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Abstract 

Most transgenic mouse models are generated through random integration of the transgene. 

The location of the transgene provides valuable information for assessing potential effects of the 

transgenesis on the host and for designing genotyping protocols that can amplify across the 

integration site, but it is challenging to identify. Here, we report the successful utility of optical 

genome mapping technology to identify the transgene insertion site in a CYP2A13/2B6/2F1-

transgenic mouse model, which produces three human cytochrome P450 enzymes (CYP2A13, 

CYP2B6, and CYP2F1) that are encoded by neighboring genes on human chromosome 19. 

These enzymes metabolize many drugs, respiratory toxicants, and chemical carcinogens. Initial 

efforts to identify candidate insertion sites by whole genome sequencing was unsuccessful, 

apparently because the transgene is located in a region of the mouse genome that contains highly 

repetitive sequences. Subsequent utility of the optical genome mapping approach, which 

compares genome-wide marker distribution between the transgenic mouse genome and a 

reference mouse (GRCm38) or human (GRCh38) genome, localized the insertion site to mouse 

chromosome 14, between two marker positions at 4451324 base pair and 4485032 base pair. A 

transgene-mouse genome junction sequence was further identified through long-PCR 

amplification and DNA sequencing at GRCm38 Chr.14:4484726. The transgene insertion (~2.4 

megabase pair) contained 5-7 copies of the human transgenes, which replaced a 26.9–33.4 

kilobase-pair mouse genomic region, including exons 1-4 of Gm3182, a predicted and highly 

redundant gene. Finally, the sequencing results enabled the design of a new genotyping protocol 

that can distinguish between hemizygous and homozygous CYP2A13/2B6/2F1-transgenic mice.  
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Significance Statement: 

This study characterizes the genomic structure of, and provides a new genotyping method 

for, a transgenic mouse model that expresses three human P450 enzymes, CYP2A13, CYP2B6, 

and CYP2F1, that are important in xenobiotic metabolism and toxicity. The demonstrated 

success in applying the optical genome mapping technology for identification of transgene 

insertion sites should encourage others to do the same for other transgenic models generated 

through random integration, including most of the currently available human P450 transgenic 

mouse models. 

 

Keywords: transgene insertion site, optical genome mapping, transgenic mice, genotyping, 

CYP2A13, CYP2B6, CYP2F1, Gm3182 
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Introduction 

 The human CYP2A13, CYP2B6, and CYP2F1 genes are located on chromosome (Chr.) 

19, within a cluster of CYP2 genes that also include CYP2A6 and CYP2S1 (Wang et al., 2003). 

All three genes are expressed in the respiratory tract, with CYP2A13 and CYP2F1 being 

selectively expressed in the lung and nasal mucosa, and CYP2B6 being expressed more 

dominantly in the liver (Ding et al., 2018). The CYP2A13 enzyme metabolizes many respiratory 

toxicant and carcinogens, including various nitrosamines, such as the tobacco-specific lung 

carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), aromatic hydrocarbons, 

such as toluene, styrene, and naphthalene, indoles, aromatic and heterocyclic amines, and drug 

substrates, such as nicotine, phenacetin, and theophylline (Ding et al., 2018). CYP2F1 also 

metabolizes many respiratory toxicants, particularly naphthalene, styrene, trichloroethylene, and 

3-methylindole (Ding et al., 2018). CYP2B6, though also important for the metabolism of 

environmental toxicants, such as polychlorinated biphenyls (Uwimana et al., 2019), is better 

known for its ability to metabolize clinical drugs, such as propofol, bupropion, methadone, 

cyclophosphamide, ifosfamide, nevirapine, and efavirenz (Hedrich et al., 2016; Li et al., 2018).  

 A CYP2A13/2B6/2F1-transgenic mouse model was previously generated to study the 

function and regulation of the three human CYP genes in vivo (Wei et al., 2012). The mouse was 

generated through random-integration of a human genomic DNA clone containing the three CYP 

genes. The transgenic mouse colony, which has been continuously maintained for 10 years, does 

not exhibit any notable biological phenotype, in terms of gross morphological features, 

development, and fertility. The transgenic mouse shows human-like expression of the three 

CYPs,  
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with CYP2A13 and CYP2F1 produced in the lung and nasal mucosa, and CYP2B6 produced in 

the liver (Wei et al., 2012). The CYP2A13/2B6/2F1-transgenic mouse model has been utilized in 

several published studies, e.g., to demonstrate the role of CYP2A13 in NNK-induced lung 

tumorigenesis (Megaraj et al., 2014), the role of CYP2A13 and CYP2F1 in naphthalene-induced 

lung toxicity (Li et al., 2017; Kovalchuk et al., 2019), the regulation of CYP2A13 by 

inflammation and lung tumorigenesis (Wu et al., 2013; Liu et al., 2015b), and the role of hepatic 

CYP2B6 in nicotine metabolism in vivo (Liu et al., 2015a). The mouse model is also utilized in a 

number of ongoing studies by several laboratories.  

