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ABSTRACT

To firmly establish the pathway involved in ligand-induced degradation of the AHR, cell
lines derived from mouse rat or human tissues were exposed to inhibitors specific to the
proteasome or calpain proteases and exposed to TCDD. The level of endogenous AHR and
CYP1A1 protein was then evaluated by quantitative Western blotting. Treatment of cells
with the calpain inhibitors: calpeptin, calpain inhibitor III, or PD150606 either individually or
in combinations up to 75 uM did not reduce TCDD-induced degradation of the AHR, the
induction of endogenous CYP1A1 or the nuclear accumulation of the AHR. The activity of the
inhibitors was verified with an in vivo calpain assay. In contrast, exposure of cells to the
specific proteasome inhibitors: epoxomicin (1-5 uM), proteasome inhibitor I (5-10 uM) or
lactacystin (5-15 uM) completely inhibited TCDD-induced degradation of the AHR. Inhibi-
tion of AHR degradation with these compounds did not reduce the induction of endogenous
CYP1Al. In addition, exposure of the Hepa-1 line to the various proteasome inhibitors
caused an accumulation of the AHR in the nucleus in the absence of TCDD exposure. Finally,
Western blot analysis of the DNA bound AHR showed that its molecular mass was
unchanged in comparison to the unliganded (cytoplasmic) AHR. Thus, these studies con-
clusively implicate the proteasome and not calpain proteases in the ligand-induced degra-
dation of the mouse, rat and human AHR and suggest that the pharmacological use of
proteasome inhibitors may impact the time course and magnitude of gene regulatory events
mediated through the AHR.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

prototypical ligand for the AHR is the environmental con-
taminant 2,3,7,8-tetrachlorodibenzo-p-dixion (TCDD) and

The aryl hydrocarbon receptor (AHR) is a ligand activated
transcription factor that is a member of the basic-helix-loop-
helix/PAS family of proteins (reviewed in Refs. [1,2]). The
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exposure in numerous model systems leads to carcinogenesis
as well as developmental and reproductive toxicities
(reviewed in Refs. [3,4]). Since the concentration of an

Abbreviations: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; AHR, aryl hydrocarbon receptor; ARNT, Ah receptor nuclear translocator;
GAR-HRP, goat anti-rabbit antibodies conjugated to horseradish peroxidase; GAR-RHO, goat anti-rabbit antibodies conjugated to

rhodamine; t-BOC-leu-met, t-BOC-r-leucyl-L.-methionine amide
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endogenous signaling protein will ultimately determine the
responsiveness of the cell to a given signal, there has been
interest in understanding how modulation of AHR protein
levels impact normal cellular functions as well as the
biological responses to TCDD (reviewed in Refs. [5,6]). For
example, studies have shown that reductions in the level of
AHR protein in culture can impact the magnitude of AHR-
mediated induction of CYP1A1l and affect cell growth rates
[7,8]. Conversely, it has been reported that a constitutively
active AHR expressed in transgenic mice causes a myriad of
effects including reduced life span and stomach tumors [9,10].
AHR knock out mice (Ah™~) also provide insight into the
importance of endogenous AHR protein in normal develop-
mental processes. Ah™/~ mice exhibit a variety of growth
defects, including immune system impairment [11,12],
reduced mammary gland development [13], lower incidence
of large infrontal bones [14], liver fibrosis [11], hepatic defects
[15,16], and impaired reproductive outcome and fetal viability
[11,13,17]. Importantly, some of the phenotypes observed in
the Ah™~ mice are similar to those reported in TCDD-treated
animals, suggesting that the endogenous AHR responds to
endogenous signals. Notably, Ah~/~ mice exhibit defects in
reproduction and ovary development, and these defects
are also observed in wild type mice treated with TCDD
[17-20]. Collectively, these findings support the hypothesis
that a reduction in the level of endogenous AHR protein may
reduce responsiveness to endogenous signaling molecules
and possibly contribute to the biological effects mediated by
TCDD.

Importantly, numerous studies have established that
TCDD exposure leads to a rapid and sustained reduction in
the level of endogenous AHR protein both in vitro and in
vivo [5]. In addition, inhibition of AHR degradation results in
increased levels of gene regulation in various culture
models [21-23]. Presently, the ubiquitin-proteasome path-
way has been implicated in the ligand-induced degradation
of the AHR due to the ability of the proteasome inhibitors,
MG-132 and lactacystin to inhibit AHR degradation [21,23],
as well as studies showing that AHR degradation is blocked
in cells that contain a temperature sensitive mutation in the
E1 ubiquitin conjugating enzyme [23]. More recently it has
been shown that the ligand-bound AHR may be a target for
the ubiquitin-proteasome pathway only after ligand bind-
ing, association with ARNT and DNA binding [23,24].
Interestingly, these studies also indicate that C-terminal
truncations of the AHR are targeted for degradation via the
proteasome, but suggest that they may be targeted there by
a mechanism distinct from the full-length AHR. However, in
spite of these compelling results, the ubiquitin ligase
enzyme and site of ligand-mediated AHR ubiquitylation
remain undefined. Because of this, it has recently been
reported that calpain proteases may also contribute to
the ligand-mediated degradation of the AHR [25]. Since
cellular proteases are now being targeted by novel pharma-
cologicals in a number of disease states (reviewed in
Refs. [26,27]), studies were initiated to evaluate the impact
of numerous calpain and proteasome inhibitors on the
ligand-induced degradation of the endogenous AHR in
cell culture lines derived from human, mouse and rat
tissues.

