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Abstract

The basic-helix-loop-helix/PAS (bHLH/PAS) family of proteins is a group of transcription factors that regulate key pathways during

normal development and in the response to stress. The aryl hydrocarbon receptor (AHR) is a member of this family. Recently, Danio rerio

(zebrafish) has become an important model system in the study of the signal transduction pathway and complements the results seen in

mammalian models. However, studies of the AHR protein have been limited by the lack of antibody reagents and thus, little is known

concerning the localization and degradation of the zebrafish AHR (zfAHR). In this report, we describe the production and characterization

of specific polyclonal antibodies to the zfAHR2 protein and the analysis of AHR-mediated signal transduction in the zebrafish liver cell

line (ZFL). The results show that the zfAHR2 is degraded via the 26S proteasome following exposure of cells to b-naphthoflavone (BNF).

Interestingly, the time course is slower and the magnitude of zfAHR2 degradation is not as great as seen for the mammalian AHR. Studies

also show that the zfAHR2 is rapidly degraded in a ligand-independent manner by exposure of cells to geldanamycin (GA) to levels

consistent with mammalian AHR. Finally, immunohistochemical staining of the ZFL cells suggest that the unliganded AHR resides in

both the cytoplasm and nucleus and undergoes active nucleocytoplasmic shuttling in the absence of ligand. These results suggest that there

is conservation of function between fish and mammals with respect to ligand-dependent and -independent degradation of the AHR and that

the zfAHR2 is degraded via the 26S proteasome.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Danio rerio (zebrafish) has become an important model

system in the study of development and signal transduction

pathways. Recent studies indicate that zebrafish show

sensitivity to TCDD during development as well as exhibit

disruption of erythropoiesis [1], altered regional blood flow

and impaired lower jaw development [2], apoptosis and

local circulation failure in the dorsal midbrain [3] and

edema, retarded development and craniofacial abnormal-

ities [4]. These biological endpoints to TCDD exposure

correlate well with those from mammalian systems and

recent studies using morpholino-oligonucleotide knock

down of zfAHR2 expression have implicated the zfAHR2

in mediating many of these biological effects [5].

Currently, complete cDNAs for the AHR have been

characterized from numerous species of fish including rain-

bow trout and zebrafish [6–8]. The most striking finding is

that there appears to be two classes of AHR genes in many of

the fish species (termed AHR1 and AHR2) that exist due to a

genomic duplication event that took place in early vertebrate

evolution. Amino acid sequence comparison shows that the

AHR1 and AHR2 share the greatest similarity within the

NH-terminal region of the protein that contains the DNA

binding basic region, helix-loop-helix (HLH), nuclear loca-

lization signal (NLS) and PAS domains [6,7]. In spite of the

sequence similarity, the zfAHR2 protein exhibits higher

affinity for TCDD than the zfAHR1 protein and shows a
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far greater propensity for inducing dioxin responsive repor-

ter genes in recombinant cell culture systems [7]. In fact,

zfAHR1 appears to lack ligand binding so its role in AHR-

mediated signaling events is unclear and will require

detailed analysis at the protein level.

The current model of AHR-mediated signal transduction

has been generated based on mammalian models. The

model proposes that the AHR is in an inactive conforma-

tion, usually within the cytoplasm of cells, although it may

be shuttling between the nucleus and cytoplasm [9].

Regardless of its subcellular location, the AHR is held

in an inactive state because it is complexed with hsp90 and

immunophilin-like proteins [10]. Following binding to

ligands typified by TCDD, the AHR protein complex

becomes ‘‘transformed’’ and the entire AHR hsp90 immu-

nophilin complex is translocated or retained within the

nucleus [10–12]. Once in the nucleus, the liganded AHR

appears to have several fates. It first has the potential to

dimerize with the ARNT protein and then associate with a

xenobiotic response element (XRE), to provide regulatory

control to genes in a positive or negative manner [13].

However, the AHR is also a substrate for the 26S protea-

some [14] and can be targeted for degradation either within

the nucleus [15] or within the cytoplasm following nuclear

export [16–18]. Importantly, reductions in the level of

AHR protein can impact both cell growth in culture [19]

and normal developmental processes in vivo [20–24].

