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The liver has a unique ability to regenerate. The hepatocytes in
the livers of healthy adults are usually quiescent (G0 phase) in
contrast to their cycling counterparts in the fetal andneonatal livers.
However, the quiescent hepatocytes undergo a significant prolifer-
ation in regenerating livers after the loss of functional tissue
resulting fromthe injuries causedbyvariousphysiologic, pathologic,
and environmental factors. The mechanisms responsible for liver
regeneration have often been experimentally investigated using the
mouse model of partial hepatectomy (i.e., a surgical procedure to
trigger liver regeneration by removing up to two-third of the liver
mass).1 In addition to the in vivo models, primary hepatocytes and
hepatoma cell lines have also been used to study liver regeneration.
Many signalingpathways, including thosemediated by retinoic acid,
are involved in regulating hepatocyte proliferation during liver
regeneration. In their review, Bushue and Wan2 summarized the
retinoic X receptor a-dependent activation of nuclear receptors
(NRs) in the induction of hepatocyte proliferation.

Liver regeneration is achieved primarily by driving quiescent
hepatocytes to reenter the cell cycle.3,4 The activation of cell cycle in
hepatocytes occurs in two phases:1 the early priming phase (G0eG1
transition) and the delayed progression or proliferative phase (G1eS
transition). The priming is induced by cytokines such as the tumor
necrosis factor-alpha, interleukin-1, and interleukin-6, whereas the
progression is induced by growth factors such as hepatocyte growth
factor (HGF) and augmenter of liver regeneration (ALR).5,6 Cytokines
mediate priming through nuclear factor-kappa B and signal trans-
ducer and activator of transcription 3,5,6 whereas growth factors
mediate proliferation through various signaling pathways, including
phosphatidylinositol 30-kinase (PI3K)-protein kinase B or Akt (PI3K-
Akt), cyclin-dependent kinase 2 (CDK2), and 70-kDa form of ribo-
somal protein S6 kinase (p70 S6K) signaling.7e11
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Many NRs, including the pregnane X receptor (PXR), have been
implicated in hepatocyte proliferative response in the regenerating
liver. Bushue and Wan2 discussed the roles of PXR, constitutive
androstane receptor, peroxisome proliferator-activated receptor a,
and farnesoid X receptor in inducing hepatocyte proliferation in
response to retinoic acid stimulation. Strikingly, lack of PXR was
shown to impair normal progression of liver regeneration.12 Dai et
al12 performed partial hepatectomy on wild-type and PXR-null
mice to determine the role of PXR in liver regeneration after
hepatectomy. They observed a considerable reduction of hepato-
cyte proliferation inmice lacking PXR, leading to 17% less liver mass
at the end of liver regeneration, demonstrating that PXR is required
for normal progression of liver regeneration by regulating hepa-
tocyte proliferation. However, how PXR affects the normal
progression of liver regeneration, and the activity level of PXR that
is required for such a normal progression, remain to be defined.

CDK2 is a member of the family of CDKs that drive the cell cycle
through each phase (G1, S, G2, andM). 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. Lin et al7

showed that CDK2 phosphorylates and attenuates the function of
PXR in proliferating hepatocytes, although it is unknown whether
reduced activity of the CDK2-phosphorylated PXR is sufficient for
hepatocyte proliferation during the normal progression of liver
regeneration. Protein phosphatase type 2C isoform beta long
(PP2Cbl; also known as PP2Cb2 or PP2Cbx) has been shown to
inactivate CDK213,14 and arrest cell growth.15e17 Pondugula et al18

reported that PP2Cbl is essential for PXR function in proliferating
hepatocytes. While upregulation of PP2Cbl counteracts the inhibi-
tory effect of CDK2 signaling on PXR function, downregulation of
PP2Cbl dramatically attenuates PXR function and significantly
enriches proliferating HepG2 cells in the S phase of the cell cycle as
well as promotes cell proliferation.

