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ABSTRACT:

The human pregnane X receptor (hPXR) regulates the expression
of CYP3A4, which plays a vital role in hepatic drug metabolism and
has considerably reduced expression levels in proliferating hepa-
tocytes. We have recently shown that cyclin-dependent kinase 2
(CDK2) negatively regulates hPXR-mediated CYP3A4 gene expres-
sion. CDK2 can be dephosphorylated and inactivated by protein
phosphatase type 2C beta isoform long (PP2C�l), a unique phos-
phatase that was originally cloned from human liver. In this study,
we sought to determine whether PP2C�l is involved in regulating
hPXR’s transactivation activity and whether PP2C�l affects CDK2
regulation of this activity in HepG2 liver carcinoma cells. In trans-
activation assays, transiently coexpressed PP2C�l significantly
enhanced the hPXR-mediated CYP3A4 promoter activity and de-
creased the inhibitory effect of CDK2 on hPXR transactivation

activity. In addition, shRNA-mediated down-regulation of endoge-
nous PP2C�l promoted cell proliferation, inhibited the interaction
of hPXR with steroid receptor coactivator-1, and attenuated the
hPXR transcriptional activity. The levels of PP2C�l did not affect
hPXR expression. Our results show for the first time that PP2C�l is
essential for hPXR activity and can positively regulate this activity
by counteracting the inhibitory effect of CDK2. Our results impli-
cate a novel and important role for PP2C�l in regulating hPXR
activity and CYP3A4 expression by inhibiting or desensitizing sig-
naling pathways that negatively regulate the function of pregnane
X receptor in liver cells and are consistent with the notion that both
the activity of hPXR and the expression of CYP3A4 are regulated in
a cell cycle-dependent and cell proliferation-dependent manner.

Introduction

The human pregnane X receptor (hPXR) plays a central role in
activating the gene expression of cytochrome P450 (P450) enzymes in
the human liver and other organs (Harmsen et al., 2007). CYP3A4,
one of the most important P450s in humans, catalyzes the metabolism
of more than 50% of clinically used drugs (Guengerich, 1999; Harm-
sen et al., 2007; Zhou, 2008). The master regulator of CYP3A4 gene
expression, pregnane X receptor (PXR), is a member of the nuclear
receptor (NR) superfamily of ligand-activated transcription factors
and is activated by binding to various chemically and structurally

distinct endobiotics and xenobiotics, including clinically used drugs
(Kliewer et al., 1998; Lehmann et al., 1998; Harmsen et al., 2007).

The transcriptional activity of PXR is modulated not only by
conventional ligand binding but also by cellular signaling pathways.
Recent studies demonstrated a role for phosphorylation-dependent
signaling events in regulating PXR-mediated CYP gene expression
(Pondugula et al., 2009a). Kinases such as protein kinase A (Ding and
Staudinger, 2005a; Lichti-Kaiser et al., 2009), protein kinase C (Ding
and Staudinger, 2005b), cyclin-dependent kinase (CDK)2 (Lin et al.,
2008), and p70 ribosomal S6 kinase (Pondugula et al., 2009b) phos-
phorylate PXR and regulate PXR-mediated CYP gene expression.
Furthermore, CDK1, casein kinase II, and glycogen synthase kinase 3
also phosphorylate PXR (Lichti-Kaiser et al., 2009), although the
functional significance of these phosphorylations is unknown.

Because phosphorylation regulates PXR function, it is logical to
speculate that phosphatases are directly or indirectly involved in
regulating PXR function by inhibiting the kinase pathways. However,
in comparison to the understanding of the role of kinase signaling,
there is only a meager understanding of the extent to which PXR is
regulated by phosphatase signaling. For instance, okadaic acid, a
nonspecific phosphatase inhibitor, affects PXR’s transcriptional ac-
tivity in cell-based gene reporter assays (Ding and Staudinger, 2005b),
suggesting that okadaic acid-sensitive protein phosphatases (i.e., PP1
and PP2A) are involved in regulating PXR-mediated CYP gene ex-

This work was supported in part by the National Institutes of Health National
Institute of General Medical Sciences [Grant GM086415] (to T.C.); the National
Institutes of Health National Cancer Institute [Grant P30-CA027165]; the Ameri-
can Lebanese Syrian Associated Charities; and St. Jude Children’s Research
Hospital.

Part of this work was previously presented as a poster as follows: Pondugula
SR, Tong A, and Chen T (2009) Protein phosphatase 2C�l is involved in positive
regulation of human pregnane X receptor-mediated CYP3A4 gene expression in
HepG2 liver carcinoma cells. 16th North American Regional ISSX Meeting; 2009
Oct 18–22; Baltimore, MD. International Society for the Study of Xenobiotics,
Washington, DC.

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

doi:10.1124/dmd.110.032128.

