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Abstract

The environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induces a novel poly(ADP-ribose) polymerase

(TiPARP). In this study, the signaling pathway of the induction was analyzed. Induction of TiPARP by TCDD occurs in both

hepa1c1c7 cells and C57 mouse liver. Induction is concentration and time dependent. Genetic analyses reveal that induction is

abolished in aromatic hydrocarbon receptor (AhR)- or aromatic hydrocarbon receptor nuclear translocator (Arnt)-defective

variants but restored upon reconstitution of the variant cells with cDNAs expressing functional AhR or Arnt. Moreover, induction

is largely reduced in cells expressing a deletion mutant of AhR or Arnt lacking the transcription activation (TA) domain, thus

implicating the TA activities of both AhR and Arnt in the induction. Inhibition of protein synthesis by cycloheximide enhances the

induction of TiPARP in the presence of an AhR agonist. The superinduction is transcriptional and does not require pretreatment

with TCDD. Finally, inhibition of the 26S proteasomes by MG132 superinduces TiPARP. These findings establish that induction

of TiPARP by TCDD is mediated through an AhR and Arnt transcription activation-dependent signal transduction that is re-

pressed by a labile factor through the ubiquitin–26S proteasome-mediated protein degradation. Published by Elsevier Science

(USA).
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The aryl hydrocarbon receptor (AhR),1 a bHLH-PAS
transcription factor, has been implicated in most of the
biological responses to the environmental contaminant
TCDD, a prototype of structurally related industrial/
environmental halogenated aromatic hydrocarbons

[1–4]. TCDD and certain HAHs elicit a wide range of
adaptive responses, such as the induction of drug-me-
tabolizing enzymes, and toxic effects, such as wasting,
thymic atrophy, reproductive and developmental de-
fects, tumor promotion, endocrine disorders, and neu-
rocognitive lesions in animals [2,5–7]. The possibility
that long-term exposure to TCDD and HAHs causes
cancer and lesions in reproduction and neural develop-
ment in humans is a particular concern.

The mechanism of action of AhR in mediating gene
regulation to TCDD is best understood in the induction
of CYP1A1 through the AhR/DRE paradigm of gene
transcription [3]. In liver cells, the cytoplasmic AhR is
activated upon binding to TCDD and translocated into
the nucleus where it dimerizes with a partner protein
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Arnt; the AhR/Arnt dimer binds to an enhancer se-
quence (DRE) and activates the transcription of the
gene [8]. The broad range of the responses to TCDD
suggests multiple target genes. Indeed, recent cloning
efforts using new screening strategies have uncovered
several novel TCDD-regulated genes [9–16]. The mech-
anisms by which TCDD regulates the expression of the
genes appear to be different for certain genes. For in-
stance, induction of a major histocompatability gene
MHC Q1b is mediated through AhR and Arnt [9],
whereas suppression of gene expression of a cell cycle
protein MAD2 by TCDD does not appear to require
AhR, since the induction is observed in AhR null mice.
The mechanism of this AhR-independent suppression of
MAD2 is currently unclear [12]. Elucidating the signal
transduction through which these new target genes of
TCDD are regulated can reveal novel mechanistic as-
pects of AhR action in TCDD toxicity.

We have recently identified a novel TCDD-inducible
gene, which is a new member of the growing family of
poly(ADP-ribose) polymerase enzymes (TiPARP) [17].
PARPs use NADþ as a substrate to transfer ADP-ri-
bose onto glutamic acid residues of a protein acceptor;
repeated rounds of ADP-ribosylation leads to the
formation of poly(ADP-ribose) chains on the protein,
thereby altering the function of the target protein [18].
This poly-ADP-ribosylation of proteins by PARPs
appears to serve as a general means of post-tran-
scriptional regulation of protein functions, which in-
clude DNA repair [19], genomic stability [20],
pancreatic islet b cell regeneration [21], telomere
function [22], retroviral integration into host genome
[23], and Golgi transport. TiPARP is highly homolo-
gous to RM1, which is induced during long-term
potentiation, a memory formation process, in rat brain
and to TIL, which is induced in T cells infiltrating
progressing tumors [17]. Thus, TiPARP may partici-
pate in memory formation, T cell function, and tumor
growth; these biological processes have been implicated
in the toxicity of TCDD and related HAHs [7,24–26].
Induction of TiPARP represents a new transcriptional
response to TCDD that may provide insights into
AhR functions and the broad range of TCDD toxicity
via modulating protein functions by poly-ADP-ri-
bosylation.