During liver regeneration, the levels of growth factors such as
HGF and ALR are upregulated. These growth factors play important
roles in liver regeneration by activating the proliferation of
by Elsevier Taiwan LLC. All rights reserved.
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hepatocytes. Both HGF and ALR, through the PI3K-Akt pathway,
induce hepatocyte proliferation and repress the genomic function
of PXR.19e21 It has been shown that PI3K-Akt signaling is critical for
hepatocyte proliferation in the partial hepatectomy mouse model
of liver regeneration,8 and that the expression and activity of p70
S6K are upregulated in human liver tumors,9,10 indicating that
these kinase pathways might affect PXR activity in hepatocyte
proliferation response. Indeed, Kodma et al22 and Pondugula et al11

have reported that both Akt and p70 S6K negatively regulate PXR
function in actively dividing HepG2 liver carcinoma cells. However,
whether the effect of PI3K-Akt and p70 S6K on PXR is limited to
cells in the active cell cycle is unknown. Forkhead in rhabdomyo-
sarcoma (or forkhead box protein O1) belongs to the family of FOXO
factors, which are growth factor-sensitive transcription factors that
influence the function of NRs including PXR.22,23 Forkhead in
rhabdomyosarcoma is negatively regulated by PI3K-Akt and
induces apoptosis and augments PXR function.22,23

The study by Dai et al12 also showed that PXR mediates hepa-
tocyte proliferation during the early stages of liver regeneration.
Cytokines trigger the early regeneration events by priming the
hepatocyte proliferation mainly through nuclear factor-kappa B,
which negatively regulates PXR function.24e26

Although the regulation of PXR by growth factors, cytokines, and
other signaling pathways activated in proliferating hepatocytes
suggests that PXR activity is affected by the cell cycle status of the
hepatocytes, it is unclear how PXR signaling regulates hepatocyte
proliferation in regenerating livers. Future studies using prolifer-
ating primary hepatocytes or in vivo liver regeneration animal
models are necessary to improve our understanding of the role of
PXR-mediated mechanisms in normal progression of liver
regeneration.

It is intriguing to note that the signaling mechanisms that
initiate both the early and delayed events during liver regeneration
also negatively regulate the function of PXR, although PXR was
shown to be required for liver regeneration. Therefore, it remains to
be understood whether the reduction of PXR activity by signaling
pathways activated in regenerating liver cells is required and/or
sufficient for normal progression of liver regeneration.

Acknowledgments

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

References

1. Michalopoulos GK. Liver regeneration. J Cell Physiol 2007;213:286e300.
2. Bushue N, Wan Y-JY. Retinoic acid-mediated nuclear receptor activation and

hepatocyte proliferation. J Exp Clin Med 2009;1:23e30.
3. Michalopoulos GK, DeFrances MC. Liver regeneration. Science 1997;276:60e6.
4. FaustoN, Campbell JS, RiehleKJ. Liver regeneration.Hepatology2006;43:S45e53.
5. Fausto N, Laird AD, Webber EM. Liver regeneration. 2. Role of growth factors

and cytokines in hepatic regeneration. FASEB J 1995;9:1527e36.
6. Galun E, Axelrod JH. The role of cytokines in liver failure and regeneration:

potential new molecular therapies. Biochim Biophys Acta 2002;1592:345e58.
7. Lin W, Wu J, Dong H, Bouck D, Zeng FY, Chen T. Cyclin-dependent kinase 2

negatively regulates human pregnane X receptor-mediated CYP3A4 gene
expression in HepG2 liver carcinoma cells. J Biol Chem 2008;283:30650e7.

8. Jackson LN, Larson SD, Silva SR, Rychahou PG, Chen LA, Qiu S, Rajaraman S, et al.
PI3K/Akt activation is critical for early hepatic regeneration after partial
hepatectomy. Am J Physiol Gastrointest Liver Physiol 2008;294:G1401e10.

9. Sahin F, Kannangai R, Adegbola O, Wang J, Su G, Torbenson M.MTOR and P70 S6
kinase expression in primary liver neoplasms. Clin Cancer Res 2004;10:8421e5.

10. Ostrowski J, Woszczynski M, Kowalczyk P, Wocial T, Hennig E, Trzeciak L,
Janik P, et al. Increased activity of MAP, P70S6 and P90rs kinases is associated
with AP-1 activation in spontaneous liver tumours, but not in adjacent tissue in
mice. Br J Cancer 2000;82:1041e50.

