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ABSTRACT 

Cytochrome P450 3A4 (CYP3A4) is a key drug metabolizing enzyme. Loss-of-function 

variants have been reported as rare events, and the only demonstration of a CYP3A4 protein 

lacking functional activity is caused by CYP3A4*20 allele. Here we characterized the world 

distribution and origin of CYP3A4*20 mutation. CYP3A4*20 was determined in more than 

4000 individuals representing different populations and haplotype analysis was performed 

using CYP3A polymorphisms and microsatellite markers. CYP3A4*20 allele was present in 

1.2% of the Spanish population (up to 3.8% in specific regions), and all CYP3A4*20 carriers 

had a common haplotype. This is compatible with a Spanish founder effect and classifies 

CYP3A4 as a polymorphic enzyme. This constitutes the first description of a CYP3A4 loss-of-

function variant with high frequency in a population. CYP3A4*20 results together with the 

key role of CYP3A4 in drug metabolism, support screening for rare CYP3A4 functional 

alleles among subjects with adverse drug events in certain populations.   

 

 

Keywords: CYP3A4*20 allele, loss-of-function allele, rare variant, founder effect, CYP3A4 

haplotype 
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INTRODUCTION 

Cytochromes P450 (CYPs) are the most important drug metabolizing enzymes, being 

CYP1, 2 and 3 families responsible of the biotransformation of ~70-80% of all therapeutic 

compounds 
1, 2

. CYP3A4 is the most abundant P450 enzyme in the human liver and 

gastrointestinal tract and it is involved in the biotransformation of more than half of all 

clinically used drugs 
1-3

. There is a high variability in CYP3A4 expression (> 100 fold) 
1
 

caused by non-genetic and genetic factors which contributes to unpredictable drug responses 

and toxicities. Among environmental factors, drug-drug interactions are one of the most 

studied causes of variation, but gender, hormonal status and age also influence CYP3A4 

expression and activity 
4, 5

. With respect to genetic factors, twin studies and repeated drug 

administration approaches have estimated a high degree of heritability in CYP3A4 inter-

individual variation 
6-8

. In this regard, the Human CYP Allele Nomenclature Database 

includes 23 different CYP3A4 variant proteins. Two are truncated proteins resulting from rare 

premature stop codons (CYP3A4*6 and CYP3A4*20 alleles) 
9, 10

, while the rest are low 

frequency/ rare missense variants, some with reduced enzymatic activity (CYP3A4*8, 

*11,*12,*13,*16 and*17 alleles; http://www.cypalleles.ki.se/). In addition, two non-coding 

SNPs have been related to altered gene expression (e.g. CYP3A4*1B and CYP3A4*22) 
11, 12

. 

On the whole, although several genetic variants that affect CYP3A4 activity have been 

described, in general these are rare or low-frequency alleles expected to explain only a small 

fraction of CYP3A4 phenotypic variability 
13

.  

The CYP3A4*20 allele, a single base pair (A) insertion causing a frameshift and 

premature stop codon in the protein (c.1461_1462insA; p.P488Tfs*494), is the only CYP3A4 

gene variant in which lack of enzymatic activity has been demonstrated. This allele was found 

in an individual of Brazilian descent with a 6-fold increased exposure of a drug metabolized 

by CYP3A4 and low systemic midazolam clearance 
9
, and classified as rare, since no 

http://www.cypalleles.ki.se/
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CYP3A4*20 carriers were found in 428 Germans. This variant has not been described again, 

and there is no data regarding its possible origin and distribution in different populations. 

However, we found one CYP3A4*20 carrier upon whole exome sequencing of Spanish 

patients with extreme toxicity 
14

. This finding triggered this study investigating the 

CYP3A4*20 allele distribution in Spain and worldwide. We find that 1 in 82 Spanish 

individuals carries this allele, and haplotype analyses suggest a Spanish founder effect. This is 

the first description of a loss-of-function CYP3A4 allele with a high frequency in a 

population, and demonstrates the polymorphic nature in this gene. 
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MATERIALS AND METHODS 

DNA from control individuals 

DNA isolated from blood samples (FlexiGene DNA Kit, Qiagen) of 1977 Spanish, 450 

Portuguese, 478 Italian, 240 Argentinean, 179 Bolivian, 29 Algerian, 95 Libyan, 117 Israeli, 

133 Saudi Arabian, 83 Kuwaiti, 186 Pakistani and 108 Chinese controls were collected. All 

individuals were over 18 years, the collection of samples was approved by local internal 

ethical review committees and investigations were conducted according to the principles 

expressed in the Declaration of Helsinki.  

