cyp2a5 mRNAs and their corresponding 

antisense RNAs in male and female developing and adult liver and in liver tumors. In 

general, we observed that the mRNA and antisense RNAs are expressed with similar sex-

biased expression patterns. Interestingly, during post-natal development, the antisense RNAs 

show statistically significant difference between males and females at earlier timepoints than 

do the mRNAs. The antisense RNAs are primarily located in the nucleus, which has 

implications for potential regulatory roles of these transcripts. We compiled available DNase 

I hypersensitivity (DHS) and chromatin modification data for the Cyp2a4 and Cyp2a5 gene 

regions and identify differences in predicted transcription factor binding sites within the 

DHS sites that may contribute to distinct aspects of Cyp2a4 and Cyp2a5 expression. Taken 

together, these studies characterize the first antisense long non-coding RNAs (lncRNAs) 

within the Cyp supergene family and identify potential transcriptional and post-

transcriptional mechanisms governing different Cyp2a4 and Cyp2a5 expression patterns in 

mouse liver.

2. Materials and methods

2.1 Mice

All mice were housed in the University of Kentucky Division of Laboratory Animal 

Research facility according to Institutional Animal Care and Use Committee approved 

protocols. All mice had ad libitum access to food and water and were maintained on a 14/10 

light/dark cycle. Six hours prior to sacrifice, all mice were restricted to water only and all 

mice were sacrificed between 12–4 pm to limit circadian rhythm variances in gene 

expression.

2.2 Euthanasia and Mouse Tissue Collection

C57BL/6 male and female mice were euthanized by CO2 asphyxiation at 8-weeks of age. 

Livers were dissected and immediately snap frozen in a 100% ethanol and dry ice bath and 

stored at −80°C until RNA isolation. For developmental timepoint experiments, female 
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C3H/HeJ mice were bred with C57BL/6J mice and female mice were monitored for vaginal 

plugs to estimate the time of fertilization. Pregnant females were euthanized by CO2 

asphyxiation at 17.5 days post-conception and embryos were removed. Neonatal and 

perinatal pups were euthanized by decapitation, and pups older than 14 days were 

euthanized by CO2 asphyxiation.

2.3 RNA Isolation and Analysis

Liver pieces were weighed and homogenized using tube pestle and RNAzol®RT (1mL/

100mg tissue; Molecular Research Center, Inc) following the product protocol for total RNA 

isolation. RNA concentrations were measured using NanoDrop One (Thermo Scientific).

For reverse transcriptase – quantitative polymerase chain reaction (RT-qPCR) assays, cDNA 

was synthesized from 1.0 μg of liver tissue RNA using the High Capacity cDNA Reverse 

Transcription Kit (ThermoFisher Scientific). qPCR reactions were prepared with 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and amplified in a Bio-Rad 

CFX96 real-time PCR system. All RT-qPCR runs were done in duplicate and included non-

template controls. qPCR Ct values were normalized to Arginine Rich Splicing Factor 4 

(Sfrs4) and reported as normalized expression of the indicated gene using the ΔCt method 

unless otherwise noted.

Oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA; 

Supplemental Table 1). Because the Cyp2a4 and Cyp2a5 genes were highly homologous, 

primers were designed to place nucleotide differences at the 3’ ends or to span introns when 

possible. The Cyp2a4- and Cyp2a5-specific qPCR primers were located to the exon 3-to-

exon 4 splice junction and within the region of exon 4 where sequence differences between 

these genes exist. The melting curves for each reaction were examined for single peaks 

above 80°C to ensure primer specificity. In addition, amplicons from some RT-qPCR 

reactions were analyzed by polyacrylamide or agarose gel electrophoresis. Based on this 

type of analysis (see Supplemental Figure 1), RT-qPCR reactions to quantitate Cyp2a4as 

were carried out with a 70°C annealing temperature to ensure specific amplification, 

whereas Cyp2a5as RT-qPCR reactions were carried out with a 60°C annealing temperature. 

The GeneRuler 100 bp plus ladder (Thermo Scientific) was used as the size marker on the 

gels.

For standard RT-PCR reactions, cDNA was prepared as described above and was amplified 

using Q5 High Fidelity Polymerase (New England Biolabs) and the gene-specific primers 

identified in the figures.

2.4 Rapid Amplification of cDNA Ends (RACE)

5’ and 3’ RACE was performed using the 5’/3’RACE Kit 2nd Generation (Roche) following 

the product protocol and using gene-specific primers (Supplemental Table 1). For 5’ RACE, 

cDNA was synthesized from 8-week old C57BL/6 female liver total RNA using kit 

components and Cyp2a4as (primer e) or Cyp2a5as (primer c) specific primers. The cDNA 

was purified using the Wizard®SV Gel and PCR Clean-Up System (Promega) and poly A-

tailing was completed using kit components. Primary PCR amplification of the dA-tailed 

cDNA used the oligo-dT-Anchor Primer and Cyp2a4as-specific primer (primer g) or 
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Cyp2a5as-specific primer (primer f) and Q5 High Fidelity Polymerase (New England 

Biolabs). The secondary PCR amplification used 1.0 μL of 1:20 diluted primary PCR 

reaction, PCR Anchor Primer and Cyp2a4as-specific primer (primer h) or Cyp2a5as specific 

primer (primer i) and Q5 High Fidelity Polymerase.

For 3’ RACE, cDNA was synthesized from the same female liver total RNA using kit 

components and the oligo-dT-Anchor Primer. Purified cDNA was amplified using the PCR 

Anchor Primer and the Cyp2a4as-specific primer (primer k) or Cyp2a5as-specific primer 

(primer d). For the secondary PCRs, 1.0 μL of the 1:10 diluted primary reaction, PCR 

Anchor Primer and the Cyp2a4as-specific primer (primer j) or Cyp2a5as-specific primer 

(primer l) were used.

2.6 Cloning and Sequencing

Amplicons were isolated from agarose gel using the Wizard®SV Gel and PCR Clean-Up 

System (Promega), ligated into pGEM®-T Easy Vector and transformed into DH5α E.coli. 
Colonies were screened for inserts by colony PCR and positive colonies were grown for 

miniprep plasmid isolation (Thermo Scientific GeneJET Plasmid Miniprep Kit) and 

sequencing (ACGT Inc., Wheeling, IL). Sequences obtained for full-length antisense 

transcripts were submitted to GenBank, accession numbers MT019821 – MT019825.