2. Materials and methods
2.1.  Antibodies and reagents

Specific antibodies against the mouse AHR (A-1 and A-1A) are
identical to those described previously and have been
extensively validated for specificity to all mammalian AHRs
[28,29]. For Western blot analysis goat anti rabbit antibodies
conjugated to horseradish peroxidase (GAR-HRP) were utilized
(Jackson Immunoresearch). Polyclonal rabbit f3-actin antibo-
dies and were purchased from Sigma-Aldrich. Polyclonal
rabbit CYP1A1 antibodies were purchased from Santa Cruz.
TCDD was purchased from Cambridge Isotope Laboratories.
All protease inhibitors were purchased from Calbiochem and
were solubilized in DMSO. When possible protease inhibitors
were purchased already solubilized in DMSO under inert gas. t-
BOC-1-leucyl-.-methionine amide (t-BOC-leu-met) was pur-
chased from Molecular Probes. All solubilized compounds
were stored in a desiccator at —20 °C.

2.2. Buffers

PBS is 0.8% NaCl, 0.02% KCl, 0.14% Na,HPO,, 0.02% KH,PO,, pH
7.4. SDS sample buffer is 60 mM Tris, pH 6.8, 2% SDS, 15%
glycerol, 2mM EDTA, 5mM EGTA 10mM DTT, 0.005%
bromphenol blue. 1x Cell lysis buffer is 50 mM Tris, pH 6.8,
10% glycerol, 1mM EDTA, 2.5 mM EGTA, and 0.5% NP-40.
MENG is 25 mM MOPS, pH 7.0, 5 mM EDTA, 10% glycerol and
0.2% NaNs. TTBS is 50 mM Tris, 0.2% Tween 20, 150 mM NacCl,
pH 7.5. TTBS+ is 50 mM Tris, 0.5% Tween 20, 300 mM NaCl, pH
7.5. BLOTTO is 5% dry milk in TTBS.

2.3.  Cells and growth conditions

Human retinal pigmented epithelial (ARPE-19) cells and rat
retinal-pigmented epithelial (RPE-]) cells were purchased from
American Type Culture Collection (ATCC). These cells were
not derived from tumors and represent essentially normal
tissue. All cells were propagated at 37 °C in cell culture media
specified by ATCC. Murine Hepa-1 cells were a generous gift
from James Whitlock (Stanford). All cells were passaged at 1-
week intervals and used in experiments during a 2-month
period.

2.4.  Production of total cell lysates, nuclear lysates and
nuclear extracts

All cells were treated by adding the test compound directly to
the media. Following treatment, cell monolayers were
washed twice with PBS and detached from plates by
trypsinization (0.05% trypsin/0.5 mM EDTA). For total cell
lysates, cell pellets were washed with PBS and sonicated
directly in 75-150 pl ice-cold cell lysis buffer for 12 s. Lysates
were immediately heated for 3min at 100°C and then
sonicated an additional 5s. Samples were stored at —20 °C
until analysis. For nuclear and cytoplasmic lysates, cells
were harvested as above, and disrupted by vortexing in cell
lysis buffer. Samples were centrifuged at 5000 rpm and
supernatants removed. Pellets (nuclei) were washed once
with ice-cold cell lysis buffer (without NP-40) and then
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sonicated in cell lysis buffer. Protein concentrations were
determined by the coomassie plus assay (Pierce) with BSA as
the standard. Samples were denatured by adding an equal
concentration of SDS sample buffer and boiling. Nuclear
extracts were prepared by disrupting cell pellets in MENG
buffer using a dounce homogenizer. Following disruption,
samples were centrifuged at 1000 x g and pellets washed
once with MENG buffer. Proteins were extracted by incubat-
ing the pellets in MENG containing 400 mM KCI on ice for
30 min and centrifuging at 10,000 x g. Protein concentrations
were determined as detailed above and nuclear extracts
stored at —80 °C until analysis.

2.5.  Western blot analysis and quantification of protein

Protein samples were resolved by denaturing electrophor-
esis on discontinuous polyacrylamide slab gels (SDS-PAGE)
and were electrophoretically transferred to nitrocellulose.
Immunochemical staining was carried out with varying
concentrations of primary antibody (see text and figure
legends) in BLOTTO buffer supplemented with DL-histidine
(20 mM) for 1-2h at 22°C. Blots were washed with five
changes of TTBS+ for a total of 50 min. The blot was then
incubated in BLOTTO buffer containing a 1:12,000 dilution of
GAR-HRP for 1h at 22°C and washed in five changes of
TTBS+ as above. Prior to detection, the blots were washed in
PBS for 5min. Bands were visualized with the enhanced
chemiluminescence (ECL) kit as specified by the manufac-
turer. Multiple exposures of each set of samples were
produced. The relative concentration of target protein was
determined by computer analysis of the autoradiographs
and normalization to the internal standard (actin) as
detailed previously [29,30]. Each experiment was repeated
at least three times.