In this study, cell genetics was used to examine the
signaling pathway of TiPARP induction. The findings
revealed that induction of TiPARP by TCDD is me-
diated through AhR/Arnt-dependent gene transcription
and requires the TA domains of both AhR and Arnt.
Furthermore, inhibition of protein synthesis by CHX
or the 26S proteasomes by MG132 superinduces
TiPARP in the presence of TCDD, suggesting a labile
repressor that inhibits TiPARP transcription by con-
trolling the ubiquitin–26S proteasome-mediated proteo-
lysis.

Materials and methods

Materials

Restriction endonucleases and other general molec-
ular biology reagents were purchased from New Eng-
land Biolabs (Beverly, MA), Roche Molecular
Biochemicals (Indianapolis, IN), and Promega (Madi-
son, WI). TCDD was purchased from AccuStandard
(New Haven, CT). CHX, puromycine, MG132, and
other chemicals were purchased from Sigma Chemical
(St. Louis, MO). Cell culture materials were from Life
Technologies (Grand Island, NY).

Cell culture

The mouse hepa1c1c7 (Wt), AhR-defective variant
(AhR-D), and Arnt-defective variant (Arnt-D) cells
were from Dr. J.P. Whitlock, Jr. (Stanford University).
The AhR-D cells expressing AhR or AhR1–515 and the
Arnt-D cells expressing Arnt or Arnt1–652 were originally
from the laboratory of Dr. J.P. Whitlock, Jr. These cell
lines were generated by expressing cDNAs of corre-
sponding recombinant proteins using the MFG retro-
viral expression system and were characterized
previously [15,27]. The cells were grown as a monolayer
in a-minimal essential medium, supplemented with 10%
fetal bovine serum and 5% CO2 at 37 �C, as described
elsewhere [28].

Wild-type and AhR null skin kerotinocyte cells (Wt-
K, AhR-D-K) were gifts from Dr. A. Poland (NIOSH,
Morgantown, WV). Wild-type and AhR null mice [29]
with C57BL/6 genetic background were crossed with the
H-2Kb-tsA58 transgenic mice which express a temper-
ature-sensitive mutant (tsA58) of the large T antigen of
the SV 40 virus [30]. Keratinocytes were derived from
the mice according to established procedures. The cells
were cultured in KBM-2 keratinocyte culture medium
with KGM-2 singlequots and low-calcium fetal bovine
serum as suggested by Clonetics (BioWhitaker, Walk-
ersville, MD) at 31 �C, 5% CO2.

Treatment and preparation of total RNA

Cells were grown in 100-mm plates to near confluency
in appropriate media and temperatures. The cells were
treated with TCDD, CHX, or puromycine as described
in figure legends; Me2SO was used as the solvent control
for TCDD. Total RNA was isolated from cells using the
RNeasy Kit (Qiagen, Valencia, CA). RNA was stored at
80 �C for further use.

Female adult C57BL/6 mice (body weight of �20 g)
were treated with a single dose of TCDD (ip, 10lg=kg
body weight); control mice received the vehicle dioxane.
Forty-eight hours later, the mice were sacrificed. The
livers were removed and total RNA was prepared ac-
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cording to Chomczynski and Sacchi [31]. Briefly, mouse
liver was homogenized in a denaturing solution con-
taining 4 M quanidinium thiocyanate. The homogenate
was extracted sequentially with 2 M sodium acetate (pH
4), phenol, and chloroform/isoamyl alcohol. Total RNA
was precipitated with isopropanol and glycogen was
removed from the preparation by washing in 4 M lith-
ium chloride. The RNA pellet was redissolved in dena-
turing solution, reprecipitated with isopropanol, and
washed with 70% ethanol, followed by resuspension in
diethyl pyrocarbonate-treated water. Animal treatment
and care were performed according to NIOSH animal
care and safety regulations.