 

Genotyping of SNPs in CYP3A genes 

In addition to CYP3A4*20 (rs67666821), the CYP3A functional SNPs CYP3A4*22 

(rs35599367), CYP3A4*1B (rs2740574), CYP3A5*3 (rs776746) and CYP3A7*2 (rs2257401) 

alleles were selected for genotyping using the KASPar SNP Genotyping System (LGC 

Genomics, UK) with 15 ng of genomic DNA. All assays included DNA samples with known 

genotypes and negative controls. The Sequence Detection System ABI PRISM® 7900HT 

(Applied Biosystems) was employed for fluorescence detection and allele assignment. The 

accuracy of the genotyping was confirmed by sequencing all CYP3A4*20 carriers, and a 

random selection of individuals with different CYP3A4*22, CYP3A4*1B, CYP3A5*3 and 

CYP3A7*2 genotypes. PCR products were purified and Sanger sequencing run on an ABI 

PRISM 3700 DNA Analyzer capillary sequencer (Applied Biosystems). 

 

Microsatellites markers 

For haplotype analysis a panel of four microsatellite markers on chromosome 7q21-22 

spanning an interval of 3.2Mb was used: D7S651, D7S2498, D7S2480 and D7S666 (Suppl. 

Fig. 1). In brief, PCR was carried out using specific primers, and with the forward primers 
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labeled with 6-Fam fluorochrome. The diluted PCR products were mixed with Hi-Di 

Formamide and LIZ-500 size standard (Applied Biosystems), separated and detected using an 

ABI Prism 3100 automatic sequencer (Applied Biosystems), and analyzed by Peak Scanner 

software version 1 (Applied Biosystems).  

 

Haplotype analysis and dating the origin of CYP3A4*20 allele 

Haplotypes were identified using SNPs (CYP3A4*20, CYP3A4*22, CYP3A4*1B, 

CYP3A5*3 and CYP3A7*2) and the 4 microsatellite markers in 20 CYP3A4*20 carriers (19 

Spanish and 1 Portuguese) and in 50 Spanish individuals wild type for this variant, using 

PHASE software 
15

.  

The mutation origin of CYP3A4*20 variant was calculated using DMLE+ software 

version 2.3 developed by Reeve and Rannala 
16

 (http://dmle.org/). This program uses the 

Markov Chain Monte Carlo algorithm to allow Bayesian estimation of the mutation age based 

on: the observed haplotypes in variant carriers and unrelated normal individuals, map 

distances between markers, the position of the mutation relative to the markers and the 

estimated population growth rate.  

 

Statistical analysis  

Hardy-Weinberg equilibrium was tested for the SNPs genotyped and none 

significantly deviated from expected values 
17

. Fisher’s exact test was used to examine the 

association between CYP3A4*20 allele frequency and country of origin. P values below 0.05 

were considered statistically significant. SPSS v19 was used for the statistical analysis.
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RESULTS 

CYP3A4*20 allele distribution in different populations 

The Exome Variant Server database (EVS) (http://evs.gs.washington.edu/EVS/) 

suggested that the loss-of-function CYP3A4*20 allele is rare but detectable in some 

individuals, mainly of European origin, and our finding of one carrier in a Spanish individual, 

led us to carry a CYP3A4*20 allele frequency population study in individuals from European, 

African and Asian descent (Table 1; Fig.1). In concordance with previous data, no 

CYP3A4*20 carriers were found in Italians, Argentineans, Bolivians and individuals from 

different countries in Africa and Asia. However, the CYP3A4*20 variant was detected in 

heterozygosity in 24 Spanish individuals and in 1 Portuguese, revealing that 1.2% and 0.2%, 

respectively, of these populations carried the variant (Table 1). The unexpected high number 

of CYP3A4*20 allele carriers in the Spanish individuals was significantly different from the 

other populations studied (Fisher exact test P<0.0001).  