ABBREVIATIONS: hPXR, human pregnane X receptor; P450, cytochrome P450; PXR, pregnane X receptor; NR, nuclear receptor; CDK,
cyclin-dependent kinase; PP2C�l, protein phosphatase type 2C beta isoform long; DMSO, dimethyl sulfoxide; shRNA, short hairpin RNA; PCR,
polymerase chain reaction; RT-CES, real-time cell-based electronic sensing; RLA, relative luciferase activity; SRC-1, steroid receptor coactiva-
tor-1; 18S rRNA, 18S small subunit ribosomal RNA; Ct, threshold cycle; NF-�B, nuclear factor-�B; IKK�, I�B kinase beta.

0090-9556/10/3809-1411–1416$20.00
DRUG METABOLISM AND DISPOSITION Vol. 38, No. 9
Copyright © 2010 by The American Society for Pharmacology and Experimental Therapeutics 32128/3615880
DMD 38:1411–1416, 2010 Printed in U.S.A.

1411



pression, yet the exact mechanism remains unknown. It is important to
more fully understand the contribution of phosphatases in regulating
PXR function to comprehensively address the role of reversible phos-
phorylation in regulating PXR-mediated P450 expression.

Multiple research groups have established that CYP3A4 expression
is significantly reduced in proliferating human liver cells (Pondugula
et al., 2009a), strongly suggesting a link between cell cycle regulation
and CYP3A4 expression. In fact, we have recently shown that CDK2
negatively regulates hPXR-mediated CYP3A4 gene expression in ac-
tively dividing HepG2 cells (Lin et al., 2008). However, protein phos-
phatase type 2C isoform beta long (PP2C�l; a.k.a., PP2C�2 or PP2C�x)
can dephosphorylate phosphothreonine-160 and inactivate CDK2 (Cheng
et al., 1999, 2000). Thus, in contrast to CDK2, which promotes cell
proliferation, PP2C�l arrests cell growth and promotes apoptosis (Se-
roussi et al., 2001; Klumpp et al., 2006; Tamura et al., 2006).

PP2C�l’s expression in the liver (Marley et al., 1998) and its inhibitory
effect on CDK2, a negative regulator of PXR, led us to investigate the
role of PP2C�l in regulating the transcriptional activity of hPXR via
CDK2 in actively proliferating liver cells. In this study, we sought to
determine whether PP2C�l is involved in regulating hPXR-mediated
CYP3A4 gene expression and whether PP2C�l counteracts the inhibitory
effect of CDK2 on hPXR function in HepG2 cells.

Materials and Methods

Cell Culture, Plasmids, and Transient Transfections. HepG2 human
liver carcinoma cell line was propagated as described previously (Lin et al.,
2008; Pondugula et al., 2009b) in growth media containing Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (HyClone, Logan, UT), 100 U/ml penicillin (Invitro-
gen), 100 �g/ml streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen),
and 1 mM sodium pyruvate (Invitrogen). The pcDNA3-hPXR, FLAG-
pcDNA3-hPXR, and pGL3-CYP3A4-luc (CYP3A4 luciferase reporter) plas-
mids were generated as described previously (Lin et al., 2008). The pcDNA3-
PP2C�l plasmid was a gift from Dr. Sara Lavi (Department of Cell Research
and Immunology, George S. Wise Faculty of Life Sciences, Tel Aviv Univer-
sity, Tel Aviv, Israel). V5-CDK2 and V5-cyclin E constructs were gifts from
Dr. Haojie Huang (Masonic Cancer Center and Department of Laboratory
Medicine and Pathology, University of Minnesota, Minneapolis, MN). The
CMV-Renilla luciferase plasmid was purchased from Promega (Madison, WI).
Transient transfections were performed using FuGENE 6 (Roche Diagnostics,
Indianapolis, IN) as described previously (Lin et al., 2008; Pondugula et al.,
2009b). In brief, transfections were performed in 6-well culture plates with 2
�g of total plasmid DNA per well. Cells to be used for hPXR transactivation
and protein expression experiments were transfected with the following plas-
mids: hPXR (100 ng), CDK2 (200 ng), cyclin E (200 ng), PP2C�l (400 ng),
CMV-Renilla (100 ng), and pGL3-CYP3A4-luc (1000 ng). Additional
pcDNA3 was added to ensure that the total plasmid DNA in each transfection
reaction was 2 �g. Twenty-four hours after transfection in growth media,
the cells to be used for luciferase assays or Western blot analyses were
grown in assay media (Dulbecco’s modified Eagle’s medium with 5%
charcoal/dextran-treated fetal bovine serum) and then treated with either
0.1% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) or 2 �M
rifampicin (Sigma-Aldrich) for an additional 6 h before performing lucif-
erase assays for transactivation analyses and harvesting of cell lysates for
Western blot analyses.

PXR Transactivation Assay of Transiently Transfected HepG2 Cells.
After transfection, approximately 10,000 live cells were plated in each well of
a 96-well culture plate (PerkinElmer Life and Analytical Sciences, Waltham,
MA) and prepared for assaying as described above. The Dual-Glo Luciferase
Assays (Promega) were performed to measure the luminescence using a
PHERAstar microplate reader (BMG Labtech, Durham, NC). The activity of
firefly luciferase was normalized to that of the Renilla and expressed in relative
luminescence units.