Indeed, some of the phenotypes observed in AHR knock

out mice (AHRKO) are similar to those reported in TCDD-

treated animals. For example, TCDD-like effects on repro-

duction and ovary development are prominently observed

in AHRKO mice that have not been exposed to TCDD [24–

27]. These findings strongly correlate the level of the AHR

protein to growth and development and support the hypoth-

esis that unprogrammed reductions in AHR protein

(through exogenous ligand exposure) may disrupt endo-

genous signaling pathways that influence transcriptional

events involved in growth and differentiation.

To be able to investigate the interaction of the zfAHR

isoforms with other proteins and characterize their degra-

dation, it is essential to have specific antibodies capable of

detecting these proteins both in vivo and in vitro. In this

report, we describe the production and characterization of

specific polyclonal antibodies to the zfAHR2 protein and

the analysis of AHR-mediated signal transduction in the

zebrafish liver (ZFL) cell line. The results show that the

zfAHR2 is degraded via the 26S proteasome following

exposure of cells to BNF although the time course and

magnitude of the degradation events are different than

those observed in mammalian cell lines. In addition, the

zfAHR2 can be degraded in a ligand-independent manner

by exposure of cells to geldanamycin (GA). Finally,

immunohistochemical staining of the ZFL cells suggest

that the unliganded AHR resides in both the cytoplasm and

nucleus and appears to undergo active nucleocytoplasmic

shuttling in the absence of ligand.

2. Materials and methods

2.1. Antibodies and reagents

Specific antibodies against the mouse AHR (A-1A) are

identical to those described previously [28]. For Western

blot analysis goat anti-rabbit antibodies conjugated to

horseradish peroxidase (GAR-HRP) were utilized. For

immunohistochemical studies, goat anti-rabbit IgG con-

jugated to rhodamine (GAR-RHO) was used. Both of these

reagents were purchased from Jackson Immunoresearch.

Polyclonal rabbit b-actin antibodies, leptomycin B and

BNF were purchased from Sigma-Aldrich. MG-132 was

purchased from Calbiochem.

2.2. Buffers

PBS is 0.8% NaCl, 0.02% KCl, 0.14% Na2HPO4, 0.02%

KH2PO4, pH 7.4. 2X gel sample buffer is 125 mM Tris, pH

6.8, 4% SDS, 25% glycerol, 4 mM EDTA, 20 mM DTT,

0.005% bromophenol blue. TBS is 50 mM Tris, 150 mM

NaCl, pH 7.5. TTBS is 50 mM Tris, 0.2% Tween 20,

150 mM NaCl, pH 7.5. TTBSþ is 50 mM Tris, 0.5%

Tween 20, 300 mM NaCl, pH 7.5. BLOTTO is 5% dry

milk in TTBS. 2X lysis buffer is 50 mM Hepes, pH 7.4,

40 mM sodium molybdate, 10 mM EGTA, 6 mM MgCl2,

20% glycerol.

2.3. Cells and growth conditions

Zebrafish liver cells were purchased from American

Type Culture Collection. Type I Hepa-1 variants (LA-I)

were a generous gift from Dr. Jim Whitlock, Jr. (Depart-

ment of Pharmacology, Stanford University). LA-I cells

were propagated at 378 in DMEM media containing 5%

FBS. ZFL cells were propagated at 288 in a 0.5:0.35:0.15

mixture of L-15/DMEM/Ham-F12 supplemented with

bovine insulin (5 mg/L), mouse epidermal growth factor

(10 mg/L) and heat inactivated FBS (5%) as specified by

supplier. All cells were passaged at 1 week intervals and

used in experiments during a 2-month period.

2.4. Construction of bacterial expression vectors,

purification of zfAHR2 fusion protein and affinity

purification of serum

Full-length zfAHR2 cDNA was a generous gift from

Robert Tanguay (University of Oregon, OR). To construct

the zfAHR2 histidine fusion vector, oligonucleotide pri-

mers were used to amplify the region of zfAHR2 that

spanned amino acids 816–1027. The DNA fragment was

then ligated into pQE8 (Qiagen) to generate pQE8-

zfAHR2 and transformed into the M15 strain of Escher-

ichia coli. Cells containing the pQE8-zfAHR2 plasmid

were propagated to log phase and then incubated for 6 hr at

378 in the presence of isopropyl-b-D-thiogalactopyranoside
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(1 mM). Pelleted cells were disrupted by sonication,

and inclusion bodies pelleted and dissolved in 6 M gua-

nidine HCl. Histidine fusion proteins were then purified

on nickel-agarose beads under denaturing conditions as

detailed by the manufacturer (Qiagen). The purified pro-

tein was then resolved on 12% polyacrylamide gels, lightly

stained with coomassie dye and the bands excised.

