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ABSTRACT

Clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9 engineering of the CYP3A5 *3 locus (rs776746) in human liver
cell line HuH-7 (CYP3A5 *3/*3) has led to threeCYP3A5 *1 cell lines by
deletion of the exon 3B splice junction or point mutation. Cell lines
CYP3A5 *1/*3 sd (single deletion), CYP3A5 *1/*1 dd (double deletion),
orCYP3A5 *1/*3 pm (pointmutation) expressed theCYP3A5 *1mRNA
and had elevated CYP3A5 mRNA (P < 0.0005 for all engineered cell
lines) and protein expression compared with HuH-7. In metabolism

assays, HuH-7 had less tacrolimus (all P < 0.05) or midazolam
(MDZ) (all P < 0.005) disappearance than all engineered cell lines.
HuH-7 had less 1-OH MDZ (all P < 0.0005) or 4-OH (all P < 0.005)
production in metabolism assays than all bioengineered cell
lines. We confirmed CYP3A5 metabolic activity with the CYP3A4
selective inhibitor CYP3CIDE. This is the first report of genomic
CYP3A5 bioengineering in human cell lines with drug metabolism
analysis.

Introduction

More than 50% of the oral drugs in the United States are enzymatically
metabolized by the cytochrome P450 (P450) family of enzymes
(Guengerich, 2008). The P450s and other drug-metabolizing enzymes
are polymorphic, resulting in large variability in metabolic clearance of
drugs. In vitro systems to study drug metabolism and genetic variation
include cloned and expressed enzymes, human and animal microsomes
from individual or pooled donors, and freshly isolated and cultured or
cryopreserved hepatocytes; however, primary hepatocytes are not an
optimal option because they require harvesting liver, they are expensive,
they are not immortalized, and they are highly variable from specimen to
specimen. To study genetic variants’ association with metabolism, a
genotyped bank of liver microsomes (He et al., 2006), from individual
donors, can be examined but cannot sustainably be engineered to study
newly identified genetic variants, such as rare variants or those found in
minority populations. Also, microsomes are difficult to use to study
combinations of genetic variants, especially rare variants or those found
in minority populations. Liver microsomes are often from Caucasians,
limiting their use to understand metabolism in minority populations.
Furthermore, since microsomes come from various individuals, they are

genomically heterogeneous and from uncontrolled environments,
whereas cell line models are, for the most part, genomically identical
except for any specifically altered genetic variant. Thus, we developed
geneticallymodified human liver cell lines that are a sustainable option to
investigate the impact of genetic variants on drug metabolism.
Recent reports showed, in rats, that knockout of CYP2E1 (Wang

et al., 2016) or CYP3A1/2 (Lu et al., 2017) using clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 could be used in
drug metabolism studies; however, using CRISPR/Cas9 to modify
human cell lines to study the association of genetic variants with drug
metabolism has not been reported. We hypothesized that human liver
cell lines can be engineered with CRISPR/Cas9 (Mali et al., 2013c; Ran
et al., 2013) to evaluate the effect of genetic variants on drug metab-
olism. Single genetic variants can be engineered into cell lines that result
in altered enzyme activity, gene regulation, or protein expression for
drug transport or metabolism studies. Here we present evidence of
this concept to study genetic variants in CYP3A5 and their effect
on metabolism of two CYP3A4 and CYP3A5 enzymatic substrates:
midazolam (MDZ), a sedative or anesthetic, and tacrolimus (Tac), an
immune suppressant. Among the P450 enzymes, CYP3A4 andCYP3A5
are themost abundant in the liver, and their expression is highly variable.
The CYP3A5 *3 (rs776746) loss of function allele is highly prevalent in
people of Caucasian descent (Roy et al., 2005) (allele frequency = 0.94)
and leads to low metabolism rates of Tac (de Jonge et al., 2013)
compared with individuals with CYP3A5 *1 genotype; however, the
CYP3A5 *1 (expresser) allele is enriched in African Americans (Bains
et al., 2013) and leads to rapid metabolism of MDZ, Tac, and other
drugs. Approximately, 50% of oral drugs are metabolized by CYP3A4
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and CYP3A5 (Pelkonen et al., 2008; Tseng et al., 2014). Consequently,
theCYP3A5 genotype is an important factor in determining the appropriate
doses of drugs. People of African ancestry are often underdosed initially
with Tac after organ transplantation (Jacobson et al., 2011), in part owing
to the high prevalence of the CYP3A5*1 allele in the African American
population (allele frequency, 0.85). Carriers of the CYP3A5 *1 allele often
need higher doses of drugs that are CYP3A5 substrates to achieve
therapeutic drug levels in the blood. Therefore, there is a need to
develop an in vitro, cell culture–based system to understand the effects
of genetic variants on drug metabolism before the clinical use of new
drugs or to improve dosing of existing drugs.
The first step in development of a suitable liver cell line was to find a

clinically relevant parental cell line. To date, there is no commercially
available liver cell line that is diploid at chromosome 7 and expresses
CYP3A5 *1. The Caco-2 cell line (Sambuy et al., 2005) is a human
intestinal cell line that metabolizes drugs, but it has five copies of
chromosome 7 and thus is not suitable for studying the diploid CYP3A5
seen in most patients. The HuH-7 cell line (Nakabayashi et al., 1984,
1985) was derived from a hepatic carcinoma that can convert the
substrate MDZ, primarily through CYP3A4 activity, in cell culture to its
metabolite products hydroxylated 1-OH MDZ and 4-OH MDZ (Choi
et al., 2009; Sivertsson et al., 2010, 2013); however, HuH-7 cells are not
very efficient at MDZmetabolism because they are homozygous for the
slow metabolizing CYP3A5 *3 allele. Thus, there is a need to develop a
liver cell line that mimics the rapid drug metabolism associated with the
CYP3A5 *1 genotype in cell culture.
We hypothesized that by genetically modifying the HuH-7 cell

line to the more metabolically active CYP3A5 *1/*1 or *1/*3
genotypes, the cells would have increased MDZ and Tac metabolic
activity. To test the hypothesis, we used CRISPR/Cas9 bioengineer-
ing (Mali et al., 2013c; Ran et al., 2013) to develop and characterize
new cell lines and then phenotypically evaluate the genotypes’
effects on MDZ and Tac metabolism. These newly engineered cells
can be used as a parental cell line in future studies to assess the
association of additional genetic variants with drug metabolism and
metabolism of other drugs. This is the first report of genomic
CYP3A5 bioengineering in human cell lines and functional analysis
of associated drug metabolism phenotypes.