2.6.  In vivo calpain assay

Cells were pre-treated with test compounds for the times
indicated in the text and then incubated with 10 uM t-BOC-leu-
met for 30 min. Cells were then washed with PBS and wet-
mounted on glass slides. Cell fluorescence was evaluated at
405nM and fields photographed with a digital camera to
generate the raw data. All fields in a given experiment were
photographed using the same exposure times.

2.7. Immunofluorescence staining, microscopy and image
analysis

All immunocytochemical procedures (cell plating, fixation,
and staining) were carried out as previously described [28-30].
Cells were observed on an Olympus IX70 microscope. On
average, 15-20 fields (5-20 cells each) were evaluated on each
coverslip and three to four fields were photographed with a
digital camera at the same exposure time to generate the raw
data. Experiments were repeated at least two times. The
nuclear fluorescence intensities of cells were determined
using MicroSuite image analysis software. Typically, 50-75
individual nuclei were quantified in three to four different
fields after being photographed for identical times. Statistics
were carried out as detailed below.

2.8. Statistics

Target protein bands were normalized to internal standards
(actin) and the normalized densitometry units compared by
ANOVA and Tukey-Kramer multiple comparison tests using
InStat software (GraphPad Software Inc. San Diego, CA).
Results are presented as mean + S.E.M. of three individual
experiments, unless noted otherwise. A probability value of
<0.05 was considered significant.

3. Results

3.1.  Effect of calpain proteases inhibitors on TCDD-induced
degradation of the AHR and induction of endogenous CYP1A1

Following ligand binding, the AHR is rapidly degraded both in
vivo and in vitro [7,21-23,31,32]. Although a number of studies
have implicated the UPP as the degradation mechanism by
using proteasome inhibitors [21,23,33-35], it has recently been
proposed that calpain proteases may also be involved [25]. To
assess the role of calpains in AHR-mediated signaling, Hepa-1
cells were pre-treated with 15 pM of the specific calpain
inhibitors, calpeptin, calpain inhibitor III, or PD150606 for 1 h
and then exposed to TCDD for an additional 4 h. The level of
AHR, CYP1A1 and actin protein was then evaluated in total
cells lysates by Western blotting. Fig. 1A shows that incubation
of the cells with the various calpain inhibitors did not decrease
the level of TCDD-induced degradation of the AHR or the level
of induction of CYP1A1 in the Hepa-1 line. Since 15 uM of the
various inhibitors did not impact AHR degradation or gene
regulation as previously reported [25], studies were repeated
using either 25 or 50 uM of each inhibitor. Representative
Western blot results are presented in Fig. 1B-D and the
quantified results from three independent studies are pre-
sented in Fig. 1E. Consistent with the results shown in Fig. 1A,
incubation of the cells with up to 50 pM inhibitor did not
decrease the level of TCDD-induced degradation of the AHR or
the level of induction of CYP1A1. In fact, it can be observed that
there is a small but significant increase in the level of basal
CYP1A1 expression in the absence of TCDD when the level of
the inhibitors was increased above 25uM. Importantly,
identical results were observed in rat and human retinal-
pigmented epithelial cells (RPE) when they were exposed to
the various inhibitors at concentrations of up to 50 uM.!
Calpeptin, calpain inhibitor III, and PD150606 have distinct
Ki values for the inhibition of calpain I or calpain II, so it was of
interest to assess whether the compounds would have an
affect on AHR-mediated signaling when they were used in
combination. In the first study, Hepa-1 cells were pre-
incubated with 15 or 25 uM of each inhibitor for an effective
total concentration of 45 or 75 uM. Cells were then exposed to
TCDD for an additional 4h. Fig. 2A shows that using the
inhibitors in combination did not reduce the TCDD-induced
degradation of the AHR or the induction of CYP1A1, however,
as shown in Fig. 1B-D, exposure to the inhibitors actually
elevated the basallevel of CYP1A1 above controls. Studies next
focused on whether longer pre-treatment times with the

1 R.S. Pollenz, unpublished results.



134

BIOCHEMICAL PHARMACOLOGY 74 (2007) 131-143

(A)

DMSOQ  Calpeptin Calpain Il PD150606
TCOD - + + - + + - + + - + +

1 | 11 | | A T Y TR |
FNT]-] [ iy S p—" - pa——— p——
CYP e e A — ——y —
ACT ———
©) Calpain 1l

DMSO 25uM 50uM
TCDD - - + + - - + + - - + +

[ T T T T
AHR | e e e e s e e =
CYP -—-——---—-"---’
ACT ---—-------'