Western Blot Analysis. Transiently transfected HepG2 cells were lysed in
radioimmunoprecipitation assay buffer, and then approximately 60 �g of total
protein was resolved on NuPage 4 to 12% Bis-Tris gels (Invitrogen) and

transferred to nitrocellulose membranes. The membranes were blocked for 2 h
and then incubated overnight at 4°C with primary antibodies against PXR
(rabbit polyclonal anti-hPXR serum (Saradhi et al., 2005) at a 1:10,000
dilution; PP2C�l (rabbit polyclonal anti-PP2C�; Bethyl Laboratories, Mont-
gomery, TX) at a 1:2000 dilution; or actin (mouse monoclonal anti-�-actin;
Sigma-Aldrich) at a 1:5000 dilution. Infrared dye-conjugated secondary goat
antibodies (anti-rabbit or anti-mouse) (LI-COR Biosciences, Lincoln, NE) were
used at a 1:10,000 dilution, and antigen-antibody interactions were visualized
using an Odyssey infrared imager (LI-COR Biosciences). The membranes that
were probed for hPXR or PP2C�l were stripped and reprobed using the anti-actin
antibody to confirm equal loading of total protein in each lane.

Silencing PP2C�l and Transactivation Assays. HepG2 cells stably ex-
pressing hPXR and CYP3A4-luciferase (clone 1) (Lin et al., 2008) were
transduced with either control nontarget lentiviral short hairpin RNA (shRNA)
(Sigma-Aldrich) or PP2C�l shRNA (Sigma-Aldrich; GenBank accession num-
ber NM_002706; The RNAi Consortium number TRCN0000002449; Gen-
Bank accession number NM_002706.x-1252s1c1) according to the manufac-
turer’s instructions. Stably transduced cells were selected by using
puromycin. Pools of the cells stably expressing either control (hereafter
referred to as HepG2/Control shRNA) or PP2C�l shRNA (hereafter re-
ferred to as HepG2/PP2C�l shRNA) were used for transactivation assays,
real-time reverse transcription-polymerase chain reaction (PCR) analyses,
cell cycle analyses, mammalian two-hybrid assays, and real-time cell-based
electronic sensing (RT-CES) assays.

For transactivation assays, approximately 10,000 live cells were seeded in
each well of a 96-well culture plate (PerkinElmer Life and Analytical Sci-
ences) containing either 0.1% DMSO or 2 �M rifampicin and grown for 24 h
in assay media before measuring both the cell viability using the Alamar Blue
assay system (Invitrogen) and the firefly luciferase activity using the Steady
Lite Luciferase Assay System (PerkinElmer Life and Analytical Sciences). The
firefly luciferase activity was normalized to the Alamar Blue cell viability to
determine relative luciferase activity (RLA).

To determine whether overexpressing PP2C�l can rescue the effect of
PP2C�l knockdown on hPXR, HepG2/PP2C�l shRNA cells were transiently
transfected with 100 ng CMV-Renilla and either 600 ng pcDNA3 or 600 ng
pcDNA3-PP2C�l. Additional pcDNA3 was added to ensure that the total
plasmid DNA in each transfection reaction was 2 �g. After 24-h transfection,
the cells were plated in assay medium and treated with 0.1% DMSO or 2 �M
rifampicin for 24 h before performing the Dual-Glo Luciferase Assays.

