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There are few in vivo knockout models available to study the

function of Cyp2 members involved in the metabolism of

endogenous and exogenous chemicals. These models may help

provide insight into the cytochrome P450s (CYPs) responsible for

the detoxification and activation of drugs, environmental tox-

icants, and endobiotics. The aim of this work is to produce a potent

Cyp2b-knockdown (KD) mouse for subsequent study of Cyp2b

function. We made a quintuple Cyp2b-KD mouse using lentiviral-

promoted short hairpin RNA (shRNA) homologous to all five

murine Cyp2b subfamily members (Cyp2b9, 2b10, 2b13, 2b19, and

2b23). The Cyp2b-KD mice are viable, fertile, and without obvious

gross abnormalities except for an increase in liver weight.

Expression of the three hepatic Cyp2b members, 2b9, 2b10, and

2b13, is significantly repressed as demonstrated by quantitative

real-time PCR and Western blotting. The constitutive androstane

receptor activator, 1,4-Bis[2-(3,5-dichloropyridyloxy)] benzene

(TCPOBOP), was used to determine if shRNA-mediated Cyp2b10

repression could be outcompeted by Cyp2b10 induction. TCPO-

BOP-treated Cyp2b-KD mice show 80–90% less Cyp2b protein

expression than TCPOBOP-treated wild-type (WT) mice, demon-

strating that Cyp induction does not outcompete the repressive

function of the shRNA. Untreated and TCPOBOP-treated Cyp2b-

KD mice are poor metabolizers of parathion compared with WT

mice. Furthermore, Cyp2b-KD mice are sensitive to parathion, an

organophosphate insecticide primarily metabolized by Cyp2b

enzymes, when compared with WT mice. In summary, we

designed an shRNA construct that repressed the expression and

activity of multiple Cyp2b enzymes. We foresee that this novel

Cyp2b-KD mouse model will significantly improve our un-

derstanding of the role of Cyp2b enzymes in chemical sensitivity

and drug metabolism.
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The cytochrome P450s (CYPs) are important in lipid

metabolism, including the metabolism of fatty acids, retinoids,

eicosanoids, steroids, vitamin D, bilirubin, bile acids, and

xenobiotics. The CYPs in families 1–4 are important in the

metabolism of xenobiotic chemicals with most of the drug

metabolism being performed by CYP families 1–3 (Baldwin

et al., 2009; Hernandez et al., 2009a; Muerhoff et al., 1994;

Waxman, 1988; Waxman et al., 1991; Willingham and Keil,

2004). The CYP2 family contains several crucial subfamilies

involved in detoxification, such as CYP2A, 2B, 2C, 2D,

and 2E.

CYP2Bs participate in the metabolism of numerous xeno-

biotics, including parathion, malathion, diazinon, bupropion,

efavirenz, and cyclophosphamide (reviewed in Hodgson and

Rose, 2007; Wang and Tompkins, 2008). In some cases,

CYP2B metabolism leads to chemical activation (Foxenberg

et al., 2007; Mutch and Williams, 2006; Tang et al., 2001). The

importance of CYP2B proteins as effective monooxygenases

for environmental chemicals is illustrated by the fact that

phenotyped human microsomes show a correlation between

CYP2B6 content and increased production of metabolites of

known CYP2B substrates (Hodgson and Rose, 2007). It is

estimated that up to 12% of the available drugs on the market

are metabolized by CYP2B6 (Wang and Tompkins, 2008),

although CYP2B6 only makes up about 3–5% of the CYPs in

the human liver (Lang et al., 2004). However, CYP2B6 content

varies as much as 100-fold between individuals (Ekins et al.,
1998), is sexually dimorphic (Lamba et al., 2003) and

polymorphic (Lang et al., 2004), and these variances probably

cause individual differences in the metabolism of these drugs.

Humans have one CYP2B gene, CYP2B6, whereas mice

have five Cyp2b genes, Cyp2b9, Cyp2b10, Cyp2b13,

Cyp2b19, and Cyp2b23 (Nelson et al., 2004). Cyp2b9,

Cyp2b10, and Cyp2b13 are the forms primarily expressed in

the liver (Finger et al., 2011). CYP2B6 in humans and

Cyp2b10 in mice are transcriptionally regulated by the

constitutive androstane receptor (CAR), a metabolic and

xenobiotic sensing nuclear receptor (Honkakoski et al., 1998;

Kretschmer and Baldwin, 2005; Wang et al., 2003; Zhang

et al., 2002). Perturbations in CAR activity are known to alter

the metabolism and toxicity of bile acids (Beilke et al., 2009;

Uppal et al., 2005), acetaminophen (Zhang et al., 2002), and
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parathion (Mota et al., 2010). However, Cyp2b’s role in

protecting individuals from these endogenous and exogenous

chemicals is not fully understood as other detoxification

enzymes are also regulated by CAR. Overall, the role of

Cyp2b isoforms in mice and CYP2B6 in humans for

metabolizing endogenous and exogenous chemicals is often

overlooked and poorly understood in part due to the lack of an

in vivo model (Reschly and Krasowski, 2006; Wang and

Tompkins, 2008; Yamada et al., 2006).

Although there are in vitro models for studying many drug

metabolizing CYPs, including recombinant Cyp2b isoforms,

there are few in vivo models of CYP function, such as CYP-

knockout mice. In fact, few of the detoxifying P450s with

multiple isoforms have been knocked out. If not for the recent

production of the Cyp3a-null (van Herwaarden et al., 2007)

and Cyp2d-null mice (unpublished; available through Taconic)

produced via cre-mediated deletion in the Cyp3a and Cyp2d

clusters, there would be no CYP-null mice for P450

subfamilies with multiple isoforms. There are no CYP-null

mice for any of the Cyp2 subfamily members critical in

detoxification (i.e., Cyp2a, Cyp2b, Cyp2c, and Cyp2d) with the

exception of Cyp2e1 (Lee et al., 1996), a one-member

subfamily. There is also a Cyp2j5-null mouse (Athirakul et al.,
2008); however, this CYP does not appear to have a significant

role in detoxification.

Of the 68 functional CYPs in families 1–4, only 21 have

been deleted. The primary reason that Cyp-null mice have

rarely been made is because most murine Cyps in subfamilies

2–4 have many individual isoforms that may perform re-

dundant functions. For example, the Cyp2b subfamily in mice

has five isoforms (Nelson et al., 2004). Therefore, knocking

out Cyp2b10 may have little effect on the physiology of the

mouse because Cyp2b9, Cyp2b13, Cyp2b19, and Cyp2b23

with similar structures and potentially redundant functions are

still available. In addition, the cost of making a quintuple

knockout has made such inquiries impractical. Unlike the

Cyp3a and Cyp2d clusters, the five Cyp2b genes are not found

in a tandem repeat. Instead, the Cyp2b9/10/13 repeat region is

separated from the Cy2b19/Cyp2b23 repeat region by five

genes. Knocking out all five Cyp2b genes using a cre-

recombinase system would also knockout five nontarget genes

(Supplementary file 1).