A limitation of the CYP2A13/2B6/2F1-transgenic mouse model, which is also a potential 

limitation for essential all transgenic mouse models generated through random integration of the 

transgene into the mouse genome, is the uncertainty with whether the insertion of the transgene 

disrupted any important genes in the mouse genome. While general characterization of the 

mouse model can reveal gross abnormality, subtle changes will be difficult to detect, but may 

confound study outcomes, particularly when complex biological parameters are used as 

experimental end points. In addition, the lack of knowledge about where the transgene is inserted 

also makes it difficult to distinguish between hemizygotes and homozygotes, which would 

appear similar during genotypic analysis using primers internal to the transgene sequence. This 

practical limitation makes it time-consuming to identify homozygotes for establishing breeding 

pairs, and nearly impossible to produce hemizygous and homozygous littermates to study gene 

copy number effects on a complex pharmacological or toxicological outcome.  

 The aim of this study was to identify the region of the mouse genome where the human 

CYP2A13/2B6/2F1 transgenes are located. Initial attempts using whole genome DNA 

sequencing for the transgenic mouse was unsuccessful as the data produced only false positive 
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results. Subsequently, an optical genome mapping technology was utilized, which revealed a 

single insertion site on mouse Chr. 14. Subsequent analysis of the gene mapping data and further 

experimental validation using long-PCR amplification and DNA sequencing of putative mouse-

human DNA sequence junctions yielded the precise location of the insertion site at one end and 

the proximate location of the insertion site at the other end of the transgene insert. Comparisons 

of the optical genome mapping data for the transgenic mouse and a reference human genome 

confirmed the presence of multiple copies of the human transgenes at this single location, 

provided a detailed structural view of each copy of the transgene insert (many were partial 

copies), and revealed the exact copy number for the three functional human CYP transgenes. A 

further analysis of the mouse genomic region that is replaced by the transgene insertion revealed 

the disruption of only a predicted mouse gene, which appears to be redundant and has no known 

function. Finally, utilizing the new knowledge of the transgene insertion site, a new genotyping 

method was devised, which can distinguish between hemizygous and homozygous 

CYP2A13/2B6/2F1-transgeic mice.  

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 23, 2022 as DOI: 10.1124/dmd.122.001090

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


8 
 

Materials and methods 

CYP2A13/2B6/2F1-transgenic mouse 

The CYP2A13/2B6/2F1-transgenic mouse, generated by the random insertion of a human 

bacterial artificial chromosome (BAC) clone (CTD-2535H15) containing the human CYP2A13, 

CYP2B6, and CYP2F1 genes, into the mouse genome, has been described previously (Wei et al., 

2012). Briefly, the ~210-kilobase pair (kbp) BAC DNA construct, without the vector, was 

microinjected into the pronuclei of fertilized eggs from the C57BL/6J strain, and the resulting 

transgenic mice were maintained on either the wild-type (WT) C57BL/6J background or 

crossbred with various knockout mouse models, including Cyp2abfgs-null (Li et al., 2014). The 

experiments in this study were conducted using CYP2A13/2B6/2F1(tg/tg)/Cyp2abfgs(-/-) mice, on 

the C57BL/6 genetic background. All animal use protocols were approved by the University of 

Arizona Institutional Animal Care and Use Committee.  

 

Whole genome sequencing  

Genomic DNA was prepared from mouse liver tissue. DNA library was prepared for 

sequencing using TruSeq DNA PCR-Free library preparation kit (Illumina Inc., San Diego, CA). 

Sequencing of the CYP2A13/2B6/2F1-transgenic/Cyp2abfgs-null mouse genome was performed 

by Novogene Corporation Inc. (Sacramento, CA, USA) on an Illumina model 2000 sequencer 

using 2 x 150 nucleotide paired‐end reads. Genome was sequenced to 40X coverage with 120 G 

raw data. Candidate insertion sites were identified with Dual analyses. In one analysis, reads 

were aligned to the reference mouse genome (GRCm38). In the other analysis, reads were 

aligned to the reference human genome sequence (GRCh38, Chr.19: 40940526-41139581, a 

region containing the transgene sequence). 
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Optical genome mapping 