2.7 Nuclear and Cytoplasmic RNA Isolation and analysis

Livers were removed from 6–7 week old C57BL/6 male (2) and female (4) mice and 

immediately prepared for separation of nuclear and cytoplasmic fractions over two 

sequential sucrose cushions (Schibler et al., 1983). RNA was isolated from the pellet of 

purified nuclei in 800 μL of TRIzol® reagent following the product protocol (Life 

Technologies). Cytoplasmic RNA was isolated from 200 μL of the cytoplasmic fraction and 

1 ml of TRIzol reagent. One μg of RNA from each fraction was made into cDNA as 

described above and the abundance of various RNAs were quantitated by qPCR. A relative 

cytoplasmic to nuclear RNA abundance ratio for each transcript in a single animal was 

calculated and then this ratio was compared to the relative cytoplasmic to nuclear ratio for 

ribosomal protein L30 mRNA in the same animal. These relative ratios were averaged 

among the six animals. This provides a relative enrichment ratio for the antisense transcripts, 

when compared with known cytoplasmic (mRNAs) and nuclear (unspliced mRNAs and U6 

snRNA) RNAs.

2.8 Liver Regeneration and liver tumors

Mouse liver regeneration was induced by a single intraperitoneal (i.p.) injection of carbon 

tetrachloride (CCl4) as described (Creasy et al., 2016). Eight-month old C3H male mice 

were administered either mineral oil (MO) or 0.05 mL 10 % CCl4 diluted in MO. After 3 

days, a time when most pericentral hepatocytes have been eliminated, animals were 

euthanized by CO2 asphyxiation, livers were removed and RNA was isolated for RT-qPCR 

analysis as described previously. For liver tumors, 14-day old C57BL/6 male mice were 

injected i.p. with diethylnitrosamine (DEN; diluted in PBS) or PBS alone as described 

(Creasy et al., 2016). After 36 weeks, mice were euthanized by CO2 asphyxiation and livers 

removed from age-matched controls (PBS-treated; no tumors) and DEN-treated mice; tumor 
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and non-tumor tissue were dissected from DEN-treated mice. RNA was isolated for RT-

qPCR analysis as previously described.

2.9 Statistics

All values within a group were averaged and plotted as mean with standard deviation. p-

values were calculated as detailed in each figure legend. Data was graphed and statistical 

tests were performed in GraphPad PRISM.

3. Results

3.1 The sequences surrounding the Cyp2a4 and Cyp2a5 genes are highly similar

Cyp2a4 arose from a duplication of Cyp2a5 in domesticated mice within the last 3 million 

years (Aida et al., 1994). While the two enzymes encoded by these genes have acquired 

different substrate specificity, their DNA sequence remains highly similar. To delimit the 

extent of the DNA sequence conservation, the genomic sequence regions surrounding these 

two genes were aligned. This found that a region of strong homology extends roughly 15 kb 

upstream and 48 kb downstream of these two genes (Figure 1). This ~71 kb region is 96% 

identical, but the homology completely disappears outside this region. Across the region of 

the genes, the Cyp2a4 (7,8967 bp) and Cyp2a5 (7,9276 bp) exons are identical in size and 

their sequence identity ranges from 96% to 99%. The introns are similar, but not identical, in 

size and their sequence identity ranges from 94% to 98%. There are 31 nucleotide 

differences between the two mRNAs, 23 in the coding region, 7 in the 3’ untranslated region 

(UTR) and 1 in the 5’ UTR. Overall, the high sequence similarity over 71 kb of DNA 

surrounding the Cyp2a4 and Cyp2a5 genes is consistent with a recent duplication event.

3.2 A potential antisense transcript from the Cyp2a4 gene

An EST, Gm42375, is annotated in genome databases as an antisense RNA that overlaps 

with the 5’ end of the Cyp2a4 gene. No such EST is annotated within the Cyp2a5 gene. This 

led us to consider whether this antisense transcript may contribute to the differential 

expression patterns of Cyp2a4 and Cyp2a5. To test this, PCR primers were designed for 

Gm42375 and a possible orthologous antisense transcript in the Cyp2a5 gene and RT-PCR 

was performed using liver RNA from male and female mice (Figure 2A). Because the 

sequences of these two genes are so similar, we designed primers that took advantage of a 

four-nucleotide gap to ensure they specifically amplified transcripts from Cyp2a4 (Figure 

2A, primers a and b) or from Cyp2a5 (Figure 2A, primers c and d), should they exist. Initial 

RT-PCR reactions using Cyp2a4 primers contained multiple bands, suggesting there may be 

some non-specific amplicons. By titrating the annealing temperature, and sequencing the 

PCR products, we were able to identify specific RT-PCR products from the antisense strands 

of both the Cyp2a4 and Cyp2a5 genes using annealing temperatures of 70°C and 60°C, 

respectively (Figure 2A, right and Supplemental Figure 1, A and B). The antisense RT-PCR 

product from Cyp2a4, which we called Cyp2a4as, is most prominent in the female sample 

whereas the antisense RT-PCR product from Cyp2a5, called Cyp2a5as, was amplified to a 

similar extent in male and female liver RNA. By sequencing, these two products were found 

to be similarly spliced and the Cyp2a4 product matched the original Gm42375 EST.
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3.3 Cyp2a4as and Cyp2a5as transcripts overlap with the Cyp2a4 and Cyp2a5 gene 
regions

To further characterize the Cyp2a4as and Cyp2a5as transcripts, we first performed 5’ and 3’ 

RACE using C57BL/6 female liver RNA (Supplemental Figure 1, C and D). The 5’ RACE 

sequence of several clones ended within exon 4 of the Cyp2a4 gene (see Figure 2B) and, 

using an online program to predict core promoter elements (Sloutskin et al., 2015), an 

initiator and bridge sequences were located close to the 5’ end identified by 5’ RACE, 

consistent with this region being the transcription start site of the antisense RNA. The 3’ 

RACE amplicons from both Cyp2a4as and Cyp2a5as were found to have the same 3’ end as 

the initial EST sequence, about 2770 nt upstream from the transcription start site of the 

overlapping Cyp2a4 and Cyp2a5 genes. A cleavage-polyadenylation signal, AAUAAA, was 

conserved between Cyp2a4as and Cyp2a5as at an appropriate distance from the 3’ end, 

suggesting that both transcripts use the same signal for 3’ end processing.

