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ABSTRACT
In receptor-type transcription factors–mediated cytochrome
P450 (P450) induction, few studies have attempted to clarify
the roles of protein kinase N (PKN) in the transcriptional regula-
tion of P450s. This study aimed to examine the involvement of
PKN in the transcriptional regulation of P450s by receptor-type
transcription factors, including the aryl hydrocarbon receptor,
constitutive androstane receptor (CAR), and pregnane X recep-
tor. The mRNA and protein levels and metabolic activity of
P450s in the livers of wild-type (WT) and double-mutant (D)
mice harboring both PKN1 kinase-negative knock-in and PKN3
knockout mutations [PKN1T778A/T778A; PKN3�/�] were deter-
mined after treatment with activators for receptor-type tran-
scription factors. mRNA and protein levels and metabolic
activity of CYP2B10 were significantly higher in D mice treated
with the CAR activator phenobarbital (PB) but not with 1,4-
bis((3,5-dichloropyridin-2-yl)oxy)benzene compared with WT
mice. We examined the CAR-dependent pathway regulated by
PKN after PB treatment because the extent of CYP2B10 induc-
tion in WT and D mice was notably different in response to
treatment with different CAR activators. The mRNA levels of
Cyp2b10 in primary hepatocytes from WT and D mice treated

with PB alone or in combination with Src kinase inhibitor 1
(SKI-1) or U0126 (a mitogen-activated protein kinase inhibitor)
were evaluated. Treatment of hepatocytes from D mice with the
combination of PB with U0126 but not SKI-1 significantly
increased the mRNA levels of Cyp2b10 compared with those
from the corresponding WT mice. These findings suggest that
PKN may have inhibitory effects on the Src–receptor for acti-
vated C kinase 1 (RACK1) pathway in the CAR-mediated induc-
tion of Cyp2b10 in mice livers.

SIGNIFICANCE STATEMENT
This is the first report of involvement of PKN in the transcrip-
tional regulation of P450s. The elucidation of mechanisms
responsible for induction of P450s could help optimize the
pharmacotherapy and improve drug development. We exam-
ined whether the mRNA and protein levels and activities of
P450s were altered in double-mutant mice harboring both
PKN1 kinase-negative knock-in and PKN3 knockout mutations.
PKN1/3 negatively regulates CAR-mediated induction of
Cyp2b10 through phosphorylation of a signaling molecule in
the Src-RACK1 pathway.

Introduction
Protein kinases regulate various proteins involved in the

proliferation, infiltration, and metastasis of cancer cells via
phosphorylation (Itoh et al., 1999; Raffetto et al., 2006; Santel
et al., 2010; Steelman et al., 2011) and account for approxi-
mately 60% of molecular targets for cancer drugs. Protein
kinase N (PKN) is a serine/threonine-protein kinase with
a catalytic domain that is highly homologous to that of
protein kinase C at its C-terminal region, three repeats of an
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53

1521-0103/379/1/53–63$35.00 https://doi.org/10.1124/jpet.121.000790
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 379:53–63, Month 2021
Copyright ª 2021 by The American Society for Pharmacology and Experimental Therapeutics

http://jpet.aspetjournals.org/content/suppl/2021/07/26/jpet.121.000790.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

https://doi.org/10.1124/jpet.121.000790
http://www.jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.000790/-/DCSupplemental
http://jpet.aspetjournals.org/content/suppl/2021/07/26/jpet.121.000790.DC1
http://jpet.aspetjournals.org/


antiparallel coiled-coil finger domain, and a C2-like domain at
its N-terminal region (Maesaki et al., 1999; Mukai, 2003). In
mammals, PKN exists in three subtypes (PKN1/PKNa/PRK1/
PAK1, PKN2/PRK2/PAK2/PKNc, and PKN3/PKNb). mRNA of
PKN1, PKN2, and PKN3 is expressed ubiquitously in the
brain, liver, lung, spleen, kidney, heart, intestine, testis, and
skeletal muscle (Mukai et al., 2016). Compared with classic
protein kinases, such as protein kinase A and protein kinase
C, the physiologic roles of PKN have not been clarified; how-
ever, our group and others have identified some physiologic
roles for this protein kinase (Mukai et al., 2016; Qu�etier et al.,
2016; Danno et al., 2017; Mashud et al., 2017; Uehara et al.,
2017). To elucidate the detailed physiologic roles of PKN,
newly generated double-mutant (D) mice harboring both
PKN1 kinase-negative knock-in and PKN3 knockout muta-
tions [PKN1T778A/T778A; PKN3�/�] were used in this study. D
mice developed into fertile adults and were morphologically
indistinguishable from their wild-type (WT) counterparts.
Conversely, PKN2 knockout mice are not viable due to lethal-
ity by embryonic day 10.5. The previous report suggested that
PKNs were activated by Rho family GTPases, fatty acid, 3-
phosphoinositide-dependent kinase 1, and mammalian target
of rapamycin or cleavage by caspase 3–like protease (Mukai,
2003). In the association between epidermal growth factor
receptor (EGFR) signal and PKN, it has been reported that
the internalization of EGFR is regulated by PKN1 (Gampel et
al., 1999).
The expression of cytochrome P450 (P450), which is