Small interfering RNAs (siRNAs) are short double-stranded

RNA molecules (21–25 nucleotides) that can form comple-

mentary sequences with single-stranded messenger RNAs

(mRNAs), and in turn target them for degradation in a process

called RNA interference (RNAi) (Elbashir et al., 2001). This

leads to a decrease, but not the absence, of the expression of the

corresponding protein. RNAi-mediated gene knockdown has

been performed through several techniques at multiple levels,

and the most successful application of RNAi has been to study

gene function in cultured human and mouse cells. The

generation of transgenic and knockout mouse models has been

constantly improved, providing researchers with a large

number of invaluable animal models. However, RNAi has

not been used to knockdown whole subfamilies of Cyps, or

produce efficient, persistent knockdown mice under the control

of a lentiviral promoter that demonstrate the repression of

multiple Cyps. Because the murine Cyp2b subfamily members

show high homology, the Cyp2b subfamily can be targeted for

short hairpin RNA (shRNA)–mediated repression. Therefore,

we can potentially knockdown all five isoforms with one

siRNA construct.

We used siRNA designed to repress the expression of each

member of the murine Cyp2b subfamily. We hypothesized that

the Cyp2b subfamily can be efficaciously knocked down in

mice using lentiviral-driven shRNA homologous to each of the

five Cyp2b subfamily members and the repression of the

hepatic Cyp2b members; Cyp2b9/10/13 was tested in the liver

of Cyp2b-knockdown (Cyp2b-KD) mice. Furthermore, we

tested whether the repression of Cyp2b function caused

changes in toxicant metabolism using the pesticide parathion.

We envision that the Cyp2b-KD model will provide a new tool

for further study of the impact of murine Cyp2b enzymes on

the in vivo metabolism of endobiotic and xenobiotic chemicals.

MATERIALS AND METHODS

Design of Cyp2b constructs and generation of shRNA-containing

lentiviruses. The five Cyp2b subfamily members were aligned with ClustalW

(Fig. 1), and shRNAs were designed based on siRNA scales (http://

gesteland.genetics.utah.edu/siRNA_scales) (Mateeva et al., 2007). Constructs

of 21–22 base pairs (bp) were designed because previous work shows that

dsRNA smaller than 23 bp do not elicit an antiviral interferon response that

causes the cessation of all protein synthesis rather than elicit specific repression

of a gene (Elbashir et al., 2001). Three different siRNA constructs (Cyp2b-

KD2, Cyp2b-KD3, and scrambled) were chemically synthesized and cloned

into the pRNAT-U6.2/Lenti plasmid at their BamH1 and Xho1 sites

(Supplementary file 2). This plasmid also contains coral green fluorescent

protein (cGFP) (Genscript, Piscataway, NJ) as a marker for expression.

Lentiviral particles were produced according to the manufacturer’s

instructions (Invitrogen, Carlsbad, CA). Human embryo kidney (293FT) cells

(Invitrogen) were cultured in complete DMEM media containing 10% fetal

bovine serum, 6mM L-glutamine, 1mM Modified Eagle’s Medium (MEM)

sodium pyruvate, 0.1mM MEM nonessential amino acids, and 500 lg/ml

Geneticin (G418). One day before transfection, 5 3 106 cells were seeded in

10-cm dishes without G418. Twenty-four hours later, the cells were transfected

with the pRNAT-U6.2/lenti plasmid from Genscript along with Virapower

plasmids and Lipofectamine 2000 (Invitrogen) following the manufacturer’s

instructions. The next day, media-containing Lipofectamine was replaced with

complete DMEM media, and 48 h later, the viral supernatant was collected,

centrifuged, filtered through 0.45-lm low protein filter, and concentrated by

ultracentrifugation (Burns et al., 1993; Ramezani and Hawley, 2002). The viral

pellets were suspended in complete DMEM media with no antibiotic for

perivitelline microinjection. Concentrated and unconcentrated viral stocks were

titered and stored at �150�C.

Viral concentrations were determined according to the manufacturer’s

instructions (Invitrogen). HT1080 cells (Invitrogen) seeded in a six-well plate at

200,000 cells per well in complete DMEM media and 1% penicillin/

streptomycin, were transduced with a serial dilution of the viral stocks, 6 lg/ll

polybrene (Invitrogen), and incubated at 37�C overnight in a humidified 5%

CO2 incubator. The following day, the media were changed to complete

DMEM media and G418 (350 lg/ml) to select the transduced cells. Media were
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replaced every 3–4 days with fresh media containing G418. Titer was

determined by counting the percentage of positive cells (green cells) with an

inverted fluorescent microscope after 5–7 days of transduction, or colonies

were counted after 2 weeks of G418 exposure (Blesch, 2004; Sastry et al.,

2002). Lentiviral titers were 1.0, 1.2, and1.5 3 106 transduction units (TU) per

ml for Cyp2b-KD2, Cyp2b-KD3, and scrambled, respectively. Concentrated

lentiviral titers for Cyp2b-KD2, Cyp2b-KD3, and the scrambled construct were

3 3 108, 5 3 108, and 1 3 108 TU, respectively.

Primary hepatocyte transduction. Primary mouse hepatocytes (CellzDir-

ect, Pittsboro, NC) from male CD-1 mice plated in 12-well plates (128,000 cell

per well) were transduced with either Cyp2b-KD2, Cyp2b-KD3, or scrambled

constructs at a multiplicity of infection (MOI) of 5 or 20. Twenty-four hours after

transduction, the cells were treated with the CAR activator 1,4-Bis[2-(3,5-

dichloropyridyloxy)] benzene (TCPOBOP) (Sigma Aldrich, St Louis, MO) to

induce Cyp2b subfamily members (especially Cyp2b10). Cells were harvested for

RNA extraction and quantitative real-time PCR (QRT-PCR) 24 h after TCPOBOP

treatment. In addition, the percentage of cells infected based on the presence of

green fluorescence using fluorescent microscopy (Zeiss Axiovert 200M; Carl

Zeiss International, Gottingen, Germany) was determined so that the drop in

Cyp2b expression could be compared with the number of cells transduced.

Perivitelline injections. Donor FVB/NJ (FVB; wild-type [WT]) female

mice (The Jackson Laboratory, Bar Harbor, ME) were superovulated and mated

to FVB stud males. Donor females showing vaginal plugs were sacrificed. The

single-cell embryos were washed several times in micro drops of M16 medium

(Millipore, Billerica, MA) and used in microinjection. Concentrated Cyp2b-

KD2 lentivirus (8 plate per cell) suspended in DMEM media or PBS at

concentrations of approximately 5 3 108 TU were injected into the perivitelline

space of fertilized single-cell FVB embryos. The zygotes then were cultured

overnight and transplanted into pseudopregnant CD-1 mice the next morning.