To characterize the full length Cyp2a4as and Cyp2a5as transcripts, we used gene-specific 3’ 

primers that incorporate the 4 nt gap in the last exon of the transcripts (Figure 2B, primers m 

and c for Cyp2a4as and Cyp2a5as, respectively) and a 5’ primer located at the 5’ end of the 

antisense RNAs that could not distinguish Cyp2a4- from Cyp2a5-derived transcripts (Figure 

2B, primer n). RT-PCR was carried out using male and female nuclear RNA fractions to 

enrich for the antisense transcripts (see below). By titrating the annealing temperature, we 

could ignore some non-specific amplicons that were eliminated at the higher temperatures; 

the multiple bands that were cloned and sequenced are shown (Figure 2C). This identified 

four Cyp2a4as spliced isoforms from the broad amplified band in female mice and one 

Cyp2a5as spliced isoform that is present in both male and female mice (summarized in 

Figure 3). The Cyp2a4as isoforms all varied within the region that overlaps Cyp2a4 intron 1 

and exon 2, while the other Cyp2a4as exons were constant. The single Cyp2a5as transcript 

we identified was very similar to Cyp2a4as isoform 1 (Figure 3). Interestingly, the Cyp2a5as 

exon 3 5’ splice junction sequence contains a G at the +1 position whereas Cyp2a4as has an 

A at this position, making it incapable of being recognized as a functional splice junction. 

Instead, Cyp2a4as, isoform 1, is spliced using a 5’ splice junction 7 nt further downstream. 

Based on the maximum entropy score for predicting splice junction strengths (Yeo and 

Burge, 2004), the 5’ splice junction in Cyp2a5as is stronger (MaxEnt score of 7.3) than the 

one used in Cyp2a4as, isoform 1 (MaxEnt score of 3.5). This likely accounts for the 

Cyp2a4as alternative splicing that occurs in this region. Thus, in addition to isoform 1, we 

found isoforms that skipped exon 3 (isoform 2), that retained intron 3 (isoform 3) and that 

used an alternative exon 3 5’ splice site but skipped exon 4 (isoform 4). These results are 

consistent with the exon definition model of splice site choice (Berget, 1995).

Cyp2a4as transcript lengths ranged between 1098 nt and 1333 nt; the Cyp2a5as transcript 

was 1235 nt. We used the Coding Potential Assessment Tool to predict the open reading 

frames (ORF) in each of these antisense transcripts and to assess the probability that they 

code for proteins (Wang et al., 2013). The ORFs identified were all relatively short, with 

non-optimal hexamer use, and thus all antisense transcripts were judged by this assessment 

to be lncRNAs.
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3.4 Cyp2a4 and Cyp2a5 mRNA and their antisense RNA levels are higher in female liver

To compare the expression patterns of the Cyp2a4 and Cyp2a5 mRNAs with their 

corresponding antisense RNAs, we quantitated their RNA levels in liver RNA from 8-week 

old adult C57BL/6 male and female mice by RT-qPCR (Figure 4). As seen previously 

(Creasy et al., 2016), Cyp2a4 is much more highly female-biased (>1000-fold) than Cyp2a5 

( ~ 2–3-fold). The corresponding antisense RNAs also show a female bias, with Cyp2a4as 

being highly female biased ( ~ 500-fold) and Cyp2a5as having a modest female bias ( ~3-

fold). Similar results were obtained using adult liver from C3H/HeJ mice (not shown). In 

total adult liver RNA from both sexes, Cyp2a4as and Cyp2a5as RNA levels range from 

about 100- to 800-fold lower than their sense mRNA counterparts. This data also shows that 

in males, Cyp2a5 is expressed much higher than Cyp2a4, whereas both mRNAs are present 

in roughly equivalent levels in females. The expression patterns of Cyp2a5as and Cyp2a4as 

are similar to their corresponding mRNAs in males and females.

3.5 Expression of Cyp2a4 and Cyp2a5 and their antisense RNAs increases after birth

Many Cyps and other genes involved in drug metabolism show sex differences beginning at 

sexual maturity (Conforto and Waxman, 2012; Hart et al., 2009). We previously showed 

Cyp2a4 mRNA levels gradually increased during male and female mouse liver development 

until postnatal day 28 (p28). However, by p56, male gene expression had decreased, while 

female expression increased dramatically (Creasy et al., 2016). To compare developmental 

expression patterns of Cyp2a4as and Cyp2a5as RNAs with their corresponding mRNAs, we 

measured their levels in female and male liver, beginning at embryonic day 17.5, one day 

after birth (p1), weekly to day 28 (p28) and again at 8 weeks (p56) in mature adult mice 

(Figure 5). We found that Cyp2a5 mRNA levels increase similarly in male and female 

mouse liver until p28; expression is then markedly increased from p28 to p56 specifically in 

females whereas expression remains constant in males (Figure 5A). Thus, the adult levels of 

Cyp2a4 and Cyp2a5 mRNA (Figure 4A) are not established until after p28, which is 

approximately when puberty begins in mice. Interestingly, measuring Cyp2a4as and 

Cyp2a5as expression at these same developmental timepoints gave slightly different results 

than their corresponding mRNAs. Cyp2a4as expression in female mice begins to increase 

and becomes statistically different between males and females at p21 (Figure 5B, left panel). 

Cyp2a4as expression continues to increase from p21 to p56 in females. Cyp2a5as expression 

in females becomes statistically different from expression in males by p28 and increases 

further by p56 (Figure 5B, right panel). Thus, sex-biased expression for both Cyp2a4as and 

Cyp2a5as occurs earlier in development, preceding their corresponding mRNAs by at least a 

week.

