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SUPPLEMENTAL DISCUSSION 

The Environmental Genome Project was launched by the NIEHS to characterize variations 

in important genes and relate the differences to human susceptibility to chemical and physical 

agents in the environment (Guengerich, 1998).  The project sought to investigate the significance 

of polymorphisms that encompass: (i) altered codon producing amino acid substitutions, (ii) 

premature stop codon introduction, (iii) diminished RNA transcription, (iv) splice variants, and (v) 

altered mRNA stability.  Because of their central role in phase I drug metabolism, the 

characterization of SNP-sensitive, CYP variant forms, remains an important aspect of the 

environmental genome project.  While this review highlights some of the mechanisms by which 

genetic polymorphisms alter CYP gene splicing, we also wanted to focus the reader on some of 

the intrinsic cellular splicing mechanisms that promote alternative gene assembly, and alternative 

exon usage, under normal conditions, enabling individualized approaches to healthcare.      

 

OVERVIEW OF RNA PROCESSING AND ALTERNATIVE SPLICING IN HUMANS  

Greater than 90% of mammalian multi-exon genes are alternately spliced (Croft et al., 

2000), and alternate splicing is linked to multiple human diseases (Cooper et al., 2009). Alternate 

splicing or alternate exon inclusion during pre-mRNA maturation is a process in which a single 

gene can encode multiple proteins.  For genes with more than one exon, each intron contains 



conserved elements with a 5’-\GU-nn(n)xnnYUNAYYYYYYYYYYYYYYYAG\-3’ sequence.  These 

conserved sequences are recognized by a variety of small nucleolar ribonuclear proteins 

(snRNP).  The U1snRNP binds AG-GU sequences at the splice donor site (U12snRNP binds AU-

AC donors) and recruits U2AF35 at the 3’-end of the intron and U2AF65  to a branch site A 

(underlined), which binds to the polypryimidine tract forming the spliceosome A complex.  The 2’-

OH of adenine attacks the 5’-terminus of the intron and U5snRNP positions exons for a second 

nucleophilic attack at the 3’-OH of the exon, joining the exon donor and exon acceptor and 

eliminating the intron.  The cis-elements at the 5’-donor are AG/RURAGU, the 3’-acceptor are 

YAG/RNNN, the branch point YNYURAC, and the polypyrimidine tract.  The sequence context of 

the exon junctional complex (EJC) may weakly or strongly define an exon and mutations in the 

5’-donor or 3’-acceptor region tend to diminish but not necessarily extinguish spliceosome 

recognition (Lewandowska, 2013).  Additional regulation of splicing involves cis-elements referred 

to as intronic splicing-silencers (ISS), intronic splicing-enhancers (ISE), exonic splicing-silencers 

(ESS), and exonic splicing-enhancers (ESE) and trans-acting proteins which are generally 

members of the serine-rich (SR) proteins (Falanga et al., 2014).  A simplified, schematic diagram 

of the alternative splicing process is shown in Figure 1.  It highlights how tissue-specific, trans-

acting regulatory factors, such as the U2 and U10 snRNP, work in conjunction with cis-regulatory 

elements, to promote exon inclusion or exclusion (Supplemental Figure 1).   

The pattern of pre-mRNA splicing can be altered by both endogenous and exogenous 

compounds, epigenetic modifications and with splice-switching oligonucleotides.  This process is 

also influenced by the structure of a gene’s promoter, and the organization of various hormone-

response elements that guide the recruitment of requisite transcription factors and co-regulatory 

factors (Auboeuf et al., 2002).  For example, glucocorticoids can modulate alternative exon 

inclusion and are synthesized and degraded by cytochrome P450 genes that are sensitive to this 

process (Park et al., 2009).  While the mechanism of this endocrine disruption remain poorly 

defined, the splice altering action of glucocorticoids appears to involve the glucocorticoid (GR) 



nuclear receptor (Lai and McCobb, 2002).  Interestingly, the exon skipping induced by 

glucocorticoids is now being exploited for the treatment of Ataxia Telangiectasia (ATM) where 

exon 3 is joined to exon 52 of the ATM pre-mRNA (Menotta et al., 2012).  The alternative splicing 

and expression of CYP genes that alter the balance of endogenous glucocorticoids and their 

interaction with the GR to alter pre-mRNA splicing, deserve greater attention.  Several antisense 

oligonucleotides are being evaluated as therapeutic agents to treat genetic disease by altering 

splice site recognition in pre-mRNA (Disterer et al., 2014; see Supplemental Table 1). 