Mammalian Two-Hybrid Assays. The mammalian two-hybrid assays
were performed as described previously to investigate the effect of PP2C�l on
the interaction between hPXR and steroid receptor coactivator-1 (SRC-1)
(Pondugula et al., 2009b). In brief, pBIND-SRC-1 (Gal4-SRC-1) (500 ng) and
a luciferase reporter pG5-luc (1000 ng), together with either pACT (empty
vector) (200 ng), pACT-hPXR (VP16-hPXR) (200 ng), or pcDNA3-PP2C�l
(600 ng), as indicated, were cotransfected into HepG2/Control shRNA or
HepG2/PP2C�l shRNA cells for 24 h. pcDNA3 was added to ensure that the
total plasmid DNA in each transfection reaction was 2.5 �g. The cells were
then treated with DMSO or 5 �M rifampicin for 24 h before luciferase assays.
pACT-hPXR contains the full-length hPXR fused to VP16. pBIND-SRC-1
contains the nuclear receptor interaction domain of SRC-1 (amino acids
621–765) fused to Gal4. pG5-luc contains the luciferase reporter gene con-
trolled by a promoter containing Gal4 DNA binding sites. In the absence of
pG5-luc, the luciferase signal decreased by �90% (data not shown), suggest-
ing that the system is suitable for detecting the activity of pG5-luc. In this
system, recruitment of VP16-hPXR to Gal4-SRC-1 enhances the expression of
pG5-luc. The Gal4 vector (pBIND) also constitutively expresses Renilla luciferase
to serve as an internal transfection control. Dual-Glo Luciferase Assay system was
used to measure both the firefly and Renilla luciferase activities. Firefly luciferase
activity from pG5-luc was normalized using Renilla luciferase activity. The
relative rifampicin-induced pG5-luc activity was expressed as a fold induction
over DMSO and was used to measure the rifampicin-induced hPXR/SRC-1
interaction. The data are shown as means and S.D.s obtained from eight indepen-
dent observations. The p value was determined using Student’s t test by comparing
the relative rifampicin-induced pG5-luc activity in the absence or presence of
hPXR cotransfection and also in the absence or presence of PP2C�l when hPXR
is cotransfected. Differences were considered significant for p � 0.05, 0.01, or
0.001, and nonsignificant for p � 0.05.
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Real-Time Reverse Transcription-Polymerase Chain Reaction. Total
RNA was extracted from HepG2 cells by using the RNeasy Mini Kit
(QIAGEN, Valencia, CA), and the quality and quantity of the total RNA were
determined using a Nanodrop ND-1000 Spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE). Reverse transcription was performed at 42°C for
30 min to synthesize cDNA from the mRNA from 50 ng of total RNA by using
the QuantiTect Reverse Transcription Kit (QIAGEN). Real-time PCR was
performed on this cDNA by using the QuantiTect SYBR Green Kit (QIAGEN)
and iCycler iQ Real-Time PCR Detection System (Bio-Rad, Hercules, CA).
Transcripts of the 18S small subunit ribosomal RNA (18S rRNA) housekeep-
ing gene and hPXR were amplified using gene-specific primers. The 18S
rRNA primers (forward: 5�-GAGGTTCGAAGACGATCAGA-3� and reverse:
5�-TCGCTCCACCAACTAAGAAC-3�) were designed based on the sequence
of GeneBank accession number BK000964 to generate a 315-base pair PCR
product. hPXR primers (forward: 5�-TGTTCAAAGGCATCATCAGC-3� and
reverse: 5�-TCTGGGGAGAAGAGGGAGAT-3�) were designed based on the
sequence of GenBank accession number AF061056 to generate a 307-base pair
PCR product. Each of the 40 PCR cycles was comprised of 95°C for 15 s, 55°C
for 30 s, and 72°C for 30 s. PCR was followed by a melt cycle at 65°C to 95°C.
The sample’s fluorescence was read at 2°C to 3°C below the melting temper-
ature peak of that specific cDNA sequence to exclude contributions from
nonspecific sources. To exclude the possibility of genomic DNA amplification
during the PCR reaction, control reactions that had not been reverse transcribed
(�RT) were performed and only accepted when the threshold value (Ct) was
at least 20 cycles more than that of the �RT run. PCR products were
electrophoresed on 2% agarose gels and detected by ethidium bromide. These
products were then purified using the gel extraction kit (Sigma-Aldrich) and
sequenced to verify their identities. Data are shown either as �Ct [average Ct

of hPXR � average Ct of 18S rRNA] or as gene expression fold change
(2���Ct) relative to the no shRNA group. Values are means � S.D. from
triplicate samples.

Cell Cycle Analyses. The cell cycle analyses were performed as reported
previously (Lin et al., 2008). HepG2/Control shRNA or HepG2/PP2C�l
shRNA cells were plated in growth medium. The cells were then processed
for fluorescence-activated cell sorting analyses to determine cell cycle
distribution.

RT-CES Assay. The RT-CES assay (ACEA Biosciences, San Diego, CA)
was used to monitor real-time cell proliferation of HepG2 cells as described
previously, and the cell index was derived from the cell status-based cell-
electrode impedance (Zeng et al., 2009). In brief, approximately 1 � 104 cells
were seeded in growth medium onto a 96x e-plate (ACEA Biosciences) and
allowed to attach and spread for 12 h before real-time cell proliferation was
monitored; the cell index was automatically determined every 60 min for 72 h.

Results and Discussion

PP2C�l Enhances hPXR Transcriptional Activity. Hepatic CYP
gene expression is affected by various signaling mechanisms, includ-
ing reversible phosphorylation (Sidhu and Omiecinski, 1995; Marc et
al., 2000; Pondugula et al., 2009a), and PXR-mediated CYP gene
expression is modulated by both ligand binding and signaling cross-
talk. We determined whether the phosphatase PP2C�l affects hPXR
transcriptional activity in HepG2 cells by measuring the activity of the
PXR-regulated CYP3A4-luc reporter. As expected, the hPXR-agonist
rifampicin (2 �M; 6 h) induced hPXR-mediated CYP3A4 promoter
activity by approximately 5-fold (Fig. 1A). Interestingly, overexpress-
ing PP2C�l significantly (p � 0.05) enhanced both the basal and
rifampicin-induced hPXR activity (Fig. 1A), suggesting that PP2C�l
is involved in positively regulating hPXR-mediated CYP3A4 gene
expression. Multiple mechanisms, including reduction of hPXR pro-
tein stability or expression level or inhibition of signaling pathways
that negatively regulate hPXR function, might contribute to this
PP2C�l effect; therefore, we sought to elucidate the responsible
mechanisms.

