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The	growth	arrest	and	DNA	damage–inducible	45	(Gadd45)	proteins	act	in	many	cellular	processes.	In	the	
liver,	Gadd45b	(encoding	Gadd45β)	is	the	gene	most	strongly	induced	early	during	both	compensatory	regener-
ation	and	drug-induced	hyperplasia.	The	latter	response	is	associated	with	the	dramatic	and	rapid	hepatocyte	
growth	that	follows	administration	of	the	xenobiotic	TCPOBOP	(1,4-bis[2-(3,5)-dichoropyridyloxy]	benzene),	
a	ligand	of	the	nuclear	receptor	constitutive	androstane	receptor	(CAR).	Here,	we	have	shown	that	Gadd45b–/–	
mice	have	intact	proliferative	responses	following	administration	of	a	single	dose	of	TCPOBOP,	but	marked	
growth	delays.	Moreover,	early	transcriptional	stimulation	of	CAR	target	genes	was	weaker	in	Gadd45b–/–	mice	
than	in	wild-type	animals,	and	more	genes	were	downregulated.	Gadd45β	was	then	found	to	have	a	direct	role	
in	transcription	by	physically	binding	to	CAR,	and	TCPOBOP	treatment	caused	both	proteins	to	localize	to	a	
regulatory	element	for	the	CAR	target	gene	cytochrome	P450	2b10	(Cyp2b10).	Further	analysis	defined	separate	
Gadd45β	domains	that	mediated	binding	to	CAR	and	transcriptional	activation.	Although	baseline	hepatic	
expression	of	Gadd45b	was	broadly	comparable	to	that	of	other	coactivators,	its	140-fold	stimulation	by	TCPO-
BOP	was	striking	and	unique.	The	induction	of	Gadd45β	is	therefore	a	response	that	facilitates	increased	
transcription,	allowing	rapid	expansion	of	liver	mass	for	protection	against	xenobiotic	insults.

Introduction
Because of its pivotal role in metabolism, adult liver has a remark-
able capacity to adapt. Normally quiescent, 2 distinct classes of 
stimuli — injury and primary mitogens — push hepatocytes into 
active proliferation. The injury response is compensatory. After 
physical, chemical, nutritional, vascular, bacterial, or viral injury, 
or experimentally-induced partial hepatectomy (PH), the liver 
restores its original mass through a combination of proliferation 
and growth (1, 2). In contrast, TCPOBOP (1,4-bis[2-(3,5)-dicho-
ropyridyloxy] benzene) is a powerful mitogen that induces hyper-
plasia and growth in the absence of injury, a response that is faster 
than liver regeneration (3–5).

At least 2 factors mediate the early signaling after PH, TNF, 
and IL-6, which on binding to their receptors activate NF-κB and 
Stat3 within the hepatocyte. TCPOBOP activates a completely 
different early transcriptional response, because it is a ligand of 
the so-called constitutive androstane receptor (CAR). This nuclear 
receptor transcription factor binds TCPOBOP, translocates into 
the nucleus, and directly activates target genes with functions that 
range from detoxification of drugs to cell cycle activation (6). The 
remarkable liver growth observed in this response reflects syn-
thesis of detoxifying enzymes, their coregulators, and a support-
ing structure of smooth endoplasmic reticulum and membrane 
vesicles (7). DNA synthesis and cell division follow, presumably a 
further adaptation that makes the enlarged liver more efficient. 
CAR-mediated growth was first discovered as a response to pheno-
barbital, although this drug is not a direct ligand of CAR (7). Nota-

bly, both phenobarbital and TCPOBOP are powerful promoters of 
carcinogenesis (4), in contrast to the weak promotional effect of 
repeated partial hepatectomy (8).

Gene  expression  profiles  originally  identified  Gadd45b  (also 
known as MyD118) as the gene with the strongest early induction 
common to both PH and TCPOBOP treatment (9). Gadd45β is an 
18-kDa protein closely related to Gadd45α and Gadd45γ/CR6—all 
3 expressed by inducible genes and associated with diverse biological 
responses (10–13). Each growth arrest and DNA damage (Gadd45) 
protein has a different pattern of cell-specific and induced expres-
sion, presumably reflecting different signaling pathways (14, 15). 
Despite their similarity and small size, these proteins encompass 
a wide variety of activities. Gadd45β inhibits apoptosis by directly 
binding to the Jun kinase kinase MKK7/JNKK2 (16–19), but studies 
in other cells show increased apoptosis (20). Gadd45β binds MEK1/
MEKK4 and activates p38 (21, 22). It also functions in terminal dif-
ferentiation (23), cell cycle arrest (13), growth inhibition (24), and 
increased cell proliferation via binding to PCNA, Cdc2, and p21 
(13). In addition, all 3 Gadd45 proteins can act as transcriptional 
coactivators of nuclear receptor transcription factors (25, 26).

In liver regeneration, 2 distinct pathways activate transcription 
of Gadd45b: NF-κB activates via a regulatory region upstream of the 
promoter (18, 19), and TGF-β activates via a downstream enhancer 
that responds to Smad3 and Smad4 (20, 27). NF-κB activation is 
an early response to TNF signaling, and TGF-β is released into the 
local circulation within 1 hour of PH (1). In contrast, TCPOBOP 
mediates direct stimulation of Gadd45β via CAR, independent of 
NF-κB and Smad3/4. This stimulation is absent from the CAR-
null mouse and mediated by a specific CAR binding site (ref. 28 
and our unpublished observations).
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A recent study of liver regeneration in a Gadd45b–/– mouse demon-
strated impaired proliferation, reduced growth, and increased cell 
death after PH (29). Here we report the investigation of TCPOBOP-
induced hyperplasia in the Gadd45b–/– mouse (30, 31). In contrast to 
the findings after liver regeneration, loss of Gadd45β did not reduce 
hepatocyte proliferation. However, there was marked impairment of 
the rapid liver growth that characterizes this hyperplasia response, 
accompanied by reduced early transcription of most genes activat-
ed by TCPOBOP. CAR is a transcription factor, and the findings 
suggested that the absence of Gadd45β impaired its transcriptional 
stimulation. We therefore investigated direct interaction between 
Gadd45β and CAR, transcriptional effects of this interaction, and 
compensatory changes in the Gadd45b–/– mouse.