RNA analysis

A cDNA fragment of TiPARP (designated DDF1)
was subcloned into pCRII and used as a template to
generate a riboprobe specific for TiPARP [17]. A 700-
bp cDNA fragment encoding the 50 untranslated region
of the mouse CYP1A1 mRNA was used to prepare a
riboprobe for CYP1A1. A mouse actin cDNA frag-
ment (�500 bp) was used to generate a riboprobe for
actin. The riboprobes were synthesized in the presence
of DIG-UTP using a DIG Labeling Kit (Roche Mo-
lecular Biochemicals). Total RNA (5lg each lane) was
fractionated on a 1% agarose–formaldehyde gel and
transferred to a Nytran membrane by capillary action.
After UV cross-linking, the membrane was hybridized
with a DIG-labeled riboprobe at 68 �C overnight. Sig-
nals were visualized by chemiluminescence using a DIG
RNA detection kit with CDP star as a substrate
(Roche Molecular Biochemicals). Quantitation of the
blotting result was performed by using the Image-
QuaNT program (Molecular Dynamics, San Jose, CA).
All data were corrected for loading variations by
comparing the amount of actin of each sample
analyzed.

Results

Induction of TiPARP by TCDD is mediated through AhR
and Arnt

To analyze the mechanism of TiPARP regulation by
TCDD, we characterized the induction of TiPARP
mRNA. Northern analyses reveal that TiPARP is con-
stitutively expressed at a low level and is induced to a
large extent upon treatment with TCDD (Fig. 1) in
mouse hepa1c1c7 cells, a highly responsive cell line to
TCDD. To test whether TiPARP is induced in intact
animals, C57BL/6 mice were treated with TCDD at
10lg=kg body weight; TiPARP was found to be induced
in the liver of the treated mice (Fig. 1). Induction of
TiPARP is concentration dependent (Figs. 2A and B).
Induction occurs at as low as 1 pM of TCDD and
reaches a maximum at 1 nM with an EC50 value of
5 pM, which is similar to the induction of CYP1A1 by
TCDD [32] and thus implicates AhR in the induction.
Induction of TiPARP is time dependent (Figs. 2C and
D). The induction is observed as early as 30 min after
TCDD treatment and reaches a maximal level at 2.5 h;
the rapid induction suggests a primary response to
TCDD.

Next, the involvement of AhR and Arnt in the in-
duction of TiPARP was directly tested by using AhR- or
Arnt-defective variant cells derived from hepa1c1c7;
these variants offer the opportunity to analyze the in-
duction of endogenous, chromosomal TiPARP gene in
intact cells with exogenously introduced AhR or Arnt.
Northern blots reveal that TiPARP is induced in
wild-type, but not AhR-defective cells (AhR-D); re-
constitution of the variants with functional AhR (AhR-
D + AhR) fully restores the induction similarly to the
induction of CYP1A1 in the same cells (Fig. 3A). In
another set of experiments, TiPARP induction by
TCDD is abolished in Arnt-defective variants (Arnt-D),

Fig. 1. Induction of TiPARP in hepa1c1c7 cells and mouse liver. Hepa1c1c7 cells were grown in 100-mm plates to near confluency and were treated

with TCDD for 5 h at 1 nM. Total RNA was prepared and analyzed by Northern blotting for TiPARP and CYP1A1. The same RNA samples were

blotted for actin to ensure equal loading. Adult female mice were treated with TCDD or vehicle; total RNA was prepared from liver and analyzed for

TiPARP and actin expression by Northern blotting as described under Materials and methods.
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but is restored upon reconstitution of the cells with full
length Arnt (Arnt-D + Arnt) (Fig. 3B). Thus, induction
of TiPARP by TCDD is mediated through the AhR/
Arnt-dependent signal transduction.