involved in the oxidative metabolism of various endogenous
and exogenous compounds, is modulated by genetic variations
between individuals and in response to drugs (Sheweita, 2000;
McGraw and Waller, 2012). Drug-drug interactions can result
in the induction or inhibition of P450 expression. Previous
studies have demonstrated that P450s are regulated by kin-
ases on many levels, including transcriptional regulation, pro-
tein degradation, and cellular signaling (Ding and Staudinger,
2005; Oesch-Bartlomowicz and Oesch, 2008; Wang et al.,
2009; M€uller et al., 2017; Che and Dai, 2019; Smutny et al.,
2021). Receptor-type transcription factors, such as aryl hydro-
carbon receptor (AhR), and nuclear receptor gene superfamily,
such as constitutive androstane receptor (CAR, NR1I3) and
pregnane X receptor (PXR, NR1I2), predominantly regulate
the transcription of P450s. CAR and PXR are classified as
nuclear receptors. The functions of receptor-type transcription
factors are modulated by phosphorylation. For example, the
phosphorylation of AhR is required to activate AhR function
after treatment with AhR ligands, such as b-naphthoflavone
(BNF) (Long et al., 1998; Schrenk, 1998; Lemaire et al., 2004).
Stimulating cells with CAR activators, such as phenobarbital
(PB, an indirect activator of CAR) and 1,4-bis((3,5-dichloropyr-
idin-2-yl)oxy)benzene (TCPOBOP, a direct CAR ligand in
mice), leads to the translocation of CAR from the cytoplasm to
the nucleus after dephosphorylation of the CAR complex
(Kawamoto et al., 1999; Tzameli et al., 2000; Yoshinari et al.,
2003; Numazawa et al., 2005). The transcriptional regulation
of P450s is negatively regulated by PXR phosphorylation
(Ding and Staudinger, 2005; Lin et al., 2008; Lichti-Kaiser et
al., 2009; Staudinger et al., 2011). Activation of PXR by
ligands, such as dexamethasone (DEX), upregulates the tran-
scription of target P450s (Down et al., 2007; Scheer et al.,
2010). However, it is unclear whether PKN participates in the
transcriptional and post-translational regulation of P450

expression and activity via the activation of receptor-type
transcription factors.
This prompted us to clarify the roles of PKN in the tran-

scriptional regulation of P450 expression by AhR, CAR, and
PXR. We examined the mRNA and protein levels and meta-
bolic activity of P450s in the livers of D mice treated with
BNF, PB, TCPOBOP, and DEX. We chose the P450s involved
in the metabolism of xenobiotics, such as drugs, because these
P450s are important for elucidating drug-drug interactions.

Materials and Methods
Chemicals and Reagents. BNF, phenacetin (PHE), acetamino-

phen, corn oil, and Sepasol-RNA I Super G were purchased from
Nacalai Tesque (Kyoto, Japan). PB, DEX, diclofenac (DIC), protease
inhibitor cocktail, and Williams’ Medium E were obtained from
Sigma-Aldrich (St. Louis, MO). Fast SYBR Green Master Mix, BCA
protein assay kit, and GlutaMAX supplement I were obtained from
Life Technologies (Carlsbad, CA). Mass spectrometry-grade porcine
pancreatic trypsin, bupropion (BUP), testosterone (TES), and collage-
nase type I were purchased from Wako Pure Chemicals (Osaka,
Japan). TCPOBOP and 6b-hydroxy TES were obtained from Cayman
Chemical (Ann Arbor, MI). 4-Hydroxy BUP and DIC-d4 were pur-
chased from Toronto Research Chemicals (Toronto, Canada). 40-
Hydroxy DIC was obtained from Daiichi Pure Chemicals (Tokyo,
Japan). Src kinase inhibitor 1 (SKI-1) and U0126 were purchased
from Santa Cruz Biotechnology (Dallas, TX). Bond Elut C18 was
obtained from Agilent Technologies (Santa Clara, CA). ReverTra Ace
was obtained from Toyobo Life Science (Osaka, Japan). Oligonucleo-
tide primers were from Eurofins (Luxembourg, Luxembourg). All
other chemicals and solvents were of mass spectrometry-grade or the
highest commercially available purity.

Animals and Treatments. Male WT and D mice of C57BL/6
genetic background between 10 and 14 weeks of age were used in this
study. PKN1 knock-in mice lacking kinase activity were generated by
introducing a T778A point mutation in the catalytic domain, as
described previously (Mashud et al., 2017). PKN3 knockout mice were
generated as described previously (Mukai et al., 2016). Double-mutant
[PKN1T778A/T778A; PKN3�/�] mice were generated by mating PKN1
knock-in mice with PKN3 knockout mice. The mice were housed in an
air-conditioned room at 22 ± 0.5�C and relative air humidity of 55 ±
10% with a 12-hour lighting schedule (7:00 AM–7:00 PM) and free
access to standard laboratory food (MF; Oriental Yeast Co., Ltd.,
Tokyo, Japan). Mice were treated with BNF (200 mg/kg, i.p., corn oil),
PB (100 mg/kg, i.p., saline), TCPOBOP (3 mg/kg, i.p., corn oil), and
DEX (75 mg/kg, i.p., corn oil) (Petrick and Klaassen, 2007). Activators
for receptor-type transcription factors or vehicles (10 ml/kg), such as
corn oil for BNF, TCPOBOP, and DEX and saline for PB, were
injected daily at 4:00 PM for 4 days. The different mice were used as
control animals for each activator. Animals were anesthetized with
isoflurane 24 hours after the last treatment, and the liver was per-
fused with ice-cold saline and then removed. After flash freezing in liq-
uid nitrogen, each sample was preserved at �80�C until use for RNA
extraction and microsome preparation. The protocol was approved by
the Committee for the Care and Use of Laboratory Animals of the Fac-
ulty of Pharmacy of Kindai University (Osaka, Japan).