All antigen injections and bleeding were carried out

through Sigma-Genosys. Affinity purification of specific

antibodies to the zfAHR2 was carried out as previously

detailed [28–30].

2.5. In vitro expression of protein

Recombinant protein was produced from expression

constructs using the TNTTM Coupled Rabbit Reticulocyte

Lysate Kit essentially as detailed by the manufacturer.

Upon completion of the 90 min reaction, samples were

either combined with an equal volume of 2X gel sample

buffer and boiled for 5 min, or stored at �808 for use in

functional studies.

2.6. Production of total cell lysates

Cells were harvested from plates by trypsinization and

then washed twice in ice cold PBS. Total cell lysates for

Western blot analysis were prepared by sonicating cell

pellets in 50–100 mL 2X lysis buffer containing 0.5% NP-

40 and then adding an equal volume of 2X gel sample

buffer and boiling for 5 min as detailed previously [28–

30]. Protein concentrations were determined by the Coo-

massie Blue Plus assay using BSA as the standard. All

samples were stored at �208 prior to SDS–PAGE ana-

lysis.

2.7. Western blot analysis and quantification of protein

Protein samples were resolved by denaturing electro-

phoresis on discontinuous polyacrylamide slab gels (SDS–

PAGE) and were electrophoretically transferred to nitro-

cellulose. Immunochemical staining was carried out with

varying concentrations of primary antibody (see text and

figure legends) in BLOTTO buffer supplemented with D,L-

histidine (20 mM) for 1–2 hr at 228. Blots were washed

with five changes of TTBSþ for a total of 50 min. The blot

was then incubated in BLOTTO buffer containing a

1:12,000 dilution of GAR-HRP for 1 hr at 228 and washed

in five changes of TTBSþ as above. Prior to detection, the

blots were washed in PBS for 5 min. Bands were visualized

with the enhanced chemiluminescence (ECL) kit as spe-

cified by the manufacturer. 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 [28,30–32]. Each experiment

was repeated at least three times.

2.8. Transient transfection of LA-I cells

LA-1 cells were seeded at 1 � 106 cells/well onto

35 mm dishes and propagated overnight. A cocktail con-

taining 4 mg zfAHR2 expression vector and 60 mL Lipo-

fectAMINETM (Gibco) transfection reagent was prepared

in 2.6 mL of cell culture media. This volume was sufficient

for transfecting 12 dishes with the exact same solution of

DNA and the transfection was carried out according to the

manufacturer’s instructions. After a 6–8 hr transfection

period, cells were fed with fresh media containing FBS

and allowed to recover for 16 hr prior to experimental

treatments. Cells were then harvested from plates and

processed for SDS–PAGE as detailed above.

2.9. Immunofluorescence staining, microscopy and

quantification of nuclear fluorescence

All immunohistochemical procedures (cell plating, fixa-

tion, staining and photography) were carried out as pre-

viously described [28,29] and are detailed in the figure

legends. Cells were observed on an Olympus microscope

using the 568 nm filter. On average, 15–20 fields (5–20

cells each) were evaluated on each coverslip and 3–4 fields

were digitally photographed to generate the raw data.

Fluorescence intensity was quantified in the nucleus of

cells by NIH Image 1.55 software. Briefly, digital images

taken from cells stained for identical time frames in the

same staining solutions, were converted to negatives in

Adobe Photoshop 6.0. The pixel density of the nucleus

(equal to the relative intensity of the fluorescent signal)

was then quantified in NIH Image using a defined size area

that was held constant for all cells examined. On average

40–60 cells were evaluated for each treatment group and

the values expressed as mean � SE. Experiments were

repeated at least two times.

2.10. Statistics

For all calculated values, significance was determined

using a two-way ANOVA. All statistical analysis was

performed using the InStat program (GraphPad). Results

are presented as mean � SE.