3.6 Cyp2a4 and Cyp2a5 and their antisense RNAs display different zonal expression 
patterns

Many liver-expressed genes, including a number of the Cyp genes, are expressed in different 

hepatocyte subpopulations, depending on their location relative to the central vein 

(pericentral or PC) or portal triad (periportal or PP) within the three-dimensional liver 

structure, a phenomenon termed zonal expression (Oinonen and Lindros, 1998; Spear et al., 

2006). A single-cell analysis of gene expression within the liver of male mice identified 
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Cyp2a5 mRNA as having a PC expression pattern whereas Cyp2a4 had a PP pattern 

(Halpern et al., 2017). To examine zonal gene expression patterns of Cyp2a4, Cyp2a5 and 

their antisense transcripts, we used a well-characterized experimental model of liver 

regeneration as a proxy to measure zonal expression (Weber et al., 2003). A single i.p. 

injection of adult male mice with the hepatotoxin CCl4, dissolved in MO, causes acute 

necrosis of PC hepatocytes after three days, compared to injection with MO alone. Thus, at 

this time point, the CCl4-treated liver contains mainly hepatocytes that have a PP gene 

expression pattern whereas the MO-treated liver contains both PC and PP hepatocytes. We 

isolated RNA from these livers and analyzed the expression of genes with known zonal 

expression patterns to validate this zonal proxy model. As expected, β-catinen (β-cat) 

mRNA levels, which do not exhibit zonal expression, do not change with CCl4 treatment 

(Figure 6A). Serine dehydratase (Sds) mRNA levels were significantly higher in CCl4-

treated mice, as expected based on its known PP expression pattern (Braeuning et al., 2006). 

Levels of Ornithine aminotransferase (Oat) mRNA, a known PC-expressed gene, were lower 

in CCl4-treated mice, as expected (Kuo et al., 1991). Consistent with the single-cell RNA-

Seq data, Cyp2a5 mRNA levels were lower after CCl4 treatment, indicating a PC expression 

pattern and Cyp2a4 mRNA levels were higher after CCl4 treatment, suggesting a PP 

expression pattern. While this experiment used only male mice and Cyp2a4 is not well-

expressed, we detected expression changes consistent with a zonal pattern nonetheless. We 

also measured expression of the antisense transcripts in these same samples. Both antisense 

transcripts exhibit expression patterns that mirror their sense counterparts; Cyp2a4as is PP 

enriched, whereas Cyp2a5as is PC enriched (Figure 6B). These data demonstrate that 

Cyp2a4 and Cyp2a5 have contrasting responses to CCl4 treatment, suggesting they are 

expressed in different liver zones and the antisense transcripts are expressed similarly to 

their corresponding mRNAs.

3.7 Cyp2a4as, but not Cyp2a5as, is activated in liver tumors

We previously showed that Cyp2a4 was activated in DEN-induced liver tumors, whereas 

Cyp2a5 expression remained unchanged, which led us to analyze Cyp2a4as and Cyp2a5as 

expression in tumors (Figure 7). Consistent with previous studies, Cyp2a4 mRNA levels 

increased dramatically in tumor samples compared with non-tumor liver regions and control 

livers whereas Cyp2a5 levels did not change. The Cyp2a4as levels also exhibited increased 

expression in tumors compared to non-tumor samples, whereas there was no significant 

difference in Cyp2a5as levels in the different liver samples.

3.8 Cyp2a4as and Cyp2a5as are nuclear-enriched transcripts

Functional studies of natural antisense RNAs and other lncRNAs have shown that they can 

repress or activate gene expression through multiple different mechanisms (Cech and Steitz, 

2014; Faghihi and Wahlestedt, 2009; Kung et al., 2013; Pelechano and Steinmetz, 2013; 

Rinn and Chang, 2012). For example, lncRNAs localized to the cytoplasm can impact target 

mRNA stability or translational efficiency and, when in the nucleus, can regulate target gene 

expression through epigenetic modifications, transcriptional interference or by directing 

alternative RNA splicing. To determine the subcellular localization of these antisense 

transcripts, liver nuclear and cytoplasmic RNA was isolated and analyzed by RT-qPCR for 

known cytoplasmically-enriched spliced mRNAs (encoding ribosomal protein L30, Cyp2a4, 
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Cyp2a5) and known nuclear-enriched RNAs, including unspliced pre-mRNA (L30-U) and 

U6 small nuclear RNA (Table 1). The relative cytoplasmic to nuclear RNA abundance for 

each transcript was calculated as described in section 2.7. By comparing the relative 

cytoplasmic to nuclear ratios of the Cyp2a4as and Cyp2a5as transcripts to the control 

cytoplasmic and nuclear RNAs, both antisense RNAs are clearly enriched in the nucleus. 

Thus, if the antisense transcripts contribute to Cyp2a4 and Cyp2a5 mRNA regulation, their 

location would require that they act through a nuclear-restricted mechanism. In addition, this 

analysis shows that the antisense RNAs are only about 20–30-fold less abundant than their 

corresponding mRNAs in the nucleus whereas, when measured in total RNA, they are 100–

800-fold less abundant.

3.9 Potential transcription factor binding differences between the Cyp2a4 and Cyp2a5 
genes

Since we have documented differences in developmental, sex-biased and zonal expression of 

Cyp2a4 and Cyp2a5 and their corresponding antisense RNAs, we considered whether 

predicted transcription factor binding site differences between these two genes may provide 

clues to transcriptional mechanisms that contribute to their differential regulation. To begin, 

we localized DHS sites within the 71 kb genomic region of homology between Cyp2a4 and 

Cyp2a5 (Figure 8) from published genome-wide DHS data from male and female mouse 

liver (Ling et al., 2010). DNase hypersensitivity identifies accessible chromatin regions that 

are often closely associated with transcriptional regulatory regions. This analysis identified 

six high-stringency DHS sites for Cyp2a4 (sites 1 – 4, 6 and 9) and three additional 

standard-stringency DHS sites (sites 5, 7 and 8); all of these DHS sites were categorized as 

female-enriched. In Cyp2a5, only site 1 was identified as a high-stringency DHS site, the 

others were standard-stringency sites and the regions corresponding to Cyp2a4 sites 4, 5 and 