Genotyping. Viral and siRNA integration were detected by PCR analysis

and confirmed by sequencing. Total genomic DNA was isolated from mice tail

biopsies with the DNeasy blood and tissue DNA extraction kit following the

manufacturer’s instructions (Qiagen, Valencia, CA). Primers spanning the

shRNA were used in PCR to genotype the mice. These primers, pRNAT-U.6/

Lenti-specific primers and Cyp2b-KD, amplify 956 and 359 bp targets,

respectively, within the promoter and shRNA and are available in

Supplementary file 3. Genotyping results were determined from PCR reactions

run on 1.6% agarose gels. To confirm the PCR results, the PCR product was

purified using the MinElute PCR Purification Kit (Qiagen) and sequenced.

Mice treatments. All studies were carried out according to the National

Institutes of Health guidelines for the humane use of research animals and

preapproved by Clemson University’s Institutional Animal Care and Use

Committee. Mice were provided water and fed ad libitum prior to and during

treatments. WT (FVB/NJ) mice from The Jackson Laboratory were bred to

positive Cyp2b-KD2 mice to maintain the genetic background. Untreated WT

and Cyp2b-KD2 mice were euthanized at 8–12 weeks of age (n ¼ 4–8) to

investigate differences in Cyp2b expression. In addition, 8- to 12-week-old WT

and Cyp2b-KD mice were injected ip with 3 mg/kg TCPOBOP or vehicle (corn

oil) to investigate Cyp2b expression following treatment with a CAR activator

and Cyp2b inducer (Tzameli et al., 2000; Wei et al., 2000). Mice were weighed

prior to treatment. Twenty-four hours after treatment, mice were euthanized,

livers excised and weighed, and then cut into three pieces for sample

preparation (RNA, protein, and histopathology).

Sample preparation. A portion of the liver was placed in 10% formalin

(Fisher Scientific, Pittsburgh, PA) for histology investigations. The rest of the

liver was snap frozen, diced, separated into two tubes, and placed in a freezer

at �80�C for further preparation. Total RNA was extracted from one third of

the liver using modified phenol/chloroform extraction technique with TRI-

Reagent according to the manufacturer’s instructions followed by DNase

digestion to remove residual genomic DNA (Promega Corporation, Madison,

WI). RNA concentrations were determined spectrophotometrically at 260/280 nm

(Molecular Devices, Ramsey, MN). Reverse transcription was performed to make

complementary DNA (cDNA) using 200 units Moloney murine leukemia virus-

reverse transcriptase, a 10mM deoxynucleotide triphosphate mixture, and 0.05 mg

random hexamers (Promega Corporation). RNA was stored at �80�C, and cDNA

was stored at �20�C.

For cytosol and microsome preparation, the liver was individually

homogenized with a dounce homogenizer, and protein fractions were prepared

by differential centrifugation (Van der Hoeven and Coon, 1974). Protein

concentrations were determined from cytosol and microsomes using the Bio-

Rad protein assay according to the manufacturer’s instructions (Bio-Rad

Laboratories, Hercules, CA). Microsomes and cytosol were stored at �80�C.

Quantitative real-time PCR. QRT-PCR was performed using primers for

specific isoforms to Cyp2b9, Cyp2b10, and Cyp2b13 subfamily members and

18S or b-actin as the housekeeping genes (Supplementary file 3). For primary

mouse hepatocytes, cDNA was diluted 1:5 prior to QRT-PCR. To generate

a standard curve and determine the PCR efficiency of each reaction, a composite

sample of cDNA from treated and untreated cells was made with dilutions of

FIG. 1. siRNA target areas for mouse Cyp2b genes. There are five areas of the mouse Cyp2b subfamily that are sufficiently conserved so that all the Cyp2bs

could potentially be knocked down by the same siRNA. siRNA scales estimate a greater than 70% knockdown (shown in parenthesisa) of Cyp2b expression using

two of these siRNAs (shown in gray). shRNA constructs were made to KD2 and KD3 and inserted into the pRNAT-U6.2/lenti vector. NCBI accession numbers are

provided next to the name of each Cyp2b gene. Numbers on the right indicate sequence length near the area of homology.
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1:1, 1:5, 1:50, and 1:500. For Cyp2b10, a TaqMan probe was used, and b-actin

was the housekeeping gene; for Cyp2b9, SYBR Green qPCR Master Mix was

used, and 18S ribosomal RNA was the housekeeping gene.

For studies with mice, Cyp2b9, Cyp2b10, Cyp2b13, and CAR were

quantified from liver cDNA samples that were diluted 1:10 prior to QRT-PCR

(Supplementary file 3). To generate a standard curve and determine the PCR

efficiency of each reaction, a composite sample of cDNA from treated and

untreated WT and Cyp2b-KD mice was made, and dilutions from 1:1 to 1:10�6

were prepared. Amplification of the samples and the standard curve was

performed in triplicate using a 96-well iQ5 multicolor real-time PCR detection

system (Bio-Rad) with 0.253 SYBR Green qPCR Master Mix (SABiosciences,

Frederick, MD) as the fluorescent double strand-intercalating agent to quantify

gene expression as described previously (Hernandez et al., 2006; Mota et al.,

2010). Muller’s equation was used to determine relative quantities of each CYP

(Muller et al., 2002). A minimum of 40 cycles was run on all real-time samples

to ensure a log-based growth curve.

Immunoprecipitations and Western blots. CAR was immunoprecipitated

prior to quantification by Western blotting as described previously (Hernandez

et al., 2009b). This CAR antibody (SC-13065; Santa Cruz Biotechnology,

Santa Cruz, CA) has been demonstrated to specifically recognize CAR and

does not recognize any nuclear proteins in CAR-null mice (Hernandez et al.,

2007).

Western blots were also performed using 30–50 lg of hepatic microsomal

protein to detect and quantify Cyp2b protein levels with a primary antibody

developed in our laboratory that has increased sensitivity toward Cyp2b proteins

(Mota et al., 2010, 2011). A peptide (LHDPQYFEQPDSFN-C-Keyhole-Limpet-

Hemocyanin) that recognizes Cyp2b9, Cyp2b10, Cyp2b13, and Cyp2b19 was

used to make and purify a rabbit anti-mouse polyclonal antibody (Mota et al.,

2010). The peptide is poorly conserved between Cyp2b and other Cyp enzymes.