PD150606

@) DMSO 25uM 50uM
TCOD - - + 4+ = « + 4+ - -« + +

| | 1| | | [ | 11 1
AHR [ e e e o e s e o e e
CYP e ——— — —— e
ACT ———————— N ———

®) Calpeptin
DMSO 25uM 50uM
TCDD - - + + - - + + - - + +
1 1 1 1 1 1 1 1 1 1 1 1
AHR | e e e s s e e s s =
CYP . ._-,-_“---"“.--’

ACT [ - ————————— |

T

0
=]
1

@
o
|

|

(% of DMSO treated)
N
o
|
®

AHR Concentration

|

N
[=]
|

0 L
TCDD - + -

DMSO PEP CALIlIl PD

+ - 4+ - 4

Fig. 1 - Effect of individual calpain inhibitors on TCDD-induced degradation of the AHR and induction of CYP1A1. Duplicate
plates of Hepa-1 cells were treated with 0.05% DMSO or the indicated calpain inhibitors for 1 h at 37 °C. Cells were then
exposed to TCDD (2 nM) for an additional 4 h and total cell lysates prepared. Equal amounts of total cell lysates were
resolved by SDS-PAGE, blotted and stained with A-1A anti-AHR IgG (1.0 pg/ml), anti-f3-actin IgG (1:1000) or anti-CYP1A1 IgG
(1:1000). Reactivity was visualized by ECL with GAR-HRP (1:10,000). (A) Each calpain inhibitor was used at 15 pM. (B) Results
with 25 and 50 pM calpeptin. (C) Results with 25 and 50 uM calpain inhibitor III. (D) Results with 25 and 50 pM PD150606. (E)
The level of AHR protein was normalized to the level of actin as detailed [29,30]. Three independent experiments for each
calpain inhibitor were then averaged and plotted as the mean =+ S.E. with the DMSO treated cells in each experiment set to

100%. *Statistically different from DMSO treated cells (p < 0.001).

combination of inhibitors would impact AHR degradation or
CYP1A1l induction. Hepa-1 cells were pretreated with the
inhibitors for up to 3h prior to exposure to TCDD. Fig. 2B
shows that the TCDD induced degradation of the AHR or the
induction of CYP1A1 was not reduced in comparison to DMSO
treated cells even when cells are pretreated with the inhibitors
for 3h.

To validate that the observed results were not specific to
the AhP~? receptor expressed in the Hepa-1 line, human or rat
RPE cells were treated with 45 pM effective concentration of
the three inhibitors and then exposed to TCDD as detailed
above. Representative Western blot results are presented in
Fig. 2C-D and the quantified results from three independent
studies are presented in Fig. 2E. Consistent with the results
observed in the Hepa-1 line, the combination of calpain
inhibitors did not impact the TCDD-induced degradation of
the AHR in either cell line and did not reduce the level of
CYP1A1l induced by TCDD in the human RPE line. The
induction of endogenous CYP1Al protein could not be
evaluated in the rat RPE line since it does not appear to
induce levels that can be detected with the commercial
CYP1A1l antibody. Collectively, these results support the

hypothesis that calpain proteases are not involved in ligand-
induced degradation of the AHR. In addition, the results also
show that treatment of the mouse and human lines with
calpain inhibitors does not impact the level of TCDD-mediated
induction of endogenous CYP1A1l.

It was next pertinent to assess the TCDD-induced nuclear
translocation of the AHR since previous studies suggest that
calpain inhibitors block this event [25]. For these studies,
Hepa-1 cells were evaluated since they exhibit a predominant
cytoplasmic AHR in the absence of ligand exposure and this
allows the nuclear translocation event to be prominently
observed [21,22,24,28-30,35]. Hepa-1 cells were pre-incubated
with 15 uM of each inhibitor for an effective total concentra-
tion of 45 pM and then exposed to TCDD for an additional
hour. Cells were then fixed and stained with AHR antibodies
and representative micrographs are presented in Fig. 3. It can
be observed that the AHR shows a predominantly nuclear
localization in TCDD treated cells regardless of whether they
were incubated with calpain inhibitors. This finding is
consistent with the induction of CYP1A1 as shown in Figs. 1
and 2 and validate that the calpain inhibitors are having a
minimal impact on all aspects of AHR signal transduction.
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Fig. 2 - Effect of combinations calpain inhibitors on TCDD-induced degradation of the AHR and induction of CYP1A1. (A)
Duplicate plates of mouse Hepa-1 cells were treated with 0.05% DMSO or a combination of calpeptin (15 or 25 pM), calpain
inhibitor III (15 or 25 pM) and PD15606 (15 or 25 uM) for 1 h at 37 °C. Cells were then exposed to TCDD (2 nM) for an
additional 4 h and total cell lysates prepared. Equal amounts of total cell lysates were resolved by SDS-PAGE, blotted and
stained with A-1A anti-AHR IgG (1.0 pg/ml), anti-f3-actin IgG (1:1000) or anti-CYP1A1 IgG (1:1000). Reactivity was visualized
by ECL with GAR-HRP (1:10,000). (B) Hepa-1 cells were treated and analyzed as described in A, except the incubation with
the calpain inhibitors was carried out for 1, 2 or 3 h prior to the exposure of TCDD. (C) Human RPE cells were treated and
analyzed as described in A. (D) Rat RPE cells were treated and analyzed as described in A. (E) The level of AHR protein was
normalized to the level of actin as detailed [29,30]. Three independent experiments for each cell line were then averaged
and plotted as the mean * S.E. with the DMSO treated cells in each experiment set to 100%. *Statistically different from

DMSO treated cells (p < 0.001).