3. Results and discussion

3.1. Generation and characterization of antibodies

against zfAHR2

Previous studies from this lab have utilized bacterial

expressed histidine fusion proteins to the NH-terminal 400

amino acids of the murine AHR to produce highly specific

antibodies termed A-1 and A-1A [28,29]. The homology

between zfAHR isoforms and the mAHR is approxima-

tely 70% in this region (Fig. 1A), yet the mAHR A-1A
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antibodies show reduced sensitivity to piscine AHR on

Western blots and have not been useful to detect endo-

genous AHR in any fish species (unpublished results). For

example, the A1-A antibody detects the in vitro expressed

mAHR in as little as 1 mg reticulocyte lysate (RL), yet

requires loading of 10–20 times more RL (10–20 mg) to

detect a band corresponding to the appropriate molecular

mass of the zfAHR2 (arrowhead Fig. 1B). Previous studies

have established that each microliter of RL contains

5–10 ng of in vitro expressed target protein [28,29]. In

addition, the A-1A antibody does not detect protein bands

that correspond to the appropriate molecular mass of the

zfAHR2 in 20 mg of total cell lysate prepared from the ZFL

cell line (first panel in Fig. 1B). Thus, it was necessary to

produce new antibodies that would show high levels of

sensitivity to zfAHR2. Since, the deduced amino acid

sequences of the zfAHR1 and zfAHR2 proteins show

significant identity in the NH-terminal region (Fig. 1A),

it was desirable to produce an antibody that would be

specific to only the zfAHR2 protein. Thus, a histidine

fusion protein was expressed and purified from bacteria

that contained the COOH-terminal 211 amino acids of the

zfAHR2 coding sequence (amino acids 816–1027). This

region of the zfAHR2 shares 25% identity with the

zfAHR1 protein or mAHR (Fig. 1A) and should have

minimal cross-reactivity with these proteins. Following

injection in rabbits, IgG specific to the zfAHR2 was

affinity purified and its specificity and sensitivity evaluated

by Western blotting of in vitro expressed protein and ZFL

total cell lysates. The zfAHR2 antibody was termed zf-24.

Figure 1B shows that zf-24 IgG reacts with a protein that

corresponds to the appropriate molecular mass (113 kDa)

of the zfAHR2 (arrowhead). Importantly, 1 mg/mL of the

zf-24 IgG could detect in vitro expressed zfAHR2 in as

little as 2 mg of RL. As expected, zf-24 IgG does not react

with in vitro expressed mAHR even when 10 mg of RL is

loaded. Importantly, the zf-24 IgG detects a single protein

band in 20 mg of total cell lysate derived from the ZFL cell

line and the band co-migrates with the in vitro expressed

zfAHR2 (arrowhead). No other bands approaching the

Fig. 1. Generation and specificity of the zf-24 antibody. (A) Schematic of zfAHR1, zfAHR2 and mAHR domains. Numbers in boxes indicate the percentage

of amino acid identity in the shaded region. Black bars indicate the region used to generate the A-1A or zf-24 antibodies. Numbers under each receptor

indicate amino acids. bHLH, basic-helix-loop-helix; PAS, PER-ARNT-SIM homology region. (B) Western blots. The indicated samples were resolved by

SDS–PAGE and analyzed by Western blotting using 1 mg/mL A-1A, zf-24 or pre-immune (PI) IgG, followed by GAR-HRP (1:12,000). The molecular mass

of standard proteins is indicated on the left in kDa. mA, in vitro expressed mAHR; ZF, in vitro expressed zfAHR2; ZFL, 20 mg ZFL total cell lysate. The

number under each lane indicates the amount of protein loaded in micrograms (mg). The arrowhead indicates the 113 kDa zfAHR2 protein band.
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intensity of the zfAHR2 were observed in the ZFL total cell

lysate and the lower molecular mass bands observed in the

RL lanes likely represent partially degraded zfAHR2 that

occur as a consequence of the in vitro synthesis. The

specificity of the zf-24 IgG is further demonstrated by

the lack of reactivity of pre-immune (PI) IgG to ZFL total

cell lysate and to the RL containing in vitro expressed

zfAHR2. To further characterize the zf-24 antibody and to

validate its utility for quantitative Western blotting, graded

concentrations of RL containing in vitro expressed

zfAHR2 were resolved by SDS–PAGE, blotted to nitro-

cellulose and stained. The resulting protein bands were

quantified by computer densitometry as detailed in Section

2 and the linearity of the antibody’s reactivity determined

by regression analysis. The results in Fig. 2 show that the

zf-24 antibody can accurately detect the zfAHR2 over a 5-

fold range of protein concentration and thus, can be used

for quantitative analysis of zfAHR2 protein in cells and

tissues.