Determination of mRNA Levels by Real-Time Reverse-
Transcription Polymerase Chain Reaction. Total RNA was
extracted from mouse livers using Sepasol-RNA I Super G. mRNA lev-
els were measured by reverse-transcription polymerase chain reaction
using SYBR Green as described previously (Kawase et al., 2008, 2013).
Polymerase chain reaction was performed under the following condi-
tions: 40 cycles of 95�C for 10 seconds, 55�C for 10 seconds, and 72�C
for 30 seconds. The primer sequences for target gene are listed in Table
1. Data were analyzed using the multiplex comparative method with
StepOne Software (Thermo Fisher Scientific, Waltham, MA). The
internal control b-actin was used to normalize gene expression.
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Preparation of Liver Microsomes. Liver microsomes from WT
and D mice were prepared as described previously (Uno et al., 2008).
Briefly, the homogenized liver was centrifuged at 12,000 � g for 20
minutes, which was followed by 105,000 � g for 60 minutes to obtain
a microsomal pellet. Protein concentrations were determined using a
BCA protein assay kit (Life Technologies).

Determination of the Metabolic Activity of Cyp1a, Cyp2b,
Cyp2c, and Cyp3a in Liver Microsomes. The metabolic activity
of liver microsomes was evaluated by the formation of metabolites of
typical P450 substrates, as described previously (Uno et al., 2008).
PHE O-deethylation activity was used to probe for CYP1A. BUP 4-
hydroxylation activity was determined as a probe for CYP2B. DIC 40-
hydroxylation activity was determined as a probe for CYP2C. TES 6b-
hydroxylation activity was determined as a probe for CYP3A. The ini-
tial concentrations of substrates in microsomal incubations containing
100 mg protein of microsomes were: 100 mM of PHE; 20, 100, 200, and
500 mM of BUP; 10 mM of DIC; and 100 mM of TES. The reaction mix-
tures were incubated for 20 minutes for BUP and TES, 30 minutes for
PHE, and 40 minutes for DIC. These incubation times were within
the linear range of enzymatic activity determined in preliminary
assays. The internal standards were DIC for PHE and BUP, TES, and
DIC-d4 for DIC. Sample clean-up was performed by solid-phase
extraction using Bond Elut C18 (Agilent Technologies, Santa Clara,
CA). Aliquots (30 ml) were injected onto the liquid chromatography–
tandem mass spectrometry (LC-MS/MS) system consisting of an LC
system (UltiMate 3000 series, Thermo Fisher Scientific) and a TSQ
Endura Triple Quadrupole Mass Spectrometer with electrospray ioni-
zation (Thermo Fisher Scientific). The analysis was performed using a
reverse-phase column (COSMOSIL 5C18-MSII, 4.6 � 150 mm, 5 mm;
Nacalai Tesque). The column temperature was set at 40�C, and the
autosampler was maintained at 4�C. The mobile phase [8.5 mM
ammonium acetate and 0.0075% [v/v] formic acid in water/methanol
(50:50, [v/v])] was pumped at a flow rate of 1.0 ml/min. Electrospray
ionization was performed in positive ion mode under the following con-
ditions: 3500 V spray voltage, 400�C ion transfer tube temperature,
300�C vaporizer temperature with a nitrogen sheath, and 10 arbitrary
units of auxiliary gases. Finnigan Xcalibur software (Thermo Fisher
Scientific) was used for data recording and analysis. Quantification
was performed using the selected reaction monitoring of the transi-
tions (mass-to-charge ratio, precursor > product) of acetaminophen
(152 > 110), 4-hydroxy BUP (256 > 238), 4-hydroxy DIC (312 > 230),
6b-hydroxy TES (305 > 269), DIC (296 > 214), and DIC-d4 (302 >

220). The areas under the metabolite peaks were normalized by the

area under each internal standard. Vmax and Michaelis constant (Km)
for 4-hydroxy BUP formation were obtained by nonlinear least-square
regression of the Michaelis-Menten equation using GraphPad Prism 5
(GraphPad Software, La Jolla, CA).

Determination of P450 Expression by LC-MS/MS–Based
Targeted Proteomics. LC-MS/MS–based targeted proteomics was
performed according to previously described methods (Hersman and
Bumpus, 2014; Kawase et al., 2018). Briefly, 50 mg of liver microsomes
were digested by trypsin at 37�C for 18 hours, after which samples were
desalted with Bond Elut C18. Eluted samples were dried under a vac-
uum at 50�C and resuspended in 100 ml of the initial mobile phase (4.5%
acetonitrile with 0.1% formic acid). A 20-ml aliquot of each sample was
injected into the LC-MS/MS system. The surrogate amino acids sequen-
ces for targeted proteins, mass-to-charge ratios of precursor ion and prod-
uct ion, and collision energy were shown in Supplemental Table 1.

Quantitation of Plasma PB Concentrations by LC-MS/MS.
The plasma PB concentrations 24 hours after PB treatments (100 mg/
kg, i.p., saline) to WT and D mice were determined by LC-MS/MS
according to modification method (Kawase et al., 2019). Briefly, a 5-ml
plasma was deproteinated by adding 50 ml methanol followed by cen-
trifugation at 2000 � g for 10 minutes. DIC (5 ml of a 100-mg/ml stock)
was added as an internal standard to supernatant along with 200 ml
of distilled H2O and 500 ml of ethyl acetate. After evaporation to dry-
ness, the residues were each dissolved in 50 ml of LC mobile phase
and filtered with a 0.45-mm Millex-LH filter unit (Millipore, Darm-
stadt, Germany). Aliquots of 20 ml were injected onto the LC-MS/MS.
Analysis was performed using a reversed-phase column (COSMOSIL
5C18-ARII, 2.0 � 150 mm, 5 mm; Nacalai Tesque). Column tempera-
ture was set at 40�C, and the autosampler was maintained at 4�C.
The mobile phase [8.5 mM ammonium acetate and 0.0075% (v/v) for-
mic acid in water/methanol (50:50, v/v)] was pumped at a flow rate of
0.2 ml/min. Electrospray ionization was performed in negative ion
mode, under the following conditions: 2500 V spray voltage, 400�C ion
transfer tube temperature, 300�C vaporizer temperature with a nitro-
gen sheath, and 10 arbitrary units of auxiliary gases. Finnigan Xcali-
bur software was used for data recording and analysis. Quantification
was performed using the selected reaction monitoring of the transi-
tions [mass-to-charge ratio, precursor > product, collision energy (V)]
of PB (231 > 188, 18 V), and DIC (294 > 250, 15 V). The areas under
the PB peaks were normalized by the area under DIC.