9 were not identified as DHS sites at all. Cyp2a5 DHS sites 1, 2 and 3 were female-enriched 

while DHS sites 7 and 8 were sex-independent. DHS site 6 in Cyp2a5 was divided into two 

distinct sites; one was female-biased and the other was sex-independent. The locations of 

several of the DHS sites correlate with relevant features of the genes; site 3 is over the 

Cyp2a4 and Cyp2a5 promoters and site 4 is over the antisense promoter region. In a global 

analysis of six specific chromatin modifications in male and female livers, multiple 

combinations of activating and repressive marks were identified over different classes of sex-

biased genes (Sugathan and Waxman, 2013). The data from male and female liver chromatin 

modifications over the Cyp2a4 and Cyp2a5 genomic regions were extracted and 

incorporated into Figure 8. The activating chromatin marks associated with enhancers 

(H3K4me1 and H3K27ac) were found in both Cyp2a4 and Cyp2a5, with the signals in 

female livers being more prevalent than in male livers, consistent with their differential 

expression. All the DHS sites, except for DHS site 9, were associated with one or both of 

these sites in these data sets. The H3K4me3 mark, often found associated with active 

promoters, was found in female livers spanning both the mRNA and antisense transcript 

promoter regions, consistent with Cyp2a4 and Cyp2a5 both being expressed in females. 

Although data were available for other chromatin marks (H3K36me3, H3K9me3 and 

H3K27me3), none of these were associated with the Cyp2a4 or Cyp2a5 genes.
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The homologous sequences of Cyp2a4 and Cyp2a5 from the nine Cyp2a4 DHS sites were 

submitted to JASPAR (http://jaspar.genereg.net) to identify potential transcription factor 

binding sites (Khan et al., 2018; Sandelin et al., 2004). We scanned for transcription factors 

that are known to contribute to sex-biased (Stat5a/b, Bcl6, Hnf4, Cux2) and zonal (Tcf7, 

Hnf4) transcriptional regulation (Clinkenbeard et al., 2012; Clodfelter et al., 2007; Conforto 

et al., 2012; Gougelet et al., 2014; Stanulovic et al., 2007; Sugathan and Waxman, 2013; 

Udy et al., 1997; Wiwi et al., 2004; Zhang et al., 2012). High confidence sites for each of 

these were identified in multiple regions. However, we focused on those factors that were 

predicted to uniquely bind, or have a higher relative binding score, in one gene compared to 

the other (Figure 8). Of particular interest was the higher number of predicted Bcl6 and 

Stat5 sites in Cyp2a4, since these factors repress female-biased genes in male mice. There 

were multiple predicted sites for Cux2, a female-specific activator of female-specific genes, 

within DHS sites 1 and 2, but they were not different between Cyp2a4 and Cyp2a5 and 

therefore are not shown in the figure. In addition, all the DHS sites also contained predicted 

binding sites for several liver-enriched transcription factors (Cebpa, Hnf1, Foxa; not 

included in the figure). This analysis provides a short list of potential transcription factors 

that may contribute to the different sex-biased and zonal Cyp2a4 and Cyp2a5 expression 

patterns.

4. Discussion

Despite the 96% sequence identity in the ~71 kb genomic regions containing the Cyp2a4 
and Cyp2a5 genes, these two genes exhibit different expression patterns in the adult mouse 

liver, including different sex-bias, tumor and zonal expression. The limited sequence 

differences between Cyp2a4 and Cyp2a5 could potentially provide insight into the 

mechanisms governing their differential expression, which may be due to transcriptional or 

post-transcriptional mechanisms or a combination of these. Because there are seven 

sequence differences between Cyp2a4 and Cyp2a5 mRNAs within their 208 nt 3’ UTRs (the 

mRNAs are 98.4% identical over their coding region but 96.6% identical over the 3’UTR) 

and 3’UTRs often impact mRNA stability (Matoulkova et al., 2012), we considered whether 

there may be different miRNA target sequences or sequence targets for RNA-binding 

proteins that could contribute to differential stability of the mRNAs. Using multiple miRNA 

target prediction programs, we found several predicted miRNA binding sites differences 

between the two mRNAs. However, none of the miRNAs predicted to bind these sites are 

known to be expressed in liver or to be sex-biased miRNAs (Hao and Waxman, 2018), 

suggesting that differential miRNA binding could not account for different Cyp2a4 and 

Cyp2a5 mRNA levels. In addition, none of the sequence elements known to be bound by 

RNA-binding proteins that either stabilize or destabilize mRNA are found in the Cyp2a4 or 

Cyp2a5 3’UTRs.

A single EST had been uniquely annotated to the Cyp2a4 gene, which raised the possibility 

this could contribute to the difference in gene expression patterns between Cyp2a4 and 

Cyp2a5. However, while we validated this partial EST as an antisense RNA (Cyp2a4as), we 

also discovered a similar antisense transcript for the Cyp2a5 gene (Cyp2a5as) and 

characterized the structure and expression of these antisense transcripts. To our knowledge, 

these are the first antisense transcripts characterized within the Cyp supergene family. The 
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antisense RNAs are nuclear-enriched, spliced, polyadenylated, likely non-coding and, as 

with most natural antisense RNAs, are present at lower levels than their associated mRNA 

(Faghihi and Wahlestedt, 2009; Pelechano and Steinmetz, 2013). Both Cyp2a4as and 

Cyp2a5as initiate within the fourth exon and end at the same location, roughly 2770 bp 

upstream of their respective genes, and thus overlap with the gene promoters. A single nt 

difference between the two primary transcripts that occurs at a splice junction, results in four 

alternatively spliced isoforms of Cyp2a4as. However, it is not likely that there are functional 

differences among them. We did find it curious that several of the antisense RNA exons 

closely overlapped with exons of the mRNAs. This is especially true for the mRNA exons 2 

and 3 that closely overlap with antisense exons 3 and 2 respectively (see Figure 3). This 

could reflect the differential nucleosome localization and modification that is known to exist 

over exons compared to introns (Carrillo Oesterreich et al., 2011; de Almeida and Carmo-

Fonseca, 2012; Naftelberg et al., 2015). The transcripts being made from opposite DNA 

strands would likely be similarly affected by the chromatin structure and this may help guide 

the RNA splicing machinery to suitable splice junction sequences within the primary 

transcripts.