Materials and Methods

Selection of HuH-7 Hepatocyte Cell Line as Parental Cell Line. We
selected HuH-7, liver carcinoma cells from the Japanese Cell Research Bank
(catalog no. JCRB0403) because 1) HuH-7 cells metabolized MDZ in cell culture
(Sivertsson et al., 2010, 2013); 2) HuH-7 cells were diploid, at chromosome 7,
where both CYP3A4 and CYP3A5 are located, and therefore are clinically
relevant; 3) we sequenced the cells at theCYP3A5 *3, *6, and *7 loci, and HuH-7
cells carried *3/*3 alleles at the rs776746 locus, a defined variant to change via
CRISPR/Cas9 bioengineering to the more functional *1/*1 or *1/*3 alleles; 4)
these HuH-7 cells were also *1/*1 at the loss of functionCYP3A4 *22 (rs35599367)
allele; 5) We confirmed CYP3A4 and CYP3A5 mRNA expression by quantitative
reverse transcription-polymerase chain reaction (PCR).

Parental Cell Line and Characterization. HuH-7 (Nakabayashi et al., 1984,
1985), hepatoma cells from a 57-year-old Japanese man, were purchased from the
Japanese Cell Research Bank (Osaka, Japan) and used as parental cell line for
genetic modification. Cells were grown in Dulbeco’s modified Eagle’s medium
(DMEM) with high glucose and pyruvate supplemented with 10% fetal bovine
serum and antibiotic-antimycotic (Gibco, Carlsbad, CA), which we refer to as
“media” throughout rest of this article.

Genotyping of Cell Lines. Genomic DNA was isolated from HuH-7 cells
using the Roche High-Pure PCR template preparation kit. PCR and sequencing
primers (Supplemental Table 1), surrounding single nucleoside polymorphisms
(SNPs)CYP3A4 *22 (rs35599367, C. T),CYP3A5 *3 (rs776746, 6986A.G), *6
(rs10264272, 14690G . A), and *7 (rs41303343, nonfunctional) were designed

using the NCBI primer-BLAST primer design tool. The sequences surrounding the
SNPs in the genomic DNA from the HuH-7 cells were PCR-amplified using
AccuPrime Pfx DNA polymerase kit (Thermo Fisher, Somerset, NJ), and then the
PCR products were characterized on 1% agarose gel or purified with the Qiagen
(Hilden, Germany) PCR clean-up kit and sequenced. PCR products were then
Sanger-sequenced using the primers listed in Supplemental Table 1 by University of
Minnesota Genomics Center.

Plasmids Guide RNA Construction and Transfection. A plasmid that
expressed a human codon-optimized Cas9 (Mali et al., 2013a–c) nuclease was
purchased from Addgene (Cambridge, MA) guide RNAs (gRNAs) targeting the
CYP3A5*3 locus were designed using the CRISPR design tool (http://crispr.mit.
edu/). DNA gBLOCKS were designed, synthesized, and purchased from
Integrated DNA Technologies (Halifax, NS) combining the gRNA from the
CRISPR design tool with the gRNA synthesis protocol (Mali et al., 2013a) from
Addgene. The gBLOCKs were TOPO-cloned using the Zero Blunt TOPO PCR
cloning kit into pCRBlunt II-TOPO vector (Thermo Fisher Scientific). Plasmids
were expanded in One Shot Stbl3 Chemically Competent Escherichia coli
bacteria purchased from Thermo Fisher. Plasmids were sequence-verified.
Plasmids were then prepared for transfection according to the Qiagen
Plasmid Maxi kit. Plasmids were quantified and assessed for purity using
a NanoDrop 2000 UV/Vis spectrophotometer. Newly designed gRNAs and
hCas9 plasmid DNA were transfected into the HuH-7 cells using a Neon
Transfection System (Thermo Fisher).

Surveyor Assay to Select Guide RNAs. Genomic DNA was isolated from
transfected cells, and then we performed Surveyor assay to screen gRNAs for
ability to cut atCYP3A5 *3 locus using a modified protocol (Guschin et al., 2010)
along with Surveyor enzyme from Surveyor Mutation Detection kit for standard
gel electrophoresis from Integrated DNA Technologies. Briefly, DNA was
extracted from bulk transfected cells using Roche High-Pure PCR template
preparation kit. PCR was performed using AccuPrime Taq DNA polymerase,
high-fidelity with CYP3A5 specific primers Cel1F*3 (59-CAACTGCCCTTG-
CAGCATTT-39) and Cel1R*3 (59- ACCCAGGAAGCCAGACTTTG-39) to
produce a 397-base-pair (bp) product (if no deletions). Bio-Rad (Hercules, CA)
thermocycler was programed as follows: 1) 94�C for 5 minutes; 2) 94�C for
15 seconds; 3) 56�C for 30 seconds; 4) 68�C for 0.5 minutes; 5) step 2, repeated
34 times; 6) 68�C for 0.5 minutes; and 7) 4�C indefinitely. PCR products were
denatured and reannealed after a published protocol (Guschin et al., 2010)
and visualized in a 10% Bio-Rad Criterion TBE PAGE to determine DNA
heteroduplexes from heterogeneous cell cultures caused by CRISPR/Cas9
and gRNA targeting (Supplemental Fig. 3).