Primary Culture of Hepatocytes and Treatments. Mouse
hepatocytes were isolated using a two-step collagenase perfusion
method as described previously (Seglen, 1976). Viability, as determined
by trypan blue exclusion, was above 90%. Hepatocytes were seeded at
1 � 105 cells/cm2 on a collagen-coated 24-well plate (Sumitomo Bake-
lite, Tokyo, Japan) in Williams’ Medium E supplemented with 10%
fetal bovine serum, 100 nM insulin, 100 nM dexamethasone, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 2 mM GlutaMAX supplement
I. After an initial attachment period of 2 hours, the medium was
replaced with fresh serum-free Williams’ Medium E with whole supple-
ment and 5 U/ml aprotinin. Hepatocytes were treated with 1 mM PB 1
hour after the addition of SKI-1 (an Src inhibitor) or U0126 [a mitogen-
activated protein kinase (MEK) inhibitor] at a concentration of 10 mM.
Twenty-four hours after PB treatment, total RNA was extracted from
mouse livers using Sepasol-RNA I Super G. mRNA levels of Cyp2b10
in each group were measured as described above.

Statistical Analysis. Differences in between-group means were
analyzed statistically using the Bonferroni test, Dunnett’s test after
analysis of variance, or unpaired Student’s t test. GraphPad Prism 5
was used for all statistical analyses. Values of p < 0.05 were consid-
ered to be statistically significant.

Results
P450 mRNA Levels Were Markedly Increased in D

Mice after PB Treatments Compared with WT Mice.
To confirm the susceptibility of WT and D mice to the P450

TABLE 1
Primer sequences used in polymerase chain reaction assays.

Gene Primer Sequence (50-30)

Cyp1a1 Forward
Reverse

AAGTGCAGATGCGGTCTTCT
GAGCACCCAGAGCACTCTTC

Cyp1a2 Forward
Reverse

ATGGCCAGAGCATGATTTTC
GGGAAAGTTCTTCCCAAAGC

Cyp2b10 Forward
Reverse

TGGAGATGTGTTCACAGTGC
TTGAAGGTTGGCTCAACGAC

Cyp2c29 Forward
Reverse

ACAGGAAAACGGATTTGTGC
ATCCCTGATAGGGAGGGATG

Cyp2c37 Forward
Reverse

AAGAGGAAGACGGCAATCAA
CTGTTGGGGATGAGGTCAAT

Cyp3a11 Forward
Reverse

ACAAACAAGCAGGGATGGAC
CTCTGGGTCTGTGACAGCAA

Car Forward
Reverse

ACAGACCCGGAGTTACCCAA
CAGAAACCGACTTTGGAGCC

Ccrp Forward
Reverse

TGAACTGCTGGAGGACGAAGA
AACCGTCCAAGCATCATCAG

Hsp90 Forward
Reverse

GCTCCTTCGCTATCACACCT
TTGCTCTTTGCTCTCACCAGT

Rxra Forward
Reverse

ACACCAAACATTTCCTGCCG
CGACCCGTTGGAGAGTTGAG

b-Actin Forward
Reverse

CATTGCTGACAGGATGCAGAA
CCGATCCACACAGAGTACTTGC
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inducers, the mRNA levels of P450s were determined after
treatment with activators for receptor-type transcription fac-
tors (Fig. 1). We investigated the mRNA levels of P450s in the
livers of mice treated with BNF (AhR ligand), PB (indirect
activator of CAR), TCPOBOP (direct CAR ligand), and DEX
(PXR ligand). In a preliminary study, we confirmed little
changes of the P450 induction between untreated versus
treated with vehicle control. Although the mean values of
P450 mRNA levels were different, the differences in between-
group means were not statistically significant. BNF signifi-
cantly increased the mRNA levels of Cyp1a1 and Cyp1a2 in
both WT and D mice. The vehicle treatments had little effect
on the mRNA levels of P450s (Fig. 1A). After PB treatment,
the mRNA levels of Cyp2b10 and Cyp3a11 were significantly
increased in both WT and D mice compared with the control
(Fig. 1B). The mRNA levels of Cyp2c29 and Cyp2c37 were sig-
nificantly increased in D but not WT mice compared with the
control (Fig. 1B). There was a significant increase in the
mRNA levels of Cyp2b10, Cyp2c29, and Cyp2c37 in D mice
treated with PB compared with WT mice treated with PB

(Fig. 1B). There was a significant increase in the mRNA levels
of Cyp2b10, Cyp2c29, Cyp2c37, and Cyp3a11 in WT mice after
treatment with TCPOBOP compared with the control (Fig.
1C). Notably, TCPOBOP, similar to PB, led to a marked
increase in the mRNA levels of Cyp2b10 in both WT and D
mice. Importantly, there were differences in the induction
of Cyp2b10 in D mice relative to WT mice after treatment
with different CAR activators. PB, an indirect activator of
CAR, significantly increased the mRNA levels of Cyp2b10
in D mice compared with WT mice (Fig. 1B), and TCPO-
BOP, a direct CAR ligand in mice, increased the mRNA
level of Cyp2b10 to a similar extent between WT and D
mice (Fig. 1C). The mRNA levels of Cyp2b10 and Cyp3a11
but not Cyp2c29 and Cyp2c37 were increased in both WT
and D mice after DEX treatment (Fig. 1D). Expression of
Cyp3a11 mRNA was higher in D mice compared with WT
mice (Fig. 1D). Taken together, these results demonstrate
that P450 mRNA inducibility depending on the type of acti-
vators for receptor-type transcription factors was different
between WT and D mice.