Because Cyp2a4as and Cyp2a5as are nuclear RNAs and generally are expressed in the same 

patterns as their sense mRNA counterparts, this limits the types of mechanisms involved if 

they were to contribute to mRNA regulation. The one situation where we detect some 

differences between the mRNA and antisense RNA patterns is during postnatal liver 

development, where the female-biased expression of the antisense transcripts is established 

at least a week or more before the mRNA sex-biased patterns. This earlier expression could 

facilitate activation of, and potentially contribute to, the sex-biased patterns of Cyp2a4 and 

Cyp2a5 in adult mouse liver. For example, one model that is consistent with our 

observations is that transcription from the antisense promoters could open the chromatin in 

the region of the mRNA promoters, making these regions more accessible to transcription 

factors. This transcription activity, or the antisense transcripts themselves, could recruit 

chromatin modifiers associated with active transcription (Cech and Steitz, 2014; Faghihi and 

Wahlestedt, 2009; Kornienko et al., 2013; Pelechano and Steinmetz, 2013; Rinn and Chang, 

2012). While published data are available for DHS sites and chromatin marks present in 

adult (8 week) male and female liver (Figure 8), data for these chromatin marks during 

postnatal liver development, when the antisense RNAs are differentially expressed, for 

example on days p14, p21 and p28, would be needed to specifically address this hypothesis. 

Such studies could identify the regions that are differentially modified and occupied by 

transcription factors, specifically in the region of antisense transcription, in male in female 

mouse liver and identify mechanisms contributing to Cyp2a4 and Cyp2a5 differential 

regulation.

Because Cyp2a4as and Cyp2a5as are expressed similarly to Cyp2a4 and Cyp2a5 mRNAs, it 

is likely that the same transcription factors are governing expression of the mRNAs and their 

antisense transcripts during liver development and disease and that transcriptional regulation 

is a major determinant of the different expression patterns of these two genes. By analyzing 

available genomic data, we identified multiple candidate transcription factor binding site 

differences between these two genes within DHS sites (Ling et al., 2010). Since Stat5b, the 

major Stat5 isoform in the liver, is an activator of male-biased genes and a repressor of 
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female-biased genes in male mice (Clodfelter et al., 2007; Udy et al., 1997), we might 

expect more unique Stat5 sites in the highly female-biased Cyp2a4 gene. In fact, this is the 

case, as DHS sites 1, 2, 4, 8 and 9 within the Cyp2a4 gene have either unique or stronger 

Stat5 sites, whereas the Cyp2a5 gene has unique Stat5 sites within DHS sites 4 and 7. Bcl6, 

a male-biased repressor of female-biased genes, often competes with Stat5 for binding DNA 

(Sugathan and Waxman, 2013). Consistent with the more extreme female-biased expression 

of Cyp2a4, we found unique Bcl6 sites within the Cyp2a4 high-stringency DHS sites 1, 2, 4, 

and 6. In contrast, the weakly female-biased Cyp2a5 gene has one predicted unique Bcl6 

site, located within DHS site 7. Interestingly, the Cyp2a4 DHS site 4, which is most closely 

associated with the Cyp2a4as promoter region, has predicted overlapping Stat5 and Bcl6 

sites that would be predicted to enforce a strict female-biased Cyp2a4as expression, whereas 

these sites are not uniquely present within the Cyp2a4 promoter region covered by DHS site 

3. Hnf4, which is associated with repression of female genes in males (Wiwi et al., 2004) is 

the only sex-biased regulator we examined that is predicted to have a differential binding 

between the genes within the mRNA promoter region. ChIP-seq datasets are available for 

many of these transcription factors and, in general, their signals overlap well with the DHS 

sites (Conforto et al., 2015; Zhang et al., 2012). However, because the sites we’ve 

highlighted here are only those that are different between Cyp2a4 and Cyp2a5 and high-

scoring binding sites that are identical between the two genes exist throughout this region, 

we did not analyze this data further. How the multiple general, liver-enriched and sex-biased 

transcription factors interact to direct the different expression patterns of these genes is 

likely more complex than the presence or absence of a single binding site. However, our 

work identifies DNA regions that likely contain relevant regulatory information that can be 

used for future studies.

Only a few factors have been identified to contribute to zonal regulation in the liver; β-

catenin, through interactions with Tcf7, is known to drive pericentral gene expression, and 

Hnf4a represses pericentral genes in periportal regions, but much less is known about 

contributors to periportal gene expression (Benhamouche et al., 2006). Cyp2a5 and Cyp2a4 

have pericentral and periportal patterns of expression, respectively, as do their antisense 

RNAs. This would predict that there may be more Tcf7 and Hnf4 sites in Cyp2a5 than in 

Cyp2a4. In fact, this was not the case as both genes had unique or stronger Tcf7 sites located 

within different DHS sites and an Hnf4 site was predicted only in DHS3 of Cyp2a4. 

However, because Tcf7 and Hnf4a are not likely the only regulators of zonal expression in 

the liver, a better understanding of this regulatory mechanism is needed to elucidate 

differential zonal expression of Cyp2a4 and Cyp2a5.