 

Characterization of CYP3A4*20 allele frequency in different Spanish regions 

To determine CYP3A4*20 allele distribution within Spain, we collected the place of 

birth of 1544 individuals among the 1953 genotyped Spanish controls. When comparing the 

CYP3A4*20 allele frequency with the region of birth, we found that the variant had the 

highest frequency in individuals from Castilla y León, Comunidad Valenciana and 

Extremadura, where we found one heterozygous every 26, 33 and 48 individuals, 

respectively, revealing that 3.8, 3.0 and 2.1% of these populations carry CYP3A4*20 (Fig. 1; 

Suppl. Table 1). In other Spanish regions, the proportion of variant carriers ranged from 1.6 to 

0.8%, with the exception of Galicia, where no variant carriers were found (Fig. 1; Suppl. 

Table 1).  

 

http://evs.gs.washington.edu/EVS/
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CYP3A4*20 ancestral haplotype  

To investigate whether all occurrences of CYP3A4*20 allele descended from a single 

ancestral mutation event or arisen independently, we constructed haplotypes with 

CYP3A4*20, 4 functional SNPs in CYP3A locus and 4 microsatellite markers (Suppl. Fig. 1). 

Haplotype reconstruction in 20 CYP3A4*20 allele carriers, suggested that all carriers showed 

a common haplotype (282, 172, A, C, InsA, C, G) that contained this variant and spanned 

~700 kb (from microsatellite D7S2480 to SNP CYP3A5*3; Fig. 2 and Suppl. Fig. 2). The 

CYP3A4*20 haplotype contained wild type alleles for CYP3A4*22, CYP3A4*1B and 

CYP3A7*2, and carried CYP3A5*3, the most common variant in Caucasians. In 50 

individuals wild type for CYP3A4*20, representing the control Spanish population, 27 

different haplotypes existed with frequencies ranging from 18 to 1% (Fig. 2). Furthermore, 4 

out of the 100 chromosomes analyzed were predicted to carry the same haplotype as 

CYP3A4*20 but without this mutation (282, 172, A, C, -, C, G). Thus, this result suggests a 

single ancestral allele in which the variant was likely originated. 

 

Age of CYP3A4*20 variant  

The decay of linkage disequilibrium due to recombination can be used to date the age of 

a mutation. We used the DMLE+ software to estimate the age of CYP3A4*20 variant using 

the haplotype data from the 20 CYP3A4*20 carriers and 50 Spanish controls previously 

studied. The mutation age was estimated to be 51 generations (95% credible interval of 43-

60) using an average growth rate of 0.25. Assuming 20 years for a generation, the age of the 

variant was estimated to be 1020 years old. For growth rates of 0.15 and 0.35, mutation age 

was estimated to be 82 and 38 generations, respectively. 
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DISCUSSION 

In contrast to the high polymorphic nature of most drug metabolizing enzymes, CYP3A4 

gene exhibits little genetic variability. The Human CYP Allele Nomenclature Database 

(http://www.cypalleles.ki.se/) includes only two loss-of-function CYP3A4 alleles (CYP3A4*6 

and CYP3A4*20) and the EVS database (http://evs.gs.washington.edu/EVS/) suggests that 

only 0.2% of Americans carry CYP3A4 defective variants and 2% missense variants, many of 

which have unknown functional significance. The CYP3A4*20 allele, that encodes a truncated 

protein devoid of catalytic activity 
9
, is the most common CYP3A4 defective allele in the EVS 

database with 0.1% and 0.02% of European Americans and African Americans carriers, 

respectively (i.e. 8 carriers out of 4127 and 1 carrier out of 2132 individuals), while it was not 

detected in 428 German individuals 
9
. In the present study we found that 1.2% of the Spanish 

population (24 out of 1977 individuals) carry the CYP3A4*20 allele, compared with 0.2% in 

Portugal (1 out of 450) and no carriers in Italy, Argentina, Bolivia, Libya, Algeria, Israel, 

Kuwait, Saudi Arabia, Pakistan and China (Fig. 1). On the whole, one in 82 Spanish carried 

this variant. Within Spain, this figure increased to one CYP3A4*20 carrier every 26 

individuals in Castilla y León, and one in 33 in Comunidad Valenciana and one in 48 

individuals in Extremadura. These results constitute the first proof that CYP3A4 loss-of-

function alleles can be classified as polymorphisms (i.e. with allele frequencies above 1%) 

and affect a large number of individuals, in specific populations.  