Fig. 1. mRNA levels of Cyp1a1, Cyp1a2, Cyp2b10, Cyp2c29, Cyp2c37, and Cyp3a11 in the liver of WT and D mice with or without the treatment
with BNF (200 mg/kg, i.p., corn oil) (A), PB (100 mg/kg, i.p., saline) (B), TCPOBOP (3 mg/kg, i.p., corn oil) (C), or DEX (75 mg/kg, i.p., corn oil)
(D) for 4 days relative to WT-C. The results are expressed as the mean ± S.D. of each group (BNF, n 5 5; PB, n 5 5� 8; TCPOBOP, n 5 3� 5;
DEX, n 5 4� 5). Differences in between-group means were analyzed statistically using the Bonferroni test after analysis of variance. Significant
differences (* p < 0.05, ** p < 0.01, and *** p < 0.001) between control and activator treatments in WT or D mice were observed. Significant dif-
ferences (# p < 0.05, ## p < 0.01, and ### p < 0.001) between WT mice treated with activator and D mice treated with activator were observed.
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P450 Protein Levels Were Higher in D Mice after
PB Treatment Compared with WT Mice. Changes in the
mRNA levels of P450s did not necessarily correspond to
changes in the protein expression of P450s. To determine the
effects of BNF, PB, TCPOBOP, and DEX on the protein levels
of P450s, liver microsomes from WT and D mice were exam-
ined in the absence and presence of treatment with these acti-
vators (Fig. 2; Supplemental Tables 2–5). The protein levels
of CYP1A1 in liver microsomes from both WT and D mice sig-
nificantly increased after BNF treatment (Fig. 2A). The pro-
tein levels of CYP1A2 in the liver microsomes of D but not WT
mice significantly increased after BNF treatment (Fig. 2A).
The protein levels of CYP2B10, CYP2C29, and CYP3A11 in
the liver microsomes of D mice were significantly increased
after PB treatment (Fig. 2B). The protein levels of CYP2B10
in microsomes from D mice were higher than those in micro-
somes from WT mice after treatment, similar to the changes
in observed Cyp2b10 mRNA levels (Fig. 2B). The protein lev-
els of CYP2B10 and CYP2C29 were increased significantly in
the liver microsomes of WT and D mice to a similar extent
after treatment of TCPOBOP (Fig. 2C). There were few

changes in the protein levels of P450s in the liver microsomes
of WT and D mice after DEX treatment (Fig. 2D). Changes in
the protein levels of other P450s were smaller compared with
those of the marker P450s (Supplemental Tables 2–5). These
results suggest that the inducibility of P450s protein as well
as mRNA depending on the type of activators for receptor-type
transcription factors was different between WT and D mice.
CYP2B Activity Was Higher in D Mice after PB

Treatment Compared with WT Mice. Next, the metabolic
activity of PHE O-deethylation by CYP1A after BNF treat-
ment (Fig. 3A); BUP 4-hydroxylation by CYP2B, DIC 40-
hydroxylation by CYP2C, and TES 6b-hydroxylation by
CYP3A after PB treatment (Fig. 3B); BUP 4-hydroxylation by
CYP2B after TCPOBOP treatment (Fig. 3C); and TES 6b-
hydroxylation by CYP3A after DEX treatment (Fig. 3D) were
determined in liver microsomes from WT and D mice. The
metabolic activity of PHE O-deethylation after BNF treat-
ment; BUP 4-hydroxylation after PB or TCPOBOP treatment;
and TES 6b-hydroxylation after PB treatment were signifi-
cantly increased in WT and D mice compared with the control
(Fig. 3). BUP 4-hydroxylation in D mice was significantly

Fig. 2. Protein levels of CYP1A1, CYP1A2, CYP2B9, CYP2B10, CYP2C29, and CYP3A11 in liver microsomes from WT and D mice with or with-
out treatment with BNF (200 mg/kg, i.p., corn oil) (A), PB (100 mg/kg, i.p., saline) (B), TCPOBOP (3 mg/kg, i.p., corn oil) (C), or DEX (75 mg/kg,
i.p., corn oil) (D) for 4 days relative to WT-C. The results are expressed as the mean ± S.D. of each group (BNF, n 5 5; PB, n 5 5; TCPOBOP, n
5 3�5; DEX, n 5 4�5). Differences in between-group means were analyzed statistically using the Bonferroni test after analysis of variance. Sig-
nificant differences (* p < 0.05, ** p < 0.01 and *** p < 0.001) between control and activator treatments in WT or D mice were observed. Signifi-
cant differences (# p < 0.05) between WT mice treated with activator and D mice treated with activator were observed.

Transcriptional Regulation of Cyp2b10 by Protein Kinase N 57

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://www.jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.000790/-/DCSupplemental
http://www.jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.000790/-/DCSupplemental
http://jpet.aspetjournals.org/