Emerging epigenetic regulators of alternate splicing include DNA methylation (e.g. 5-

methylcytosine formation), Argonaut (AGO1 and AGO2), and lncRNA (Zhou et al., 2013; Li et al., 

2014).  Nucleosomes are preferentially positioned over exons and are enriched in specific histone 

modifications such as H3K35me3 and H3K79me1 (Hon et al., 2009).  Elevated histone acetylation 

leads to increased exon skipping (Schor et al., 2010).  The rate of RNA polymerase II (RNAPII) 

also influences splicing efficiency and exon inclusion.  In turn,   the structure of chromatin 

influences the RNAPII transcription rate and the co-transcriptional nature of splicing (Brown et al., 

2012).  Chromatin organization affects alternative splicing which may involve exon-nucleosome 

occupancy.  If the 5’-splice site pairing with U1 snRNA is strengthened then exon inclusion is 

observed and leads to increased nucleosome occupancy (Karam et al., 2013).  Current 

investigations continue to reveal a more refined understanding of how epigenetic control of 

splicing is regulated with emphasis on age, specific tissue types, and the role of cell 

transformation.  Alternately spliced transcripts that result in mRNA that are no longer in-frame are 

likely to be degraded by nonsense-mediated decay (NMD) processes. RNA degradation is carried 

out by over 30 families of ribonucleases, and humans encode more than 60 different isoforms.  

Aberrantly processed, defective RNA molecules can damage cells, thus creating a need for 

diverse surveillance and degradative pathways (Stoecklin and Muhlemann, 2013).  Cellular 

mRNA decay utilizes multiple strategies, and NMD will act on mRNA with an ORF-interrupting 

premature termination codon (PTC), upstream ORFs (uORFs), introns in the 3’-UTR, long 3’-



UTRs, and alternative polyadenylation or poly(A) mutations (Dickson and Wilusz, 2011).  

Common NMD substrates have translation termination that is distant from the poly(A) tail, or 

possess an exon junction complex (EJC) between the stop codon and the poly(A) tail.  PTCs 

located >50-55 nucleotides upstream of a 3’ EJC trigger NMD (Schweingruber et al., 2013).  

Staufin-1 (Stau1)-mediated mRNA decay (SMD) can also recruit upframeshift protein 1 (UPF1) 

to the EJC, similar to NMD, but involves transcript binding, not splicing (Karam et al., 2013).  The 

ATPase and RNA helicase activity of UPF1 and related (Upf2 and Upf3’s) target mRNA and 

nascent peptide for degradation and may facilitate ribosome subunit dissociation and recycling 

events (Celik et al., 2014).  STAU1 binding sites can be formed by Alu elements in 3-UTRs and 

lncRNA, and cofactor binding to these sites induces SMD (Gong and Maquat, 2011).  Fully 

modified morpholino and 2’-O-methyl antisense oligomers that are not substrates for RNase H or 

RISC activity can lead to RNA degradation through NMD, as well (Ward et al., 2014). 