Cyp2b10 is highly inducible by CAR activators and slightly larger (56.7 kDa

compared with 55.7 kDa for Cyp2b9 and 55.8 kDa for Cyp2b13; www.unipro-

t.org) because it is nine amino acids larger than Cyp2b9 and Cyp2b13. Therefore,

the higher band in females and following TCPOBOP treatment is most likely

Cyp2b10, whereas the band expressed constitutively in females is predominantly

Cyp2b9 with some Cyp2b13 as these Cyps are highly female predominant

(Hashita et al., 2008; Hernandez et al., 2006; Jarukamjorn et al., 2006).

b-actin (Sigma Aldrich) was used as a housekeeper to ensure equal loading

of samples (Mota et al., 2010). Goat anti-rabbit IgG (Bio-Rad) alkaline

phosphatase–coupled secondary antibodies were used for recognizing the

Cyp2b primary antibody, and goat anti-mouse (Bio-Rad) IgG was used to

recognize b-actin primary antibodies. All bands were visualized with

chemiluminescence detection using the Immun-Star AP Chemiluminescent

Protein Detection System and quantified with the Chemi Doc XRS HQ using

Quantity One 4.6.5 software (Bio-Rad Laboratories).

Parathion metabolism. Changes in parathion metabolism were examined

with 250 lg of liver microsomes from untreated and TCPOBOP-treated WT and

Cyp2b-KD2 mice (Foxenberg et al., 2007; Mota et al., 2010; Mutch et al., 1999).

Samples were incubated in buffer (0.1M Tris-HCl and 5mM MgCl2 at pH 7.4)

and 20lM parathion at 37�C in the presence of the esterase inhibitors 1mM

EDTA and 50lM iso-OMPA. Reactions were initiated with 1mM NADPH and

stopped after 60 min with 500 ll of methanol/0.1% phosphoric acid. The assay

rates are linear in WT mouse microsomes for 30 min; however, nondetection is

common in transgenic mice with low Cyp2b expression (Mota et al., 2010).

Therefore, the assays were extended to 60 min, a time point that continues to

show increasingly greater metabolite concentrations even in WT mouse

microsomes. Metabolite concentrations from filtered (0.22 lm, PTFE filter;

Fisher Scientific) samples were measured by reverse phase high performance

liquid chromatography (HPLC) as described previously (Mota et al., 2010).

Chemical detection was determined at 275 nm for parathion and paraoxon

(POXON) and at 310 nm for para-nitrophenol (PNP). The detection limit for

POXON is 0.0275 lg/ml, and the detection limit for PNP is 0.0139 lg/ml.

Histopathology. To evaluate the histopathological effect of Cyp2b

repression on Cyp2b-KD mice, liver samples from male and female, corn oil

and TCPOBOP-treated, WT, and Cyp2b-KD mice (n ¼ 3) were fixed in 10%

formalin. Samples were processed and stained with hematoxylin and eosin at

Colorado Histo-Prep for blind histopathological evaluation (Fort Collins, CO).

Standardized toxicological pathology criteria and nomenclature for the mouse

were used to categorize microscopic tissue changes (Banks, 1993; Percy and

Barthold, 2001). Parameters examined were hepatocellular swelling, necrosis,

hypertrophy, hyperplasia, inflammation, bile duct hyperplasia, and mineraliza-

tion. The individual parameters were scored 0–4 and then summed. There is

considered minimal pathology if the mouse liver scored less than 5,

mild pathology if the total score is 5–10, moderate pathology if the total score

is 10–15, and marked pathology if the total score is 15–20. Total scores for the

hepatic histopathology lesions in each mouse were ranked, and statistical

significance determined by two-way ANOVA followed by Bonferroni posttest

using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA).

Zoxazolamine. Untreated male and female mice from WT and Cyp2b-KD

mice (n ¼ 5–15) were injected ip with 400 mg/kg zoxazolamine (Zox).

Paralysis time was measured by placing paralyzed mice on their backs and

measuring the time until they were able to right themselves consistently

(Hernandez et al., 2007). Mice that did not recover from Zox-induced paralysis

within 8 h were euthanized.

Parathion toxicity. Both male and female, WT, and Cyp2b-KD mice (n ¼
5–15 per treatment) were injected ip in the morning with 5 mg/kg/day of

parathion, and behavioral changes observed over the next 6 h as described

previously (Mota et al., 2010). The severity of toxicity was quantified based on

these symptoms: 0 ¼ not toxic, 1 ¼ eye leakage, 2 ¼ slow tremors, 3 ¼
morbid, and 4 ¼ death. Mice showing severe toxicity were immediately

euthanized.

Statistical analysis. Results are expressed as mean ± SEM. Tests of

significance (GraphPad Prism 4.0) were conducted by unpaired Student’s t-test

or ANOVA followed by Tukey’s post hoc test when multiple treatments were

compared. A p value < 0.05 is regarded as statistically significant. Differences

in the number of mice paralyzed by Zox were determined by the Mann-

Whitney rank sum test. Parathion toxicity was determined statistically with

behavioral rankings as described previously (Mota et al., 2010) using the

Kruskal-Wallis nonparametric test for independent variables followed by

Dunn’s post hoc test.

RESULTS

Design and Determine the Efficacy of the Cyp2b shRNA
Constructs

ClustalW alignments of the five Cyp2b subfamily members

demonstrated that there are five highly homologous areas of the

murine Cyp2bs. shRNA constructs that recognize all five

Cyp2b subfamily members in mice were designed based on

these homologous areas. Two of these sites, designated KD2

and KD3, respectively (Fig. 1), are potential targets for shRNA

based on siRNA scales (Mateeva et al., 2007) that indicates

these constructs would repress Cyp2b expression greater than

70% in cell culture.

In addition, each construct was compared with several other

CYP genes to make sure that they were not homologous to

other CYPs and cause the repression of their expression.

The homologous region of Cyp2a4 is 57% identical to the

Cyp2b-KD2 construct; all other Cyps examined showed less

than 50% identity to the Cyp2b-KD2 shRNA construct.

Homologous regions of Cyp2c29 and Cyp2c37 showed 82

and 73% identity to the Cyp2b-KD3 construct (Supplementary
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file 4). All other Cyps examined showed less than 60% identity

to the Cyp2b-KD3 shRNA constructs.

The efficacy of Cyp2b-KD2 and -KD3 lentiviral shRNA

constructs to repress Cyp2b9 and Cyp2b10 expression was

tested using primary mouse hepatocytes. The percentage of

cells infected based on the presence of green fluorescence using

fluorescent microscopy was approximately 80% in KD2-

transduced cells at an MOI of 5 and about 70% in KD3-

transduced cells at an MOI of 5. Cyp2b-KD2 reduced Cyp2b9

and Cyp2b10 expression 73–98% (Table 1). This suggests that

the cells that were infected showed nearly a complete

abolishment of these Cyp2b subfamily members. Cyp2b-KD3

was not as efficacious. It reduced Cyp2b10 expression

50% following infection of 70% of the cells; however, KD3

did not repress Cyp2b9 expression relative to cells treated

with the scrambled shRNA (Table 1). Because Cyp2b-KD2

is more efficacious, and Cyp2b-KD3 does not reduce Cyp2b9

expression and shows higher homology to other Cyp2

members, transgenic mice were made with the Cyp2b-KD2

construct.