Results
Liver phenotype in untreated Gadd45b–/– mice. We first analyzed the liv-
ers of untreated adult Gadd45b–/– mice and found no pathological 
changes or altered accumulation of fat or glycogen (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI38760DS1). However, Gadd45b–/– livers were slightly  
heavier and had smaller hepatocytes (P < 0.004), despite moder-
ate increases in binucleate and tetraploid forms. The livers from 
Gadd45b–/– mice had a low basal level of proliferating hepatocytes 
expressing Ki67, essentially the same as those of wild-type mice 
(1.1%–1.2%; Supplemental Figure 2). Labeled stromal cells were 

more frequent than hepatocytes but also without obvious differ-
ence in Gadd45b–/–, although cells were not quantified. There was no 
significant apoptosis of hepatocytes — the TUNEL reaction showed 
less than 1 labeled hepatocyte per tissue section (data not shown).

Gene expression profiles of untreated mice showed moderate 
differences between Gadd45b–/– and wild-type mice (Supplemental 
Table 1). Gadd45b–/– mice had 30 upregulated and 23 downregu-
lated genes with 2-fold differences of expression compared with 
wild-type. Among these genes, Ppara downregulation in Gadd45b–/–  
mice was accompanied by lower expression of 2 PPARα regula-
tory targets, Acox1 and Cd36. These changes could decrease fatty 
acid uptake and β-oxidation and thus reduce production of reac-
tive oxygen. This effect might explain the observed downregula-
tion of Mt1 and Mt2, which are related to lipid peroxidation, and 
Gsta1 and Gsta2, which respond to oxidative stress. In the group 
of up-regulated genes, the inclusion of Insig2, Apoa4, Apom, Fabp5, 
Mvk, Pmvk, Ugt2b37, Cyp2g1, Cyp2c39, and Hsd17b2 is suggestive of 
increased cholesterol synthesis and altered lipid metabolism and 
could represent compensatory responses to reduced PPARα sig-
naling. In wild-type liver, the basal expression of Gadd45β was low 
but comparable to other transcriptional regulators (see below). 
The smaller hepatocytes and altered gene expression of Gadd45b–/–  
mice suggest that Gadd45β contributes to the normal liver phe-
notype either at its uninduced levels or after transient induction 
from various stimuli during normal liver homeostasis.

Figure 1
Proliferative response to TCPOBOP in wild-type and Gadd45b–/– mice. (A) Histological patterns of proliferation. Early labeling of a few hepatocytes 
was apparent at 24 hours (top) only in the wild-type mouse, but labeling was similar at 36 hours (middle). Both early and later labeling was 
predominantly midzonal (P, portal; C, central). At 48 hours (bottom), labeled mitoses (M) and daughter cell pairs (arrows) were apparent in both 
wild-type and Gadd45b–/– animals. These could be identified in hepatocytes of varying ploidy, including diploid cells (d). Original magnification, 
×200 (top and middle); ×400 (bottom). (B) Cell counts. S-phase (BrdU-labeled) nuclei are shown as a percentage of total hepatocytes, counted 
from 20 random high-power fields from 3–5 livers per group per time point. (C) Ccnd1 mRNA expression. Real-time RT-PCR analysis was carried 
out on RNA from 3–5 livers per time point. Data are mean ± SD. *P < 0.05, **P < 0.01, Gadd45b–/– vs. wild-type, t test.
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Proliferative response to TCPOBOP treatment. To investigate the pro-
liferative response, mice received BrdU continuously in the drink-
ing water starting 48 hours before TCPOBOP treatment (Figure 1). 
Analysis after treatment revealed only subtle differences between 
Gadd45b–/– and wild-type mice. Both showed midzonal prolifera-
tion with complete cell cycles in hepatocytes of different ploidy, 
including diploid cells. Wild-type animals showed more prolifer-
ating cells at 24 hours, whereas Gadd45b–/– mice had moderately 
increased proliferation at 42 and 48 hours. At 48 hours, mitoses 
were abundant, greater than 1 per high-power field in both wild-
type and Gadd45b–/– mice (1.1 ± 0.7 and 1.5 ± 1.0, respectively;  
mean ± SEM); however, these differences were not statistically 
significant. Since cyclin D1 (encoded by Ccnd1) is a key regulator 
of the G1-S transition, we used real-time PCR and Western blot 

analysis to measure expression after TCPOBOP treatment (Figure 
1C and Supplemental Figure 3). Induction was apparent in both 
wild-type and Gadd45b–/– mice at 6 hours with peak levels at 12–18 
hours, but was twice as strong in the Gadd45b–/– mouse. Apoptosis 
was not prominent in the response induced by TCPOBOP, and no 
increase was apparent in Gadd45b–/– mice (Supplemental Figure 4). 
The inhibition of cell proliferation and increased cell death previ-
ously found in Gadd45b–/– mice after PH (29) were not observed in 
TCPOBOP-induced hyperplasia.