higher than that in WT mice after treatment with PB
(Fig. 3B). However, similar induction of BUP 4-hydroxylation
was observed in WT and D mice after treatment with TCPO-
BOP. DIC 40-hydroxylation after PB treatment and TES 6b-
hydroxylation after DEX treatment were unchanged (Fig. 3, B
and D). BUP 4-hydroxylation is slightly catalyzed by CYP2D
and CYP3A, although BUP 4-hydroxylation activity is widely
used as a marker of CYP2B activity (Dickmann et al., 2012;
Maximos et al., 2017; Zhou et al., 2017). Therefore, BUP 4-
hydroxylation activity reflects the activities of major CYP2B
and minor CYP2D and CYP3A. The inducibility of CYP2B
mRNA, protein, and activity in D mice was different between
PB and TCPOBOP treatments. To clarify the effects of func-
tional PKN1/PKN3 deficiency on the characteristics of CYP2B
in liver microsomes from WT and D mice with or without PB
or TCPOBOP, Michaelis-Menten kinetics of 4-hydroxy BUP
formation by CYP2B were examined after treatment with PB
(Fig. 4A) or TCPOBOP (Fig. 4B). Vmax values for the formation
of 4-hydroxy BUP by CYP2B in WT and D mice after treat-
ment with PB were 2.28 ± 0.68 and 6.13 ± 1.30 nmol/min/mg
protein, respectively (p < 0.05). Vmax values in WT and D mice
after treatment with TCPOBOP were 2.36 ± 0.53 and 3.64 ±
0.65 nmol/min/mg protein, respectively. There were no signifi-
cant changes in the Km values for 4-hydroxy BUP formation

by CYP2B in WT and D mice after treatment with PB or
TCPOBOP. Vmax values in D mice after treatment with PB
but not TCPOBOP were higher than those in WT mice.
Among these control groups, there was no difference between
Vmax and Km values. These results suggest that differences in
CYP2B10 mRNA and protein expression between WT and D
mice after PB treatment affect the activity of CYP2B. The
plasma concentrations of PB, which affect the toxicity and
inducibility of P450s, were determined. The plasma concentra-
tions of PB 24 hours after intraperitoneal administration to
WT and D were 13.9 ± 1.06 mg/ml and 12.7 ± 1.23 mg/ml,
respectively.
mRNA Levels of Car-Interacting Proteins Were Not

Altered in WT and D Mice Regardless of PB or TCPO-
BOP Treatment. To confirm changes in the mRNA levels of
Car and CAR-interacting proteins in WT and D mice with or
without CAR activator treatment, the mRNA levels of Car
and CAR-interacting proteins were determined in the livers of
WT and D mice after treatment with PB or TCPOBOP (Fig.
5). In the cytoplasm, CAR forms in complex with cytoplasmic
CAR retention protein (CCRP) and heat shock protein (HSP)
90. After dissociation of CAR from CCRP and HSP90 by bind-
ing of the CAR ligand, CAR is translocated into the nuclear
compartment, where it forms a heterodimer with the retinoid

Fig. 3. Metabolic activity of PHE O-deethylation after BNF treatment (200 mg/kg, i.p., corn oil) (CYP1A) (A); BUP 4-hydroxylation (CYP2B), DIC
40-hydroxylation (CYP2C), and TES 6b-hydroxylation (CYP3A) after PB treatments (100 mg/kg, i.p., saline) (B); BUP 4-hydroxylation (CYP2B)
after TCPOBOP treatments (3 mg/kg, i.p., corn oil) (C); and TES 6b-hydroxylation (CYP3A) after DEX treatments (75 mg/kg, i.p., corn oil) (D) for
4 days in the liver microsomes of WT and D mice. The results are expressed as the mean ± S.D. of each group (BNF, n 5 5; PB, n 5 3�5; TCPO-
BOP, n 5 3� 5; DEX, n 5 4� 5). Differences in between-group means were analyzed statistically using the Bonferroni test after analysis of vari-
ance. Significant differences (* p < 0.05, ** p < 0.01, and *** p < 0.001) between control and activator treatments in WT or D mice were
observed. Significant differences (# p < 0.05) between WT mice treated with activator and D mice treated with activator were observed.
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X receptor (RXR) a. The mRNA levels of Car, Ccrp, Hsp90,
and Rxra were unchanged in WT and D mice regardless of PB
(Fig. 5A) or TCPOBOP treatment (Fig. 5B). Similar mRNA
levels of AhR and Pxr in the livers of WT and D mice with or
without PB or TCPOBOP treatments were observed (unpub-
lished data). Taken together, these data indicate that differ-
ences in the induction of CYP2B10 between WT and D mice
after PB treatment may not be due to the changes in CAR-
interacting proteins.
Cyp2b10 mRNA Levels Were Higher in Hepatocytes

from D Mice Compared with Those from WT Mice
Due to Inhibition of the MEK–Extracellular Signal-
Regulated Kinase Pathway. The involvement of PKN in
the CAR-dependent pathway after treatment with PB was
examined. This was because differences in the CAR-mediated
induction of Cyp2b in WT and D mice were observed after
treatment with PB, an indirect activator of CAR, and TCPO-
BOP, a direct CAR ligand in mice. Inhibition of EGFR signal-
ing with PB leads to CAR activation and subsequent induction
of P450 transcription (Fig. 6A) (Li et al., 2009; Mutoh et al.,
2013; Kobayashi et al., 2015; Yan et al., 2015; Negishi, 2017).
PB promotes the transformation of receptor for activated C
kinase 1 (RACK1) from phosphorylated-RACK (p-RACK) and
extracellular signal-regulated kinase (ERK) from phosphory-
lated-ERK (p-ERK), which is followed by translocation of CAR
to the nucleus. To clarify the involvement of PKN in the Src-
RACK1 and MEK-ERK pathways in the CAR-mediated induc-
tion of Cyp2b, the mRNA levels of Cyp2b10 in hepatocytes
from WT and D mice were determined after treatment with
PB alone or in combination with SKI-1 (an Src inhibitor) or

U0126 [a mitogen-activated protein kinase (MEK) inhibitor]
(Fig. 6B). The relative mRNA levels of Cyp2b10 were
increased by PB alone and by the combination of PB with
SKI-1 or U0126 compared with the control in both WT and D
cells (Fig. 6B). The combination of PB and SKI-1 or U0126 in
hepatocytes from D mice significantly elevated the mRNA lev-
els of Cyp2b10 compared with those from WT mice (Fig. 6B).
The mRNA levels of Cyp2b10 were higher in hepatocytes from
D mice treated with the combination of PB and U0126 com-
pared with those treated with PB alone (Fig. 6B). The combi-
nation of PB and SKI-1 in hepatocytes from D mice resulted
in a similar induction of Cyp2b10 mRNA to PB alone
(Fig. 6B). In preliminary experiments, the treatments of SKI-1
alone or U0126 alone had little impact on the mRNA levels of
Cyp2b10 in hepatocytes from WT and D mice (unpublished
data).