During protein elongation the pairing of tRNA anti-codons and mRNA codons occurs at 

the ribosomal A site accompanied by stringent proofreading steps that ensure highly accurate 

protein synthesis.  Suppression of termination occurs at a rate of 0.001 – 0.1 percent at normal 

stop codons and 0.01 – 1 percent at premature termination codons (PTC).  Suppression of stop 

codons is mediated by aminoacyl-tRNA mispairing with a stop codon and amino acids tryptophan, 

tyrosine and lysine have been observed to be present at the PTC site indicating near-cognate 

mispairing can occur at any of the three codon positions (Fearon et al., 1994).  Codons in mRNA 

include UGA as a leaky stop, UAA as a strong stop and UAG as an intermediate (Weiner and 

Weber, 1973).  The 16S rRNA (eukaryotic 18S) bases A1492 and A1493 (eukaryotic A1754 and 

A1755) flip out of the helix to interact with the minor groove of the codon-anticodon helix in site A 

of the ribosome, and G530 flips from syn- to an anti- conformation.  These interactions confirm 

base pair fidelity and cause the 30S subunit to shift from open to closed conformation and GTP 

hydrolysis by EF-Tu (Keeling et al., 2012).  Aminoglycosides bind to 16S rRNA near A1492 and 

A1493 displacing bases to the minor groove of helix 44 resulting in translation read-through and 



suppression of premature codon termination (Lai et al., 2004).  Therapeutics such as Ataluren 

(Peltz et al., 2013) have been designed to suppress PTCs in genetic diseases including cystic 

fibrosis, Duchenne muscular dystrophy, ataxia telangiectasia, recessive dystrophic epidermolysis 

bulosa, and Hurler syndrome, but still face limitations linked to insufficient efficacy, incorporation 

of nonfunctional amino acids at PTCs, NMD, and both toxicity and immune responses linked to 

neoantigens resulting from therapy (Keeling et al., 2012).  Ultimately, the role P450 enzymes play 

in the degradation of aminoglycosides and related compounds imply a potentially central role for 

CYP metabolism in the regulation of protein translation, particularly for SNP-based or 

alternatively-spliced transcripts subject to NMD.   

 Based on the global nature of the splicing process, it is not surprising that nearly all 57 

human CYP genes are subject to alternative splicing events, via one of seven traditional 

alternative splicing mechanisms operating in metazoan genes (Blencowe, 2006; Roy et al., 2013).  

However, the ability of CYPs to metabolize both endogenous and exogenous modulators of gene 

splicing and protein translation (e.g. glucocorticoids, cyclohexamide, aminoglycocides, etc.) 

appears to be under-appreciated in the literature (Busi and Cresteil, 2005).  This review highlights 

how our modern understanding of alternative splicing shatters the classical one gene-one 

transcript (or polypeptide) paradigm (Beadle and Tatum; 1941; Chow et al., 1977; Davis, 2007), 

and suggests that each gene encodes multiple coding and noncoding transcripts to ensure the 

expression of the most adaptive phenotype.   This observation helps explain both the apparent 

paucity of coding information in the human genome and the potential role for the increasingly 

visible assemblage of non-coding RNA “dark matter” that was associated with “junk DNA” only a 

decade ago.   Below we review some of the best examples of alternative P450 gene splicing in 

humans to highlight the varied cellular mechanisms regulating their expression.  We will also focus 

in on how improvements in structural and computational biology have shifted our appreciation for 

CYP splice variants and their biological significance with time.  
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SUPPLEMENTAL TABLES 

 

Supplemental Table 1.  CYP Transcript Variant Subcellular Localization 

Family Cytoplasm ER Mitochondria Membrane Nucleus Secreted 

CYP1 
1A1-251# 

1B1-127*† 

1A1- 

∆Ex6 
  

1A1-

∆Ex2* 
 

CYP2 

2A7-101*† 

2C8-103*† 

2E1-335* 

2F1-125* 

2J2-312 

2R1-386*, 

228,158*† 

2S1-373*, 

229 

2W1-198* 

 
2C8-388 

2E1-252† 
  

2A6-494* 

2A7-494, 

443 

2A13-494‡ 

2C8-490*, 

404*,307* 

2C9-490*, 

282,101 

2E1-493 

2J2-

502,402, 

355 

2R1-501 

2U1-596* 

CYP3 

3A4-423 

3A5-228† 

3A7-423 

3A43-393, 

280,250, 

248,229† 

3A4-473* 

3A5-389* 

3A7-473* 

3A43-

504,503, 

420 

 