Growth and global transcription. In addition to effects on prolif-
eration, TCPOBOP also induced rapid liver growth. Treatment 
caused a 30% increase in wild-type liver mass after only 3 hours  
(P < 0.04), which doubled by 18 hours (P < 0.002; Figure 2, A and 
B). Growth temporarily paused as the cells underwent S phase, but 

Figure 2
Growth and transcriptional effects of TCPOBOP treatment. (A) Average liver mass as a percentage of body weight. 3–5 livers were studied 
per time point. Data are mean ± SEM. *P < 0.05, **P < 0.01, Gadd45b–/– vs. wild-type, unpaired t test. (B) Growth curves were calculated from 
the data in A. (C) Upregulation of a set of 186 genes (Supplemental Table 2). (D) Downregulation of a set of 86 genes (Supplemental Table 3), 
analyzed as in C. (E) Average total transcription. Averaging of expression from both sets of regulated changes demonstrated net upregulation 
that was significantly greater in the wild-type mouse at all 3 time points. (C–E) All arrays were studied using 2-color hybridization, with experi-
mental RNA as the red probe and pooled RNA from normal wild-type livers as the green probe. For this analysis, the intensities detected on 
individual arrays were normalized to the average green intensity of the entire set of arrays. Hybridization intensities ranged from a low intensity 
threshold of 100 to a maximum of 60,000. The values of all genes in the set were averaged at each time point. Data are mean ± SEM. *P < 0.05;  
**P < 0.01, Gadd45b–/– vs. wild-type, paired t test.
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then resumed after cell division. The massive early growth reflects 
high-level synthesis of detoxification proteins, their coregula-
tors, and supporting organelles. Although livers from untreated  
Gadd45b–/– mice were 22% larger than those of wild-type mice, their 
induced growth prior to S phase was greatly impaired. The wild-

type mouse took 6 hours to increase liver mass by 50%, whereas 
Gadd45b–/– mice required 18 hours for the same increase. Neverthe-
less, growth caught up by 48 hours.

In PH-induced liver regeneration, TNF signaling activates Jnk 
phosphorylation. Because Gadd45β inhibits this phosphorylation 

Figure 3
Transcriptional regulation by CAR. (A) CAR translocation. Immunoperoxidase detected a weak diffuse reaction to CAR in the cytoplasm of 
untreated hepatocytes. 3 hours after treatment with TCPOBOP, there was clear demonstration of nuclear CAR. Gadd45b–/– and wild-type 
genotypes were indistinguishable. Original magnification, ×400. (B) Quantification of 6 representative mRNAs. Real time RT-PCR analysis was 
carried out as in Figure 1C. Data are mean ± SD. *P < 0.05; **P < 0.01, Gadd45b–/– vs. wild-type, t test.
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by binding Mkk7, the Gadd45b–/– mouse shows sustained phos-
phorylation of Jnk1/2 after PH (29). However, TNF activation does 
not occur in TCPOBOP-induced hyperplasia (3, 28). Consistent 
with these prior observations, we were unable to demonstrate 
Jnk phosphorylation at any time up to 48 hours after treatment 
in either Gadd45b–/– or wild-type livers (Supplemental Figure 5). 
This negative result highlighted an important difference between 
hyperplasia and liver regeneration and ruled out increased Jnk 
activation as the mechanism of altered growth.

Since TCPOBOP is a ligand of CAR, the early synthetic response 
consists predominantly of direct transcriptional targets. We used 
comprehensive genome-wide expression profiles to characterize 
the transcriptional responses of Gadd45b–/– and wild-type mice 
at 3, 6, and 12 hours (Supplemental Figure 6 and Supplemen-
tal Tables 2 and 3) and compared these with untreated controls 
and with sham treatments of 3 and 6 hours. We chose a 2-fold 
change in gene expression (i.e., >2× or <0.5× normal liver) as the 
cutoff, because this threshold usually discriminates statistically 
significant changes of gene expression detected on microarrays 
(32). Genes with 2-fold expression changes — present in any treat-
ment interval of either wild-type or Gadd45b–/– liver — comprised 
sets of 186 upregulated and 86 downregulated genes. The down 
responses were presumably indirect, since CAR is a transcriptional 
activator; indeed, the early (3 hours) downregulation response in 
the wild-type was very limited. This large set of expressions allowed 
comparison of the general transcriptional responses to TCPOBOP 
(Figure 2, C–E, and Supplemental Figure 6). Both the number of 
upregulated genes and their average expression were greater in 
wild-type mice at all time points (Figure 2C). In contrast, more 
genes were downregulated in Gadd45b–/– mice, and their average 

expression was lower (Figure 2D). When the 2 sets were averaged 
together, the effect was an increase in total transcription consis-
tent with liver growth (Figure 2E), but the net average was signifi-
cantly less in Gadd45b–/– animals at all time points.

Specific transcriptional responses. Although the extensive changes 
in transcription suggested that Gadd45β deficiency affects CAR 
function, we found that TCPOBOP treatment induced equiva-
lent translocation to the nucleus in both Gadd45b–/– and wild-
type mice (Figure 3A and Supplemental Figure 7). Analysis by 
quantitative  RT-PCR  then  confirmed  significantly  reduced 
expression of 4 classical CAR target genes, selected from the 
microarray profiles to represent strong and weak transcriptional 
induction or strong and weak effects of the Gadd45b mutation 
(Figure 3B). Phenobarbital-responsive cytochrome p450 2b10 
(Cyp2b10), the prototype gene for direct regulation by CAR (33), 
had the third-strongest induction in the dataset, while P450 oxi-
doreductase (Por) and Sulfotransferase 1d (Sult1d1) had interme-
diate expression levels. UDP glucuronyl transferase 1a1 (Ugt1a1) 
had low basal expression and weak induction. All 4 genes showed 
reduced stimulation in Gadd45b–/– mice at 3 and 6 hours that 
was moderated by 12 hours. Further analysis of the array data-
sets failed to show correlation of the degree of inhibition in the 
Gadd45b–/– mouse with the strength of gene expression or with 
the magnitude of induction (data not shown). The exact pattern 
of change therefore differed for each gene.