Haplotype analysis suggested that CYP3A4*20 appeared in a haplotype present in only 

4% of chromosomes of the Spanish population, and containing the most common Caucasian 

variants for the functional CYP3A SNPs genotyped (i.e. wild type CYP3A4*22, CYP3A4*1B 

and CYP3A7*2 and variant CYP3A5*3 allele, see Fig. 2) 
18

. The highest frequency of 

CYP3A4*20 in Spain and the infrequent detection outside the Spanish peninsula, together 

with a 700 Kb haplotype common to all mutation carriers (Suppl. Fig. 2), suggests a recent 

http://www.cypalleles.ki.se/
http://evs.gs.washington.edu/EVS/
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occurrence of the mutation. In agreement with this, dating of CYP3A4*20 mutation, suggested 

that it appeared about 1000 years ago. Altogether this data is compatible with a single origin 

of the mutation in Spain, and then spreading to different geographical areas in recent times. 

CYP3A4 plays a prominent role in the biotransformation of a broad range of 

xenobiotics, including many clinical drugs 
13

, and contributes to the metabolism of 

endogenous substrates such as vitamine D3, arachidonic acid, bile acids and steroid hormones 

2, 19
. It has been suggested that the CYP3A4 gene allows little variation due to this fact and 

indeed no single individual being homozygous for defect CYP3A4 alleles has been described. 

However, with the exception of drug metabolism impairment, no other major phenotype could 

be detected in Cyp3a knock-out mice 
20, 21

. Alternative enzymes may have compensated the 

effect on the metabolism of endogenous compounds, while the prominent decrease in 

xenotibitics biotransformation would only manifest after xenobiotics’ exposure. By contrast 

in mice transgenic for CYP3A4 the females were found to be deficient in lactation, leading to 

a markedly lower pup survival and the mammary glands of the Tg-CYP3A4 lactating mothers 

had underdeveloped alveoli with low milk content 
22

. Because of the absence of a null 

phenotype in mice, the small number of individuals expected to be homozygous for 

CYP3A4*20 (i.e. one in 4100 individuals in Castilla y León) might not have any clinical 

manifestation, although a very severe toxicity profile would be expected when exposed to 

drugs metabolized by this enzyme. CYP3A4*20 heterozygous carriers, with decreased 

CYP3A4 activity, may not show an effect when treated with single doses of wide therapeutic 

index drugs, but may show altered response upon treatment with narrow therapeutic index 

drugs. This is supported by Westlind-Johnsson et al. 
9
 that described a 6-fold higher exposure 

to a drug metabolized by CYP3A4 and low systemic midazolam clearance in an individual 

heterozygous for CYP3A4*20 allele 
9
 and by a 7-fold higher risk of paclitaxel dose reductions 

due to peripheral neuropathy in CYP3A4*20 carriers as described by us 
14

. We also found that 
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CYP3A4*20 is independent of CYP3A4*22, an intronic polymorphism robustly associated 

with a decreased elimination of CYP3A4 substrates and carried by about 5-7 % of Caucasians 

12, 23
. Thus, a highly reduced CYP3A4 activity would be expected in individuals carrying both 

of these two alleles. 

In conclusion, this is the first demonstration of a polymorphic nature of CYP3A4 gene, 

with 1.2% of Spanish individuals carrying CYP3A4*20 allele, likely due to a founder effect. 

Furthermore, the key role of CYP3A4 in drug metabolism and preliminary clinical evidences 

support an increased risk of unexpected drug responses in CYP3A4*20 carriers and suggest 

the importance of implementing CYP3A4*20 genotyping in the clinic, at least in the Spanish 

population. 
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FIGURE LEGENDS  

Figure 1. Geographical distribution of CYP3A4*20 allele. 

World map showing the percentage of CYP3A4*20 allele carriers in different populations. 