Transfection with Selected gRNA and hCAS9. To create cell lines that
delete the CYP3A5*3 splice junction, via nonhomologous end joining (NHEJ),
two selected gRNAs (gRNA1 and gRNA2) and hCas9 plasmids were transfected
into the HuH-7 cells using the Neon transfection system. The two gRNAs target
each side of theCYP3A5*3 locus. The resultant cells were then single-cell–cloned
to produce homogenous cell lines.

To create the point mutation (pm) cell line, gRNA2 was transfected into
cells, with a homology-directed repair (HDR) template (HDR single-stranded
DNA template ssODN 3A5*3_E+). The sequence of ssODN 3A5*3_E+ is 59-
gcttaacgaatgctctactgtcatttctaaccataatctctttaaagagctcttttgtctttcaaTATCTCTTCCG-
TGTTTGGACCACATTACCCTTCATCATATGAAGCCTTGGGTGGCTCC-39.
The underlined a indicates the *3 base that is changed from a guanine (g). The lower-
case letters are the intron sequence, and the upper-case letters are the exon 3B
sequence. The cells were treated with 1 mM SCR7 (Xcessbio, San Diego, CA)
and 5 mM L755,507 (Xcessbio) at the time of transfection and for 7 days after
transfection until single-cell cloning.

Single-Cell Cloning and Cell Line Screening via PCR and DNA Sanger
Sequencing. Transfected cells were plated in media/soft agar mixture as previously
described (Kim et al., 2014; Dorr et al., 2015) and propagated to become
homogeneous cell lines. Specifically, in 150 mm3 15 ml of a 0.6% solution of
UltraPure low-melting-point agarose (Thermo Fisher Scientific, catalog no.
16520-100) in media was plated at 38.5�C and cooled until solid. Next, 15,000
transfected cells in 15 ml of 38.5�Cmedia with 0.3% UltraPure low-melting-point
agarose was layered on top and cooled. The plate was covered with 10ml of media
and incubated at 37�C with 5% CO2 for about 3–5 weeks until cell colonies were
visible. Colonies were then picked with a sterile 200-ml pipette tip and transferred
to individual wells of a 96-well collagen I–coated plate and cultured until confluent
(approximately 3 to 4 weeks).
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For large-scale screening, we dissociated the cells using trypsin-EDTA
(0.25%) and transferred half the culture to fresh 96-well plates with media and
grown. The remaining cells in the 96-well plate were centrifuged at 350g for
5 minutes. Trypsin was removed, and the cell pellets were lysed using the
QuickExtract DNA extraction solution from Epicentre Biotechnology (Madison,
WI). Lysates were used as a PCR template and then PCR-amplified with an
AccuPrime Pfx DNA polymerase kit in 96-well PCR plates. The primers for
amplification of the CYP3A5*3 region were designed using NCBI primer design
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are 7853F (59-GCATT-
TAGTCCTTGTGAGCACTTG-39) and 8303R (59-CATACGTTCTGTGTG-
GGGACAAC-39). Thermocycler was programed as follows: 1) 94�C for 5minutes;
2) 94�C for 15 seconds; 3) 55�C for 30 seconds; 4) 68�C for 30 seconds; 5) go to step
2, 34 times; 6) 68�C for 7 minutes; and 7) 4�C indefinitely. PCR products were
purified using the MinElute 96 UF PCR purification kit (Qiagen), characterized by
electrophoresis through a 2% agarose gel and by sequencing of the PCR products.
Sequencing was performed by the University of Minnesota Genomics Center using
sequencing primer 7884F (59- ACCTGCCTTCAATTTTTCACTG-39) and 8267R
(59- CTTCACTAGCCCGATTCTGC-39). Sequence data were analyzed using
DNA Star Lasergene and Geneious software.

RNA Splicing Assay. RNA was isolated from the confluent cells using the
Qiagen RNeasy Mini Kit. RNA was quantified using the Qubit 2.0 Fluorometer
and the Qubit RNA BR Assay Kit. RNA was then converted to cDNA using
oligo-dT primer and ThermoScript Reverse Transcriptase kit. CYP3A5 *1/*3 or
*1/*1 genotyped human liver RNAwas also used as controls and cDNAmade by
the same method. PCR primers were developed using the NCBI primer design
tool and mRNA sequence file of CYP3A5 (Genbank accession no. BC025176.1)
of the 500 bp surrounding the *3 nucleotide locus. The cDNA was then used as
PCR template with the following primers: CYP3A5 cDNA ex2F (59-GTCA-
CAATCCCTGTGACCTGAT-39) and CYP3A5 cDNA ex5R (59-TTGGAGA-
CAGCAATGACCGT-39). Thermocycler settings were as follows: 1) 94�C for
5 minutes; 2) 94�C for 15 seconds; 3) 50.5�C for 30 seconds; 4) 68�C for
30 seconds; 5) step 2, repeated 34 times; 6) 68�C for 5 minutes; 7) 4�C forever
using the AccuPrime Pfx DNA polymerase kit. PCR products were purified using
the QIAquick PCR purification kit, characterized by electrophoresis through
a 2% agarose gel, and imaged using ethidium bromide staining and a Bio-Rad
ChemiDoc Touch imaging system.

Quantitative RT-PCR to Detect CYP3A5 Transcripts. CYP3A5 mRNA
was quantified using cells from the MDZ and Tac assays. The primers were the
same as for the mRNA splicing assay (Supplemental Table 1). The RNA was the
same as the RNA splicing assays, andGAPDH primers were used as the reference
control; 2 mg of RNA was converted to cDNA, and 5 ml of 1 in 20 diluted cDNA
was used in a 20-ml reaction mix for SYBR Green assay-based quantitative
RT-PCR. We used a Roche (Basel, Switzerland) light cycler and made graphs
using GraphPad Prism (LaJolla, CA) software.