PP2C�l Counteracts CDK2-Mediated Inhibition of hPXR
Transcriptional Activity. We have shown that activating CDK2
decreases hPXR-mediated CYP3A4 expression and inhibiting CDK2

increases hPXR-mediated CYP3A4 expression in HepG2 cells (Lin et
al., 2008). The activation of CDK2 requires the phosphorylation of
threonine-160. Interestingly, PP2C�l can dephosphorylate phospho-
threonine-160 and inactivate CDK2 (Cheng et al., 1999, 2000). There-
fore, it is possible that PP2C�l enhances hPXR activity by dephos-
phorylating and inhibiting CDK2. We tested this possibility by
determining whether overexpressing PP2C�l can counteract the in-
hibitory effect of CDK2 on the transactivation activity of hPXR. As
expected, overexpressing CDK2 and cyclin E inhibited both the basal
and rifampicin-induced hPXR activity (Fig. 1A) (Lin et al., 2008).
Interestingly, overexpressing PP2C�l also significantly (p � 0.001)
attenuated the inhibitory effect of CDK2 on both the basal and
rifampicin-induced hPXR transactivation (Fig. 1A). These findings
suggest that PP2C�l enhances hPXR-mediated CYP3A4 gene expres-
sion by inhibiting CDK2 signaling in HepG2 cells.

Overexpressing PP2C�l Does Not Affect hPXR Protein Level.
To explore the possibility that the apparent activating effect of
PP2C�l on hPXR transactivation is due to elevated protein levels of
hPXR, we performed Western blot experiments. Analyses of Western
blots showed that there was no measurable change in the protein
levels of hPXR (Fig. 1B; data shown are from a representative
experiment), indicating that the effect of PP2C�l on hPXR transacti-
vation was not caused by altered expression or stability of hPXR.
Although immunoreactive hPXR protein was not detectable in HepG2
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FIG. 1. PP2C�l positively regulates hPXR function. A, PP2C�l enhances hPXR-
mediated CYP3A4 promoter activity and counteracts the inhibitory effect of CDK2
on hPXR. HepG2 cells were cotransfected with CYP3A4-luc� and hPXR�, as well
as cyclin E�, CDK2�, or PP2C�l� plasmids, as indicated, and CMV-Renilla
luciferase plasmid (as a transfection control). Transactivation assays were per-
formed as described under Materials and Methods. The values represent the means
of six independent experiments, and the bars denote S.D. The p value was ascer-
tained using the Student’s t test, and differences were considered significant for p �
0.05 (�) or 0.001 (���) and nonsignificant for p � 0.05. B, cotransfection of PP2C�l
does not alter hPXR protein levels. Whole-cell lysates of the transiently transfected
cells in A were subjected to Western blot analysis using rabbit polyclonal anti-hPXR
serum. The pcDNA3 vector transfection was used as a negative control, and actin
expression was analyzed as a loading control. Data shown are from a representative
experiment.

1413PP2C�l REGULATES PXR ACTIVITY



parental cells (Fig. 1B), hPXR mRNA was detectable (data not
shown).

Knockdown of PP2C�l Attenuates hPXR Transcriptional Ac-
tivity. Overexpressing PP2C�l enhanced hPXR function, as shown in
Fig. 1. To confirm the activating effect of PP2C�l on hPXR’s trans-
activation function, we determined whether silencing PP2C�l in
HepG2 cells, which stably express hPXR and the CYP3A4-luc re-
porter (clone 1), attenuates hPXR function. Western blot analysis
showed that PP2C�l shRNA, but not the nonsilencing control shRNA,
selectively knocked down the protein levels of PP2C�l by more than
80% (Fig. 2A). Consistent with our PP2C�l overexpression results
(Fig. 1A), silencing PP2C�l significantly (p � 0.001) attenuated both
the basal and rifampicin-induced transactivation function of hPXR
(Fig. 2B). Real-time reverse transcription-polymerase chain reaction
results showed that PP2C�l knockdown did not significantly (p �
0.19) affect the mRNA level of hPXR. �Ct values were 10.9 � 0.5
and 11.4 � 0.3 (p 	 0.19) for HepG2/Control shRNA and HepG2/
PP2C�l shRNA, respectively. When expressed as fold change
(2���Ct) relative to the no shRNA group, the hPXR mRNA levels
were 2.37 � 2.12 and 1.08 � 0.90 (p 	 0.39) for HepG2/Control
shRNA and HepG2/PP2C�l shRNA, respectively. These results dem-
onstrated that the attenuation of hPXR function in response to PP2C�l
knockdown is not due to reduced hPXR expression.