Since the various calpain inhibitors had no measurable
impact on the degradation of the AHR or the induction of
CYP1A1, it was essential to verify that the calpain activity in
the cells was actually reduced. Thus, Hepa-1 and RPE cells
were exposed to a combination of 45 uM calpeptin, calpain
inhibitor III, and PD150606 (15 uM of each inhibitor) for 1 h and
then incubated with the calpain substrate, t-BOC-L-leucyl-1-
methionine (t-BOC-leu-met). t-BOC-leu-met is metabolized by
calpains and emits a fluorescent signal at 400-440 nm that can
be evaluated in the living cells by fluorescence microscopy
[36,37]. These experiments were carried out six times and a
representative study is presented in Fig. 4. It can be observed
that control-treated Hepa-1 and RPE cells exhibit a fluorescent
signal that is indicative of basal levels of calpain activity.
Importantly, when the Hepa-1 and human RPE cells were
exposed to the calpain inhibitors, the level of fluorescence was
dramatically reduced. Thus, these studies validate that the
calpain inhibitors were effective in reducing calpain activity in
vivo and that their lack of effect on AHR degradation or

CYP1A1 induction was not due to loss of activity of the
inhibitor.

3.2.  Effect of proteasome inhibitors on TCDD-induced
degradation of the AHR and induction of endogenous CYP1A1

Previous studies have implicated the 26S proteasome in the
ligand-induced degradation of the AHR [21,23,33-35]. In many
of these studies, the proteasome was implicated because
ligand induced degradation of the AHR was blocked by using
the peptidyl aldehyde of di-leucine, MG-132 [38]. However,
since MG-132 is also reported to inhibit calpain activity [38], it
was pertinent to assess ligand-induced degradation of the
AHR in the presence of other proteasome inhibitors that show
greater specificity. In the first study, Hepa-1 cells were treated
with proteasome inhibitor 1 (PSI-1; 10 and 20 pM) or
lactacystin (1 and 15 pM) for 1 h and then exposed to TCDD
for an additional 4 h. Total cell lysates were evaluated for the
level of AHR, actin and CYP1Al by quantitative Western
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Fig. 3 — In vivo calpain assay in the presence and absence of caplain inhibitors. Human RPE or Hepa-1 cells were grown on
glass coverslips and treated with 0.05% DMSO (0.05%) or a combination of calpeptin (15 pM), calpain inhibitor III (15 pM) and
PD15606 (15 pM) for 1 h at 37 °C. Cells were then incubated with t-BOC-L-leucyl-L.-methionine (10 uM) for 20 min and wet
mounted on slides in phosphate buffered saline. Fluorescence was observed at 405 nm and individual fields photographed

for identical times. Bar in the control panels =5 pm.

blotting. A representative experiment is shown in Fig. 5. In
contrast to the results obtained with the calpain inhibitors,
treatment of Hepa-1 cells with 10pM PSI-1 or 15pM
lactacystin resulted in a complete block of TCDD-induced
degradation of the AHR and did not affect the induction of
CYP1A1l. Identical results were observed in both rat and
human RPE cell lines.!

To further validate that the proteasome was involved in
TCDD-induced degradation of the AHR, studies were repeated
using epoxomicin, a highly specific irreversible inhibitor of the
proteasome [39,40]. It isimportant to note that epoxomicin has
limited stability in aqueous solution, thus, the compound was
purchased in DMSO under inert gas and was opened and used
immediately. For these studies, Hepa-1 or human RPE cells



BIOCHEMICAL PHARMACOLOGY 74 (2007) 131-143

137

L RPE Control ~

45uM Inhibitors

45uM Inhibitors

RPE 45uM Inhibitors

Fig. 4 - Subcellular localization of the AHR in Hepa-1 cells exposed to calpain inhibitors. Hepa-1 cells were grown on glass
coverslips and treated with DMSO (0.05%), or a combination of calpeptin (15 pM), calpain inhibitor III (15 pM) and PD15606
(15 pM) for 1 h at 37 °C. Cells were then incubated with TCDD (2 nM) for and additional hour at 37 °C, fixed and then

incubated with A-1 anti-AHR IgG (1.0 png/ml) and visualized with GAR-RHO IgG (1:400). All panels were photographed with

identical exposures. Bar in the control panel =5 pm.