3.2. Detection of zfAHR2 in transfected murine cells

The LA-1 cell line has been a powerful tool for evaluat-

ing AHR function in vivo [17–19]. Studies were initiated to

(i) determine whether the zf-24 antibody could detect

zfAHR2 protein when LA-I cells were transiently trans-

fected with zfAHR2 expression vectors, (ii) whether the

zfAHR2 protein would be degraded following exposure of

cells to BNF or GA and (iii) to further characterize the

specificity of the zf-24 antibody. LA-1 cells were trans-

fected with zfAHR2 expression vectors as detailed in

Section 2 and then treated with BNF (5 mM) for 7 hr or

GA (100 nM) for 2 hr. Following each treatment cells were

harvested, and total cell lysates evaluated by Western

blotting. Figure 3 shows a representative experiment.

The zf-24 antibody does not react with any proteins in

the mock transfected LA-I control cells while a protein

migrating at approximately 113 kDa is clearly detected in

the cells transfected with the zfAHR2 expression vector.

Importantly, the level of zfAHR2 protein is reduced by

42% following 7 hr of BNF exposure and by >70% follow-

ing 2 hr of GA exposure. This level of degradation is

consistent with previous studies that have evaluated the

degradation of the mAHR in transiently transfected cells

([16,17], unpublished results), and provide the first evi-

dence that ligand-dependent and -independent degradation

of the AHR are events that are conserved between zebrafish

and mammals.

3.3. zfAHR2 is degraded via the 26S proteasome

following ligand binding

To evaluate the degradation of the endogenous zfAHR2,

several experiments were carried out in the ZFL cell line.

The ZFL line was derived from zebrafish liver, and has

been shown to express various CYP enzymes including

CYP1A [33–35]. ZFL cells were propagated to 75% con-

fluence and treated with 5 mM BNF for 0–24 hr. Total cell

lysates were then prepared and the level of zfAHR2 protein

Fig. 2. Linearity of zf-24 antibody. zfAHR2 protein was expressed in RL

and 2–9 mL resolved by SDS–PAGE and blotted. The blot was then stained

using 1 mg/mL zf-24 IgG followed by GAR-HRP (1:12,000) and quantified

by computer densitometry. The relative density of each sample was plotted

against the dilution and regression analysis performed using GraphPad

Software. Inset is the blot of zfAHR2 with each number representing the

loading in mL.

Fig. 3. Expression of zfAHR2 in murine Hepa-1 cells. zfAHR2 expression

vectors were transfected into LA-I Hepa-1 cells. Twenty-four hours later,

cells were treated with me2SO (0.01%), BNF (5 mM) for 7 hr or GA

(100 nM) for 2 hr. Total cell lysates were prepared, equal amounts resolved

by SDS–PAGE and Western blotting performed using 1 mg/mL zf-24 IgG

and anti-actin (1:1000) followed by GAR-HRP (1:12,000). zfAHR2 and

actin bands were quantified by computer densitometry and the level of

zfAHR2 normalized to the level of actin. Data are expressed as the percent

of control. Bars represent the mean � SE except the GA samples that

represent the mean and range. LA, LA-1 hepa-1 cells that were mock

transfected without zfAHR2 cDNA.
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determined by quantitative Western blotting. A represen-

tative experiment is shown in Fig. 4A. As observed in the

transiently transfected LA-1 cells, the zfAHR2 is degraded

following exposure to BNF. The level of zfAHR2 protein is

reduced by 45% after 4 hr exposure, and shows a reduction

of >70% by 24 hr. Thus, as observed in mammalian cells,

the endogenous zfAHR2 is degraded following ligand

exposure.