As expected, the attenuated hPXR transactivation in PP2C�l
knockdown cells was significantly (p � 0.01) rescued by overex-
pressing PP2C�l (Fig. 2C), confirming that the attenuated hPXR

function in HepG2/PP2C�l shRNA cells was due to reduced PP2C�l
but not a reduced hPXR level. Taken together, these results suggest
that PP2C�l is essential for hPXR-mediated CYP3A4 gene expression
in proliferating liver cells.

PP2C�l Affects the Interaction between hPXR and SRC-1.
Phosphorylations regulate the activity of nuclear receptors by modi-
fying their interaction with transcriptional coactivators such as SRC-1
and SRC-3 (Rochette-Egly, 2003; Pondugula et al., 2009a). The
interaction between hPXR and SRC-1 is induced by hPXR agonists
(Kliewer et al., 1998; Ding and Staudinger, 2005a,b; Johnson et al.,
2006). We determined whether PP2C�l affects agonist-induced hPXR
interaction with SRC-1 by using the mammalian two-hybrid assays.
As shown in Fig. 2D, rifampicin induced significant (p � 0.001)
interaction between hPXR and SRC-1 in HepG2/Control shRNA
cells. In contrast, no significant interaction between hPXR and SRC-1
was observed in HepG2/PP2C�l shRNA cells. We were surprised to
find that overexpressing PP2C�l significantly (p � 0.001) restored
the hPXR/SRC-1 interaction in HepG2/PP2C�l shRNA cells, and it
significantly (p � 0.01) enhanced the interaction in HepG2/Control
shRNA cells (Fig. 2D). These results not only demonstrate that
PP2C�l is essential for agonist-dependent hPXR interaction with
SRC-1 but also suggest a mechanism for PP2C�l regulation of hPXR
function.

Knockdown of PP2C�l Promotes Cell Cycle Progression of
HepG2 Cells. Stably overexpressing PP2C�l in human embryonic
293 kidney cells arrests their cell growth (Seroussi et al., 2001).
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FIG. 2. Knockdown of PP2C�l attenuates hPXR-mediated CYP3A4 promoter activity. A, PP2C�l shRNA knocks down the protein expression of endogenous PP2C�l.
HepG2 cells stably expressing hPXR and CYP3A4-luc (lane 1) were transduced with control nonsilencing shRNA (lane 2) or PP2C�l shRNA (lane 3). Whole-cell lysates
were collected and subjected to Western blot analysis using anti-PP2C�l and anti-actin antibodies (as a loading control). Data shown are from a representative experiment.
B, knockdown of PP2C�l attenuates hPXR-mediated CYP3A4 promoter activity. HepG2 cells stably expressing hPXR and CYP3A4-luc were transduced with either control
nonsilencing shRNA or PP2C�l shRNA, and transactivation assays were performed as described under Materials and Methods. The RLA is shown as the mean value and
S.D. from six independent observations. The Student’s t test was used to determine statistical significance of unpaired samples by comparing the RLA obtained from the
samples transduced with PP2C�l shRNA to that of samples that were either untransduced or transduced with control shRNA. Differences were considered significant for
p � 0.01 (��) or 0.001 (���) and nonsignificant (NS) for p � 0.05. C, overexpressing PP2C�l rescues hPXR-mediated CYP3A4 promoter activity in PP2C�l knockdown
cells (HepG2/PP2C�l shRNA). HepG2/PP2C�l shRNA cells were transiently transfected with CMV-Renilla and either pcDNA3 or pcDNA3-PP2C�l, and then the
transactivation assays were performed as described under Materials and Methods section. The activity of firefly luciferase was normalized with that of the Renilla to
determine relative luminescence units (RLU). The data represent the means and S.D.s of six independent experiments. The p value was determined using the Student’s t
test by comparing the samples transfected with pcDNA3 to PP2C�l. Differences were considered significant for p � 0.05 (�) or 0.01 (��). D, PP2C�l affects
agonist-induced hPXR interaction with SRC-1. Mammalian two-hybrid assays were performed in HepG2/Control shRNA and HepG2/PP2C�l shRNA cells as described
under Materials and Methods. Induction of pG5-luc was used to measure the rifampicin-induced hPXR/SRC-1 interaction.
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Therefore, we investigated whether PP2C�l knockdown affects the
cell cycle progression of HepG2 cells stably expressing hPXR. As
shown in Fig. 3A, knockdown of PP2C�l significantly (p � 0.001)
increased the population of cells in the S phase of the cell cycle, yet
it significantly (p � 0.001) decreased the population of cells in the G1

phase. These results indicate that down-regulating PP2C�l protein
expression promotes cell cycle progression from G1 to S phase in
HepG2 cells.

Knockdown of PP2C�l Promotes Proliferation of HepG2 Cells.
Because cell cycle analysis experiments suggested that PP2C�l
knockdown promotes cell cycle progression and may promote cell
proliferation, we compared the cell proliferation of HepG2/Control
shRNA and HepG2/PP2C�l shRNA cells by using the RT-CES assay.
As shown in Fig. 3B, knockdown of PP2C�l started to significantly
(p � 0.05) enhance cell proliferation approximately 45 h after cell
seeding (i.e., 33 h after starting real-time cell index measurements),
indicating that PP2C�l can regulate the proliferation of HepG2 cells.