were exposed to 1 or 5 puM epoxomicin for 1 h and then treated
for an additional 4h with TCDD. Total cell lysates were
generated and evaluated for the level of AHR, actin and
CYP1A1 by Western blotting. Representative Western blots
experiments are presented in Fig. 6A and the quantified results
from three independent studies is presented in Fig. 6B. It can
be observed that treatment of either cell line with as little as
1 uM epoxomicin was sufficient to block the TCDD-induced
degradation of the AHR without affecting the induction of
CYP1A1. To confirm that the specific proteasome inhibitors did
not reduce calpain activity, Hepa-1 cells were exposed to MG-
132, PSI-1, or epoxomicin for 1 h and then incubated with t-
BOC-leu-met as detailed in Section 2. Fig. 6C shows that PSI-1
and epoxomicin do not reduce the level of fluorescence
(calpain activity) in the Hepa-1 line, while treatment of cells
with MG-132 lead to a reduction in cellular fluorescence.
Collectively, these results implicate the 26S proteasome in the
TCDD-induced degradation of the AHR and conclusively show
that blocking the ligand-induced degradation of the AHR does

not inhibit the TCDD-mediated induction of endogenous
CYP1A1l.

3.3.  Treatment with proteasome inhibitors causes in the
nuclear localization of the endogenous AHR

It has been hypothesized that calpains cleave the AHR in the C-
terminal transactivation domain and this event is required for
the AHR to become translocated to the nucleus and bind DNA
[25]. Thus, it would be expected that if the degradation
pathway were inhibited, the AHR would exhibit a predomi-
nantly cytoplasmic localization even in the presence of ligand.
Since previous studies suggest that MG-132 can cause the
accumulation of endogenous AHR in the nucleus of cells in the
absence of ligand exposure [34,41,42], it was pertinent to
assess whether other proteasome inhibitors would also cause
the AHR to become nuclear. For these studies, Hepa-1 cells
were exposed to MG-132 (15 uM), lactacystin (10 pM), PSI-1
(15 uM), or epoxomicin (2.5 uM) for 2 h and the cells fixed and
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Fig. 5 - Effect of individual proteasome inhibitors on TCDD-induced degradation of the AHR and induction of CYP1A1. (A)
Duplicate plates of Hepa-1 cells were treated with 0.05% DMSO or the indicated proteasome inhibitors for 1 h at 37 °C. Cells
were then exposed to TCDD (2 nM) for an additional 4 h and total cell lysates prepared. Equal amounts of total cell lysates
were resolved by SDS-PAGE, blotted and stained with A-1A anti-AHR IgG (1.0 ng/ml), anti-f3-actin IgG (1:1000) or anti-
CYP1A1 IgG (1:1000). Reactivity was visualized by ECL with GAR-HRP (1:10,000). The level of AHR protein at each time point
was divided by the corresponding level of actin and the average + S.D. plotted with DMSO treated cells set to 100%. PSI-1:
proteasome inhibitor 1; LAC: lactacystin. (B) Hepa-1 cells were treated with MG-132 (1 or 7.5 uM) for 1 h and then exposed to
TCDD (2 nM) for an additional 4 h. AHR and CYP1A1 protein was evaluated as detailed in A.

stained for the AHR as detailed in Methods. Hepa-1 cells were
used since the endogenous AHR is predominantly cytoplasmic
in the absence of ligand exposure in this line [21,24,25,28,30].
Fields of cells from a representative experiment and the
relative nuclear fluorescence intensities are presented in
Fig. 7. It is first important to note that the AHR is
predominantly cytoplasmic in control treated cells but is
readily accumulated in the nucleus following TCDD exposure
for 1 h (nuclear fluorescence intensity increases >3-fold over
control treated cells). Importantly, when the cells were
exposed to any of the proteasome inhibitors, there was a
statistically significant accumulation of the AHR in the
nucleus even though the proteasome had been inhibited.
The mechanism underlying this event is currently undefined,
but these results are in agreement with previous studies that
have used MG-132 to assess the localization of the AHR
[34,41,42).