Discussion
Our present study revealed the roles of PKN in the AhR-,

CAR-, and PXR-mediated transcription processes of P450s.
After treatment with activators for receptor-type transcription
factors, changes in the expression of marker genes, including
Cyp1a1 (AhR), Cyp2b10 (CAR), Cyp3a11 (PXR), and other
major P450s, were examined in WT and D mice.
The results demonstrated that PKN1 and PKN3 negatively

affected the Src-RACK1 pathway in the induction of Cyp2b10
mediated by CAR. Several lines of evidence support the above-
mentioned findings. First, PB markedly increased the mRNA
and protein levels and metabolic activity of CYP2B10 in D
mice compared with WT mice. Second, TCPOBOP, unlike PB,
exhibited little difference in the induction of mRNA, protein,
or metabolic activity between WT and D, although both PB
and TCPOBOP activated CAR. Finally, inhibition of the
MEK-ERK pathway but not the Src-RACK1 pathway before
PB treatment after PB treatment significantly increased the
mRNA levels of Cyp2b10 in hepatocytes from D mice com-
pared with those from WT mice. To our knowledge, this is the
first study that demonstrates the roles of PKN1 and PKN3 in
the in vivo transcriptional induction of P450s.
After treatment with the AhR ligand BNF, there was little

difference in the mRNA levels of Cyp1a1 and Cyp1a2 between
WT and D mice (Fig. 1A). PHE O-deethylation activity was
observed in WT and D mice after treatment with BNF (Fig. 3),
although the protein levels of CYP1A2 in D mice were signifi-
cantly increased compared with those in the WT and control D
mice (Fig. 2A). These results indicate that PKN had little
effect on the induction of Cyp1a1 and Cyp1a2 by AhR. After
treatment with the PXR ligand DEX, the relative mRNA and
protein levels of P450s were unchanged between WT and D
mice (Figs. 1D, 2D), showing that PKN had little effect on the
induction of P450s by PXR. Previous studies demonstrated
that the phosphorylation of PXR by protein kinase A exerted
inhibitory effects on P450 transcription (Ding and Staudinger,
2005; Lichti-Kaiser et al., 2009; Staudinger et al., 2011). How-
ever, PKN is likely to have little impact on the transcriptional
regulation of P450s via phosphorylation of PXR. Although
DEX is widely used as a PXR ligand in mouse studies (Cheng
et al., 2005; Buckley and Klaassen, 2009), pregnenolone-16a-
carbonitrile is a rodent-specific and strong ligand of PXR
(Guzelian et al., 2006). The further studies using pregneno-
lone-16a-carbonitrile could help elucidate the roles of PKN in

Fig. 4. Michaelis-Menten plots for BUP hydroxylation in liver micro-
somes from WT and D mice after treatment with PB (100 mg/kg, i.p.,
saline) (A) or TCPOBOP (3 mg/kg, i.p., corn oil) (B) for 4 days. The
results are expressed as the mean ± S.D. of each group (PB, n 5 4�5;
TCPOBOP, n 5 3�5).
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PXR-mediated induction of P450. Also, consideration should
be given to the differences of induction kinetics and the half-
life of mRNA, protein, and activity of P450s. Further studies
are needed to clarify the involvement of PKN in the induction
kinetics of mRNA, protein, and activity of P450s. The similar
concentrations of PB in WT and D were observed. The pre-
dominantly metabolic enzyme for PB is Cyp2c, and the meta-
bolic activities of CYP2C in WT and D treated with PB were
unchanged (Fig. 3B). Therefore, the similar extent of PB expo-
sures to WT and D mice could occur.
After treatment with the CAR activator PB and CAR ligand

TCPOBOP, there were significant differences in the induction
of CYP2B10 mRNA and protein (Figs. 1A, 1B, 2B, and 2C).
The treatment of D mice with PB, an indirect activator of
CAR, led to a significant induction of CYP2B10 mRNA and
protein expression compared with the corresponding WT mice.
In the cytoplasm, CAR forms a complex with CCRP and
HSP90. After the dissociation of CAR from CCRP and HSP90
by the binding of CAR direct ligands, such as TCPOBOP, CAR
translocates to the nuclear compartment. As shown in Fig. 6A,
PB inhibits the binding of epidermal growth factor (EGF) to
EGFR, which leads to the translocation of CAR to the nucleus
and induction of target P450 transcription (Li et al., 2009;
Mutoh et al., 2013; Kobayashi et al., 2015). The phosphoryla-
tion of CAR-interacting protein is involved in the translocation
of CAR to the nucleus (Shizu et al., 2017). Timsit and Negishi
(2014) demonstrated that TCPOBOP increased CCRP

ubiquitination in human hepatocellular carcinoma HepG2
cells coexpressing CAR. Enhanced proteasomal degradation of
CCRP leads to increased translocation of CAR to the nucleus.
Thus, TCPOBOP acts directly on CAR complexes in the cyto-
plasm. Dephosphorylation of Thr-38 in the CAR protein is also
important for CAR translocation to the nucleus (Kawamoto et
al., 1999; Mutoh et al., 2009; Hori et al., 2016); however, CAR
translocation to the nucleus for P450 induction is a common
process after treatment with PB and TCPOBOP. Further-
more, there was no change in the mRNA levels of CAR and
CAR-interacting proteins (Fig. 5), suggesting that differences
in the induction of Cyp2b10 by PB and TCPOBOP were not
due to changes in the expression levels of these proteins in
WT and D mice. Hence, differences in the induction of
Cyp2b10 between WT and D mice after PB treatment could be
illustrated by the phosphorylation of signaling molecules
upstream of CAR translocation to the nucleus by PKN.
To determine the involvement of PKN in the CAR-depen-