Several precautions were taken in planning our experiments to
ensure that they yielded relevant results. For example, the transacti-
vation assays and Western blot and coimmunoprecipitation analyses
of transiently cotransfected cells were performed 24 h after transfec-
tion and subsequent 6-h DMSO or rifampicin treatment. These time
points were chosen to allow appropriate ectopic protein expression
and minimize the possibility of nonspecific actions from prolonged
rifampicin treatment or protein overexpression. In addition, equal
numbers of live cells were plated and treated with rifampicin for 6 h
before the cell viability and luciferase activity were measured for the
transactivation assays. Results of the Alamar Blue and CellTiter-Glo
(Promega) cell viability assays did not show a significant change in
the total number of live cells after 6-h rifampicin treatment (data not

shown), indicating that neither the 2 �M rifampicin treatment nor the
ectopic protein expression were toxic to HepG2 cells. Therefore, the
observed changes in hPXR transactivation function were not due to
cell number differences during the assay. Similar cell viability anal-
yses of the cells used for the PP2C�l knockdown experiments (i.e., no
shRNA, control shRNA, or PP2C�l shRNA) indicated no significant
change in the total number of live cells in each cell sample after 24-h
rifampicin treatment (data not shown), which suggests that the atten-
uated hPXR activity was not due to a cytotoxic effect of rifampicin
during the 24-h assay period. As shown in Fig. 3B, knockdown of
PP2C�l did not significantly enhance cell proliferation within 24 h
after cell seeding.

In this study, we show that elevated levels of PP2C�l counteract the
inhibitory effect of CDK2 on hPXR. Other signaling pathways that are
inhibitory to PXR function exist. For example, nuclear factor-�B
(NF-�B) signaling also negatively regulates the transcriptional activ-
ity of PXR as well as PXR-mediated P450 expression and activity (Gu
et al., 2006; Xie and Tian, 2006; Zhou et al., 2006). PP2C�l dephos-
phorylates and negatively regulates the activity of I�B kinase beta
(IKK�), a central intermediate signaling molecule in the activation of
NF-�B (Prajapati et al., 2004; Sun et al., 2009). Therefore, it is
possible that PP2C�l enhances hPXR transactivation activity by at-
tenuating NF-�B-mediated inhibition of PXR through dephosphory-
lating IKK�. In addition, signal cross-talk through direct physical
interactions between Ser/Thr protein phosphatases and NRs has been
documented. For example, PP1 and PP2A physically associate with
the vitamin D receptor (Bettoun et al., 2002), which belongs to the
same subfamily of NRs as PXR does. However, coimmunoprecipita-
tion experiments using mouse anti-FLAG M2-coated agarose beads
and cell lysates that were harvested from HepG2 cells transiently
transfected with either FLAG-PXR alone, or both PP2C�l and FLAG-
PXR revealed no specific physical interaction between hPXR and
PP2C�l (data not shown). Currently, it is not clear whether PP2C�l
directly dephosphorylates hPXR or modulates other signaling mole-
cules or cofactors involved in hPXR transactivation.

CDK2 is a key regulator of cell cycle progression, and its activity
fluctuates during the cell cycle, peaking at both the G1/S checkpoint
and during S phase. We have previously shown that inhibition of
hPXR activity occurs in thymidine-synchronized HepG2 cells during
the S phase of the cell cycle, coinciding with the peak activity of
CDK2, and that overexpression of CDK2 negatively regulates hPXR
activity in unsynchronized HepG2 cells (Lin et al., 2008). In the
current report, we show that down-regulating PP2C�l significantly
enriches the cells in the S phase of the cell cycle and promotes cell
proliferation. It is possible that the cells were driven into S phase in
response to PP2C�l knockdown because PP2C�l’s normal inhibitory
effect on CDK2 was released, and it is likely that CDK2 activity is
increased in response to reduced levels of PP2C�l. In addition,
phosphorylation can affect the function of nuclear receptors by mod-
ulating either their location or interaction with coregulators such as
SRC-1. hPXR was localized to the nucleus as we have shown previ-
ously (Pondugula et al., 2009b). Knockdown of PP2C�l did not alter the
localization of hPXR (data not shown). However, knockdown of PP2C�l
led to severe impairment of agonist-induced hPXR interaction with
SRC-1, which was rescued by overexpressing PP2C�l. These results
suggest a responsible mechanism for PP2C�l regulation of hPXR func-
tion, although other possible mechanisms cannot be ruled out.