Optical mapping of the CYP2A13/2B6/2F1-transgenic/Cyp2abfgs-null mouse genome 

was performed by Bionano Genomics (San Diego, CA). Ultra-high molecular weight DNA was 

extracted using the Animal Tissue DNA Isolation Kit (Bionano Genomics) from 30 mg of mouse 

liver, according to the manufacturer's protocol. Genomic DNA (750 ng) was fluorescently 

labeled at the CTTAAG motif using the DLE-1 direct labeling enzyme and DLS DNA Labeling 

Kit (Bionano Genomics). The labeled DNA was linearized in a SaphyrChip using NanoChannel 

arrays; individual molecules were imaged and the images were digitized. As molecules are 

uniquely identifiable by distinct distribution of sequence motif labels, they were then assembled 

by pairwise alignment into de novo genome maps using Bionano Solve version 3.6 (Bionano 

Genomics). Structural variants (SVs) - (based on assembled maps) were called against the in-

silico DLE-1-digested mouse (GRCm38) and human reference genome (GRCh38). Data were 

analyzed with Bionano Access and Bionano Tools on Saphyr Computer Servers (Bionano 

Genomics). Marker positions for the reference mouse and human genomes were assigned based 

on fully assembled chromosome maps, whereas marker positions for the transgenic mouse 

genome were assigned for each de novo assembled map before alignments were made with the 

reference genome maps.  

 

Other methods 

To validate the insertion site obtained from optical genome mapping, breakpoint region 

was amplified with polymerase chain reaction (PCR). PCR was carried out using a GoTag Long 

PCR kit (Promega, Madison, WI). Genomic DNA (200 ng) was used as PCR template. PCR 
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conditions were:  95 °C for 2 min followed by 30 cycles of 92 °C for 30 sec, 65 °C for 15 min, 

with a final extension at 72 °C for 10 min. PCR products were analyzed by agarose gel 

electrophoresis, or were purified and then subjected to Sanger DNA sequencing. Primer 

sequences and coordinates are listed in Table 1. Primers were designed with Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Sanger DNA sequencing was performed at 

the University of Arizona Genetics Core facility.  

For PCR-based genotype analysis, PCR was carried out using a GoTag PCR kit (Promega) 

and ~200 ng gDNA as template. PCR conditions for the WT allele were: 94 °C for 2 min 

followed by 35 cycles of 94 °C for 30 sec, 66 °C for 30 sec and 72 °C for 1 min, with a final 

extension at 72 °C for 5 min; PCR conditions for the transgenic allele were the same, except that 

that the annealing temperature was at 62 °C. For agarose gel analysis of DNA, a 1-kb Plus DNA 

ladder (ThermoFisher Scientific, Waltham, MA) was used for size determination. 
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Results 

Attempts to identify candidate transgene insertion sites by whole genome sequencing 

Sequencing reads were aligned to the reference mouse genome (GRCm38), as well as to 

the reference human genome (GRCh38, Chr.19: 40991282-41128381). Those reads aligned to 

both mouse and human reference genome were identified as containing candidate insertion sites. 

Seventeen candidate insertion sites were identified, which are located on 12 difference mouse 

chromosomes. Most of the candidate insertion sites had very low numbers of supporting reads 

(2-6) (Supplemental Table 1), which meant low confidence and high probability of false 

discovery. Attempts to validate these candidate sites using PCR, with primers flanking the 

putative mouse-human sequence junctions, were unsuccessful (data not shown).  

 

Locating the transgene insertion site through optical genome mapping 

As an alternative strategy, optical genome mapping was performed for the 

CYP2A13/2B6/2F1-transgenic/Cyp2abfgs-null mouse genome, to locate the transgene insertion 

site to a specific chromosomal region. The number of detected SVs between the de novo genome 

(CYP2A13/2B6/2F1-transgenic/Cyp2abfgs-null) and the reference genome (GRCm38) is 

dependent on the size of the SV filter used for the analysis. As shown in Figure 1A, with a 

minimum size filter set to 200,000 base pair (bp) for insertion and 1,300,000 bp for deletion, a 

single deletion and a single insertion were detected in the de novo genome. Consistent with the 

use of the CYP2A13/2B6/2F1(tg/tg)/Cyp2abfgs(-/-) mouse for this analysis, the deletion, of at least 

1327862 bp (based on the positions of missing marker), was found on Chr.7, between nucleotide 

positions 25804872 and 27132734, which contains the Cyp2abfgs gene cluster in the WT 

genome. Notably, the gap between the two remaining markers was 85867 bp. Thus, the actual 
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deletion due to Cre-mediated recombination of the floxed Cyp2abfgs gene cluster was between 

1327862 bp and 1413729 bp, consistent with the 1.4 megabase pair (Mbp) size originally 

reported (Li et al., 2014). 