Previous studies from this and other laboratories have

shown that the mammalian AHR is degraded via the 26S

proteasome [16,17,36,37]. To determine if degradation in

the ZFL cells were occurring through a similar pathway,

ZFL cells were treated with the proteasome inhibitor MG-

132 for 2 hr, followed by BNF for an additional 4 hr. Total

cell lysates were then prepared and the level of zfAHR2

protein determined by quantitative Western blotting. A

representative experiment is shown in Fig. 4B. As observed

in Fig. 4A, the zfAHR2 was reduced by approximately

50% following 4 hr of BNF exposure. In contrast, pre-

treatment of the cells with MG-132, completely blocked

the BNF-mediated degradation of the zfAHR2. Similar

results were obtained when lactacystin was used to inhibit

proteasome function (data not shown). These results sug-

gest that the zfAHR2 is degraded through the 26S protea-

some as observed with mammalian AHRs. However, while

the degradation pathway may be similar, the time course

and overall level of zfAHR2 protein degradation is differ-

ent than that observed in mammalian cells. In mammalian

cells, the ligand-mediated degradation of the AHR gen-

erally reaches its maximal level within 4 hr of exposure and

the magnitude of degradation can reach up to 95% of the

endogenous AHR [14–18,36]. Thus, the degradation time

course in the ZFL cells was slower (showing maximal

levels of degradation at 24 hr) and not as robust (maximal

levels of degradation are approximately 70%) as observed

in various mammalian cell culture lines. At present, the

molecular basis of these differences are not clear but may

be due to the lower incubation temperature of the ZFL cells

(28.58 vs. 37.58 for mammalian cells), differences in the

26S proteasome between fish and mammals or differences

in the location of lysine residues in the zfAHR2 compared

to mammalian AHRs.

3.4. zfAHR2 is degraded following exposure to

geldanamycin

GA is a benzoquinone ansamycin that directly associates

with ATP/ADP binding site of hsp90 protein [38], and can

disrupt the formation of heterocomplexes such as hsp90-

pp60v-src [39] and Raf-1/hsp90 [40]. Treatment of both

human HeLa and mouse Hepa-1 cells with GA results in

dramatic reductions in the level of endogenous AHR

protein within 2 hr of exposure in a dose- and time-

dependent manner [15,18,41,42]. Thus, it has been

hypothesized that loss of chaperone proteins or changes

in the conformation of the AHR�hsp90 complex may play a

key role in the stability and subcellular localization of the

AHR and its recognition by the 26S proteasome.

ZFL cells were propagated to 75% confluence and

treated with 100 nM GA for 0–180 min. Total cell lysates

were then prepared and the level of zfAHR2 protein deter-

mined by quantitative Western blotting. A representative

Fig. 4. BNF-mediated degradation of zfAHR2 in ZFL cells. (A) ZFL cells

were treated with me2SO (0.01%) for 24 hr or BNF (5 mM) for 4, 8, 16 or

24 hr. Total cell lysates were prepared, equal amounts resolved by SDS–

PAGE and Western blotting performed using 1 mg/mL zf-24 IgG and anti-

actin (1:500) followed by GAR-HRP (1:12,000). zfAHR2 and actin bands

were quantified by computer densitometry and the level of zfAHR2

normalized to the level of actin. Data are expressed as the percent of

control. Bars represent the mean � SE of three samples. �: statistically

different from control (P � 0:05). (B) ZFL cells were treated with 0.01%

me2SO (CON) for 6 hrs, BNF (5 mM) for 4 hr, 10 mM MG-132 (MG) for

6 hr, or 10 mM MG-132 for 2 hr followed by BNF (5 mM) for an additional

4 hr (MG/BNF). Total cell lysates were prepared and analyzed by Western

blotting as detailed in (A). Bars represent the mean � SE of three samples
�: statistically different from control (P � 0:05); ��: statistically different

from BNF (P � 0:05).
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experiment is shown in Fig. 5A. The level of zfAHR2 protein

was rapidly degraded during the experimental time course

and became <10% of the control level after 180 min. When

ZFL cells were pretreated with MG-132 for 2 hr and then

exposed to GA for an additional 2 hr, the level of GA-

mediated zfAHR2 degradation was dramatically reduced

(Fig. 5B). In contrast to the ligand-dependant degradation

detailed above, the time course and magnitude of the GA-

mediated degradation in ZFL cells is consistent with results

observed in mammalian cells [15,18,41,42]. The differ-

ences between GA and ligand-mediated degradation may

be due to fact that GA produces a systemic effect on all

hsp90 and does not affect the zfAHR2 directly (i.e. it

associates with the hsp90). In addition, the degradation

mediated by GA exposure may utilize a different domain of

the AHR that recognized following ligand binding (data

not shown). Importantly, this data suggest that differences

in the incubation temperature of the ZFL cells or in the

functioning of the 26S proteasome are unlikely to con-

tribute to the reduced level of degradation observed during

ligand exposure.