11. Pondugula SR, Brimer-Cline C, Wu J, Schuetz EG, Tyagi RK, Chen T. A phos-
phomimetic mutation at threonine-57 abolishes transactivation activity and
alters nuclear localization pattern of human pregnane X receptor. Drug Metab
Dispos 2009;37:719e30.

12. Dai G, He L, Bu P, Wan YJ. Pregnane X receptor is essential for normal
progression of liver regeneration. Hepatology 2008;47:1277e87.

13. Cheng A, Kaldis P, Solomon MJ. Dephosphorylation of human cyclin-dependent
kinases by protein phosphatase type 2C alpha and beta 2 isoforms. J Biol Chem
2000;275:34744e9.

14. Cheng A, Ross KE, Kaldis P, Solomon MJ. Dephosphorylation of cyclin-depen-
dent kinases by type 2C protein phosphatases. Genes Dev 1999;13:2946e57.

15. Seroussi E, ShaniN, Ben-MeirD, ChajutA,Divinski I, Faier S, Gery S, et al. Uniquely
conserved non-translated regions are involved in generation of the two major
transcripts of protein phosphatase 2Cbeta. J Mol Biol 2001;312:439e51.

16. Klumpp S, Thissen MC, Krieglstein J. Protein phosphatases types 2Calpha and
2Cbeta in apoptosis. Biochem Soc Trans 2006;34:1370e5.

17. Tamura S, Toriumi S, Saito J, Awano K, Kudo TA, Kobayashi T. PP2C family
members play key roles in regulation of cell survival and apoptosis. Cancer Sci
2006;97:563e7.

18. Pondugula SR, Tong AA, Wu J, Cui J, Chen T. Protein phosphatase 2C{beta}l
regulates human pregnane X receptor-mediated CYP3A4 gene expression in
HepG2 liver carcinoma cells. Drug Metab Dispos 2010;38:1411e6.

19. Ilowski M, Putz C, Weiss TS, Brand S, Jauch KW, Hengstler JG, Thasler WE.
Augmenter of liver regeneration causes different kinetics of ERK1/2 and Akt/
PKB phosphorylation than EGF and induces hepatocyte proliferation in an EGF
receptor independent and liver specific manner. Biochem Biophys Res Commun
2010;394:915e20.

20. Thasler WE, Dayoub R, Muhlbauer M, Hellerbrand C, Singer T, Grabe A,
Jauch KW, et al. Repression of cytochrome P450 activity in human hepatocytes
in vitro by a novel hepatotrophic factor, augmenter of liver regeneration.
J Pharmacol Exp Ther 2006;316:822e9.

21. Donato MT, Gomez-Lechon MJ, Jover R, Nakamura T, Castell JV. Human hepa-
tocyte growth factor down-regulates the expression of cytochrome P450
isozymes in human hepatocytes in primary culture. J Pharmacol Exp Ther
1998;284:760e7.

22. Kodama S, Koike C, Negishi M, Yamamoto Y. Nuclear receptors CAR and PXR
cross talk with FOXO1 to regulate genes that encode drug-metabolizing and
gluconeogenic enzymes. Mol Cell Biol 2004;24:7931e40.

23. Van Der Heide LP, Hoekman MF, Smidt MP. The ins and outs of FoxO shuttling:
mechanisms of FoxO translocation and transcriptional regulation. Biochem J
2004;380:297e309.

24. Gu X, Ke S, Liu D, Sheng T, Thomas PE, Rabson AB, Gallo MA, et al. Role of NF-
KappaB in regulation of PXR-mediated gene expression: a mechanism for the
suppression of cytochrome P-450 3A4 by proinflammatory agents. J Biol Chem
2006;281:17882e9.

25. Xie W, Tian Y. Xenobiotic receptor meets NF-KappaB, a collision in the small
bowel. Cell Metab 2006;4:177e8.

26. Zhou C, Tabb MM, Nelson EL, Grun F, Verma S, Sadatrafiei A, Lin M, et al. Mutual
repression between steroid and xenobiotic receptor and NF-kappaB signaling
pathways links xenobiotic metabolism and inflammation. J Clin Invest
2006;116:2280e9.


	PXR and Hepatocyte Proliferation
	Acknowledgments
	References