The insertion, of ~2.4 Mbp, was located on Chr.14, displacing up to 33 kbp of reference 

mouse genome sequence, between nucleotide positions GRCm38, Chr.14:4451324 and 4485032 

(Fig. 1B). The human transgene sequence was detected on the de novo genome sequence, 

between marker 43 at 273864 bp, which aligned with the marker at 4451324 on the reference 

Chr.14 sequence, and marker 336 at 2705889 bp, which aligned with the marker at 4485032 on 

the reference Chr.14 sequence. The size of the transgene insert should approximate the distance 

between the two flanking markers (43 and 336), which was 2432025 bp (2705889 - 273864). 

When the de novo genome maps of the transgenic mouse were aligned with the in-silico 

DLE-1-digested human reference genome (GRCh38), six regions, clustered together, were 

aligned to the region on human Chr.19, between nucleotide positions 40940526 and 41139581, 

that contained the CYP2A13, CYP2B6, and CYP2F1 genes and several CYP pseudogenes (Fig. 2). 

A detailed examination of each region that aligned with the human transgene sequence showed 

that some regions (e.g., region 2) contained nearly the entire sequence (~210 kbp) that was 

included in the original BAC clone used to generate the transgenic mouse, whereas others 

contained only partial copies (e.g., regions 1 and 4). Furthermore, regions 5 and 6 contained sub-

regions (5A-D, 6A, and 6B) comprising varying lengths of the human transgene sequence. The 

human CYP genes detected in each region are summarized in Table 2, with the corresponding 

DLE-1 marker alignments shown in Supplemental Figure 1 (Panels A-K). Collectively, the 

transgene sequence appeared to contain 7 copies of CYP2A13, 6 copies of CYP2B6, and 5 copies 

of CYP2F1. These findings update the previous estimation of the presence of 5-6 copies of the 
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human CYP gene cluster based on densitometry analysis of CYP2A13 gene restriction fragments 

detected on southern blots (Wei et al., 2012).  

 

Validation of the transgene insertion site by PCR amplification and DNA sequencing 

The predicted transgene insertion site is marked by two breakpoints (left and right) in 

marker alignment between the transgenic mouse genome and the reference mouse and human 

genomes (Fig. 3A). To verify the insertion site, PCR was performed with a series of primer 

combinations to amplify across putative junctions between mouse and human gene sequences.  

The left breakpoint is expected to be between markers 43 (mouse, at 273864 bp) and 44 

(at 280347 bp, which did not align with either mouse or human sequence) in the de novo 

transgenic mouse genome, which are 6483 bp apart (Fig. 3A). However, attempts to identify the 

precise junction at the left breakpoint, through sequencing of PCR products (directly or 

following subcloning), have so far been unsuccessful, due to the presence of large numbers of 

extensive repeat sequences that reduce PCR specificity.  

The right breakpoint is between markers 335 (human, at 2690238, supplemental Fig. 1K) 

and 336 (mouse, at 2705889, Fig. 1) in the de novo transgenic mouse genome, which are 15651 

bp apart. A greater than 15 kbp PCR product was obtained (Fig. 3B) using the forward primer 

TG-F1, which was 292 bp upstream of marker 335, and the reverse primer WT-R1, which was 

278 bp downstream of marker 336. Sanger sequencing, using WT-R1 as the sequencing primer, 

identified the precise junction between mouse and human gene sequence, which mapped to 

GRCh38, Chr.19:41104413 and GRCm38, Chr.14:4484726 (Fig. 3C). Thus, the human 

transgene sequence replaced a 26.9–33.4 kbp mouse genomic region on Chr.14 (maximally 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 23, 2022 as DOI: 10.1124/dmd.122.001090

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


14 
 

between nucleotides 4451324 and 4484726; minimally between 4457807 and 4484726) (Fig. 

3A).  

 

Designing a new genotyping method for differentiating between hemizygous and 

homozygous CYP2A13/2B6/2F1-transgenic mice 

The new knowledge of the precise transgene insertion site at the right side, the size of the 

human transgene cluster, and the mouse genome fragment that was replaced by the human 

transgene made it possible to design a new genotyping method using primers that are within the 

region of the mouse genome that is replaced by the transgenes. As shown in Figure 3A, PCR 

primers WT-DF1 and WT-DR1, both located on the deleted sequence near the right breakpoint, 

would amplify an 872-bp PCR product from WT allele, but not from the transgenic allele. 