Induction of TiPARP requires the TA domains of both
AhR and Arnt

Both AhR and Arnt contain strong TA domains at
carboxyl halves. The TA domain of AhR but not of
Arnt is required for the induction of certain genes by
TCDD, such as CYP1A1 and ecto-ATPase [15,27]. We
examined the role of the TA domains of AhR and Arnt
in the induction of TiPARP. Fig. 4A shows that in-
duction of TiPARP is largely diminished but detectable
in AhR-D cells expressing a deletion mutant of AhR
that lacks the AhR TA domain (AhR-D þ AhR1–515),
whereas induction of CYP1A1 in the cells is totally
abolished as reported [27]. Induction of TiPARP is not
observed in Arnt-D variant cells expressing a deletion
mutant of Arnt that lacks the Arnt TA domain
(Arnt-D þ Arnt1–652); in contrast, induction of CYP1A1
in the same cells is comparable to Arnt-D reconstituted
with full-length Arnt (Fig. 4B). These findings demon-
strate that TCDD induction of TiPARP requires the TA
domains of both AhR and Arnt and, therefore, is dif-
ferent from CYP1A1 induction at a transcriptional level.

Cycloheximide superinduces TiPARP

Inhibition of protein synthesis by CHX enhances in-
duction of CYP1A1 by TCDD, a phenomenon termed
superinduction. We tested whether induction of
TiPARP by TCDD is regulated by CHX. As shown in
Fig. 5A, TCDD (1 nM, 5 h) induces the TiPARP mes-
senger RNA (lane 2), whereas cotreatment with TCDD
and CHX enhances the induction by approximately
sixfold (compare lane 4 with lane 2). The fold increase of

Fig. 2. Concentration and time dependence of TiPARP induction. Hepa1c1c7 cells were treated with TCDD for 5 h at increasing concentrations (A

and B) or at 1 nM for different time periods (C and D). Total RNA was prepared and analyzed by Northern blotting for TiPARP and actin. The blots

were analyzed by quantitating the bands using the ImageQuaNT program. All data were corrected for loading variations by comparing the amount

of actin of each sample analyzed.

Fig. 3. Induction requires AhR and Arnt. (A) AhR dependence. Wt

and AhR-D or AhR-D reconstituted with the full-length AhR coding

sequence (AhR-D + AhR) were treated with TCDD (1 nM) or Me2SO

for 5 h. (B) Arnt dependence. Wt and Arnt-D or Arnt-D reconstituted

with the full-length Arnt coding sequence (Arnt-D + Arnt) were treated

with TCDD (1 nM) or Me2SO for 5 h. Total RNA was prepared and

analyzed by Northern blot for TiPARP, CYP1A1, and actin as de-

scribed for Fig. 1.

312 Q. Ma / Archives of Biochemistry and Biophysics 404 (2002) 309–316



induction and superinduction of TiPARP is comparable
to those of CYP1A1. The superinduction is dose de-
pendent; maximal superinduction occurs at a concen-
tration of 10 lg/ml, a concentration at which over 95%
of protein synthesis is inhibited in hepa1c1c7 cells (Fig.
5B), implying that superinduction requires substantial
inhibition of protein synthesis in cells. Fig. 5C shows
that superinduction is time dependent; both the induc-
tion and the superinduction are observable at 1 h after
treatment and reach maximum levels at 2.5 h, suggesting
a primary effect of CHX on TiPARP transcription. In
addition, these studies revealed that CHX alone induces
both TiPARP and CYP1A1 in the absence of TCDD
(Fig. 5A, compare lane 3 with lane 1). The induction by
CHX is largely reduced in AhR-D variant cells; the
small inducibility by CHX in the variants is likely due to
the residue AhR activity (�10% of wild type) known to
exist in the variant cells (Fig. 5D, top). Induction by
CHX is restored in AhR-D cells reconstituted with AhR
(AhR-D + AhR). In a separate experiment, CHX is
shown to induce TiPARP in wild-type keratinocytes
isolated from C57BL/6 mouse skin (Wt-K); however,
the induction is totally lost in keratinocytes from skin
tissue of AhR null mice (AhR-D-K) (Fig. 5D, bottom).
These data demonstrate that induction of TiPARP by
CHX in the absence of TCDD is AhR dependent.