The Spanish peninsula is shown in greater detail. Number of carriers and individuals studied 

are presented in Table 1 and in Suppl. Table 1. Concerning USA, the data corresponds to the 

EVS, the first number refers to African-Americans and the second to European-Americans. 

 

Figure 2. CYP3A4*20 haplotype analysis. 

Haplotypes were identified using PHASE in 20 CYP3A4*20 carriers and 50 Spanish control 

individuals with 5 SNPs (CYP3A4*1B, CYP3A4*22, CYP3A4*20, CYP3A7*2, and 

CYP3A5*3) and 4 microsatellite markers at 7q (D7S666, D7S2480, D7S2498 and D7S651), 

spanning an interval of 3.2Mb. 
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TABLES 

Table 1. Distribution of CYP3A4*20 allele in different populations.
 

 

 

 

 

 

 

 

 

 

 

 

 

a Classified as an European population due to the high number of Argentinians of European origin. 
b In Bolivian population, the European ancestry is 13-21% and the Native American component 77-86%.  
c Data from Exome Variant Server (http://evs.gs.washington.edu/EVS/) 

Country Population 

CYP3A4 wild 

type homozygous 

(Nr) 

CYP3A4*20 

heterozygous 

(Nr) 

CYP3A4*20 

carriers 

(%) 

Reference 

Spain 

European 

1953 24 1.21 This study 

Portugal 449 1 0.22 This study 

Italy 478 0 0 This study 

Germany 428 0 0 Westlind-Jonhansson 9 

Argentina
a
 240 0 0 This study 

Bolivia
b
 179 0 0 This study 

European Americans
c
 4119 8 0.19 EVS

b
 

Libya 

African 

95 0 0 This study 

Algeria 29 0 0 This study 

African Americans
b 

2131 1 0.05 EVS
b
 

Israel 

Asian 

117 0 0 This study 

Saudi Arabia 133 0 0 This study 

Kuwait 83 0 0 This study 

Pakistan 186 0 0 This study 

China 108 0 0 This study 

http://evs.gs.washington.edu/EVS/


20 

 

SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1. Representation of the microsatellites and SNPs used for 

haplotype analysis.  

Graph indicates the location of microsatellites (D7S651, D7S2498, D7S2480 and D7S666) 

and SNPs (CYP3A4*22, CYP3A4*1B, CYP3A7*2 and CYP3A5*3) used for haplotype 

analysis. Microsatellites location is indicated with respect to CYP3A4*20. CYP3A locus is 

magnified indicating the orientation of the genes. Sanger sequencing of a CYP3A4*20 

(c.1461_1462insA) heterozygous variant is shown.  

 

Supplementary Figure 2. Haplotypes of CYP3A4*20 carriers. 

PHASE was used to determine the common haplotype in the 20 CYP3A4*20 carriers used in 

the analysis. D7S651 and D7S666 were not amplified for samples 222 and 260. Recurring 

haplotypes are color shaded. 
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Supplementary Table 1. Distribution of CYP3A4*20 allele in Spain. 

 

 

Region in Spain 

CYP3A4 wild type 

homozygous 

(Nr) 

CYP3A4*20 

heterozygous  

(Nr) 

CYP3A4*20  

carriers  

(%) 

Castilla León 151 6 3.8 

Comunidad Valenciana 129 4 3.0 

Extremadura 142 3 2.1 

Castilla la Mancha 62 1 1.6 

Andalucia 113 1 0.9 

Cataluña 126 1 0.8 

Comunidad Madrid 508 4 0.8 

Galicia 153 0 0.0 

Other Spanish regions* 78 1 0.4 

No birth place data 491 3 0.6 

TOTAL 1953 24 1.2 
 

*
Other Spanish regions: 57 from Murcia, 5 from Asturias, 4 from Navarra  (1 of them CYP3A4*20 carrier), 4 from País Vasco, 3 from Cantabria, 

2 from Aragón, 2 from Ceuta y Melilla, 1 from Canarias and 1 from Islas Baleares. 
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Figure 2 

D7S666 D7S2480 D7S2498 
CYP3A4 

*1B 
CYP3A4 

*22 
CYP3A4 

*20   
CYP3A7 

*2 
CYP3A5 

*3 
D7S651 

Nr  
Haplotypes 
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