Generation of RNAi Transgenic Mice

Engineered lentiviral Cyp2b-KD2 particles were micro-

injected into the perivitelline space of FVB/NJ mouse zygotes.

Perivitelline injection of FVBs produced 134 pups, of which

100% were positive, by PCR genotyping of the tail clippings

(Supplementary file 5). DNA sequencing confirmed the

existence of the Cyp2b-KD2 construct in our mice. In addition,

newborn mice were screened for GFP under an ultraviolet light,

and only three mice visually expressed GFP 7 days after birth.

Several of these mice continued to show fluorescence in the

ears, tail, feet, and especially the eyes when adults. None of the

F1 or F2 generation mice tested showed brilliant green skin

expression, but some of them expressed green teeth. Five

transgenic founders (four males and one female) identified

based on genotyping and sequencing results were mated to

FVB/NJ mice to obtain F1 progeny. All F0 mice were able to

give rise to transgenic offspring. Nearly 86% of the F1 mice are

positive after mating positive F1 to FVB/NJ mice. The high

percentage of positive F1 mice indicates that our F0 Cyp2b-KD

mice had multiple integrants. All the transgenic mice have

developed and bred normally. In addition, none of the mice

show obvious spontaneous abnormalities except for a significant

increase in liver/body weight ratios (hepatosomatic index)

compared with WT mice. The hepatosomatic index increased

21–22% (p < 0.0001) in males and females, respectively.

Efficacy of Cyp2b Repression in Cyp2b-KD Mice

QRT-PCR and Western blots were performed to measure

changes in the expression of individual Cyp2b isoforms in WT

and Cyp2b-KD mice. Cyp2b9, Cyp2b10, and Cyp2b13 are

female predominant Cyps (Hashita et al., 2008; Jarukamjorn

et al., 2006) in FVB mice (Hernandez et al., 2006), although

there is some disagreement as to whether Cyp2b10 is female

predominant (Jarukamjorn et al., 1999), and this may be caused

by strain differences (Hernandez et al., 2009b). QRT-PCR of

untreated adult WT and Cyp2b-KD mice indicate that most but

not all the hepatic Cyp2b members are repressed in the KD

mice. The expression of Cyp2b9, Cyp2b10, and Cyp2b13 are

repressed in male Cyp2b-KD mice relative to WT mice. In

contrast, only Cyp2b10 and Cyp2b13 are repressed in female

Cyp2b-KD mice relative to their WT controls (Fig. 2). Cyp2b9,

a female predominant Cyp that is expressed at greater levels

than the other Cyp2b members constitutively (Lee et al., 2011;

Sutton et al., 2010), is not repressed in females.

Western blots demonstrate that Cyp2b protein expression is

also repressed. Two distinct Cyp2b members, thought to be

Cyp2b9 and Cyp2b10, are repressed in females (Fig. 2),

indicating that Cyp2b protein expression is reduced in the

female Cyp2b-KD mice. Untreated male mice have low Cyp2b

expression (Hernandez et al., 2006, 2009b), and our antibody

was not sensitive enough to consistently quantify Cyp2b levels

in the WT or Cyp2b-KD mice. Therefore, we also measured

Cyp2b expression in TCPOBOP-treated mice.

The CAR activator, TCPOBOP (Tzameli et al., 2000), was

used to determine the efficacy of our Cyp2b-KD construct at

reducing Cyp2b levels following treatment with a powerful

inducer. The primary purpose of this experiment was to

determine if TCPOBOP treatment and the subsequent Cyp2b

induction would outcompete lentiviral-promoted shRNA re-

pression of Cyp2b. None of the hepatic Cyp2bs showed lower

transcript expression after TCPOBOP treatment in the Cyp2b-

KD mice compared with the WT mice (Fig. 3). Cyp2b10 and

Cyp2b13 showed greater expression in the TCPOBOP-treated

Cyp2b-KD female mice than the WT mice by 2.63, indicating

a compensatory mechanism. However, protein levels as

determined by Western blots did not confirm the QRT-PCR

results and actually showed significant decreases in Cyp2b

expression (about 5–103) in the Cyp2b-KD mice compared

with the WT mice (Fig. 3). This demonstrates that TCPOBOP-

mediated Cyp2b induction did not outcompete the shRNA’s

ability to repress Cyp2b protein expression. Therefore, the

Cyp2b-KD mouse was still functionally repressing Cyp2b

protein concentrations even after the addition of a potent

Cyp2b inducer.

CAR constitutively regulates the expression of Cyp2b10 and

Cyp2b13 (Hernandez et al., 2009b; Mota et al., 2010) and may

TABLE 1

Relative Cyp2b Expression in Primary Hepatocytes Transduced

with Cyp2b-KD2 and -KD3 shRNA Compared with

Hepatocytes Transduced with a Scrambled Construct

CYP Scrambled KD2 (5 MOI) KD2 (20 MOI) KD3 (20 MOI)

Cyp2b9 1.0 0.11 0.02 1.41

Cyp2b10 1.0 0.27 0.30 0.36
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FIG. 2. Hepatic Cyp2b expression in WT and Cyp2b-KD mice as demonstrated by QRT-PCR (A) and Western blots (B). Data were expressed as mean ± SEM

(n ¼ 5–8). Statistical significance was determined by Student’s t-test using the GraphPad Prism 4.0 software package. Significant differences at *p < 0.05,

**p < 0.01, and ***p < 0.001. WT ¼ wild-type, KD ¼ Cyp2b-KD mice, M ¼ male, and F ¼ female. Expression was not quantified in the Western blots because

of the low expression of Cyp2bs in the male mice and Cyp2b-KD female mice.
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constitutively regulate the expression of Cyp2b9 in males

(Mota et al., 2010). Therefore, we hypothesized that CAR

transcript expression may be increased in the Cyp2b-KD mice

as a compensatory mechanism that increases CAR’s sensitivity

to endogenous ligands or its constitutive activity and in turn

increases Cyp2b expression, especially Cyp2b10. QRT-PCR

and Western blotting were performed (Fig. 4), and QRT-PCR

suggested that CAR may be increased in female Cyp2b-KD

mice relative to WT mice, but the data were not statistically

significant (p ¼ 0.061). Western blots were performed to

confirm QRT-PCR results and ascertain whether there was

a trend suggesting increased CAR in females. CAR protein

expression was significantly increased (2.93) in the TCPO-

BOP-treated Cyp2b-KD female mice but not the untreated

mice compared with the corresponding WT mice, suggesting

that CAR may be involved in a compensatory mechanism that

helps Cyp2b-KD mice respond to a chemical insult, such as

TCPOBOP (Fig. 4); however, the compensatory mechanism

did not overcome the ability of the shRNA construct to repress

Cyp2b protein expression in the mice.