Conversely, PCR primers TG-F2 and WT-R2, which flank the breakpoint, would amplify a 391-

bp PCR product in the transgenic allele, but not from the WT allele. The specificity of the 

genotyping method was confirmed in experiments using genomic DNA from WT mice and 

hemizygous as well as homozygous transgenic mice (Fig. 3D, 3E). The genotypes of the 

transgenic mice were previously verified by breeding test, where a breeding pair between a 

homozygous transgenic mouse and a WT mouse would produce pups that are 100% positive for 

the presence of the transgene, detected using a previous genotyping method for the transgenic 

allele (Wei et al., 2012). Conversely, a breeding pair between a hemizygous transgenic mouse 

and a WT mouse would produce pups that are less than 100% positive for the presence of the 

transgene. 

 

Searching for mouse genes located within the region displaced by the human transgenes.  
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Informatics analysis to annotate the mouse genome sequence that was replaced by the 

human transgenes indicated that there are no known genes in this region; although, the replaced 

region contained putative exons 1-4 of a computationally predicted gene, Gm3182 (GRCm38, 

Chr.14:4481808-4489857; GRCm39, Chr.14:17979916-17987965; consisting of 5 exons total; 

https://www.ncbi.nlm.nih.gov/gene/100041177) (Supplemental Fig. 2). Nucleotide BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) analysis of Gm3182 against the mouse whole genome 

sequence (GRCm39) indicated that the Gm3182 gene sequence (NC_000080.7) was highly 

similar (>98.13%-99.64% identity) to nine other predicted genes (Supplemental Table 2) and that 

its predicted mRNA sequence was highly similar (>98.53%-99.02% identity) to that of five 

additional predicted genes (Supplemental Table 3). Protein Blast 

(https://blast.ncbi.nlm.nih.gov/house_mouse_blastP) analysis indicated proteins encoded by 

these five transcripts are also highly similar (>96.57%-97.55% identity) to Gm3182 protein 

(Supplemental Table 4). These data suggested that Gm3182 is a highly redundant gene.  
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Discussion 

Whole genome sequencing technology should be able to provide the precise location of a 

transgene, but it can be challenging if the transgene is located in highly repeated regions. Next-

generation DNA sequencing platforms that provide relatively short reads (typically 150–300 bp) 

(e.g., Illumina) are becoming increasingly affordable, but the limited sequence lengths generated 

prevent the reads from spanning larger regions that are repetitive and complex, which leads to 

inaccurate genome assemblies (Salzberg and Yorke, 2005; Alkan et al., 2011; Treangen and 

Salzberg, 2011; Cameron et al., 2019). In our study, none of the putative insertion sites suggested 

by the whole genome sequencing data (Supplemental Table 1) was on Chr.14, the correct 

insertion site. The actual transgene insertion site on Chr.14 is indeed in a highly repetitive region, 

as illustrated by the multiple homologous sequences identified for Gm3812 (Supplemental Table 

2). The fact that the transgene itself was inserted in multiple copies spanning a long, 2.4-Mbp 

region (Fig. 2 and Supplemental Fig. 1) further adds to the complexity of the sequencing task. 

The newer, long-read sequencing platforms (e.g., those provided by Pacific Biosciences 

and Oxford Nanopore technologies) can sequence through most repeats and produce more 

complete genome assemblies (Goodwin et al., 2016; Yuan et al., 2017; Sedlazeck et al., 2018; 

Amarasinghe et al., 2020). However, their read lengths (~15 kbp on average) are still insufficient 

to cover very large repetitive and complex genomic regions (Belser et al., 2018; Yuan et al., 

2020).  

Optical genome mapping uses a light microscope-based technique to physically locate 

specific enzyme-catalyzed labelling of sequence motifs to produce DNA sequence fingerprints 

(Schwartz et al., 1993). The resulting optical maps contain only the physical locations of selected 

enzyme recognition sites, rather than actual nucleotide sequence information. Optical genome 
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mapping technology utilizes much longer molecules than sequencing does, with read lengths 

ranging up to 1 Mbp (Yuan et al., 2020). The average molecule length of optical maps (~225 kbp) 

is substantially greater than the read length produced by short-read and long-read sequencing 

(Shelton et al., 2015), a feature that enables optical maps to cover genomic regions that are 

difficult to resolve by DNA sequencing. It has found wide application in assisting genome 

assembly and characterization of complex structural variants (McCaffrey et al., 2017; Levy-

Sakin et al., 2019; Young et al., 2020; Wong et al., 2021). Thus, though we have not found prior 

examples of utility of the optical genome mapping technology for identification of transgene 

insertion sites, the task is well within its capability.  