During liver regeneration, the levels of growth factors such as
human hepatocyte growth factor and augmenter of liver regeneration
are up-regulated. These growth factors play important roles in liver
regeneration by activating the proliferation of hepatocytes. Augmenter
of liver regeneration induces hepatocyte proliferation (Ilowski et al.,
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FIG. 3. Knockdown of PP2C�l affects cell cycle distribution and cell proliferation.
A, flow cytometry cell cycle analysis of HepG2/Control shRNA and HepG2/
PP2C�l shRNA cells. The Student’s t test was used to determine statistical signif-
icance of unpaired samples by comparing the percentage of cells transduced with
control shRNA or PP2C�l shRNA in different phases of the cell cycle. Differences
were considered significant for p � 0.05 (�) or 0.001 (���) and nonsignificant (NS)
for p � 0.05. B, RT-CES was used to monitor the cell proliferation of HepG2/
Control shRNA and HepG2/PP2C�l shRNA cells. The cell index represents the
means of eight independent samples, and the bars indicate the S.D. The Student’s t
test was used to determine statistical significance of unpaired samples by comparing
the cell index of HepG2/Control shRNA cells to that of HepG2/PP2C�l shRNA
cells. Differences were considered significant for p � 0.05 (�) or 0.001 (���). p
values are shown for two time points (i.e., 33 and 44 h after monitoring was started)
corresponding to 45 and 56 h after cell seeding.
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2010), and remarkably represses both the basal and rifampicin-
induced expression of CYP3A4, without changing the expressing
levels of hPXR (Thasler et al., 2006). Human hepatocyte growth
factor also activates the proliferation of hepatocytes and down-
regulates the expression of P450s, including CYP3A4 (Donato et al.,
1998), without changing the levels of hPXR (data not shown). These
data suggest that in proliferating hepatocytes, the repression of
CYP3A4 expression is not caused by a reduction in the levels of
hPXR. Therefore, it is important to understand the mechanisms re-
sponsible for the reduction of CYP3A4 expression in proliferating
hepatocytes; our data suggest a possible mechanism for CDK2 and
PP2C�l regulation of hPXR function. Because of the low endogenous
level of hPXR, we have stably expressed hPXR in HepG2 (Lin et al.,
2008). In this cell system, overexpression of either CDK2 or PP2C�l
affected the function of PXR without changing the levels of hPXR.
However, whether the levels of PP2C�l affect the expression of
endogenous hPXR in proliferating hepatocytes has not been tested and
needs to be investigated in future studies.

In conclusion, our results clearly demonstrate that increased levels
of PP2C�l enhance the function of hPXR in HepG2 cells and de-
creased levels of PP2C�l that attenuate this function. More impor-
tantly, we have shown that PP2C�l expression is essential for both the
basal and inducible activity of hPXR in HepG2 cells. Furthermore, we
show that elevated levels of PP2C�l, which inactivates CDK2 (Cheng
et al., 1999, 2000), counteract the inhibitory effect of CDK2 signaling
on PXR function. It is possible that PP2C�l plays an essential role to
safeguard the function of PXR by inactivating or desensitizing the
signaling pathways that negatively regulate the activity of PXR.
Future studies using proliferating primary hepatocytes or in vivo liver
regeneration animal models will improve our understanding of the
role of PP2C�l in regulating the function of hPXR.

Acknowledgments. We thank Dr. Sara Lavi for sharing the
PP2C�l plasmid; Dr. Haojie Huang for sharing the CDK2 and cyclin
E plasmids; Dr. Rakesh Tyagi (Special Centre for Molecular Medi-
cine, Jawaharlal Nehru University, New Delhi, India) for sharing the
hPXR antibody; Dr. Wenwei Lin, Dr. Dong Hanqing, and Fang Lei
for sharing reagents and protocols; Dr. Kip Guy for reviewing the
manuscript; and Dr. Cherise Guess for editing the manuscript.

Department of Chemical
Biology and
Therapeutics, St. Jude
Children’s Research
Hospital, Memphis, Tennessee

SATYANARAYANA R. PONDUGULA

ALEXANDER A. TONG

JING WU

JIMMY CUI

TAOSHENG CHEN

References

Bettoun DJ, Buck DW 2nd, Lu J, Khalifa B, Chin WW, and Nagpal S (2002) A vitamin D
receptor-Ser/Thr phosphatase-p70 S6 kinase complex and modulation of its enzymatic activ-
ities by the ligand. J Biol Chem 277:24847–24850.

Cheng A, Kaldis P, and Solomon MJ (2000) Dephosphorylation of human cyclin-dependent
kinases by protein phosphatase type 2C alpha and beta 2 isoforms. J Biol Chem 275:34744–
34749.

Cheng A, Ross KE, Kaldis P, and Solomon MJ (1999) Dephosphorylation of cyclin-dependent
kinases by type 2C protein phosphatases. Genes Dev 13:2946–2957.

Ding X and Staudinger JL (2005a) Induction of drug metabolism by forskolin: the role of the
pregnane X receptor and the protein kinase a signal transduction pathway. J Pharmacol Exp
Ther 312:849–856.

Ding X and Staudinger JL (2005b) Repression of PXR-mediated induction of hepatic CYP3A
gene expression by protein kinase C. Biochem Pharmacol 69:867–873.
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