Superinduction requires a labile factor

Superinduction of TiPARP by CHX can result from
inhibition of protein synthesis; alternatively, it can be
due to CHX actions unrelated to protein synthesis.
Puromycin, an analog of aminoacyl–tRNA, inhibits

Fig. 4. Role of AhR and Arnt TA domains. (A) AhR-D cells and AhR-

D cells reconstituted with AhR (AhR-D + AhR) or a deletion mutant

(AhR-D þ AhR1–515) were treated with TCDD (1 nM) or Me2SO for

5 h. (B) Arnt-D cells and Arnt-D cells reconstituted with Arnt (Arnt-

D+Arnt) or a deletion mutant (Arnt-D þ Arnt1–652) were treated with

TCDD (1 nM) or Me2SO for 5 h. Total RNA was prepared and ana-

lyzed by Northern blot for TiPARP, CYP1A1, and actin.

Fig. 5. Superinduction of TiPARP. (A) Superinduction by CHX. Cells were grown in 100-mm dishes to near confluency and were treated with

Me2SO, TCDD (1 nM), CHX (10lg=ml), or TCDD+CHX for 5 h. (B) Concentration dependence. Cells were treated with TCDD (1 nM), CHX

(10 lg/ml), or TCDD plus varying concentrations of CHX for 5 h. (C) Time dependence. Cells were treated with TCDD (1 nM), CHX (10 lg/ml), or

both for indicated time periods. (D) AhR dependence of induction by CHX. Hepa1c1c7 and variants (Wt, AhR-D, AhR-D + AhR) at top and wild-

type and AhR null keratinocytes (Wt-K, AhR-D-K) at bottom were treated as indicated for 5 h. Total RNA (5lg=lane) was analyzed for TiPARP,

CYP1A1, and actin by Northern blotting.
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protein synthesis with a similar potency to CHX. As
shown in Fig. 6, cotreatment with puromycin and
TCDD superinduces TiPARP at 10 and 30 lg/ml con-
centrations (compare lanes 5 or 6 with lane 2). Since
puromycin and CHX inhibit protein synthesis through
different mechanisms, the results suggest that inhibition
of protein synthesis is sufficient for superinduction of
TiPARP.

The sensitivity of TiPARP induction to inhibition of
protein synthesis can be explained by the following
mechanisms: TiPARP induction is regulated by a re-
pressor, which is labile or inducible or both and there-
fore susceptible to inhibition of protein synthesis. To
test the possibilities, cells were pretreated with TCDD
for 10 h, followed by cotreatment with cycloheximide for
2.5 or 5 h. The data revealed that CHX superinduces
TiPARP when cells were preexposed to TCDD (Fig. 7,
compare lane 4 with 2 or lane 7 with 5); therefore, the
repressor function requires constant protein synthesis
and thus is mediated through a labile factor. Whether
the repressor is also inducible by TCDD requires further
studies.

Superinduction is transcriptional

Superinduction of TiPARP mRNA can be due to an
increase in the rate of transcription or in the stability of
the mRNA. The effect of CHX on the half-life (t1=2) of
the TiPARP mRNA was analyzed. Hepatoma cells were
induced with TCDD for 2.5 h, followed by treatment
with CHX, actinomycin D, or both for indicated time
periods in fresh medium. TCDD induces TiPARP (Fig.
8, compare lane 2 with 1). CHX superinduces TiPARP
in cells pretreated with TCDD (compare lanes 3 through
7 with lane 2). In the presence of actinomycin D, an

inhibitor of RNA synthesis, the induced TiPARP
mRNA undergoes degradation with a t1=2 of about 1 h;
cotreatment with actinomycin D and CHX did not
change the half-life of the TiPARP mRNA (t1=2 ¼ 1h)
(Fig. 8 and data not shown). These findings demonstrate
that CHX does not affect the stability of TiPARP
mRNA, suggesting that superinduction of TiPARP
mRNA is due to an increase in the transcription of Ti-
PARP mRNA.