 As demonstrated in the present study on the CYP2A13/2B6/2F1-transgenic mouse, the 

mapping data provide information on the mouse genomic regions (based on marker position) that 

are deleted (Fig. 1, Fig. 3), as well as an approximate size and location of the transgene insert 

(Fig. 2). A comparison of the marker maps of the transgene insert with a reference human 

genome or the source sequence used for the generation of the transgenic mouse can define the 

overall structure of the insert and copy numbers of the transgenes. However, optical genome 

mapping does not provide precise sequence information, which is needed to confirm the location 

of transgene insertion. The subsequent determination of the precise sequence junction between 

the transgene and the mouse genome will most likely require the use of long PCR, given the 

relatively long average distance between neighboring markers, and primer walking or nested 

PCR, to bridge the gap between the nearest marker and the junction. The selection of PCR 

primers for the transgene side would benefit from a detailed mapping of the transgene insert, to 

aid in the selection of nearest regions and correct orientation of transgene sequence for primer 

design.  
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In the present study, the right-side junction was fortuitously within a short distance of the 

nearest mouse marker. However, the left-side junction could not be pinpointed to a specific 

sequence beyond the nearest markers due to highly repetitive nature of the DNA sequences in the 

region (Fig. 3). This result demonstrates a limitation of the current approach, that the task of 

finding the precise junction can be daunting if the insertion is within highly repetitive regions 

and/or when the distance between the two nearest markers is long.  

One benefit of knowing where the junction is between the transgene and the mouse 

genome is the ability to design genotyping assays that can distinguish hemizygotes from 

homozygotes. Without a specific genotyping assay, the genotype of a given transgenic mouse is 

determined by a breeding test, where the transgenic mouse mates with a WT mouse, and the 

distribution frequency of the transgene among the pups reveals whether the transgenic parent 

was a homozygote or a hemizygote. Alternatively, quantitative PCR is performed to determine 

the abundance of the transgene. These tests are time-consuming (breeding test) or at elevated 

risks of mistyping (quantitative PCR). In the present study, a new genotyping assay was designed 

and confirmed to be able to distinguish between hemizygous and homozygous 

CYP2A13/2B6/2F1-transgenic mice, as well as WT mice. Notably, the repetitive nature of the 

mouse genome sequence in the region displaced by the CYP2A13/2B6/2F1 transgenes also made 

it challenging to design a PCR assay specifically for the WT allele. The primers WT-DF1 and 

WT-DR1 (Table 1 and Fig. 3) are less than ideal because they had only one or two nucleotide 

mismatches with some other regions of the mouse genome, potentially producing non-specific 

PCR products that are similar in size to the target amplicon. Thus, a relatively stringent 

annealing temperature was required to ensure specificity. 
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The identification of mouse genome regions that are deleted by the insertion of the 

transgene allows a better assessment of potential functional impact of the transgenesis. In the 

CYP2A13/2B6/2F1-transgenic mouse, no biological phenotype, such as changes in fertility, 

growth, or routine activity, has been observed to date. Thus, any impact of the transgenesis is 

expected to be subtle or dependent on other internal or external factors. Currently, no annotated 

gene is identified in the deleted region, and very little is known about the potential function of 

the computationally predicted gene (Church et al., 2009; Church et al., 2011), Gm3812. 

Furthermore, several transcripts and proteins from other genes were found to have nearly 

identical sequences to those of Gm3812 (Supplemental Tables 3 and 4), which implies that, if 

Gm3182 is a functional gene, its disruption is unlikely to cause notable functional consequences, 

given the apparent redundancy.   

The size of the transgene construct used for the generation of the transgenic mouse was 

~210 kbp (Wei et al., 2012), which was the basis for setting the minimum insertion size at 200 

kbp to search for the transgene insertions. However, the genome mapping data indicated that the 

size of the transgene insert was ~2.4 Mbp, which suggested the presence of ~11 copies of the 

transgene. Interestingly, the total number of complete and partial transgene copies (Table 2 and 

Supplemental Fig. 1) was 10, close to the expected value. These accounted for ~50% of the total 

amount of genomic sequence within the 2.4-Mbp insert (Fig. 2). The missing sequences from the 

partial copies were probably intermixed (or mixed with the displaced mouse genome sequences) 

so thoroughly during the transgene integration process that they are no longer recognized by the 

mapping algorithm. In that connection, only 5-7 copies of the functional human CYP genes 

(CYP2A13, CYP2B6, CYP2F1) are detected by the mapping analysis (Table 2), a result 

consistent with the previous estimate that was based on abundance of a CYP2A13-containing 
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restriction fragment detected on southern blots (Wei et al., 2012). The detailed information on 

the copy numbers and location of the functional CYP transgenes will be useful for future 

manipulation using gene editing technology. 