Jun and Fos-like 2 (Fosl2) are early transcription factors, direct 
transcriptional targets of CAR that contributed to subsequent 
cell cycle activation (our unpublished observations). These both 
showed attenuated stimulation in Gadd45b–/– mice at 3 hours, but 
overstimulation at 12 hours.

Figure 4
Transcriptional coactivation by Gadd45β. 
(A) Direct binding of CAR to Gadd45β. 
A plasmid expressing a GST-binding 
domain fused to full-length Gadd45β was 
expressed in E. coli. Fusion protein or a 
control GST-binding domain protein was 
bound to glutathione agarose beads and 
then incubated with 35S-CAR prepared 
by cell free translation. After wash, the 
bound protein was eluted and resolved 
by acrylamide gel electrophoresis. The 
control lane contained a 20% input frac-
tion. (B) Comparison of coactivation by 
Gadd45β and Ncoa1. Cotransfection 
experiments were set up with a limiting 
amount of CAR expression plasmid (10 
ng) to display maximal coactivation. (C) 
Inhibition of coactivation by ketocon-
azole (25 μM). Transfection assays used 
10 ng CAR, 100 ng Ncoa1, or Gadd45β 
expression plasmids. (D) Intrinsic activa-
tion by DNA-bound Gadd45β. A plas-
mid expressing a Gal4-DBD fused to 
the N terminus of full-length Gadd45β 
was cotransfected with a Gal4 site LUC 
reporter, with and without ketoconazole. 
The strong generic activator Gal4-VP16 
(100 ng) is also shown for comparison. 
(B–D) Data are mean ± SD of duplicate 
assays in HepG2 cells.
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Coactivation. Gadd45β is a multifunctional protein with a vari-
ety of cellular binding partners. Reduced early transcription in 
Gadd45b–/– mice suggested that Gadd45β has a role in transcrip-
tional stimulation of CAR-regulated genes. Indeed, the protein has 
LXXLL motifs that are found in many transcriptional coactivators, 
and Yi et al. showed direct binding of Gadd45 proteins to nuclear 
receptor transcription factors, with transcriptional coactivation 
(25). Moreover, a recent study showed that Gadd45β coactivates 
CAR-mediated transcription in reporter assays (26). To explore 
coactivation, we first used a GST fusion protein to demonstrate 
strong direct binding of CAR and Gadd45β (Figure 4A). Cotrans-
fection assays combined Gadd45β and CAR expression plasmids 
with a reporter construct derived from Cyp2b10, the best-charac-
terized CAR target gene. Gadd45β synergistically coactivated this 
reporter with activity comparable to that of Ncoa1 (also known as 
Src1), a primary coactivator of nuclear receptors (Figure 4B and 
Supplemental Figure 8). Ketoconazole, which binds to a region of 
the CAR ligand-binding domain and blocks binding of Ncoa1 (34, 
35), also blocked Gadd45β-mediated coactivation (Figure 4C). To 
determine whether Gadd45β has intrinsic transcriptional activity, 
a Gal4 DNA-binding domain (Gal4-DBD) was fused to full-length 
Gadd45β. The fusion protein activated a Gal4-specific reporter 
plasmid (Figure 4D), comparable to the strong generic activator 
Gal4-VP16. Ketoconazole did not block this activation, which indi-
cates that the drug had no direct inhibitory effect on Gadd45β and 
that the activation function of Gadd45β was independent of CAR. 
Gadd45β therefore coactivates via an intrinsic activation function 
that it brings to the transcription factor.

ChIP demonstrated that Gadd45β binds CAR in vivo on the 
phenobarbital response element of Cyp2b10 (36). Since Gadd45β 
and CAR Ab have been problematic, we first screened a series to 
find reagents with adequate affinity (Supplemental Figure 9), after 
which ChIP was performed on nuclei isolated from untreated and 
TCPOBOP-treated livers (Figure 5). Both CAR and Gadd45β Abs 
precipitated the Cyp2b10 regulatory region, but only after TCPO-
BOP treatment. Control immunoprecipitation verified the specific-
ity of these assays. Under both conditions, Cyp2b10 was negative for 
HNF1α and the Albumin promoter was positive, confirming that 
the chromatin preparations were of equal quality. Thus, Gadd45β 
has all essential properties of a coactivator and collaborates with 
CAR in vivo to regulate transcription after TCPOBOP treatment.

Transcriptional regulatory domains of Gadd45β. To substantiate the 
mechanism of coactivation, we first mutated the 2 LXXLL motifs 
(Figure 6, A–D). Each mutation converted Gadd45β into a domi-
nant negative that inhibited CAR-mediated activation (Figure 6B). 
Intrinsic activation function did not require CAR binding (Figure 
4D), and both mutations weakened — but did not abolish — CAR-
independent activation by Gal4 fusion proteins (Figure 6C). To 
study direct binding to CAR, we initially used cell-free translation 
of GST-domain fusion proteins, reversing the strategy of Figure 
4A, (i.e., binding multiple forms of Gadd45β to GST-CAR immo-
bilized on glutathione agarose). However, there was a high level of 
nonspecific binding that might have obscured small differences 
among the constructs (data not shown). An alternate approach 
used proteins synthesized in vivo in 293T cells, 6His-CAR and 
Gadd45β constructs fused to the Gal4-DBD (Figure 6, D and E). 
The binding assays confirmed that mutation of the LXXLL motifs 
did not affect binding to CAR, consistent with their dominant-
negative effect. A series of truncations then enabled mapping of 
CAR-binding and activation domains. The aa 69–92 region bound 
CAR (Figure 6, E and F). This region also mediated weak activa-
tion, but the main activation domain was the C-terminal region, aa 
125–160. However, it should be noted that the aa 69–160 construct 
failed to show activation, which suggests that its altered structure 
interfered with coactivation but not with binding to CAR. The 
detailed analysis confirmed that Gadd45β is a true coactivator by 
showing that distinct functions required for coactivation reside in 
different parts of the peptide.