Immunoblot Analysis for CYP3A5 *1 and *3 Variants in Engineered Cell
Lines. CYP3A4 andCYP3A5 protein expressionwas determined by immunoblot
analysis. Total lysates were recovered from HuH-7 cells and the new derivative
cell line in RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific).

Protein was estimated by using the Bio-Rad protein assay for microsomes and
Pierce BCA (Rockford, IL) protein assay kit assay for lysates with bovine serum
albumin as the standard. Then 60 mg of total lysate was separated on 10% SDS-
PAGE and immunoblotted with 1:10,000 dilution of monoclonal anti-CYP3A4
K03 (Schuetz et al., 1996) or 1:250 dilution of WB-3A5 (Corning, Corning, NY),
followed by 1:10,000 dilution of secondary antibodies horseradish peroxidase–
conjugated anti-mouse and anti-rabbit (Jackson ImmunoResearch Inc., West
Grove, PA), respectively. b-Actin protein expression was determined by mono-
clonal anti-actin (Sigma, St. Louis, MO), followed by 1:10,000 dilution of
secondary antibodies horseradish peroxidase–conjugated anti-mouse. The blot

was developedwith the ECLWestern blotting reagents (GEHealthcare, Piscataway,
NJ). Bands on film were optically scanned (Epson, Long Beach, CA).

Midazolam and Tacrolimus Metabolism Assays. HuH-7 and engineered
cells were grown to confluence in 12-well Corning BioCoat Collagen I multi-well
plates for 3 to 4 weeks in media. Media were refreshed two or three times a week.
Cells were then overlaidwith CorningMatrigelmatrix and then induced for 3 days
by adding 100 mM phenytoin sodium (USP), diluted in methanol, and 10 mM
rifampicin (Sigma), diluted in methanol, in cell culture.Media were changed daily
with inducers rifampicin and phenytoin added. On the 4th day, 500 ml of media
was added to the cells with 100 mM phenytoin and 10 mM rifampicin with either
equal volumes ofmethanol, as a negative control, orMDZ fromCerriliant Corporation
(Round Rock, TX) diluted in methanol so that MDZ’s final concentration was 5 mM
(1628 ng/ml) in cell culture media. Cells were incubated overnight, and media were
collected and assayed for MDZ, 1-OH MDZ, and 4-OH MDZ by high-performance
liquid chromatography mass spectrometry. To determine the metabolic func-
tion of the engineered cell lines on Tac (Toronto Research Chemicals Inc.,
North York, ON), we used the same process except for using six-well collagen-
coated plates and 1.5 ml with 13 ng/ml Tac reaction volume.

Detection Methods for Tac, MDZ, 1-OH MDZ, and 4-OH MDZ.
Detection and quantification ofMDZ, 1-OHMDZ, and 4-OHMDZ in cell culture
media were performed using a high-performance liquid chromatograph (Agilent
1200 Series, Santa Clara, CA) coupled with a TSQ Quantum triple-stage
quadrupole mass spectrometer (Thermo-Electron, San Jose, CA). Detection and
quantification of Tac were performed using chromatographic separation (Agilent
1100 HPLC, Agilent Inc.) and mass spectrometry (API 4000; Sciex Inc.,
Redwood City, CA). These detailed methods are in the Supplemental Material.

CYP3CIDE Experiments. CYP3CIDE (Walsky et al., 2012; Tseng et al., 2014)
(Sigma-Aldrich) was used as a selective CYP3A4 inhibitor in cell cultures and
diluted in dimethylsulfoxide. To determine the concentration of CYP3CIDE to
use in cell culture, we performed a dose response inHuH-7 and theCYP3A5 *1/*1
double deletion (dd) cell line between 100 nM and 1 mM using MDZ as the
substrate. For further analysis, we used 50 mM CYP3CIDE in our experiments
with all cell lines. Dose-response curves were assessed using GraphPad Prism
software.

Statistical Analysis. All comparisons were conducted using t test for
continuous variables.

Results

Genotyping of Single-Cell Clones after CRISPR/Cas9 Bioengi-
neering of CYP3A5. To create CYP3A5*1 cells from the HuH-7 cells
that were CYP3A*3, we alteredCYP3A5 based on CRISPR proto-spacer
adjacent motifs (PAM) near the exon 3B splice junction (Fig. 1). To
identify the cell line that had the exon 3B 59 splice junction deleted, we
screened single-cell clones by PCR amplifying, then forward and reverse
Sanger sequencing of a 451-bp region flanking the splice junction
(Fig. 1). The splice junction contains the *3 locus (rs776746), and we
deleted this junction to express CYP3A5 *1 mRNA via alternative
splicing. These cells were transfected with gRNA1, gRNA2, and
hCas9 plasmids (Fig. 2). We screened 235 single-cell clones, and
74 (32%) were mutated. Mutations in modified cell lines were as
follows: 22 (9.4%) had a heterozygous frameshift near one of the two
gRNA cut sites, 23 (9.8%) were heterozygous for the 77-bp deletion
between gRNA sites, 15 (6.4%) cell lines were homozygous for the
77-bp deletion, and 14 (6.0%) cell lines were classified as “other.” The
“other” mutations in cell lines include cell lines that had multiple