FIG. 3. Hepatic Cyp2b expression in WT and Cyp2b-KD mice treated

with the Cyp2b10 inducer, TCPOBOP. (A) RNA expression of Cyp2b9,

Cyp2b10, and Cyp2b13 as measured by QRT-PCR (n ¼ 5–8). (B) Protein

expression of hepatic Cyp2b subfamily members (n ¼ 3–4). Data were

expressed as mean ± SEM. Statistical significance was determined by Student’s

t-test using the GraphPad Prism 4.0 software package. *p < 0.05 and

**p < 0.01. WT ¼ wild-type, KD ¼ Cyp2b-KD mice, M ¼ male, and

F ¼ female.

FIG. 4. Hepatic expression of CAR in WT and Cyp2b-KD mice treated

with TCPOBOP or corn oil (carrier) as measured by QRT-PCR (A) or Western

blots (B, C). (A) WT mice are shown in white bars, and Cyp2b-KD mice are

shown in black bars. Statistical significance was determined by ANOVA

followed by Dunnett’s post hoc test with the GraphPad Prism 4.0 software

package. Western blots in corn oil (B) or TCPOBOP-treated mice (C).

Statistical significance of the Western blots was determined by Student’s t-test.

An asterisk indicates significant difference with a p < 0.05.
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Histopathology

Because CAR is critical in hepatic responses to toxicants, we

investigated whether Cyp2b-KD mice may show histopatho-

logical changes especially after TCPOBOP treatment. Sum-

mation of the different histopathology parameters examined

indicates that only the TCPOBOP-treated Cyp2b-KD female

mice responded in an atypical manner (Fig. 5). For example, all

the TCPOBOP-treated male and female WT mice showed

increased combined histopathology scores primarily because of

increased hyperplasia, typical of TCPOBOP-treated mice

(Blanco-Bose et al., 2008; Wei et al., 2000). However,

TCPOBOP-treated Cyp2b-KD female mice had significantly

decreased combined histopathology scores compared with

TCPOBOP-treated WT mice and control (corn oil) Cyp2b-KD

mice (Fig. 5). Only eight mice showed a score of 6 or less; this

includes all three female TCPOBOP-treated Cyp2b-KD

mice. The other mice with scores of less than 6 were all

control mice (three male control WT and two control Cyp2b-

KD mice). The two-way ANOVA indicates that low

mineralization and hyperplasia are the primary reasons for

low combined histopathology scores in the TCPOBOP-treated

Cyp2b-KD female mice (p < 0.05). Hypertrophy is also

decreased in the TCPOBOP-treated Cyp2b-KD mice but not

significantly. There were no significant differences between the

groups when examining swelling, inflammation, bile duct

hyperplasia, or necrosis.

Cyp2b-Mediated Metabolism Is Compromised in the Cyp2b-
KD Mice

The in vitro metabolism of parathion was examined in liver

microsomes from untreated and TCPOBOP-treated mice to test

whether Cyp2b-KD mice demonstrated perturbed metabolism

of parathion relative to WT mice. Cyp2b enzymes have a high

affinity for parathion and in turn are probably key enzymes in

the metabolism of parathion to its toxic form paraoxon

(POXON) and its nontoxic form PNP (Foxenberg et al.,
2007, 2011; Mota et al., 2010). Parathion metabolism was

severely compromised (down 3–73) in the untreated male and

female Cyp2b-KD mice compared with the untreated WT mice

(Figs. 6A and 6B). Parathion metabolism was compromised

even more in the TCPOBOP-treated Cyp2b-KD mice com-

pared with the TCPOBOP-treated WT mice (down 5–83)

(Figs. 6C and 6D) consistent with the Western blot results

demonstrating lower Cyp2b expression in TCPOBOP-treated

CYP2b-KD mice than WT mice. Overall, PNP production was

compromised 42.9% more than POXON production in the

Cyp2b-KD mice, which means the ratio of PNP over POXON

was higher in the WT mice than the Cyp2b-KD mice. A higher

ratio indicates greater production of the nontoxic metabolite

and may provide a protective effect. Untreated male and

female WT mice had PNP/POXON ratios of 6.2 and 7.9,

respectively; and TCPOBOP-treated WT mice had PNP/

POXON ratios of 7.2 and 6.6, respectively. Untreated male

FIG. 5. Histopathology of WT and Cyp2b-KD (KD) mice treated with corn oil or TCPOBOP (TC). (A) Histopathology was measured as described in the

‘‘Materials and Methods’’ section using a combined histopathology score from several different measures. Asterisks indicate statistical differences (*p < 0.05;

**p < 0.01; and ***p < 0.001) as determined by a two-way ANOVA followed by a Bonferroni posttest (n ¼ 3). (B) Female WT mouse showing hyperplasia after

TC treatment (2003). (C) Female Cyp2b-KD mouse showing no discernable hyperplasia after TC treatment (2003).
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and female Cyp2b-KD mice had PNP/POXON ratios of 5.1

and 4.2, respectively, and TCPOBOP-treated male and female

Cyp2b-KD mice had PNP/POXON ratios of 4.4 and 5.8,

respectively.

Toxicological Changes in Cyp2b-KD Mice

Zox is a classical CYP substrate used to estimate the

functional in vivo effects of perturbations in CYP activity, as

increased paralysis indicates inhibition or repression of CYPs

and decreased paralysis indicates induction (Hernandez et al.,
2007; Wei et al., 2000). Untreated Cyp2b-KD female mice

were extremely sensitive to Zox treatment as 50% of Cyp2b-

KD female mice died 4–5 h after Zox treatment, and the other

50% were euthanized as they had not recovered from ZOX-

induced paralysis after 8 h (Table 2). In comparison, WT

female mice showed little toxicity to Zox-induced paralysis.

None of the WT female mice were paralyzed by 400 mg/kg

Zox but three of the five WT females did show slow erratic

movements for 10–15 min after injection. Males did not show

a significant difference in Zox paralysis times as few of the WT

or CYP2b-KD mice showed significant paralysis, although

there appeared to be increased ‘‘shaking’’ that lasted hours in

the Cyp2b-KD mice.

CAR-null mice showed reduced parathion metabolism and

increased toxicity (Mota et al., 2010). CAR-null mice also have

reduced expression of several CYPs including several Cyp2b

FIG. 6. Microsomal metabolism of parathion. Microsomes from control and TCPOBOP-pretreated WT and Cyp2b-KD mice were prepared and incubated

with 20lM parathion for 60 min. The formation of parathion’s relatively nontoxic metabolite, PNP, and its toxic metabolite paraoxon (POXON) was quantified by

HPLC as described in the ‘‘Materials and Methods’’ section. (A) PNP and (B) POXON formation in microsomes from untreated WT and CYP2b-KD mice.