Compensatory changes in coactivation? Because growth of Gadd45b–/– 
liver catches up to the wild-type liver by 48 hours, we investigated 
whether altered expression of other coactivators might compen-
sate for the lack of Gadd45β (Figures 7 and 8 and Supplemental 
Figure 10), starting with a comprehensive list of 18 coactivators 
that contain the LXXLL motif. The list included the 3 homologous 
Gadd45b factors as well as coactivators found by microarray stud-
ies to be induced by TCPOBOP treatment, notably Gadd45a and 
Nrbf2. Carm1 and Kat2b (also known as Pcaf ), 2 additional coacti-
vators that lack LXXLL, were also included because they interact 
with nuclear receptors (37).

In untreated normal liver, Gadd45b was expressed at the level of 
many other coactivators (Figure 7, Figure 8A, and Supplemen-
tal Figure 10), which may explain the phenotypic changes in the  
Gadd45b–/–  liver.  Gadd45b  and  Gadd45a  were  both  induced  by 
TCPOBOP, but induction of Gadd45b was extraordinary (140-fold 
vs. 7-fold). Gadd45g — which was increased in untreated Gadd45b–/– 
mice — showed moderate induction in both genotypes, although 
with different time courses. Gadd45b–/– mice also showed signifi-
cant baseline increases in Ncoa1 and Med1, suggestive of compensa-
tion for the absence of Gadd45β. However, the maximal induced 
levels of all coactivators were comparable in Gadd45b–/– and wild-
type animals. The stimulated levels of Gadd45b mRNA far exceeded 
that of any other coactivator; indeed, this induced level exceeded 
the sum of all other coactivators in the cell.

Discussion
Biological significance of CAR-mediated growth. Broad interest in liver 
regeneration has overshadowed drug-induced hyperplasia, except 
for tumor promotion. Hyperplasia and regeneration are medi-
ated by different pathways so that each has distinctive kinetics 
of growth and cell proliferation (3, 5, 9), exemplified by the rapid 
growth after TCPOBOP treatment.

Figure 5
Recruitment of CAR and Gadd45β to an activated gene in vivo. Control 
untreated (C) and TCPOBOP-treated (T) liver segments were rapidly 
fixed and then subjected to ChIP analysis using Abs to CAR, Gadd45β, 
and HNF1α. The phenobarbital response element of Cyp2b10, an 
upstream enhancer, was detected as a 176-bp PCR amplimer of the 
gene region from –2,103 to –2,128 bp. The HNF1α-binding site of the 
Albumin gene promoter was detected as a 160-bp amplimer of the 
gene region from –210 to –51. 
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TCPOBOP selectively activates CAR, and 
much of the growth is caused by induction 
of enzymes that mediate detoxification. The 
induced cell division is most likely a mecha-
nism to stabilize and further increase the new 
liver mass. CAR-induced hyperplasia is thus 
adaptive, a rapid response to toxic xenobiotic 
agents.  The  pure  response,  as  mediated  by 
TCPOBOP, occurs without measurable liver 
injury or induction of inflammatory mediators. 
Nevertheless, some of the natural agents that 
selected this adaptation might simultaneously 
induce hyperplasia and  injure hepatocytes. 
CAR  indirectly  mediates  the  hepatic  toxic-
ity of acetominophen — not itself a ligand or 
inducer — because p450 enzymes stimulated by 
CAR metabolize acetominophen to N-acetyl-p-
benzoquinone imine (NAPQI) (38). This coin-
cidental toxicity may be clinically important, 
but it is maladaptive and presumably had little 
effect on the natural selection that facilitated 
CAR-induced hyperplasia.

In addition to TCPOBOP, numerous CAR 
activators are known ligands and indirect acti-
vators, and some are species specific. Natural 
CAR activators  include quercetin, kaemp-
ferol, and diallyl sulfide (39, 40). Manmade 
inducers include phenobarbital, phenytoin, 

Figure 6
Localization of transcriptional functions to spe-
cific regions of Gadd45β. (A) LXXLL motifs in 
Gadd45β. Motifs at aa 98 or 117 were mutated  
(M) by substituting Ala for each Leu in the 
motif. (B) Reporter assays of coactivation by 
wild-type and mutant Gadd45β. Expression 
plasmids were cotransfected with CAR or empty 
vector, in combination with the Cyp2b10 LUC 
reporter construct. (C) Direct activation assays. 
Full-length wild-type or mutant Gadd45β was 
fused with a Gal4-DBD, and assayed for tran-
scriptional activation using a Gal4-binding site 
LUC reporter. (D) Map of deletion constructs, 
with deduced functional domains. Arrows show 
the position of LXXLL domains within the 160-
aa Gadd45β peptide. (E) Mapping of the CAR-
binding domain. 293T cells were transfected 
with expression plasmids for fusion proteins, 
the GAL4-DBD combined with full-length wild-
type or mutated Gadd45β protein, or segments 
retained in deletion constructs (FL, full length). 
A plasmid expressing 6His-CAR was trans-
fected into separate cells. Cell extracts were 
mixed, and 6His-tagged proteins were captured 
by passing over a Ni-affinity matrix. Eluted pro-
teins were resolved on SDS-acrylamide gels, 
and products were detected by Western blot 
using an Ab for the Gal4-DBD. (F) Mapping of 
the activation domain. Transcriptional activation 
by Gal4-DBD fusion constructs was assayed as 
above. (B, C, and F) Data are mean ± SD calcu-
lated from duplicate assays in HepG2 cells.
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chlorinated  pesticides,  polychlorinated  biphenyls,  meclizine, 
chlorpromazine, nonylphenol, metamizole, pthalate, di(2-ethyl-
hexyl) phthalate, and 6-(4-chlorophenyl:imidazo[2,1-b]thiazole-
5carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO) (41–49). 
None is an obvious toxin. Thus, no agent seems to fit the scenario 
that combines direct liver injury and CAR-induced hyperplasia. 
The survival value of this hepatic response therefore goes beyond 
its local effect on liver cells because many organs are subject to 
drug-induced intoxication or injury. The rapid CAR-induced syn-
thesis that deactivated incapacitating or injurious agents was a 
striking adaptive response to a single exposure. The CAR-induced 
transcriptional response was also striking, and Gadd45β was at 
the top of the list of induced genes. Our results indicate that this 
induction is a feed-forward mechanism, immediate synthesis of a 
coactivator that facilitates CAR-mediated transcription.