3A4-516*, 

503, 502 

3A5-502*, 

492*,322* 

  

CYP4 4A11-220† 4X1-509  
4B1-512*, 

511,325 

4F2-

190*† 

4A22-519, 

455, 357 



4B1-449, 

194† 

4F2-371 

4F3-371*, 

230 

4F8-347, 

305,245, 

195,183† 

4F11-

308*† 

4F12-314, 

273,231, 

138† 

4V2-197, 

171† 

4X1-293 

4F8-194† 

4F22-531* 

4V2-525 

4F2-520*, 

420,162 

4F8-155 

4F11-524* 

4F12-524, 

229,172, 

102† 

4V2-178† 

 

CYP7      7A1-504*‡ 

CYP8 8A1-361      

CYP11 

11A1-512, 

469, 460, 

439, 433, 

414†, 250 

 

11B1-

153* 
11B1-154   11B1-113† 

CYP19 
19A1-344 

19A1-271 
 19A1-129*    

CYP20 20A1-234   20A1-208   

CYP21 
21A2-422, 

401, 347 
    

21A2-495, 

465*, 373, 

239 

CYP24 24A1-372  24A1-448*    

CYP26 26A1-151†     
26A1-497* 

26C1-302† 



CYP27 27C1-372 
27A1-

395* 
27A1-115†    

CYP39  
39A1-

449* 
    

CYP46 46A1-337     46A1-500* 

CYP51 51A1-449*     51A1-509 

# CYP gene name (in bold) followed by variant transcript length in base pairs.  
* Associated with tumor or transformed cells. 
† Unknown Protein Coding Status; Conflict among Ensembl or Aceview Databases; Transcript has “Protein   
   Quality” score below “Very Good”.  Potential NMD candidate. 
‡ Represents the only known transcript. 

 

Supplemental Table 2.  Therapeutic Applications of Splice-Switching Oligonucleotides 

Gene Disease Target Details/Expression Change 

Dystrophin 
Duchenne Muscular 

Dystrophy 
∆ Exon 51 

Eteplirsen; Improved 6 Minute 

Walk Test (MWT); Reduced 

Creatine phosphokinase 

SMN1 
Spinal muscular 

atrophy 
ISS - intron 7 

Intrathecal 9 mg dose 

Includes exon 7 

LMNA Hutchinson-progeria Exon 10 - SA 25-mer PMO full length LMNA 

STAT3 Cancer Exon 23 - ESE Switch STAT3a to STAT3b 

FLT1 Neovascularization Exon 13 - SA 
Membrane bound to soluble 

FLT1 

FKTN 
Fukuyama Cong. 

Musc. Dyst. 
ISE +3’ - SA 

Rescue normal fukutin 

expression 

USH1C Usher syndrome Cryptic 5’ SD Rescue hair cells in cochlea 

MYBPC3 
Hypertrophic 

cardiomyopathy 
ESE - exon 5+6 Increase variant 4 mRNA 



KDR 
Corneal graft 

rejection 
Exon 13 5’ SD 

Membrane bound to soluble 

KDR 

APOB 
Familial 

hypercholesterolemia 
Int 27 - SA Skip exon 27 

 

SUPPLEMENTAL FIGURES 

 

 

Supplemental Figure 1.  Schematic Diagram of the Alternative Gene Splicing Process – The 

function of a multi-exon gene can be manipulated post-transcriptionally by altering the exon 

composition of the processed mRNA transcript. All introns contain a conserved 5’-\GU-

nn(n)xnnYUNAYYYYYYYYYYYYYYYAG\-3’ sequence, which like exons, also contain cis-acting 

regulatory elements that guide the splicing process.  Trans-regulatory factors, including serum 

response factors (SRF), heterogeneous nuclear ribonucleoproteins (hnRNP) and small nuclear 

ribonucleoproteins (snRNP) interact with cis-elements in the gene that either enhance, or silence, 

the spliceosome’s ability to recognize an exon, and properly assemble near the splice junction. 