Inhibition of the 26S proteasomes superinduces TiPARP

Since inhibition of TCDD-induced degradation of
AhR by inhibitors of the ubiquitin–26S proteasomes
superinduces CYP1A1, the effect of proteasome inhibi-
tors on TiPARP induction was examined. As shown in
Fig. 9, cotreatment with TCDD and MG132 (an in-
hibitor of the 26S proteasomes) superinduces TiPARP
(compare lane 4 with lane 2); lactacystin, also a pro-
teasome inhibitor, superinduces TiPARP similarly to
MG132 (data not shown). The findings suggest that
repression of TiPARP induction is at least in part
through the ubiquitin–26S-proteasome-mediated prote-
olysis controlled by a labile factor.

Discussion

It is generally accepted that AhR mediates diverse
functions by controlling the expression of a spectrum of

Fig. 6. Superinduction of TiPARP by puromycin. Hepatoma cells were

treated with TCDD (1 nM), puromycin, or both for 5 h. Total RNA

(5 lg/lane) was analyzed for TiPARP and actin.

Fig. 7. Effect of TCDD pretreatment on superinduction of TiPARP.

Hepa1c1c7 cells were induced with TCDD for 10 h and then cotreated

with CHX for 2.5 or 5 h. Total RNA (5lg=lane) was analyzed for

TiPARP and actin.

Fig. 8. TiPARP mRNA stability. Hepatoma cells were induced with

TCDD for 2.5 h. Cells were then washed with fresh medium three times

and recultured in fresh medium with CHX (10lg=ml), actinomycin D

(2 lg/ml), or both for indicated time periods. Total RNA (5lg=lane)

was analyzed for TiPARP and actin expression.

Fig. 9. Superinduction of TiPARP by MG132. Cells were cultured in

100 mm dishes and were treated with TCDD (1 nM), MG132 (25 lM),

or both for 5 h. Total RNA (5lg=lane) was analyzed for TiPARP,

CYP1A1, and actin expression.
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target genes, which include but are not limited to a
previously characterized AhR battery of genes such as
CYPs 1A1, 1A2, and 1B1, GST A1, NQOR, and ald-
h3a1 [3]. Indeed, a number of novel TCDD-regulated
genes have been identified recently, including a major
histocompatibility complex gene MHC Q1b [9], Epo
[10], low-molecular-weight prekininogen [11], a cell cycle
check point protein MAD2 [12], cytochrome P450 2S1
[13], Cu/Zn superoxide dismutase [14], Ecto-ATPase
[15], N-myristoyltransferase 2 [16], and TiPARP [17].
The broad range of functions that these genes may as-
sociate with suggests that regulation of the expression of
these genes by TCDD contributes to the diversity and
tissue specificity of TCDD toxicity. In this study, we
analyzed the signaling pathway of TiPARP induction by
TCDD. We first examined the roles of AhR and Arnt in
the induction by using cell genetics with AhR- or Arnt-
defective variant cells. The results show that TiPARP
induction requires both AhR and Arnt, because the
induction is diminished to a large extent in AhR- or
Arnt-defective cells, but is restored in the defective cells
reconstituted with functional AhR or Arnt. Whether a
DRE(s) is present in the enhancer region of the TiPARP
gene and mediates the induction is currently unclear;
analysis of the enhancer sequence of the gene will ad-
dress the question.