3.4. The DNA bound AHR does not show a reduction in
molecular mass

Since the results presented in the current study suggest that
the AHR is readily translocated to the nucleus in the presence
of proteasome or calpain inhibitors, it was pertinent to
evaluate whether the DNA bound form of the AHR showed
any changes in molecular mass. For these studies, Hepa-1, rat
RPE and human RPE cells were exposed to TCDD for 30 min
and the cytoplasmic and nuclear fractions isolated and
evaluated for AHR by Western blotting. Since each of the
cells express an AHR with a different molecular mass, the
proteins were evaluated on a 7% SDS polyacrylamide gel so
that the different sized AHRs could be resolved. The Ah®~* AHR
is 805 amino acids while the rat and human AHRs are
approximately 847 amino acids. Using this method, it would be
expected that any cleavage event that removed as few as 10
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Fig. 6 — Effect of epoxomicin on TCDD-induced degradation of the AHR and induction of CYP1A1. (A) Hepa-1 or human RPE
cells were treated with 0.05% DMSO or epoxomicin (1 or 5 pM) for 1 h at 37 °C. Cells were then exposed to TCDD (2 nM) for an
additional 4 h and total cell lysates prepared. Equal amounts of total cell lysates were resolved by SDS-PAGE, blotted and
stained with A-1A anti-AHR IgG (1.0 pg/ml), anti-f3-actin IgG (1:1000) or anti-CYP1A1 IgG (1:1000). Reactivity was visualized
by ECL with GAR-HRP (1:10,000). (B) The level of AHR protein was normalized to the level of actin as detailed [29,30]. Three
independent experiments for each cell line were then averaged and plotted as the mean =+ S.E. with the DMSO treated cells
in each experiment set to 100%. *Statistically different from DMSO treated cells (p < 0.001). **Statistically different from
TCDD treated control cells (p < 0.001). (C) Hepa-1 cells were grown on glass coverslips and treated with DMSO (0.05%), MG-
132 (7.5 pM), epoxomicin (5 pM), or proteasome inhibitor 1 (20 nM) for 1 h at 37 °C. Cells were then incubated with t-BOGC-L-
leucyl-.-methionine (10 pM) for 20 min and wet mounted on slides in phosphate buffered saline. Fluorescence was
observed at 405 nm and individual fields photographed for identical times. Bar in the control panel =5 pm.

amino acids (approximately 1.3 kDa) could be resolved. The
results in Fig. 8A show that TCDD exposure results in a
dramatic elevation in the level of AHR detected in the nuclear
fraction in the Hepa-1 and rat RPE lines while the nuclear
fraction isolated from the human RPE cells showed a modest
elevation in AHR. Importantly, the molecular mass of the
nuclear AHR in all of the cell lines did not exhibit a difference
in molecular mass when compared to the AHR found in the

cytoplasmic fractions and there were no smaller molecular
mass bands that were present in a TCDD-dependent manner.
Since nuclear lysates fractions represent the total comple-
ment of proteins associated with nuclear structures, it was
pertinent to repeat the studies using proteins that had been
extracted from the DNA. Thus, nuclear extracts were prepared
from control and TCDD-treated Hepa-1 and rat RPE cells and
the AHR evaluated by Western blotting. The results in Fig. 8B
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Fig. 7 - Subcellular localization of the AHR in Hepa-1 cells exposed to proteasome inhibitors. Hepa-1 cells were grown on
glass coverslips and treated with DMSO (0.05%), MG-132 (7.5 uM), lactacystin (15 nM), proteasome inhibitor 1 (20 nM) or
epoxomicin (5 pM), or for 2 h at 37 °C. A sample was also treated with TCDD (2 nM) for 1 h at 37 °C. Cells were then fixed and
incubated with A-1 anti-AHR IgG (1.0 png/ml) and visualized with GAR-RHO IgG (1:400). All panels were photographed with
identical exposures. Bar in the control panel = 5 um. Nuclear fluorescence intensities were determined for each of the
treatments. 50-75 cells in three to four distinct fields of view were quantified using MicroSuite image analysis software and
the average =+ S.E. plotted as relative pixel density. *Statistically different from DMSO treated cells (p < 0.001). **Statistically
different from DMSO treated cells and TCDD treated cells (p < 0.001).
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Fig. 8 - Analysis of nuclear AHR following TCDD exposure.
(A) Hepa-1, rat RPE, and human RPE cells were treated with
TCDD (5 nM) for 1 h and nuclear and cytoplasmic lysates
prepared as detailed in Section 2. Equal amounts of
cytosol, or nuclear lysates were resolved by SDS-PAGE,
blotted and stained with A-1A anti-AHR IgG (1.0 pg/ml).
Reactivity was visualized by ECL with GAR-HRP (1:10,000).
Note the ability to resolve the different species of AHR and
lack of lower molecular mass bands that show changes
between the control and TCDD treated samples (asterisk).
(B) Hepa-1 or rat RPE cells were treated with TCDD as in A
and nuclear extracts prepared as detailed in Section 2.
Equal amount of cytosol or nuclear extracts were resolved
by SDS-PAGE and evaluated as detailed in A. As in (A),
asterisks mark lower molecular mass bands that show no
changes between control and TCDD treated samples.

shows that there is a dramatic elevation in the level of nuclear
AHR detected in the TCDD treated samples of both lines and
that the molecular mass is not reduced when compared to
untreated samples. In addition there are no smaller immuno-
reactive bands that appear in the fractions in a TCDD-
dependent manner (i.e., the smaller bands that are observed
in the nuclear fractions are present at the same level in both
the control and TCDD-treated samples). [t is important to note,
the lack of detection of smaller molecular mass AHRs is not
due to the antibody being used in the studies, since it is
polyclonal, was generated against amino acids 1-416 of the
mAHR, and has been used to detect AHRs truncated in the C-
terminal domain [24,43]. Therefore, these studies provide no
evidence that ligand treatment results in a DNA bound form of
the AHR that has a reduced molecular mass.