Numerous studies have analyzed the expression of Cyp2a5 and, to a lesser extent, Cyp2a4, 

in response to liver toxins (Abu-Bakar et al., 2013; Camus-Randon et al., 1996; Poca et al., 

2017). Several luciferase-based transfection analyses have identified multiple clusters of 

regulatory elements within the first 3 kb upstream of the Cyp2a5 gene (Abu-Bakar et al., 

2013; Ulvila et al., 2004). These include a “stress-responding cluster” in the −2524 to −2377 

region that corresponds to DHS site 2 (Figure 8) and the proximal promoter region from 

−271 to +10 which corresponds to DHS site 3 (Figure 8). Both Cyp2a4 and Cyp2a5 are also 

regulated in a circadian pattern (Lavery et al., 1999). However, since many of these earlier 

RNA studies used Northern blots with probes that could not distinguish between Cyp2a4 
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and Cyp2a5, their induction by various chemicals may need to be revisited using methods to 

distinguish these highly related mRNAs. Future studies will also be needed to determine 

whether Cyp2a4as and Cyp2a5as are responsive to various toxins or show circadian changes 

in expression. It will also be of interest to determine whether antisense RNAs are encoded 

within other Cyp genes.
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Abbreviations List

Cyp Cytochrome P450

Zhx2 Zinc fingers and homeobox domain

DEN diethylnitrosamine

EST expressed sequence tag

DHS DNase I hypersensitivity

lncRNA long non-coding RNA

RT-qPCR reverse transcriptase – quantitative polymerase chain reaction

Sfrs4 Arginine Rich Splicing Factor 4

RACE rapid amplification of cDNA ends

CCl4 carbon tetrachloride

MO mineral oil

i.p. intraperitoneal

UTR untranslated region

p postnatal day

PP periportal

PC pericentral

β-cat, β-catinen

Sds Serine dehydratase
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Oat Ornithine aminotransferase
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A 71kb genomic region surrounding the mouse Cyp2a4 and Cypa5 genes is 96% 

identical. The highly homologous Cyp2a4 and Cypa5 genes are differentially expressed 

in liver. Spliced nuclear antisense long noncoding RNAs overlap with the Cyp2a4 and 

Cypa5 genes. Limited sequences differences between genes target potential regulatory 

regions.
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Figure 1. The sequences of the mouse Cyp2a4 and Cyp2a5 genes are highly similar over 71 kb.
A. Matrix alignment of the C57BL/6 genomic sequences upstream and downstream of the 

Cyp2a4 and Cyp2a5 genes using DNA Strider 3.0 (Marck, 1988). A ~71 kb region of 96% 

identity exists; homology abruptly declines upstream and downstream of this region. B. The 

duplicated Cyp2a4 and Cyp2a5 regions are shown in more detail. The regions upstream 

(negative numbers) and downstream are relative to the transcription start site (designated +1) 

and the sizes of the two genes are shown. The Cyp2a5 upstream region contains a 1312 bp 

insertion of unrelated sequence, shown as an open triangle. The exon (black boxes) and 

intron (lines between boxes) sizes for the Cyp2a4 and Cyp2a5 genes are shown below. All 

exons are the same size while the intron sizes, as designated by numbers above and below 

lines, show minor variations. Individual exons and introns vary from 94% to 99% identical.
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Figure 2. Characterizing transcripts antisense to the Cyp2a4 and Cyp2a5 genes.
A. The 5’ ends of the Cyp2a4 and Cyp2a5 genes are shown; exons are black boxes and 

arrows denote the transcriptional direction. The EST that was annotated antisense to the 

Cyp2a4 gene is shown as open boxes, lines are the introns and the arrowhead within the 

intron denotes the transcriptional direction. Vertical thin gray lines designate the nucleotide 

differences between the two genes in this region; primers to distinguish potential antisense 

transcripts within Cyp2a4 and Cyp2a5 are diagrammed as arrowheads. cDNA from a male 

(M) or female (F) liver was amplified with primers a/b and c/d for Cyp2a4 and Cyp2a5, 

respectively, and products were separated on a 6% polyacrylamide gel, as shown to the right. 

The PCR annealing temperatures are shown, as established in Supplemental Figure 1. B. 
Primers specific for Cyp2a4as (m) and Cyp2a5as (c) and a common primer (n) were used to 

amplify potential fulllength antisense transcripts. The transcript structure based on 5’ RACE 

results for Cyp2a4as (open boxes) and Cyp2a5as (gray boxes) is shown. Nucleotide 

differences between Cyp2a4as and Cyp2a5as in the region of the primers are marked by 

gray lines. C. cDNA was synthesized from male (M) and female (F) nuclear RNA using 

random hexamers. PCR reactions from different annealing temperatures (60, 65, 70°C) were 
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resolved on a 1% agarose gel; an overexposed view of the gel is shown. Amplicons isolated, 

cloned and sequenced are marked for Cyp2a4as (bracket) and Cyp2a5as (bracket and *); the 

bracketed bands were gene-specific while the * amplicon was nonspecific. The size marker 

is shown on either side of the gel.
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Figure 3. Summary of the Cyp2a4as and Cyp2a5as transcripts.
The orientation of the gene and antisense transcripts have been flipped relative to previous 

figures but the numbering along the gene and the fill styles remain the same. The mRNA 

genes are shown in the center by black boxes with the transcriptional direction to the left, as 

noted by the arrows. The antisense transcripts identified by cloning and sequencing multiple 

RT-PCR products are shown with the transcriptional direction to the right, as noted by the 

arrows. The single Cyp2a5as transcript is shown above and the four Cyp2a4as transcripts are 

shown below the genes, with the original Cyp2a4as EST shown at the bottom. The exons of 

Cyp2a5as and Cyp2a4as isoform 1 are numbered. The light gray highlighted bars denote 

common exons and splice junctions among the transcripts. The numbers linked to the splice 

junctions in the region of alternative splicing are the predicted 5’ and 3’ splice junction 

strengths for the Cyp2a4as and Cyp2a5as transcripts, as predicted by MaxEntScan (Yeo and 

Burge, 2004). Those that differ between Cyp2a5 and Cyp2a4 are shown in bold. The single 

nucleotide difference at the 5’ splice junction of antisense exon 3 is the likely driver of the 

alternative splicing seen in Cyp2a4as.
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Figure 4. Sex-biased Cyp2a4as and Cyp2a5as expression mimics those of their overlapping 
mRNA counterparts.
A. Liver Cyp2a4 and Cyp2a5 mRNA abundance was measured by RT-qPCR and normalized 

to Serine and Arginine Rich Splicing Factor 4 (Sfrs4) from male (black, n=5) and female 

(gray, n=5) C57BL/6 mice. B. Cyp2a4as and Cyp2a5as transcripts levels were measured by 

RT-qPCR, normalized to the control Sfrs4 mRNA in the same samples as in A. Statistics: 