The tendency to insert multiple transgene copies, as well as the randomness of the 

insertion site location, are two well-known disadvantages of the commonly used random-

integration method for transgenic mouse production (Gordon and Ruddle, 1981; Brinster et al., 

1992; Chicas and Macino, 2001; Lampreht Tratar et al., 2018). More sophisticated methods for 

studying human genes in mice are available, which can circumvent both issues. For example, 

syntenic replacement is a state-of-the-art method used recently to compare metabolism of arsenic 

by human and mouse arsenite methyltransferase in a transgenic mouse model (Koller et al., 

2020). This and other gene-targeted transgene approaches (Kumar et al., 2009) eliminate the 

need to crossbreed mice carrying human transgenes to null mouse lines, though the much 

increased technical difficult makes them less frequently utilized than random-integration 

methods. 

Notably, the mapping analysis occasionally fails to detect a marker label when two 

markers are closely situated (usually less than 500 bp), as they could have aligned to either label 

in the reference. As a result, only one label was detected, where there are two labels in the 

reference, as shown in supplemental Figure 1. This “skipping” of a marker label may impact the 

ability to accurately measure distance between two labels, but is unlikley to affect the size of a 

region that is determined based on the label positions of multiple markers, as is the case for the 

regions and subregions shown in supplemental Figure 1. 

In summary, this study provides further characterization of the genomic structure of a 

transgenic mouse model that expresses three human P450 enzymes important in xenobiotic 
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metabolism and toxicity. The results indicate that the insertion of the human transgenes did not 

disrupt any known mouse gene, which supports the usefulness of the mouse model. The study 

also provides a new genotyping method. Furthermore, the study illustrates a novel application of 

the optical genome mapping technology for locating transgenes in transgenic mouse genome, a 

challenging task that should be routinely undertaken for all transgenic mouse models that were 

generated through random integration, which include most of the currently available human 

P450 transgenic mouse models (Bissig et al., 2018; Hannon and Ding, 2022). 
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Legend to Figures 

Fig. 1. Alignment of transgenic mouse genome with reference mouse genome. Structural 

variants (SVs) were called by comparing maps of DEL-1 labels between the transgenic (de novo; 

experimentally determined) and reference mouse genomes (GRCm38; in-silico digested). (A) A 

global view of the locations of the transgene insertion and the mouse gene deletion detected by 

optical genome mapping. The outer circle is the Cytoband, with the arrayed chromosomes 

annotated (1-19, X, Y). The inside circle of blocks is the SV track, displaying all SVs detected 

under the set conditions, including one insertion found on mouse Chr.14 (green dot) and one 

deletion found on mouse Chr.7 (orange dot). The “minimum size” SV filters were set to 1.3 Mbp 

for deletions and to 200,000 bp for insertions, which were just below the expected sizes of the 

target SVs sought (~1.4 Mbp for the Cyp2abfgs cluster (Li et al., 2014) and ~210 kbp for the 

CYP2A13/2B6/2F1 transgene insert (Wei et al., 2012)). (B) Mapping analysis of the transgene 

insertion site on mouse Chr.14. Maps of DLE-1 labels (vertical black bars) in the de novo 

genome of the transgenic mouse and those in reference mouse genome (GRCm38) are shown for 

the transgene insertion site on Chr.14. Nucleotide positions in Chr. 14 of the reference sequence 

are marked in 0.2 Mbp intervals. The red box shows where the reference mouse sequence was 

missing. The positions of the DLE-1 markers that flanked the human transgene insert (and the 

missing mouse reference sequence) are shown.  

 

Fig. 2.  Mapping analysis of the human transgene insertion. Maps of DLE-1 labels (vertical bars) 

at the transgene insertion site on Chr.14 of the de novo genome and corresponding sequences on 

Chr.19 (red box) of the reference human genome (GRCh38) are shown. The positions of human 

CYP2A13, CYP2B6, and CYP2F1 are indicated on top. The 2.4 Mbp transgene insert consisted of 

six regions that aligned to the reference human genome maps. Results of a detailed alignment of 
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each region or sub-region with the human gene sequence used for generation of the transgenic 

mouse are shown in Supplemental Figure 1, and the estimated copy number of each of the 

human CYP transgenes is shown in Table 2. 