4, Discussion

The concentration of AHR protein is a critical component in
the response of cells to toxicologically relevant ligands, thus it
is important to define the pathways involved in maintaining
AHR levels. Numerous studies from this and other laboratories
have clearly established that the AHR is subject to degradation
following ligand binding both in vitro and in vivo [5,6].

Although the precise enzymes involved in the degradation
of the AHR have not been identified, it has recently been
hypothesized that cleavage of the C-terminus of the AHR by
calpain proteases is required for not only the translocation of
the AHR to the nucleus but also for its ligand-induced
degradation [25]. This hypothesis is based in part on a study
by Poland and Glover from 1988 showing that there was a Ca*™
dependent cleavage of the murine AHR from a 95 kDa species
to a 70 kDa species when the AHR was purified from tissues
and cells [44]. The authors concluded that the likely protease
was calpain II (m-calpain) and that the cleavage of the 95 kDa
species was an artifact of the sample preparation (as is often
observed when isolating native proteins from tissue or cell
extracts). Thus, the importance of this observation in the
mechanism of AHR-mediated signaling was not pursued.
However, due to the recent hypotheses concerning calpains in
AHR signaling and the targeting of proteases by novel
pharmacologicals in a number of disease states [26,27], it
was pertinent to reassess whether calpain proteases were
involved in AHR-mediated signal transduction.

The results of the current study do not support a role of
calpain proteases in either the nuclear translocation or ligand-
induced degradation of the mouse, human or rat AHR in vivo.
First, none of the three different calpain inhibitors used in any
of the studies had an affect on the ligand-induced degradation
of the AHR when used independently or in combination and
did not block the nuclear localization of the AHR after ligand
exposure. Second, ligand-induced degradation was blocked by
three different inhibitors that were specific to the proteasome
and these inhibitors all caused accumulation of the latent AHR
in the nucleus in the absence of ligand. Finally, the AHR
extracted from the nucleus following ligand exposure was the
same molecular mass as control AHR.

It is important to note that the conclusions of the current
study are consistent with other reports have also evaluated
the role of calpains in AHR signaling. Ma and Baldwin [23] for
example, previously showed that exposure of Hepa-1 cells to
the calpain inhibitors calpastatin or PD150606 had no impact
on TCDD-mediated degradation of the AHR or induction of
CYP1A1l and other studies have shown that the calpain
inhibitor ALLM did not block AHR degradation in a rat cell
line [21]. Consistent with these findings, amino acid sequence
analysis of all mammalian AHRs using PESTfind (https://
emb1l.bcc.univie.ac.at/toolbox/pestfind/pestfind-analysis-
webtool.htm) indicates that the AHR does not contain defined
“PEST sequences” that have been identified in many proteins
that are targets for calpain proteases [45,46]. It is also
important to note that if the latent 95 kDa Ah®~* AHR required
calpain cleavage for a nuclear translocation event, this likely
have a substantial impact on the transactivation potential of
the AHR. For example, truncation of 165 amino acids from the
C-terminus of the Ah®~* receptor (approximately 21 kDa) has
no affect on the cytoplasmic localization of the AHR, but
reduces the ability of the AHR to induce expression of
endogenous CYP1A1 by 50% [24]. In addition, removal of 305
amino acids from the C-terminus of the AHR (approximately
40kDa) causes the latent AHR to become nuclear but
completely abolishes the ability of the AHR to induce
endogenous CYP1A1 [24]. A cleavage from 95 to 70 kDa (as
suggested by Poland and Glover [44]) would be a loss of
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approximately 270 amino acids. It is also difficult to reconcile a
cleavage event with the finding that the rat and the mouse
Ah®~2 receptors are undergoing dynamic nucleocytoplasmic
shuttling in the absence of ligand stimulation [47]. In these
cells, one molecular mass of AHR is detected [47]. There are
also numerous studies in which the AHR has been tagged on
the C-terminus with a GFP tag. In all these instances the AHR
appears to be capable of TCDD-mediated nuclear transloca-
tion and gene regulation and retains the GFP tag [48,49]. Thus,
taken collectively, these results are not consistent with a
calpain cleavage event in the initiation of the AHR signal
transduction pathway or in the ligand-induced degradation of
the AHR.

So what is the pathway that mediates ligand-induced AHR
degradation? Currently, nearly all studies point to degradation
through the 26S proteasome although there may be alternate
pathways to target the AHR to the proteasome depending on
whether itis ligand bound [24]. This conclusion is based on the
ability to block ligand-induced degradation of he AHR with
specific proteasome inhibitors (the current study) as well as
previous studies showing that degradation is blocked in cells
containing a temperature sensitive mutation in the E1
ubiquitin conjugating enzyme [23]. Importantly, since inhibi-
tion of the proteasome blocks the normal process of AHR
degradation and the proteasome in now being targeted by
various novel pharmacologics, it will be critical to determine
the impact of the reduced degradation on the magnitude and
duration of gene regulation. The current challenge also
continues to be the identification of target residues of the
AHR that confer degradation, the identification on the
enzymes involved and the isolation of an AHR that has been
ubiquitylated in vivo.
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