Transcription by heteromeric dimers of transcription
factors serves as a general theme of gene regulation [33].
This paradigm of gene transcription has several advan-
tages. For example, it allows efficient control of tran-
scription by regulating the activation of one subunit,
such as the activation of AhR by TCDD. It also allows
sharing of a common subunit among several signaling
pathways, such as sharing Arnt by AhR and HIF1a, a
transcription factor mediating gene transcription to
hypoxic signals [34]. The molecular mechanism of
transcription by heterodimeric transcription factors is,
however, largely unclear. Analyses of CYP1A1 tran-
scription in intact cells by AhR/Arnt heteromer reveal
that the TA of AhR is repressed by an inhibitory do-
main of AhR, but is activated and required for the in-
duction of CYP1A1 in the presence of Arnt and an
agonist. On the contrary, the TA of Arnt is constitu-
tively active, but is dispensable for the induction of en-
dogenous CYP1A1 in intact cells [27,35,36]. These
findings suggest a mechanism by which the TA activities
of the AhR/Arnt heteromer are regulated during the
transcription of CYP1A1. In this study, we found that
both of the TA domains of AhR and Arnt are required
for the induction of TiPARP, because the induction of
the gene is largely diminished in a reconstitution ex-
periment with a TA domain deletion mutant of either
AhR or Arnt. This is in contrast to the induction of
CYP1A1 by TCDD. Therefore, we envision that the
mechanism of transcription of TiPARP by AhR/Arnt is
different from that of CYP1A1. Differences in the se-

quences and associated protein factors of the promotor
and enhancer of TiPARP and CYP1A1 may influence
the regulation of the TA activities of AhR and Arnt.
Alternatively, variations in the chromatin configurations
of the two genes contribute to the differential activities
of AhR and Arnt TA domains in the induction of the
two genes.

The agonist-activated AhR is ubiquitinated, followed
by a rapid degradation of AhR through the 26S pro-
teasome-mediated protein turnover [37]. The agonist-
induced degradation can be blocked by inhibition of
protein synthesis or the 26S proteasome-mediated pro-
teolysis. Thus, a labile repressor (designated AhR de-
gradation promoting factor, ADPF) negatively controls
the transcription of CYP1A1 by regulating the ubiqu-
itin–26S proteasome-mediated turnover of nuclear AhR;
inhibition of the synthesis of ADPF by inhibiting pro-
tein synthesis or inhibition of the 26S proteasome
pathway downstream of ADPF removes the repression
by ADPF, resulting in a superinduction [38]. Since
ADPF is a trans-acting factor, it can be predicted from
this model that other target genes of AhR are also
negatively regulated by ADPF. In this study, we found
that induction of TiPARP by TCDD is enhanced by
CHX or puromycin. The superinduction of TiPARP is
similar to that of CYP1A1 in magnitude and time
course. The superinduction occurs at a transcriptional
level and does not require pretreatment with TCDD, but
involves blocking the synthesis of a labile repressor or
the 26S proteasome activities. Thus, the findings support
the model in which the transcription of AhR target
genes is regulated at a second level after agonist acti-
vation of the receptor through labile ADPF, which
controls the degradation of nuclear AhR via the
ubiquitin–26S proteasome-mediated receptor degrada-
tion. Whether a single factor or more than one labile
proteins is responsible for the ADPF activity remains to
be established.

The observation that cycloheximide or puromycin
alone (Figs. 5 and 6) can induce AhR target genes
through AhR (i.e., CYP1A1 and TiPARP) in hepatoma
cells can be explained by the following mechanism: AhR
is activated in hepatoma cells at a low level in the ab-
sence of TCDD. This low level of AhR activity is subject
to regulation by ADPF; blocking the synthesis of ADPF
by CHX enhances the activity of AhR and leads to the
induction of the genes. These findings are consistent
with the observations that AhR is required in a number
of cellular or developmental processes in the absence of
TCDD [39–44]. Thus, the induction and superinduction
of AhR target genes by CHX can be useful in analyzing
the signal transduction of AhR in the absence of an
exogenous agonist, which is poorly understood at pres-
ent.

TCDD causes multiple toxic responses in a tissue-,
developmental stage-, and species-dependent manner.
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Previous studies revealed that TiPARP mRNA is con-
stitutively expressed in a wide range of tissues in mouse,
including heart, brain, lung, liver, kidney, testis, and, to
a lesser extent, spleen and skeletal muscle [17]. In this
report, we demonstrate that TiPARP is inducible in
mouse liver. Together, these findings implicate TiPARP
in a biological process(s) that is constitutively present
and is induced by foreign chemicals in multiple animal
tissues. In particular, the role of TiPARP in memory
formation, T cell function, and tumor progression and
their relation to TCDD toxicity should be examined in
future studies.
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