Student’s unpaired t-test. *=p<.05, **=p<.01, ***p<.001.
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Figure 5. Cyp2a4 and Cyp2a5 mRNA levels, along with Cyp2a4as and Cyp2a5as, increase during 
mouse postnatal liver development.
A. Cyp2a4 and Cyp2a5 mRNA levels and B. Cyp2a4as and Cyp2a5as transcripts levels were 

measured by RT-qPCR, normalized to the control Sfrs4 mRNA, in liver samples from 

B6C3F1 male (black squares) and female (gray circles) mice at embryonic day 17.5 (M and 

F, n=3) and postnatal day 1 (p1; M and F n=3), p7 (M and F n=3), p14 (M n=6, F n=3), p21 

(M n=5, F n=3), p28 (M n=5, F n=3) and p56 (M and F n=4). The gap in the lines indicates a 

longer time period between timepoints p28 and p56. Statistics: Twoway ANOVA was used 

to compare females to males across developmental timepoints. *=p<.05, ***p<.001.
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Figure 6. Cyp2a4 and Cyp2a5 mRNA, along with Cyp2a4as and Cyp2a5as, display different 
zonal expression patterns.
Liver RNA was prepared three days after adult male C3H mice were injected i.p. with either 

mineral oil (MO, n=5) or carbon tetrachloride (CCl4, n=5) and analyzed by RT-qPCR, using 

Sfrs4 for normalization. A. Expression of β-catenin (not zonally expressed), Sds (a known 

PP gene), Oat (a known PC gene), Cyp2a4, Cyp2a5 are shown. Cyp2a4 mRNA is 

periportally enriched whereas Cyp2a5 mRNA is pericentrally enriched. B. Cyp2a4as and 

Cyp2a5as exhibit similar changes in expression as their sense counterparts after CCl4 

treatment, indicating the same zonal expression. Statistics: Student’s unpaired t-test. 

*=p<.05, **=p<.01, ***p<.001.
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Figure 7. Expression of Cyp2a4as, but not Cyp2a5as, increased in DEN-induced liver tumors.
RNA was prepared from livers of control mice (PBS; n=8) and from non-tumorous tissue 

(NT) and tumors (T) of DEN-treated mice (n=9) and analyzed by RT-qPCR, using Sfrs4 for 

normalization. A, B. Expression of Cyp2a4 and Cyp2a4as, but not Cyp2a5 and Cyp2a5as, 

increase in tumors compared to non-tumor tissue. Statistics: One-way ANOVA was used to 

compare genes between tumor and non-tumor tissue, ***p<.001.
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Figure 8. DNase I hypersensitivity (DHS) regions, chromatin modifications and predicted 
differential transcription factor binding sites within the mouse Cyp2a4 and Cyp2a5 genes.
The nearly identical 71 kb genomic regions of the Cyp2a4 and Cyp2a5 genes (see Figure 1) 

is shown in the middle; exons are black boxes, the arrows show the transcriptional direction 

and the relative female-to-male bias for each gene is indicated. The antisense transcripts 

associated with each gene are shown as open boxes above and below the gene diagram with 

the arrows showing transcriptional direction. The DHS sites from Supplemental Table S5A 

(Ling et al., 2010) within this genomic region are shown as black boxes above the Cyp2a4 
gene, numbered 1 through 9. Six of the nine corresponding regions in the Cyp2a5 gene also 

had DHS sites and these are marked with solid black boxes that are connected to the sites in 

Cyp2a4 by light grey bars. The chromatin modifications (H3K4me3, H3K27ac, H3K4me1) 

from Supplemental Table S3 (Sugathan and Waxman, 2013) over these genomic regions in 

male (blue bars) and female (red bars) liver samples are shown and aligned with the DHS 

data. The overall figure is not to scale, but the sizes of the DHS regions and the extent of the 

chromatin modifications is drawn approximately to scale, as noted below the figure. 

Potential binding sites for transcription factors associated with sex-biased (Stat5a/b, Bcl6, 

Hnf4) and zonal (Tcf7, Hnf4) regulation were identified within the DHS sites using 

JASPAR. Transcription factors that are predicted to bind uniquely in one gene are in bold. 

Those factors predicted to be present in both genes, but that have higher relative scores in 

one compared to the other are shown associated with the gene having the higher score. If a 

transcription factor is shown associated with the same DHS in both genes, this means that 

each gene has these sites predicted at different locations with the DHS region.
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Table 1.

Cyp2a4as and Cyp2a5as are nuclear-enriched transcripts.

Transcript relative cytoplasmic/nuclear localization known localization

L30 mRNA 1.0 cytoplasmic

Cyp2a4 mRNA 0.47 ± 0.01 cytoplasmic

Cyp2a5 mRNA 0.46 ± 0.12 cytoplasmic

L30 pre-mRNA 0.0027 ± 0.001 nuclear

U6 snRNA 0.0056 ± 0.006 nuclear

Cyp2a4as 0.014 ± 0.008 nuclear

Cyp2a5as 0.014 ± 0.005 nuclear

RNA was isolated from cytoplasmic and nuclear fractions of adult C57BL/6 male (n=2) and female (n=4) livers and analyzed by RT-qPCR. Spliced 
mRNAs are known to be cytoplasmicallyenriched [ribosomal protein L30 (L30), Cyp2a4, and Cyp2a5] whereas unspliced L30 (L30-U) mRNA and 
U6 small nuclear RNA (U6) are known to be nuclear-enriched RNAs. The relative abundance of the Cyp2a4as and Cyp2a5as transcripts was 
compared to these known transcripts to determine their location within liver cells. The cytoplasmic to nuclear RNA ratio (cyto/nuc) relative to L30 
mRNA was calculated in two steps. The cytoplasmic to nuclear RNA abundance for each transcript in a single animal was calculated and then this 
ratio was compared to the cytoplasmic to nuclear ratio for L30 mRNA in the same animal. The average and standard deviation of the six animals 
are shown. The Cyp2a4as and Cyp2a5as cyto/nuc ratios more closely resembled the nuclear RNAs, rather than the cytoplasmic mRNAs, indicating 
Cyp2a4as and Cyp2a5as transcripts are enriched in the nuclear fraction.
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