Gadd45β expression in hepatocyte proliferation and survival. The nearly  
normal DNA labeling in Gadd45b–/– mice during hyperplasia was 
particularly important, because it showed that Gadd45β was not 
a fundamental regulator of proliferation (Figure 1). Moreover, the 
eventual proliferation and growth were the same in Gadd45b–/– and 

wild-type mice, which indicates that homeostatic regula-
tion overcomes differences in the rates of transcription 
and synthesis. In a recent study of liver regeneration, a 
Gadd45b–/– mutant had selective overactivation of the 
MKK7/JNK pathway, but combination with a Jnk2-null 
mutation blocked this activation and restored normal 
proliferation without Gadd45β (29). The reduced pro-
liferation observed after PH is therefore likely to be an 
indirect effect. Moreover, this study characterized pro-
liferation and injury markers only at a single time point, 
48 hours after treatment. Thus, an effect on early growth 
and transcription may still be present after PH.

Gadd45b–/– mice showed increased proliferation, appar-
ent in both labeling index and mitotic count, although 
the differences compared with wild-type in our small 
experimental groups were not statistically significant. 
However,  the significant overexpression of cyclin D1 
in the Gadd45b–/– liver confirmed a stronger prolifera-
tive signal. Since AP1 factors are known regulators of 
Ccnd1,  the  increased  stimulation  could  result  from 
increased expression of Jun and Fosl2. These latter genes 
are CAR targets (our unpublished observations), but the 
delayed onset of their increased expression suggested 
that Gadd45β normally stimulates partial repression of 
these genes, or alternatively inhibits a second activation 
mechanism that potentiates CAR-mediated stimulation. 
In either case, the findings suggest coordination that 
allows growth via synthesis of CAR regulatory targets 
to precede cell proliferation, since the latter process will 
reprioritize cellular resources. Earlier or increased pro-
liferation might therefore attenuate the rapid adaptive 

response to xenobiotics.
CAR signaling also protects hepatocytes from cell death, pre-

sumably with the collaboration of Gadd45β (50). Nevertheless, 
the finding that TCPOBOP did not induce apoptosis highlights 
a fundamental difference in the 2 models of proliferation. Liver 
regeneration occurs in a setting of impaired liver function and 
injury — the liver must maintain function and compensate for 
injury before it can proliferate. In contrast, hyperplasia is a simpler 
response by a healthy liver.

Coactivation.  Although  recent  papers  have  emphasized  p38/
MAPK signaling and antiapoptotic functions, the widespread tran-
scriptional changes in Gadd45b–/– mice led us to consider the role 
of Gadd45β as a coactivator, an effect demonstrated in an early 
paper by Yi et al. (25). Our studies demonstrated relationships 
with CAR, and a recent paper by Kodama and Negishi showed that 
yet another nuclear receptor, PXR, stimulates Gadd45β expression 
and then interacts with the protein after it is expressed (51).

The 3 closely related 18-kDa Gadd45 proteins all bind nuclear 
receptors and coactivate them, effects suggested by the presence 
of LXXLL peptide motifs. Yet they are atypical, much smaller than 

Figure 7
Expression of Gadd45b, Gadd45a, and Gadd45g mRNA in 
TCPOBOP-induced hyperplasia. Quantitative RT-PCR mea-
surements were normalized to both untreated wild-type control 
liver and GAPDH mRNA (left and right y axes, respectively). 
Data are mean ± SD, calculated from assays of 3–5 speci-
mens per group. *P < 0.05, Gadd45b–/– vs. wild-type, t test.
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160-kDa Ncoa1, which mediates comparable coactivation of CAR. 
Gadd45β has 2 such motifs, at aa 98 and aa 117, but only the for-
mer is conserved in Gadd45γ and the latter in Gadd45α. In Ncoa1, 
the LXXLL motifs are part of the domain that binds to CAR. How-
ever, mutation of the LXXLL motifs of Gadd45β did not block its 
robust binding to CAR. Mutation instead converted Gadd45β to a 

dominant negative, an effect also found for the coactivator Nrbf2 
(52, 53). Further analysis resolved separate domains that mediated 
binding to CAR and transcriptional activation and showed that 
the LXXLL-containing region between them was essential for inte-
gration of these functions. A prior study of Mkk7 binding showed 
that a nearly identical Gadd45β mutation at aa 98 did not block 

Figure 8
Coactivator mRNA responses in TCPOBOP-induced hyperplasia. Comparison of basal (A) and maximal (B) mRNA levels of 20 coactivators after 
TCPOBOP treatment in untreated wild-type and Gadd45b–/– livers. The full time course for each mRNA is shown in Supplemental Figure 10.  
Data are mean ± SD, calculated from assays of 3–5 specimens per group. *P < 0.05, Gadd45b–/– vs. wild-type, t test.
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interaction (16), so this mutant may be invaluable for distinguish-
ing the effects of Gadd45β on different regulatory pathways.