Fig. 1. CYP3A5 *3 allele (rs776746) and guide
RNA targeting strategy. Guide RNAs (gRNAs)
were targeted to PAM sequences on each side
of the CYP3A5 *3 allele (gRNA1 or gRNA2
locus). Exon 3B sequence is in capital letters,
and the upstream intron sequence is in lower-
case letters. There are 77 bp between the gRNA
guided Cas9 cut sites.
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frameshifts or were heterozygous for a deletion and frameshift or had
other mutations. The heterozygous deletion cell line was designated
CYP3A5 *1/*3 sd (sd = single deletion), and the homozygous deletion
cell line was designated CYP3A5 *1/*1 dd (Fig. 3).
To identify the cell line CYP3A5 *1/*3 pm (pm = point mutation)

(Fig. 3), we screened 212 single-cell clones using DNA sequencing that
were transfected with hCAS9, gRNA2 and HDR template (Fig. 2);
33 (16%)weremutated.Mutations in cell lines were as follows: 23 (11%)
had a heterozygous frameshift near the gRNA2 cut site, 2 (0.9%) had
homozygous frameshift, 1 (0. 5%) had heterozygous point mutation at *3
locus, 0 (0.0%) had homozygous point mutations at *3 locus, and
8 (4.0%)were classified as “other.” These other mutants include cell lines
that had multiple frameshifts, were heterozygous for a deletion and
frameshift, or had other mutations.
PCR Characterization of Genomic DNA in New Cell Lines. Of

the cell lines that were sequenced, select cell lines that wereCYP3A5 *1/*3
or *1/*1 by Sanger sequencing screening were validating by PCR
characterization of genomic DNA at the CYP3A5 *3 locus (Fig. 4,
A and B). The 77-bp deletions were characterized by PCR amplifi-
cation of genomic DNA and visualized by 2% agarose gel electro-
phoresis (Fig. 4B). Both heterozygous (CYP3A5 *1/*3 sd) and
homozygous (CYP3A5 *1/*1 dd) cell lines were developed with the
77 bp CYP3A5 exon 3B 59 splice junction deleted. The point mutation
heterozygous cell line, CYP3A5*1/*3 pm, did not have a deletion at

the splice junction (Fig. 4B). These cell lines were then further
validated with Sanger sequencing (Supplemental Fig. 1).
CYP3A5 mRNA Splicing Assay and Sequencing of Engineered

Cells. CYP3A5 mRNA splice variants were evaluated by gel electro-
phoresis at the *3 locus to ensure that the deletion, or point mutation, of
the CYP3A5 exon 3B 59 splice junction changed the cells to express the
*1mRNA instead of the *3mRNA (Fig. 5, A and B). Keuhl et al. (2001)
have previously shown that the 131-bp exon 3B was present in the
CYP3A5 *3 mRNA and absent in the *1 mRNA, which was confirmed
by Busi and Cresteil (2005a, b). Total mRNA from the cell lines was
converted to cDNA and then PCR-amplified with primers that flanked
the CYP3A5 exon 3B to determine whether the exon 3B was absent in
the engineered cell lines. RNA from human liver cDNA genotyped as
*1/*3 was used as the control (Fig. 5B). This mRNA splicing assay
confirmed the absence of the *3mRNA in the newly developed cell line,
CYP3A5 *1/*1 dd. Additionally, the *1/*3 heterozygote cell lines,
CYP3A5 *1/*3 sd andCYP3A5 *1/*3 pm, expressed both the *1 and the
*3 mRNA splice variants as compared with the human liver cDNA
controls (Fig. 5B). To further validate the identity of the CYP3A5 splice
variants in the cell lines, we sequenced the CYP3A5 mRNA via Sanger
sequencing of the CYP3A5 RT-PCR products (Supplemental Fig. 2).
The sequences confirmed that the exon 3B was absent in the CYP3A5
*1/*1 dd cell line when aligned to a *3 sequence. The CYP3A5 *1/*3
cell lines CYP3A5 *1/*3 sd and CYP3A5 *1/*3 pm sequences became
jumbled at exon 3B, as expected when sequencing a heterozygote
(Supplemental Fig. 2); however, sequencing in forward and reverse
directions confirmed that the CYP3A5 *1/*3 heterozygote-engineered
cells expressed both the CYP3A5 *3 and *1 mRNAs.
Quantitative RT-PCR Resulted in Elevated CYP3A5 Transcripts

in *1 Expressing Cell Lines. Quantitative RT-PCR showed signifi-
cantly elevatedCYP3A5mRNAexpression inCYP3A5 *1/*1 dd compared
with HuH-7 CYP3A5 *3/*3 cells (P = 2.5 � 1026). All engineered

Fig. 2. Workflow for development of CYP3A5 genetically modified cell lines using
CRISPR/Cas9 and clonal selection. The CYP3A5 *3 splice junction was deleted with
gRNA1, gRNA2, and Cas9, or the CYP3A5 *3 SNP was point mutated using
gRNA2 and an HDR template to convert the *3 guanine to a *1 adenine. After
transfection, the cells were single-cell cloned by plating in soft agar. The single-cell
clones were transferred to collagen I–coated plates until confluent. Cells were then
expanded or screened by PCR of the CYP3A5 *3 locus and sequencing of the PCR
products.

Fig. 3. CYP3A5 maps of cell lines used in this study: HuH-7 (CYP3A5 *3/*3);
CYP3A5 *1/*3 sd, which has a deletion of *3 splice junction at one allele; CYP3A5
*1/*1 dd, which has a deletion of *3 splice junction at two alleles; and the CYP3A5
*1/*3 pm, which has a guanine to adenine point mutation converting one allele from
*3 to *1.