(C) PNP and (D) POXON formation in microsomes from TC-pretreated WT and Cyp2b-KD mice. A white bar indicates WT mice, and a black bar indicates

Cyp2b-KD mice. Significant differences in the formation of the metabolites between WT and Cyp2b-KD mice were assessed by ANOVA followed by Tukey’s

multiple comparison test using the GraphPad Prism 4.0 software package. The letter ‘‘a’’ indicates a significant difference between WT and Cyp2b-KD males (p <

0.01), and the letter ‘‘b’’ indicates a significant difference between WT and Cyp2b-KD females (p < 0.01).

TABLE 2

Zox-Induced Paralysis in Cyp2b-KD Mice Compared with WT

Mice

Mouse strain Malea Femalea

WT 1/7 0/5

Cyp2b-KD 1/7 15/15*

aData are shown as number of mice showing paralysis/number of mice

treated with 400 mg/kg Zox.

*Indicates a significant difference in the percentage of female mice paralyzed

by Zox when compared with the corresponding WT mice Fisher’s exact test

(GraphPad Prism 4.0).
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members (Hernandez et al., 2009b; Mota et al., 2010). Because

we observed that Cyp2b-KD mice are also poor parathion

metabolizers using in vitro assays, we examined toxicity

induced by parathion in vivo. Both Cyp2b-KD males and

females showed increased sensitivity to parathion at 5 mg/kg

compared with WT mice (Fig. 7). Initial toxicity was shown by

mucous discharge from the eyes and later reduced activity,

lethargy, significant morbidity, or death. All the Cyp2b-KD

mice showed toxicity symptoms, and some of the Cyp2b-KD

mice showed morbidity. None of the WT mice showed

morbidity, a few were lethargic, but almost 50% of the WT

mice showed no overt toxicity to parathion. Moreover, WT

mice recovered faster than the Cyp2b-KD mice, indicating that

Cyp2bs are key enzymes in the detoxification of parathion, and

a lack of metabolic activity toward parathion probably

increases the retention of paraoxon and its subsequent toxicity.

DISCUSSION

The Cyp2b subfamily in mice has undergone significant

gene duplication. In contrast, humans have only one CYP2B

subfamily member. Reduced CYP subfamily members in

humans compared with mice are common (Nelson et al., 2004).

The redundancy of murine Cyp2bs in each subfamily makes

individual targeted mouse gene knockouts impractical and

costly because if one Cyp is eliminated, there are still four other

Cyp2bs available to carry out potentially redundant functions.

To circumvent this limitation, we designed and determined an

efficient shRNA construct with the potential to knockdown

five isoforms of murine Cyp2b. This construct was used to

generate the first persistent quintuple Cyp2b knockout mouse

for the subsequent study of Cyp2b functions in vivo.

The expression of hepatic Cyp2b isoforms is significantly

repressed in the Cyp2b-KD mice (Figs. 2 and 3). Western blots

with liver microsomes demonstrate a near complete abolish-

ment of Cyp2b proteins in the liver of untreated mice, and

QRT-PCR indicates that all the hepatic Cyp2b isoforms are

repressed in males and all but Cyp2b9 is significantly repressed

in females (Fig. 2). Furthermore, TCPOBOP-mediated Cyp2b

induction did not outcompete the shRNA’s ability to repress

Cyp2b protein expression, demonstrating that the Cyp2b-KD

mouse model is functional in the presence of a CAR activator

and powerful Cyp2b inducer (Fig. 3). Therefore, we have

produced an efficient knockdown of at least the three major

hepatic Cyp2b members in mice, including the highly inducible

Cyp2b10.

In addition, parathion metabolism was significantly lower in

hepatic microsomes from untreated and TCPOBOP-induced

Cyp2b-KD mice than WT mice (Fig. 6). In a previous study,

liver microsomes from CAR-null mice that have lower

expression of several Cyps including Cyp2b and Cyp3a

subfamily members compared with their WT counterparts,

metabolize parathion slowly compared with WT mice.

Furthermore, CAR-null mice show increased sensitivity to this

organophosphate pesticide (Mota et al., 2010). Therefore, we

examined the role of Cyp2bs in the metabolism of parathion in

Cyp2b-KD mice. We observed that parathion metabolism is

perturbed in the hepatic microsomes of untreated and

TCPOBOP-induced Cyp2b-KD mice, and parathion toxicity

is greater in Cyp2b-KD mice than WT mice (Fig. 7).

Previous studies with rats, chemically induced liver micro-

somes, and recombinant human CYPs also indicate a key role

for Cyp2b in parathion metabolism, fate, and toxicity

(Foxenberg et al., 2007, 2011; Kim et al., 2005; Mota et al.,
2010; Mutch et al., 1999). Parathion toxicity is caused by its

bioactivation to the toxic metabolite paraoxon (Sultatos et al.,

FIG. 7. Increased toxicity of parathion in Cyp2b-KD mice compared with

WT mice. (A) WT male mice treated with parathion. (B) Cyp2b-KD male mice

treated with parathion. (C) WT female mice treated with parathion. (D) Cyp2b-

KD female mice treated with parathion. (E) Overall, differential toxicity to

parathion in Cyp2b-KD mice compared with WT mice. A significant increase

in toxicity to parathion was observed in Cyp2b-KD mice as determined by the

Kruskal-Wallis nonparametric test for independent variables followed by

Dunn’s post hoc test using the GraphPad Prism 4.0 software package. Severity

of toxicity: 0 ¼ not toxic; 1 ¼ eye leakage; 2 ¼ lethargy/tremors; 3 ¼
morbidity; and 4 ¼ death (p < 0.05). WT ¼ wild-type, KD ¼ Cyp2b-KD

mice, M ¼ male, and F ¼ female.
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1984), but we observed reduced paraoxon production in the

Cyp2b-KD mice that is not consistent with decreased toxicity.

Similar but stronger results were obtained with the CAR-null

mice (Mota et al., 2010). This suggests that toxicity in the

Cyp2b-KD mice is due to poor metabolism of parathion to PNP

(lower PNP/POXON ratio), which is also catalyzed by Cyp2b

(Foxenberg et al., 2007, 2011; Mutch and Williams, 2006),

extrahepatic metabolism of parathion, or higher clearance of

paraoxon from the liver of Cyp2b-KD mice compared with WT

mice because of poor metabolism of parathion and paraoxon.