Compared with other coactivators of nuclear receptors, Gadd45β 
did not have a chromatin-modifying domain, like the histone ace-
tyl transferase domain of Ncoa1 or the histone arginine methyl-
transferase of CARM1. The intrinsic activation function of the 
Gadd45β C-terminal domain therefore suggests that this region 
acts by recruiting another coactivating partner. Defining this sec-
ond partner will be critical for explaining how such a small protein 
mediates strong coactivation.

Liver growth, compensatory effects, and pathway integration. As a tran-
scriptional activator, CAR stimulated expression of numerous genes 
in the liver, and most showed reduced stimulation in the absence of 
Gadd45β. The effect varied from gene to gene, but without Gadd45β, 
fewer were stimulated and average stimulation was reduced. TCPO-
BOP also induced CAR-dependent downregulation of some genes, 
but discerning the mechanism of downregulation is problematic — 
presumably indirect — since CAR is a transcriptional activator. More 
genes were downregulated in the Gadd45b–/– mouse, even at 3 hours 
(Figure 2, Supplemental Figure 4, and Supplemental Table 3), and 
it is difficult to relate the functions of the diverse genes that showed 
mutant-specific effects. The relationship may be only that these genes 
competed poorly for coactivators with the newly stimulated genes, a 
competition that was accentuated in the Gadd45b–/– mutant.

A single dose of TCPOBOP had a powerful and persistent effect 
on liver mass. By 48 hours, after completion of the first cell cycle, 
Gadd45b–/– liver mass was 2.3 times that of control, although the 
growth temporarily leveled from about 18–42 hours, presumably 
an accommodation for S phase and cell division. A previous study 
showed a 3-fold increase in liver mass at 5 days after treatment 
and demonstrated that phenobarbital, more widely studied than 
TCPOBOP, mediates a similar but somewhat weaker response 
(54). Studies from the Michalopoulos laboratory have introduced 
the hepatostat concept to objectify the homeostatic processes that 
normalize liver weight in response to body mass and physiological 
processes (54–56). CAR signaling might seem to reset the hepa-
tostat, but studies with phenobarbital show the effect is tempo-
rary. Prolonged treatment with phenobarbital causes the liver to 
reach a larger steady-state size, but it shrinks to its original mass 
after treatment is stopped. The hepatostat apparently regulates 
size and synthesis, but not cell death, because the effect occurs by 
reduction of cell size, but not cell number (57).

Liver mass in the Gadd45b–/– mouse caught up to that of wild-type 
by 48 hours, which suggests that the level of growth is determined 
by a combination of intrinsic signal from CAR and extrinsic signals 
from the hepatostat. We therefore conclude that the hepatostat 
responds to liver function, not growth rate. In Gadd45b–/– mice, the 
growth delay occurred prior to S phase, and although several coact-
ivators responded to CAR stimulation, there was little compensa-
tory increase of any coactivator to replace Gadd45β. Its dramatic 
induction in the wild-type mouse more than doubles the total of 
all coactivators in the cell, altering the capacity for activating CAR 
target genes. Since Gadd45β definitely functions in pathways other 
than transcriptional coactivation (13, 16–23, 51), this unusually 
high expression might provide sufficient protein to impact tran-
scription and also contribute to these other processes.

Methods
Reagents. TCPOBOP, BrdU, and ketoconazole were obtained from Sigma-
Aldrich. Abs to CAR (sc-13065), Gadd45β (sc-8776, lot C3007), HNF1α 

(sc-6547), cyclin D1 (sc-450), and the Gal4-DBD (sc-510) were from Santa 
Cruz Biotechnology; Ab to Ki-67 was from Novacastra; Abs to Jnk (catalog 
no. 9528) and pJnk (catalog no. 4668) were from Cell Signaling Technol-
ogy; and Ab to BrdU was from Roche. Protein A and protein G agarose were 
obtained from Upstate.

Animals and histology. Gadd45b–/– mice (30, 31) in a C57BL/6 genetic back-
ground and control wild-type mice were maintained in the barrier facility 
of the Institute for Animal Studies of Albert Einstein College of Medicine. 
5- to 7-month-old female mice received a single dose of TCPOBOP dis-
solved in dimethylsulfoxide-corn oil, 3 mg/kg by gavage. Sham controls 
received an equivalent amount of vehicle. Starting 48 hours before treat-
ment, the mice continuously received BrdU (500 μg/ml) in their drinking 
water. At 3, 6, 12, 18, 24, 36, 42, and 48 hours after treatment, groups of 3–4 
mice were euthanized by exsanguination during ether anesthesia. Control 
mice were untreated, and sham-treated mice were studied 3 and 6 hours 
after gavage. Liver segments were frozen for molecular studies or fixed in 
10% buffered neutral formalin and embedded in paraffin for histological 
analysis. Immunohistochemistry used standard immunoperoxidase meth-
ods. Morphometric analysis of photomicrographs was carried out using 
NIS-Elements D software (Nikon). To quantify mitoses, 20 random high-
power fields were counted from each 48-hour liver.