960 Dorr et al.

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.076307/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.076307/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.076307/-/DC1


CYP3A5 *1 cell lines had elevatedCYP3A5mRNA compared with HuH-7
(P # 0.0001) (Fig. 5C). The CYP3A5 *3 mRNA, expressed in cell lines,
was targeted for nonsense-mediated decay30 as the likely cause of reduced
CYP3A5 mRNA in *3 cell lines. The CYP3A5 *1/*3 cell lines had
intermediate CYP3A5 mRNA expression compared with HuH-7 CYP3A5
*3/*3 and CYP3A5 *1/*1 dd (Fig. 5C).
Immunoblot Confirms for CYP3A5 Expression in Engineered

Cell Lines. We immunoblotted for the CYP3A5 protein expression in
the cell lines using two separate primary antibodies: KO3 (Schuetz et al.,
1996), which detects CYP3A family (including CYP3A4 andCYP3A5),
or the CYP3A5-specific WB-3A5 (Schmidt et al., 2004) (Fig. 6). The
CYP3A5*1/*3 sd cell line visually expressed less CYP3A5 protein
expression than CYP3A5 *1/*1 dd but higher expression than the
CYP3A5 *3/*3 HuH-7 cells. The CYP3A5*1/*3 pm cell line had poor
CYP3A5 protein expression compared with the CYP3A5 *1/*3 sd cell
line (Fig. 6). These results were consistent with both the KO3 and
WB-3A5 antibodies. It is likely that the K03 antibody did not detect
much CYP3A4 protein owing to low CYP3A4 expression in the HuH-7
cell line. Thus, the bioengineered cell lines express CYP3A5 protein.

Metabolism Assays Show CYP3A5 *1 Expressing Cells Have
Increased MDZ and Tac Metabolism Compared with CYP3A5 *3/*3
HuH-7 Cells. As shown in Fig. 7A, we performed an MDZ metabolism
assay to determine whether the new cell lines metabolized MDZ to the
products 1-OH MDZ and 4-OH MDZ. We also quantitated Tac
disappearance using the metabolism assay. As expected, the CYP3A5
*3/*3 (HuH-7) cells had higher levels of Tac (Fig. 7B) and MDZ (Fig.
7C) in cell culture after overnight incubations than CYP3A5 *1/*3 sd,
CYP3A5 *1/*3 pm, or CYP3A5 *1/*1 dd cell lines because of the
decreased metabolism by the CYP3A5 *3/*3 cells. Furthermore,
increased production of 1-OH MDZ (Fig. 7D) and 4-OH MDZ (Fig.
7E) was observed by the engineered cell lines compared with the
parental HuH-7 cell line. Significant metabolic differences between each
of the cell lines were found by comparing substrate disappearance or
product formation between the engineered cell lines and the HuH-7
parental cell line (all P, 0.05) (Table 1). Thus, the engineered CYP3A5
*1-expressing cell lines were more efficient at converting MDZ to its
hydroxylated metabolites compared with the CYP3A5 *3/*3 parental
HuH-7 cell line. The engineered CYP3A5 expressing cells are also more
active at metabolizing Tac than the HuH-7 cells, which coincides with
previous studies with cloned, expressed CYP3A4 and CYP3A5 that
demonstrated that the intrinsic clearance of Tac is higher for CYP3A5
than CYP3A4 (Dai et al., 2006).
CYP3CIDE as a Selective CYP3A4 Inhibitor in MDZ Assays.

CYP3CIDE (Walsky et al., 2012; Tseng et al., 2014) is a selective
inhibitor of CYP3A4 that can also inhibit CYP3A5 at higher concen-
trations. The concentration-dependent effects of CYP3CIDE are shown
in Fig. 8A. To determine the concentration of CYP3CIDE to use in cell
culture, we did a dose-response study with the HuH-7 (CYP3A5 *3/*3)
andCYP3A5 *1/*1 dd cell lines (Fig. 8B). After the dose-response study,
the cell lines were incubated with MDZ with or without 50 mM
CYP3CIDE to assess CYP3A5 activity in modified cell lines.
When CYP3CIDE was present, there was slight difference in the

MDZ reduction by the HuH-7 cell line (P = 0.044). The MDZ reduction
wasmore pronounced in all theCYP3A5*1-expressing cell lines comparing
those with and those without CYP3CIDE (P # 0.005) (Fig. 9A). The
1-OH MDZ production by HuH-7 cells was lower with CYP3CIDE
(P , 0.05), whereas all three CYP3A5 *1-expressing cell lines had
even more significant reduction of 1-OH MDZ production (all P #
0.005) (Fig. 9B). Further analysis of MDZmetabolism by the cell lines
with 4-OHMDZ as the minor metabolic product (Fig. 9C) showed that
CYP3CIDE almost completely halted 4-OH MDZ production by

Fig. 4. Characterization of genomic DNA at CYP3A5 *3 loci in genetically
modified cell lines. (A) Map of genomic DNA spanning CYP3A5 exons 3, 3B, and
4. (B) Electrophoresis through 2% agarose gel of PCR products spanning the
CYP3A5 *3 locus (rs776746) of genomic DNA from the cell lines. Data show HuH-7
genomic DNA as the reference. CYP3A5 *1/*3 sd had two different alleles, one
allele being the same as the HuH-7 reference and one allele being 77 bp shorter than
the reference. The 77-bp deletion indicated deletion of the exon 3B splice junction.
CYP3A5 *1/*1 1dd showed no reference allele and thus deletion of the exon 3B in
both alleles. CYP3A5 *1/*3 pm has one PCR product the same size as the reference,
which is expected in a point mutant.