3.5. Subcellular localization of zfAHR2 in ZFL cells

Having established that the zf-24 antibodies could detect

the endogenous zfAHR2 protein in total cell lysates, it was

of interest to evaluate the subcellular location of the

zfAHR2 in cells and the specificity of the zf-24 antibody

for immunohistochemical staining. For these studies the

ZFL cells were propagated on glass cover slips, treated as

detailed below and then fixed and stained as described in

Section 2. Figure 6 shows the digital images from a

representative experiment and the relative intensity of

the nuclear fluorescence of the ZFL cells is presented in

Table 1. The distribution of the zfAHR2 in untreated

(control) cells appears to be both nuclear and cytoplasmic.

However, when the cells were treated with BNF for 2 hr

prior to fixation, the intensity of the nuclear staining

increased nearly 2-fold with a concomitant reduction in

the level of cytoplasmic staining. Since the ZFL cells are

rather small, larger images from representative panels are

presented at the bottom of Fig. 6 and the change in the

subcellular location of the zfAHR2 can be clearly

observed. The change in the staining pattern is consistent

with a ligand-induced translocation of the cytoplasmic

zfAHR2 to the nucleus of the cells as has been observed

in several mammalian cell lines [15,18,29]. Importantly,

treatment of ZFL cells with BNF for 16 hr resulted in a

significant decrease in the intensity of the nuclear staining,

Fig. 5. GA-mediated degradation of zfAHR2 in ZFL cells. (A) ZFL cells

were treated with me2SO (0.01%) for 180 min or GA (100 nM) for 30, 60,

90 or 180 min. Total cell lysates were prepared, equal amounts resolved by

SDS–PAGE and Western blotting performed using 1 mg/mL zf-24 IgG and

anti-actin (1:500) followed by GAR-HRP (1:12,000). zfAHR2 and actin

bands were quantified by computer densitometry and the level of zfAHR2

normalized to the level of actin. Data are expressed as the percent of

control. Bars represent the mean � SE of three samples. �: statistically

different from control (P � 0:05). (B) ZFL cells were treated with 0.01%

me2SO (CON) for 4 hr, GA (100 nM) for 2 hr, 10 mM MG-132 (MG) for

4 hr, or 10 mM MG-132 for 2 hr followed by GA (100 nM) for an

additional 2 hr (MG/GA). Total cell lysates were prepared and analyzed by

Western blotting as detailed in (A). Bars represent the mean � SE of three

samples. �: statistically different from control (P � 0:05); ��: statistically

different from control (P � 0:05) and GA (P � 0:05).

Table 1

Relative density of nuclear fluorescence

Treatment Time (hr) N Relative nuclear

density

Percent of

BNF 2 hr

Control – 47 57 � 32 49

BNF 2 52 116 � 32a 100

BNF 16 55 62 � 8.3b 53

LMB 4 48 114 � 28a 100

GA 2 59 37 � 32b 31

The pixel density of the nucleus was determined as indicated in Section

2. Values indicate the mean � SE for the number of samples indicated.
a Statistically different from control (P � 0:05).
b Statistically different from BNF 2 hr (P � 0:05).
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consistent with the 50% degradation of the zfAHR2 protein

observed in Fig. 4. However, more striking is the contrast

between the cells treated with BNF for 2 hr and those

treated with GA for 2 hr. In the GA-treated cells, the level

of nuclear staining is reduced by approximately 70%

(Table 1) and this change is consistent with the reduction

in zfAHR2 protein observed by Western blotting (Fig. 5).

The ability to observe ligand-mediated changes in the

distribution of the zfAHR2 staining and reductions in

the level of staining following treatment with BNF and

GA validates the specificity of the zf-24 antibody.

Since a significant portion of the zfAHR2 pool appears

to be nuclear under control culture conditions, it was

of interest to determine whether the zfAHR2 was under-

going dynamic nucleocytoplasmic shuttling. To evaluate

this process, ZFL cells were treated with leptomycin B

(LMB) for 4 hr prior to fixation. LMB is an inhibitor of

CRM-1-mediated nuclear export [43,44] and it is expected

that a protein undergoing dynamic shuttling would accu-

mulate in the nucleus if nuclear export were inhibited.

Figure 6 shows that the staining for the zfAHR2 is reduced

in the cytoplasm and increased in the nucleus (similar to

cells treated with BNF for 2 hr) following 4 hr of LMB

exposure (see Table 1). This result is consistent with a

hypothesis that the zfAHR2 is shuttling between the

nucleus and cytoplasm. Active nucleocytoplasmic shut-

tling of the mammalian AHR has recently been observed in

several cell lines and the significance of this process to

AHR-mediated signal transduction is currently under

investigation ([9], unpublished results).