Well-defined exons, marked by SRF recognition, contain intronic enhancer elements that promote 



normal recruitment of the U2 snRNP to the A branch site.  Poorly-defined exons may be partially 

masked from the spliceosome via interactions with trans-acting elements in the exon (e.g. 

hnRNPs).  Proper splicing also relies on coordinated interactions among multiple trans-acting 

silencer at (+) and (-) cis-elements in the intron.  In these complex scenarios, recruitment of an 

intronic silencer can occlude branch site recognition by the U2 snRNP.  Tissue-specific 

expression of a second snRNP (e.g. U10 snRNP), which can still recognize the A branch-site in 

the presence of intronic silencers, would be required to promote normal splicing of the reference 

gene transcript.   In the absence of U10snRNP, or another compensatory trans-acting element, 

the third exon would routinely be skipped allowing the splice variant transcript to accumulate.  

 

Supplemental Figure 2.  Alternative Splicing and Function of the CYP1B1 Gene – CYP1B1 

is unique among CYP1 family P450 genes in that its polypeptide sequence is translated from only 

2 coding exons (exons 2 and 3); related CYP1A genes typically have 7 exons. SNPs found in the 



CYP1B1 gene of Glaucoma patients promote can produce truncated (or deletion) variants, 

including verified forms of 93 or 354 amino acid residues (Tanwar et al., 2009).   The potential for 

cryptic exon 1 usage, and documented insertions (and deletions) in exon 2 (Sheikh et al., 2014) 

provide this primitive gene some structural plasticity near its N-terminus, which is extended by 

~10 residues from related CYP1A genes. The extended C-terminus of CYP1B1, which is ~20 

amino acids longer than CYP1A1, remains poorly characterized, with an undetermined functional 

role.  While the evolution of such variability in CYP gene structure remains a mystery reaching 

back over 500 million years, a mechanism for prioritizing protein translation prioritization may be 

feasible, as the nuclear proteins associated with splice junction-site recognition at intron/exon 

borders are now known to augment the rate of protein translation in the cytoplasm (Lejeune and 

Maquat, 2005; McGlincy and Smith, 2008).   

 

Supplemental Figure 3.  Alternative-Splicing of the Human CYP19A1:  Tissue-specific Exon 

1 and 5 Inclusion -  Exon 1 of the CYP19A1 gene is highly complex, and is organized into 5 

cryptic exons (I.1, I.4, I.2, I.3 & PII) subject to tissue-specific, alternate splicing in mammals (Zhou 



et al., 1996).  CYP19A1 variants with reduced aromatase activity have been detected in adipose 

tissue, brain, testis, adrenal glands and bone (Lin et al., 2007).  Structural analysis of CYP19A1 

(PDB: 3S79) indicates alternative exon 1 usage could alter membrane binding, substrate access 

and subcellular distribution by altering the structure of the N-terminus encoded by Exon 2 (green). 

More recently, it was determined that exon 5 in the CYP19A1 gene is poorly defined and subject 

to both splicing mutations and physiological alternative splicing events (Pepe et al., 2007).  The 

skipping of exon 5 (yellow ribbon), which encodes complete α helices D and E in CYP19A1, 

eliminates prototypical P450 aromatase activity in both steroidogenic and non-steroidogenic 

tissues (Lin et al., 2007; Pepe et al., 2007).  The modular organization of these discrete structural 

elements into exon 5, suggests a domain swapping mechanism underlying the aromatization 

process, based on tissue-specific exon 5 usage.  