Fig. 5. Characterization of CYP3A5 RNA expression in genetically modified cell lines. (A) mRNA map of CYP3A5 exons 3, 3B, and 4. (B) mRNA splicing assay showed
expression of CYP3A5 *1 mRNA in modified cell lines. Genotyped human liver from a CYP3A5 *1/*3 genotyped patient was used as control. (C) Quantitative RT-PCR showed
expression levels of CYP3A5 in cell lines relative to GAPDH. P value comparing CYP3A5 mRNA expression levels between cell lines are from a paired two-sample t test.
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HuH-7 cells (P = 0.007). Figure 9C also showed that HuH-7 and
CYP3A5 *1/*3 sd cell lines had less 4-OH MDZ production with
CYP3CIDE (P # 0.01 and P # 0.05, respectively). Neither
CYP3A5 *1/*1 dd nor CYP3A5 *1/*3 pm had significant 4-OH
MDZ production differences with CYP3CIDE (P . 0.05). These
CYP3CIDE experiments showed that these cell lines had differential
activity when a selective CYP3A4 inhibitor was present, indicating

phenotypically active CYP3A5, which was not present in the parental
HuH-7 (CYP3A5 *3/*3) cell line.

Discussion

This study showed the successful CRISPR/Cas9 bioengineering of
a human liver cell line, HuH-7, to create new cell lines that express the
common CYP3A5 *1 variant that is known to be highly relevant
toward drug metabolism. Unlike recent reports using CRISPR/Cas9 to
knock out CYP2E1 (Wang et al., 2016) or CYP3A1/2 (Lu et al., 2017)
function in rats, we used CRISPR/Cas9 to activate CYP3A5 expres-
sion in human cells lines by conversion of *3 to *1 genotype. This is
the first report of engineered cell lines for both heterozygous and
homozygous CYP3A5 *1 expression in human liver cell culture and
phenotypic analysis.
This study showed that it is possible to use two methods of CRISPR/

Cas9 biotechnology tomodify theHuH-7 cells to expressCYP3A5 *1 by
splice junction deletion using two gRNAs or with one gRNA and a
homology-directed repair template. Without the need for fluorescent-
activated cell sorting or less precise limiting dilution techniques, a soft
agar clonal selection with expansion on collagen I–coated plates
technique was used to isolate unique human hepatocyte cell lines. This
technique is important in isolating hepatocyte cell lines because the
cells do not grow well as single cells on standard plastic cell culture
dishes. Also, growing the cell lines at confluence for 2 to 3 weeks,
layering with Matrigel (Corning), and inducing the cells with rifampicin
and phenytoin increased the hepatocytes’ metabolic activity. We
determined the impact of induction while developing the MDZ

Fig. 6. Characterization of CYP3A5 protein expression in genetically modified
cell lines. Immunoblot with primary (1�) antibodies K03 antibody (Schuetz
et al., 1996) that recognizes P450 family proteins, including CYP3A4 and
CY3A5, and WB-3A5 (Schmidt et al., 2004), which is specific for CYP3A5 or
b-actin as a reference.

Fig. 7. MDZ and Tac metabolism assays confirm that CYP3A5 *1–expressing cells have increased metabolic activity compared with HuH-7 CYP3A5 *3/*3–
expressing cells. (A) Metabolism assay used in this study. Cells were plated on collagen I–coated plates and grown at confluence for 2 to 3 weeks and then layered
with Matrigel. Cells were then induced with rifampicin and phenytoin for 3 days; then a substrate of Tac or MDZ was added over night. Cell culture media were
collected and assayed for Tac, MDZ, or the MDZ products 1-OH MDZ or 4-OH MDZ by liquid chromatography-mass spectrometry. (B) Tac was used as the
substrate and was assayed to assess its disappearance. Each column represents five biologic replicates of a representative experiment and shows the disappearance of
the Tac caused by the cells’ metabolism. (C) MDZ was used as the substrate to assess its metabolism. Each column represents six biologic replicates of a
representative experiment and shows the disappearance of the MDZ caused by the cells’ metabolism. (D) The corresponding 1-OH MDZ products from the MDZ
experiments and the (E) corresponding 4-OH MDZ products.
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metabolism assay. Since induction increased MDZ metabolism in
the HuH-7 cells, we did not change the protocol for the genetically
modified cell lines or when using Tac as the substrate. In a previous
study, 1-OHMDZproduction byHuH-7 cells was low,;2.5 pmol/mg of
protein/minute with rifampicin induction and lower at ;1 pmol/mg or
protein/minute without induction (Sivertsson et al., 2010). In compari-
son, our induction method in HuH-7 parental cell line produced ;67
ng/ml 1-OH MDZ in media. Although these units are not the same, our
method does have higher MDZ metabolism. In our genetically modified
cell lines, such asCYP3A5 *1/*1 dd, 833 ng/ml 1-OHMDZwas formed.
Relative to the unmodified HuH-7 (CYP3A5 *3/*3) cells, these new cell
lines express elevated CYP3A5 mRNA and led to significantly higher
metabolism of Tac and MDZ, which are well known substrates for
CYP3A5. The geneticallymodified cells also produce the expectedMDZ
metabolites (1-OH MDZ and 4-OH MDZ). Thus, these cells show
promise as cell lines for drug metabolism assessment. Since these cells

are diploid at chromosome 7 by karyotype (Ding et al., 2013) and by
copy number of the CYP3A5 locus (Forbes et al., 2015) and these
new cells have increased drug metabolism, the cells would be ideal to
use as parental cell lines to functionally study other genetic variants
and metabolism of other drugs. Newly discovered variants can also
be genetically engineered into the cells to study combinations of
genetic variants.
Differential response to drug therapy is common. These differences

are due in part to the presence of genetic variants in P450 enzymes that
alter drug metabolism and pharmacokinetics. Ethnic minority popula-
tionsmay carry alternative variants or the same variant as Caucasians but
with a different allele frequency (Yasuda et al., 2008). Because ethnic
minority populations are generally underrepresented in clinical trials in
the United States, differences in pharmacokinetics and response rates are
often not detected until the drug has reached the market (Hamel et al.,
2016). Therefore, efficient preclinical methods to study howmetabolism
may be altered in the presence of alternative alleles would be extremely
useful. The cell lines that we developed show the potential of the
CRISPR/Cas9 biotechnology in the drug metabolism field. We chose
CYP3A5 *3 and *1 as model alleles to genetically engineer since the
effect of these alleles on metabolism is well established in vitro both by
traditional methods and clinically. Specifically, this technology will
allow for the creation of cell lines with varying combinations of common
alleles, a platform to study rare alleles and those occurring in populations
not represented in clinical trials.
A limitation of this study is that we did not investigate the metabolic