 

Fig. 3.   Validation of transgene insertion site by PCR and DNA sequencing. (A). An overview 

of the insertion site, including the estimated location of the left-side breakpoint, the location of 

the confirmed right-side breakpoint, and the maximal and minimal sizes of the region of the 

mouse genome that is displaced by the insertion of the transgene. Marker 43 and 336 in the 

transgenic mouse genome align with marker 222 and 227, respectively, in reference mouse 

genome (Chr.14), and marker 45 and 335 in the transgenic mouse genome align with marker 

5263 and 5289, respectively, of the reference human genome (Chr.19). The positions of the PCR 

primers (TG-F1 and WT-R1) used to amplify the right-side breakpoint and those used for 

genotyping analysis (TG-F2, WT-R2, WT-DF1, and WT-DR1) are also shown. (B). PCR 

amplification of the right breakpoint using primers TG-F1 and WT-R1. Genomic DNA from the 

transgenic mouse was used as the template. Genome DNA from a WT mouse was used as 

template in the negative control. (C). DNA sequence surrounding the right breakpoint. Human 

genome sequence is shown in red (GRCh38, Chr.19:41104826-41104413) while mouse genome 

sequence is shown in olive green (GRCm38, Chr.14:4484726-4485264). Locations of new PCR 

primers (TG-F2 and WT-R2) designed for detection of the breakpoint (for genotyping purpose) 

are shown in bold and underlined. (D). PCR amplification of the right breakpoint using primers 

TG-F2 and WT-R2. DNA samples from 1 WT, 2 hemizygous transgenic, and 5 homozygous 

transgenic mice were analyzed. Selected bands of the 1-kb Plus DNA ladder are shown. The 

expected product size was 391 bp. (E). PCR amplification of the WT allele using primers WT-
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DF1 and WT-DR1, which amplify the region of WT mouse genome that is deleted in the 

transgenic mouse. DNA samples analyzed were the same as in panel D. The expected product 

size was 872 bp. 
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TABLE 1 

PCR primers used for the amplification of the human-mouse sequence junction or for genotyping 

Primer name Primer sequence Position in mouse or human genome PCR product size 

TG-F1 5’-ggtcaggagatcgagaccatc-3’ GRCh38, Chr.19:41010646-41010626 
>15 kbp 

WT-R1 5’-aacctgagcctgtgagaagc-3’ GRCm38, Chr.14:4484774-4484754 

TG-F2 5’-gcatcatgcctccagctttgttctt-3’ GRCh38, Chr.19:41104777-41104752 
391 bp 

WT-R2 5’-gatgttcttgctggcctcct-3’ GRCm38, Chr.14:4484753-4484733 

WT-DF1 5’-aattagcaccgaggggacat-3’ GRCm38, Chr.14:4483642-4483661 
872 bp 

WT-DR1 5’-ccatgaacccctgacagtcc-3’ GRCm38, Chr.14:4484513-4484494 
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TABLE 2 

Human CYP genes identified in the transgenic insert 

The human transgene sequence identified in the genome of the CYP2A13/2B6/2F1-

transgenic mouse, as shown in Figure 2, is divided into six regions, with region 5 consisting of 4 

sub-regions and region 6 consisting of two subregions. Detailed alignments, based on DLE-1 

marker distribution profile, of each region or sub-region with the human gene sequence used for 

generation of the transgenic mouse are shown in Supplemental Figure 1. Functional genes are 

shown in bold.  

Regions Length of the transgene 
region (bp) 

Corresponding region on 
human Chr.19 

CYP genes present 

1 125,337 40971755-41097091 CYP2B6, CYP2A7p1, CYP2G2p, CYP2A13 
2 199,056 40940526-41139581 CYP2B6, CYP2A7p1, CYP2G2p, CYP2A13, 

CYP2F1 
3 167,827 40971755-41139581 CYP2B6, CYP2A7p1, CYP2G2p, CYP2A13, 

CYP2F1 
4 113,604 40983488-41097091 CYP2B6, CYP2A7p1, CYP2G2p, CYP2A13 

5A 54,750 40940526-40995275 5/9 exons of CYP2B7p, 1/9 exons of CYP2B6 
5B 126,835 41067360-40940526 CYP2A7p1, CYP2G2p, 4/9 exons of 

CYP2B7p 
5C 28,999 41038362-41067360 CYP2G2p 
5D 156,094 40983488-41139581 CYP2B6, CYP2A7p1, CYP2G2p, CYP2A13, 

CYP2F1 
6A 113,604 40983488-41097091 CYP2B6, CYP2A7p1, CYP2G2p, CYP2A13, 

CYP2F1 
6B 129,228 41139581-41010354 3/9 exons of CYP2B6, CYP2A7p1, 

CYP2G2p, CYP2A13, CYP2F1 
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