dent pathway of Cyp2b10 induction after PB treatment, we
examined the mRNA levels of Cyp2b10 in hepatocytes of WT
and D mice treated with PB in combination with inhibitors of
signaling pathways . The mRNA levels of Cyp2b10 in hepato-
cytes from D mice were higher than those in hepatocytes from
WT mice after treatment with PB. Treatment with a combina-
tion of PB and U0126 has been shown to increase Cyp2b10
mRNA levels in primary hepatocytes (Joannard et al., 2006).
Inhibition of the MEK-ERK pathway after treatment with PB

Fig. 5. mRNA levels of Car, Ccrp, Hsp90, and Rxra in the liver of WT and D mice with or without treatment with PB (100 mg/kg, i.p., saline) (A)
or TCPOBOP (3 mg/kg, i.p., corn oil) (B) for 4 days relative to WT-C. The results are expressed as the mean ± S.D. of each group (PB, n 5 4;
TCPOBOP, n 5 3�5).
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and U0126 resulted in marked increases in Cyp2b10 mRNA
levels in hepatocytes from D mice. There were few differences
in Cyp2b10 mRNA levels between hepatocytes from WT and
D mice treated with the combination of PB and SKI-1. Based
on these results, we believe that PKN could have inhibitory
effects on the Src-RACK1 pathway but not the MEK-ERK
pathway. Previous reports from our group and other investiga-
tors showed increases in Src activity mediated by PKN3 in
vitro (Uehara et al., 2017; Gemperle et al., 2019). Higher Src
activity promotes the transformation of p-RACK1 from
RACK1, which is linked to the suppressed induction of
Cyp2b10 by PB (Fig. 6A). It is also needed to further investi-
gate the effects of the lacking PKN activity on the phosphory-
lation of RACK1 and ERK after PB treatments. The inhibition
of the translocation of CAR to nucleus by inhibitors, such as
okadaic acid, provides support for the roles of PKN in CAR-
mediated induction of Cyp2b10, although PKN possibly works
the signaling processes before CAR translocation to nucleus. A
limitation of our study is the detailed mechanisms of the

negative regulation of CAR-mediated induction of Cyp2b10 by
PKN1/3, although the results of this study show the possibility
of inhibitory effects of PKN on the Src-RACK1 pathway. Fur-
ther studies are needed to clarify the roles of PKN in the sig-
naling processes of EGF-induced activation of EGFR. A
decline in this suppression in D mice could promote the induc-
tion of Cyp2b10 by PB. PB treatments modulate functions of
PXR, AMP-activated protein kinase (AMPK), hepatocyte
nuclear factor-4a, and the peroxisome proliferator-activated
receptor-a (PPAR-a) in addition to CAR in the livers of mice
(Shindo et al., 2007; Tamasi et al., 2009; Braeuning and
Pavek, 2020). Previous report demonstrated that AMPK par-
ticipated in PB induction of CYP2B via the modulation of CAR
activity (Rencurel et al., 2005). The activation of PPAR-a
resulted in CYP2B1/2 induction (Shaban et al., 2005). There-
fore, there is possibility that PKN is involved in the phosphor-
ylation of AMPK or PPAR-a–associated proteins because PB is
highly nonspecific in CAR-mediated transactivation. Further
studies are needed to clarify the roles of PKN in CAR-

Fig. 6. Inhibition of EGFR signaling by PB leads to CAR activation and subsequent P450 induction (A). PB inhibits EGF-EGFR binding after the
transformation of RACK1 from p-RACK and ERK from p-ERK (bold arrows). Subsequently, CAR translocates to the nucleus where it promotes
the transcription of target P450s, such as Cyp2b10. PBREM, phenobarbital-responsive enhancer module; PP2A, protein phosphatase 2A. The
mRNA levels of Cyp2b10 in hepatocytes from WT and D mice after PB treatment (1 mM) with or without SKI-1 or U0126 for 24 hours (B) relative
to controls of WT. Significant differences (* p < 0.05, ** p < 0.01, and *** p < 0.001) were observed. Significant differences from the control of
WT or D mice were analyzed by Dunnett’s test after an analysis of variance. Other significant differences of WT or D mice were assessed by an
unpaired Student’s t test. The results are expressed as the mean ± standard error of each group (n 5 5� 7).
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mediated induction of Cyp2b10. It is unclear whether PKN1
or PKN3 predominantly regulates the CAR-mediated induc-
tion of Cyp2b10 after PB treatment. CAR is also involved in
the transcriptional regulation of phase II enzymes, such as
UDP-glucuronosyltransferase and transporters, which affect
drug metabolism, pharmacokinetics, and toxicokinetics
(Haouzi et al., 2000; Maher et al., 2005; Shelby and Klaassen,
2006). Therefore, it is important to elucidate the roles of PKN
in transcriptionally CAR-regulating proteins in addition to
CYP2B10.
In conclusion, to our knowledge, this is the first report on the

involvement of PKN in the transcriptional regulation of P450s.
Elucidation of the detailed mechanisms of P450 induction could
help to optimize pharmacotherapy and improve drug develop-
ment because P450 induction affects drug efficacy and leads to
adverse reactions. PKN1/3 negatively regulates the CAR-medi-
ated induction of Cyp2b10, probably because of the phosphory-
lation of signaling molecules in the Src-RACK1 pathway.
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