RNA studies. Total mRNA was isolated from livers using the guanidium 
isothiocyanate method (TRIzol; Invitrogen), followed by precipitation 
with LiCl (9). For microarray studies, 20 μg total RNA was labeled with 
the Superscript Plus Direct cDNA Labeling System and Alexa Fluor aha-
dUTPs (Invitrogen). Labeled product was purified and concentrated with 
a Microcon YM-50 column (Millipore). 2-color hybridization was always 
carried out with red-labeled experimental sample and green-labeled pooled 
RNA from normal C57BL/6 livers. The labeled cDNAs were hybridized 
overnight at 50°C on aminosilane-coated Corning glass slides spotted 
with 33,000 selected mouse oligonucleotide sequences (70-mer Operon 
mouse 3.0 series), which were printed by the Microarray Core Facility of 
AECOM. Microarrays were scanned with an Axon GenePix 4000A scan-
ner, and data were acquired through GenePix Pro 6.0 software (Molecular 
Devices). Hybridization data were further normalized without background 
subtraction, using locally weighted linear regression (LOWESS) analysis 
via an in-house program. For each experimental condition, separate arrays 
from 3–5 livers were analyzed, and the results were averaged for each array 
spot. The datasets were compiled in Microsoft Access for further analysis. 
Hybridization intensities ranged from 0 to 60,000 before a background 
cutoff of 100. Expression levels were normalized to a 0–100 scale for some 
data presentations (see Supplemental Tables 1–3). Individual spots were 
included in a compilation if they met the following criteria in any single 
experimental condition: average expression >2 or <0.5 times control and 
SD <0.68 times the averaged value. The array data were deposited in the 
Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/
geo/; accession no. GSE31087).

For real-time PCR analysis, cDNA was synthesized from 1 μg RNA using a 
High Capacity cDNA Archive Kit (Applied Biosystems). PCR reactions con-
tained cDNA synthesized from 0.05 μg, and assays were done in triplicate. 
Real-time PCR analysis used SYBR Green PCR Master Mix (Applied Biosys-
tems) with the primer pairs listed in Supplemental Table 4. Gene expression 
was normalized to the level of GAPDH mRNA in the same RNA specimen.

Plasmids and transfection. All reporter assays were carried out in HepG2 
cells, using standard calcium phosphate transfection and luciferase (LUC) 
methods. For assays carried out on 6-well plates, each transfection used 
1.25 μg total DNA and 1 μg reporter plasmid (or 850 ng Gal4 reporters) 
plus variable amounts of expression plasmid and carrier (see Results). 
Plasmids were generated to express CAR and Gadd45β; GST, Gal4, and 
6His fusion constructs; and a CAR LUC reporter containing the 53-bp phe-
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nobarbital response element from the mouse Cyp2b10 gene (36). Detailed 
cloning is described in Supplemental Methods.

Protein analysis. Bacterial GST-Gadd45β and control GST proteins were 
induced and purified according to standard procedures. Mouse CAR pro-
tein was translated from plasmid pCI-CAR with TNT T7 Quick Coupled 
Transcription/Translation System (Promega) in the presence of 35S-methio-
nine according to the manufacturer’s protocols. 2 μg GST fusion protein 
bound to glutathione-sepharose beads (GE Healthcare) was incubated with 
2 μl in vitro translated protein in 250 μl binding buffer (50 mM Tris, pH 8.0; 
100 mM NaCl; 0.1% NP-40; 0.3 mM DTT; 10 mM MgCl2; and 10% Glycerol) 
plus Inhibitor Cocktails for General Use (Sigma-Aldrich) for 4 hours at 4°C. 
The beads were then washed several times with binding buffer. Proteins were 
eluted with 2× SDS loading buffer and resolved on SDS-PAGE gels.

Plasmids expression 6His-mCAR and various Gal4-Gadd45β fusions 
were transfected into 293T cells with Lipofectamine 2000 (Invitrogen). 
After 48 hours, cells were lysed in RIPA (Santa Cruz Biotechnologies) 
with protease inhibitor cocktails (Sigma-Aldrich). 100 μl lysate from His-
mCAR–transfected cells and 100 μl lysate from Gal4-Gadd45β fusion plas-
mid–transfected cells were mixed with 600 μl TBSN (10 mM Tris, pH 7.4; 
150 mM NaCl; and 0.1% NP-40) and 25 μl Ni-NTA agarose (Qiagen) and 
rotated at 4°C for 2 hours. The complexes were then washed 4 times with 
TBSN. Ni-NTA bound proteins were eluted by boiling in SDS loading buf-
fer and resolved on 12% SDS-PAGE. Western blots were carried out with a 
Gal4-DBD Ab using standard methods and signal detection with Western 
Lightning Ultra (Perkin Elmer).

ChIP. For study of intact liver, the method of Boyd and Farnham (58, 
59) was used as modified by Nguyen et al. (60). To fragment chroma-
tin, liver homogenates were sonicated with Fisher Sonic Dismembrana-
tor, Model 500, set at 50% amplitude, with a microtip. Sonication on ice 
was carried out in 30-second bursts for a total of 8 minutes. Chromatin 
was then immediately treated or aliquoted and stored in liquid nitrogen. 
Chromatin from 10 mg liver was used for each immunoprecipitation. To 

reduce average fragment size to 400–500 bp, chromatin was treated with 
micrococcal nuclease (90 U/ml; Worthington) for 15 minutes at 25°C 
in 80 mM KCl, 20 mM Hepes (pH 7.5), 2.8 mM ATP, 6 mM CaCl2, 500 
mM sucrose. EGTA and EDTA were then added to final concentrations 
of 6 mM. Subsequent immunoprecipitation, wash, DNA purification, 
and PCR analysis were described previously (61). For PCR detection, the 
region around the Cyp2b10 phenobarbital response element was amplified 
with primers 5′-CTCCAGTGACTTAGGAGGAAGGTCAGAA-3′ and 5′-
CTGGGAATCCTGGGCTGGAATACT-3′, and the Albumin gene promoter 
region was amplified with 5′-CAGATGGCAAACATACGCAAGGG-3′ and 
5′-GTGATCTGTGTGCAGAAAGACTCGCTC-3′.

Statistics. Sets of data were compared using unpaired (Figure 1, Figure 2A, Fig-
ure 3, Figure 7, Figure 8, and Supplemental Figure 10) or paired (Figure 2, C–E) 
2-tailed Student’s t tests. A P value less than 0.05 was considered significant.

Study approval. Animal experiments were performed with approval of the 
Animal Care and Use Committees of Albert Einstein College of Medicine.
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