activity of the newly developed cell lines in the absence of induction.We
know induction increases MDZ metabolism in HuH-7 cells (Sivertsson
et al., 2010); thus, the induction process is necessary to study robust
metabolism in the genetically modified cells. Another limitation of this
study is that there are possibly off-target effects of the CRISPR/Cas9
engineering that are common in this type of genetic engineering
(Cho et al., 2014). We addressed this limitation by selecting gRNAs
with the least amount of potential off targets, using the Mas-
sachusetts Institute of Technology CRISPR algorithm, and con-
firmed with sequencing that the DNA was cut at the desired site
surrounding the CYP3A5*3 locus. Additionally, this study showed
that we can produce the CYP3A5 *1mRNA in human liver cell lines,
as seen in human samples from previous studies by Kuehl and
colleagues (2001) and by Busi and Cresteil (2005b). We showed
that these cells definitively express CYP3A5 *1 mRNA and active
CYP3A5 enzyme as either heterozygous or homozygous compared

Fig. 8. CYP3CIDE-selective inhibition of CYP3A4 and CYP3A5 and dose response in cell lines. (A) CYP3CIDE inhibition of CYP3A4 and CYP3A5 enzymatic activity.
CYP3CIDE has a higher affinity on CYP3A4 inhibition than on CYP3A5 inhibition. The substrate in this experiment was MDZ, and the products of the reactions were 1-OH
MDZ and 4-OH MDZ. (B) CYP3CIDE dose-response curve in HuH-7 (CYP3A5 *3/*3) and CYP3A5 *1/*1 dd cell lines with the 1-OH MDZ product as metabolite. The
concentration of 50 mM CYP3CIDE was chosen for further study in other cell lines.

TABLE 1

P values comparing Tac or MDZ metabolic activity between cell lines

P values were calculated based on the paired two-sample t test comparing between each cell
line. Substrates and products were quantified by liquid chromatography-mass spectrometry of the
media from the cell cultures.

Cell Lines Compared

P Values

Substrates Products

Tac MDZ 1-OH MDZ 4-OH MDZ

HuH-7 a *3/*3 vs.
CYP3A5 *1/*3 sdb

5.4 � 1023 2.4 � 1025 2.3 � 1026 7.3 � 1024

HuH-7 *3/*3 vs.
CYP3A5 *1/*1 ddc

2.7 � 1023 5.3 � 1024 8.6 � 1025 2.7 � 1024

HuH-7 *3/*3 vs.
CYP3A5 *1/*3 pmd

2.7 � 1022 5.0 � 1027 3.8 � 1028 1.3 � 1023

CYP3A5 *1/*3 sd vs.
CYP3A5 *1/*1 dd

1.0 � 1022 3.6 � 1021 3.5 � 1022 1.6 � 1022

CYP3A5 *1/*3 sd vs.
CYP3A5 *1/*3 pm

5.3 � 1022 5.3 � 1021 1.8 � 1023 9.4 � 1021

CYP3A5 *1/*1 dd vs.
CYP3A5 *1/*3 pm

3.1 � 1022 4.1 � 1021 2.0 � 1023 2.4 � 1022

aHuH-7 was the parental cell line with CYP3A5 *3/*3 alleles.
bCYP3A5 *1/*3 sd was a bioengineered cell line with the CYP3A5 *1 allele made by deletion

of a splice acceptor on one of the alleles.
cCYP3A5 *1/*1 dd was a bioengineered cell line with both CYP3A5 *1 alleles made by

deletion of a splice acceptor on two of the alleles.
dCYP3A5 *1/*3 pm was a bioengineered cell line with the CYP3A5 *1 allele made by a point

mutation of a splice acceptor on one of the alleles.
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with control HuH-7 cells; however, the two CYP3A5 *1/*3 heterozy-
gote cell lines have either a 77-bp splice junction deletion or a point
mutation, and these cell lines have CYP3A5 expression and activity
that are different from those of HuH-7. The CYP3A5 *1/*1 dd was
vastly more metabolically active than the other cell lines and would be
the most useful for comparative studies with theCYP3A5 *1 genotype.
Future work using these methods and developed cell lines includes a

number of directions. We envision panels of cell lines developed
using genetic modification that can be used to study genetic variants
associated with drug metabolism. These panels could include vari-
ants of particular metabolism genes, gene families, common vari-
ants, rare variants or population specific variants. Common variants
or combinations of common variants could be engineered into cell
lines and used in preclinical drug metabolism screens to predict
pharmacokinetics. Rare variants could also be engineered into the
cell lines. If rare alleles were found to alter metabolism, such results
may predict subjects at risk for drug failure or toxicity and may also
allow for early testing of alternative doses for trial subjects carrying
combination of variants or rare alleles. There are substantial chal-
lenges in studying rare alleles in human clinical trials owing to
inadequate sample size; therefore, engineered cells could bring extreme
value to drug development. In addition, drugs already on the market could
be rapidly screened. Since the new cells in this study expressCYP3A5, the
cells are especially useful to studying genetic variants that effect CYP3A5
expression. Finally, it may also be possible that multiple variants could be
engineered into a single cell line that would more closely emulate the
specific human populations. This technology can potentially lead to faster
preclinical development that can save time and money. As the use of this
technology expands, we will be able to more accurately predict substrate
metabolism, pharmacokinetics, toxicities, and efficacy, especially in
minority patients with rare genetic variants.
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