 

Supplemental Figure 4.  Alternative Splicing of Human Drug Metabolizing P450s: CYP2C9 

and CYP2D6.  A.) Several CYP2C9 splice variants (CYP2C9sv) have been identified (Ohgiya et 

al., 1992), including a liver-specific form that skips exon 2 that is spectrally-active, but does not 



metabolize prototype 2C9 substrates (Ariyoshi et al., 2007).   Structural analysis of CYP2C9 

(PDB: 4NZ2) indicates removal of exon 2 (in yellow ribbon), and a partial insertion of intron 1, 

would reshape the substrate access channel and membrane binding surface by altering the N-

terminus, helices A’-A, and β sheets 1 and 2.  These changes could also reshape the distal pocket 

of the active site and reposition the proximal meander region, altering redox partner binding 

interactions and catalytic function.  The import of liver-specific “plug-and-play” usage of exon 2 in 

CYP2C9 remains enigmatic, but relatively ubiquitous, making it a possible marker of disease or 

metabolic phenotype.  The CYP2C9 gene, located within a cluster of CYPs on chromosome 

10q24 is also subject to non-random, trans-splicing events with neighboring CYPs 2C8, 2C18 and 

2C19 in liver and skin (Warner et al., 2001); multiple chimeric variants, many containing exon 1 

from CYP2C18 spliced onto exons from CYP2C9 have been detected, and could play a similar 

role in altering substrate recognition or catalytic function.  B.) The human CYP2D gene family is 

also complex, comprised of CYP2D6 and 4 pseudogenes (CYP2D7P1 & 2 and CYP2D8P1 & 2).   

Alternative splicing has been detected in human liver and breast tissue (Huang et al., 1997), 

including a highly-expressed variant which completely skips exon 6.  Analysis of the CYP2D6 

crystal structure (PDB: 4WNU) reveals that exon 6 (in yellow ribbon; H-I loop – Helix J) encodes 

the complete I helix of CYP2D6, and removal of this large central helix may have profound 

metamorphic effects on the P450 fold.  Alternate exon usage in CYP2D6 is also tissue-selective 

and variants skipping exon 3 (in orange; B’-C loop – D-E loop) and portions of exon 4 (in magenta; 

D-E loop – G’ helix) have been documented that alter both enzyme function and localization 

(Sangar et al., 2010).  Intronic SNPs in CYP2D6*41 individuals are also known to increase the 

expression levels of 2D6 variants lacking exon 6 (Toscano et al., 2006).  Multiple splicing 

mechanisms appear to underlie the complex genotype-phenotype relationship of the CYP2D6 

gene, and various tissue- and transformation-sensitive variants appear to be involved. 



 

Supplemental Figure 5.  Trans-Splicing of the Human CYP3A Gene Family: Cryptic 

Alternative Exon 1 Usage.  There are four CYP3A genes in humans (3A4, 3A5, 3A7 & 3A43), 

each consisting of 13 coding exons sharing 71-88% amino acid identity that cluster on 

chromosome 7q21-22.1, where the CYP3A43 gene is in a head-to-head orientation with the other 

three genes (Finta and Zaphiropoulos, 2000).   Several chimeric forms of CYP3A have been 

described where exon 1 of CYP3A43 is joined at canonical splice sites of CYP3A4 and CYP3A5 

genes, implying a common trans-splicing mechanism. A) Our structural analysis of CYP3A4 

(PDB: 4K9T) highlights the complex structural segmentation of the CYP3A4 gene into 13 exonic 

structures, which may facilitate its rapid transcription and translation upon xenobiotic induction.  

This modular assembly may also allow the cell to sample increased CYP3A4 conformational 

space when attempting to adapt the catalytic site to novel environmental challenges.  B.) Primary 

sequence alignments of exon 1 demonstrate that each human CYP3A gene encodes a distinct 



protein sequence, allowing trans-splicing events to alter determinants of membrane binding, 

substrate recognition, and subcellular targeting.  C.) A CYP3A4 trans-splicing variant containing 

exon 1 of CYP3A43, followed by exons 4-13 of CYP3A4, has been described that retains 

detectable 6-β-hydroxylase activity against testosterone despite losing key structural features 

encoded by exons 2 and 3.   D.) An additional CYP3A4 trans-splicing variant containing exon 1 

of CYP3A43, followed by exons 7-13 of CYP3A4, has also been studied; this severely-truncated 

variant initiates coding near helix E and displays minimal 6-β-hydroxylase activity but is insensitive 

to NMD in the liver, and therefore may contribute to an adaptive CYP3A family cloud. 