Liver perfusion studies indicate that parathion metabolized to

paraoxon may exit the liver as paraoxon and cause toxicity

(Sultatos et al., 1985). Overall, this study demonstrates that

in vivo Cyp2b isoforms play a key role in parathion metabolism

and toxicity, and this is the first study to demonstrate that

individuals with compromised Cyp2b are susceptible to the

toxic effects of parathion and suggests that active phase I

metabolism of parathion is important for further metabolic

deactivation and elimination.

ZOX paralysis time is a key indicator of perturbations in Cyp

activity in vivo. Female Cyp2b-KD mice did not recover from

Zox injection indicating poor metabolism and clearance and

indicating a key role of Cyp2b in Zox metabolism. In contrast,

male Cyp2b-KD mice did not demonstrate a significant

difference in Zox paralysis time (Table 2). Most Cyp2bs

(Cyp2b9, Cyp2b13, and may be Cyp2b10) are female pre-

dominant (Hernandez et al., 2006, 2009a; Wiwi et al., 2004), and

therefore, reducing Cyp2b levels in female mice may cause

a more pronounced effect. FVB (WT) mice also metabolize Zox

better than B6 mice, and a higher dose is needed to cause

paralysis (Hernandez et al., 2006). A 450 mg/kg dose appeared to

be too high in a previous study (Hernandez et al., 2006), and

therefore, we performed a pilot study and based on those results

decided to use 400 mg/kg. However, this dose did not

significantly affect the FVB male mice as few of them (WT

and Cyp2b-KD) were fully paralyzed by Zox.

Histopathology demonstrated that female Cyp2b-KD mice

did not respond to TCPOBOP treatment as expected and in turn

showed perturbed histopathology parameters. Overall, though,

the Cyp2b-KD mice are viable, fertile, and did not exhibit

obvious gross abnormalities with the exception of an increase

in liver weight. Liver enlargement has been regarded as

a marker of drug associated enzyme induction and suggests

a compensatory mechanism (Amacher et al., 2001; Webber

et al., 1994), probably to adapt to increased concentrations of

an endobiotic. Similar increases in hepatosomatic indices have

been observed in other transgenic mice with low Cyp activity,

including mice that lack key hepatic transcription factors

that regulate Cyps. Examples include the hepatic POR-null

mouse model (Henderson et al., 2003) and HNF4a-null mice

(Hayhurst et al., 2001) where the liver/body weight ratios

probably increased because of the accumulation of lipids.

However, similar effects have not been reported in the Cyp3a-

null mouse (van Herwaarden et al., 2007).

Interestingly, there also appears to be a molecular compen-

satory reaction to the repression of Cyp2bs in the Cyp2b-KD

mice. For example, Cyp2b9 mRNA expression was not

repressed in female Cyp2b-KD mice. Furthermore, no

TCPOBOP-treated male mice showed repression of Cyp2b

mRNA transcript levels, and female mice actually demon-

strated greater expression of Cyp2b10 and Cyp2b13 in Cyp2b-

KD mice following TCPOBOP treatment than WT mice. This

suggests that there is some type of compensatory mechanism

trying to overcome the repressive effects of the shRNA. CAR

basally regulates Cyp2b10 and Cyp2b13 and may in part

regulate Cyp2b9 (Hernandez et al., 2009b; Mota et al., 2010).

Therefore, we hypothesized that CAR may be induced in order

to adapt to the lack of Cyp2b members, especially Cyp2b10, in

the Cyp2b-KD mice. CAR protein levels are increased in

TCPOBOP-treated females, and this may help the mice adapt

to lower Cyp2b expression and in turn increase Cyp2b mRNA

expression. In addition to CAR, forkhead box protein A2

(FoxA2 also known as hepatic nuclear factor 3b), a female

predominant transcription factor, regulates Cyp2b9 (Hashita

et al., 2008), and therefore, this transcription factor may also

play a role in the lack of Cyp2b9 repression in untreated and

TCPOBOP-treated Cyp2b-KD female mice. Other transcrip-

tion factors that in part regulate the sexually dimorphic

expression of Cyp2b9, such as HNF4a and Stat5b, cannot be

ruled out (Wiwi et al., 2004). Lastly, the compensatory

induction of Cyp2b10 in males and females may just be due to

increased retention of TCPOBOP caused by the lack of Cyp2b

proteins, leading to greater activation of CAR and in turn

higher Cyp2b10 transcript levels.

Even though Cyp2b transcript levels were increased in

Cyp2b-KD mice to levels equal to or greater than WT mice

following TCPOBOP treatment, protein expression was still

much lower in the Cyp2b-KD mice. It has been suggested that

Western blots are more reliable to confirm the efficacy of

siRNA (Holmes et al., 2010). There are several potential

reasons for this including the extracted RNA is nuclear or not

available for siRNA degradation, or the 3#mRNA cleavage

products resulting from siRNA-mediated cleavage accumulate

within the cell (Holen et al., 2002), but are still large enough

fragments that they result in small templates for cDNA

synthesis and give rise to a false signal of mRNA detection

by QRT-PCR (Holmes et al., 2010).

The long-term stability of the Cyp2b-KD transgene is not

known. Lentiviral-mediated transgenesis following perivitel-

line injection has been shown to be stable for a couple of

generations (Park, 2007); however, there have been few studies

that have examined multigenerational stability of shRNAs.

There are several potential problems that can arise as a shRNA

transgenic line is propagated, including selective pressures

from integration into transcriptionally active genes, methyla-

tion of the promoter, or a reduction in insert copy number, and

all of these may lead to reduced functional transgene

expression (Kong et al., 2009; Sauvain et al., 2008). Dilution

378 DAMIRI ET AL.



of the number of insert sites will occur as mice are mated to

WT mice (Sauvain et al., 2008), and this may diminish the

phenotype in subsequent generations. Conversely, one of the

major advantages of viral-mediated transgenesis is the ability to

produce mice with multiple integrants and therefore greater

shRNA expression. In addition, shRNA can knockdown

multiple genes with one construct or produce a large number

of mice in a short period of time without the necessity of

breeding (Lois et al., 2002; Park, 2007). For example, all 134

mice produced from our initial injections were positive,

providing a vast number of mice for experimentation in a short

period of time.

The shRNA generated Cyp2b-KD mice demonstrate low

expression of hepatic Cyp2b members in untreated and

TCPOBOP-treated mice. They also poorly metabolize the

Cyp2b substrates Zox and parathion and in turn are sensitive to

these toxicants, indicating that Cyp2bs play a key role in

protecting individuals from select chemicals. Therefore,

Cyp2b-KD mice may be able to act as a sentinel for individuals

with low Cyp2b expression or limited metabolic capacity

because of Cyp2b polymorphisms. Furthermore, this model can

be built upon to form even better models for human disease,

human metabolism, and human genetic polymorphisms by

making CYP2B6/7-humanized mice. This study provides

a new platform for studying Cyp2b function and especially

its role in the metabolism of distinct pharmaceuticals and

environmental chemicals.
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