3.6. Conclusions and implications

Previous studies on the AHR signaling pathway in fish

have focused primarily on the rainbow trout and Fundulus

heteroclitis models. Many of these studies have used

transient transfection of the respective fish AHRs into

mammalian cell culture or studied the response of a few

select cell lines following exposure to TCDD or other AHR

ligands [45–49]. While many of these studies have pro-

duced important results with regard to establishing the

presence of multiple AHR isoforms in fish, the analysis of

changes in AHR protein concentration and its localization

and interaction with other proteins has been difficult due to

the lack of specific antibodies that could react with the

endogenous AHR in the various model systems. Recently,

much of the work on AHR signaling in fish has shifted

toward the zebrafish model due to the better-defined devel-

opmental biology and ease of use compared to trout.

Unfortunately, the inability to study the endogenous

AHR in zebrafish has been a limitation.

The results presented in this report, demonstrate that a

highly specific antibody has been developed that can detect

in vitro expressed zfAHR2 as well as the endogenous

zfAHR2 in ZFL cells. Importantly, the results show that

the ZFL cell line is an appropriate model in which to study

Fig. 6. Subcellular localization of zfAHR2 in ZFL cells. ZFL cells were

grown on glass coverslips for 48 hr and then treated with 0.01% me2SO

(CON) for 16 hr, BNF (5 mM) for 2 and 16 hr, 100 nM GA for 2 hr

(GA), or 10 nM LMB for 4 hr (LMB). Following treatments, cells were

fixed and stained with the identical solution of 1 mg/mL zf-24 IgG

followed by GAR-RHO (1:400). Photos on left are fluorescence images

while photos on right are Nomarski images. All photos represent

identical exposure times. Images on the bottom are larger images of

single cells from the control, BNF 2 hr and LMB 4 hr fields. Bar in

controls ¼ 2 mm.
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the AHR signaling pathway and that the zfAHR2 is

degraded via the 26S proteasome following ligand-depen-

dent and -independent stimulation. These results suggest

that zebrafish represent a non-mammalian model in which

to study the degradation of the AHR and the attenuation of

AHR-mediated signaling events. Interestingly, while the

ligand-independent degradation of the zfAHR2 appeared

to parallel results observed in mammalian systems with

regard to the magnitude of zfAHR2 loss and the speed of

the degradation events (Fig. 5), the ligand-mediated degra-

dation of the zfAHR2, although very pronounced, did not

appear to proceed at the same rate and to the same level as

that observed in mammalian systems (Fig. 4). This sug-

gests that there may be some important differences in fish

that could provide novel information regarding the degra-

dation process. Currently the 26S proteasome has not been

isolated from zebrafish, but amino acid comparisons of

mammalian and piscine AHRs reveal several differences

with regard to the conservation of lysine residues. Lysines

are necessary for ubiquitination of proteins targeted to the

26S proteasome [50]. Mammals have lysines in conserved

locations throughout the entire AHR even in regions that

have greatly reduced amino acid identity. Analysis of

rainbow trout, fundulus, zebrafish and medaka show that

while the lysines within the NH-terminal portion of the

protein are conserved in location when compared to mam-

malian AHRs, fish are lacking some of the lysines found in

the PAS and COOH-terminal portion of the protein. Since

the precise lysines utilized in the ligand-mediated degra-

dation of the AHR are currently unknown, continued study

of the zfAHR2 and mammalian AHRs may provide impor-

tant insight into the mechanism of ligand-dependent and -

independent degradation of the AHR.

In summary, the studies in this report demonstrate the

development of a highly specific antibody against the

zfAHR2 that can detect the endogenous AHR protein in

the ZFL cell line. Importantly, the results show that the

zfAHR2 is a substrate for the 26S proteasome following

both ligand-dependent and ligand-independent activation of

the receptor protein. This is an important finding for a

number of reasons. First, it shows that the mechanism of

attenuation of the AHR signal transduction pathway is

conserved between mammals and fish. Second, the results

validate zebrafish as an appropriate model to investigate the

consequence of AHR degradation and the domains of the

protein required for this process. Lastly, it provides and

novel model system in which to study protein ubiquitination

and the proteasome. Future studies are aimed at evaluating

the ability of the zf-24 to detect zfAHR2 in zebrafish and

detailing the mechanism of zfAHR2 turnover.
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