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Analysis of rainbow trout Ah receptor protein isoforms in cell culture
reveals conservation of function in Ah receptor-mediated
signal transduction
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Abstract

Two distinct aryl hydrocarbon receptor (AHR) cDNAs have been isolated from rainbow trout. The encoded receptor protein products
termed rtAHR2o and rtAHR28 are 97% identical at the amino acid level but are reported to have distinct functions with regard to AHR-
mediated gene regulation. To test this hypothesis, the two proteins were evaluated functionally both in vitro and in a Chinese hamster lung
cell line, E36. To facilitate analysis, both rtAHR2 isoforms were tagged with the FLAG peptide and could be expressed and quantified in a
rabbit reticulocyte lysate. However, both proteins failed to form functional complexes with mammalian or rainbow trout AHR nuclear
translocator protein (ARNT) that could associate with xenobiotic response elements (XREs) in a ligand-dependent manner in vitro. In
contrast, both proteins exhibited positive function on AHR-mediated signaling when expressed in the E36 cell line. Both rtAHR2 isoforms
showed a cytoplasmic distribution in the unliganded state and could drive the expression of a reporter gene under control of the trout
CYPI1A3 promoter. Although both proteins induced reporter gene activity to the same magnitude, the Ecs, values of the two isoforms for
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) differed by an order of magnitude, with the tAHR26 isoform less responsive to TCDD.
When the functions of the rtAHR2 isoforms were tested in the context of the dominant negative rtARNT, protein, TCDD-mediated
induction of reporter gene activity was reduced as the level of rtARNT, protein increased. In summary, both rtAHR?2 isoforms appear to
exhibit positive function in AHR-mediated signaling, suggesting conservation of function. © 2002 Elsevier Science Inc. All rights
reserved.
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At present, full-length AHR sequences have been iso-
lated from Atlantic tomcod [12], Fundulus heteroclitis
(killifish, [13]), Oncorhynchus mykiss (rainbow trout,
[11]), and Danio rerio (zebrafish, [15]). The most striking
findings from these studies have been the isolation of
multiple cDNAs that encode distinct AHR proteins in each
of the fish. In killifish, for example, two highly divergent
AHRSs were characterized that exhibit only 40% amino acid
identity to each other [13]. These proteins, termed tfhAHR1
and thAHR2, were shown to bind TCDD in vitro, but the
genes showed distinct patterns of expression in Fundulus
tissue.

In contrast, two distinct AHR cDNAs have been isolated
from rainbow trout that both segregate with the AHR2
clade [11]. These proteins termed rtAHR2« and rtAHR28
are 97% identical at the amino acid level and appear to
have similar patterns of expression in trout tissues. How-
ever, despite the high level of identity between the two
proteins, recombinant expression in the mammalian COS-
7 cell line suggests that the two receptors show distinct
preferences for trout or mammalian enhancer sequences
[11,19]. Thus, it has been hypothesized that the two iso-
forms may play different roles in the biological responses
produced by AHR agonists such as TCDD or to endogen-
ous ligands [11,19]. To test the validity of this hypothesis,
studies were carried out in vitro and in mammalian cell
culture lines to directly assess the function of the rtAHR2
proteins in the context of mammalian and rainbow trout
ARNT protein. In contrast to previous reports, the results
presented here indicate that both rtAHR2a and rtAHR28
have positive function in AHR-mediated signaling in a
Chinese hamster lung cell line (E36) and can effectively
drive a reporter gene construct under the control of the
trout CYP1A3 promoter. In addition, studies revealed that
the concentration—response curve for TCDD-mediated
induction of CYPIA3 driven reporter gene activity was
shifted nearly an order of magnitude to the right when
rtAHR2f was used in the assay. Importantly, the current
studies also show that while both rtAHR?2 proteins func-
tioned in cell culture assays, neither protein functioned
in in vitro assays when compared with mammalian AHR
proteins.

2. Materials and methods
2.1. Antibodies

Specific antibodies against either the mouse AHR (A-1,
A-1A) or mouse ARNT protein (R-1) are identical to those
described previously [20,21]. Specific antibodies against
rainbow trout ARNT (rt84) are identical to those described
previously [10]. For western blot analysis, GAR-HRP was
utilized. For immunohistochemical studies, GAR-TR was
used. Both of these reagents were purchased from Jackson
Immunoresearch. Polyclonal rabbit B-actin antibodies and

polyclonal rabbit antibodies against FLAG were purchased
from the Sigma Chemical Co.

2.2. Buffers

PBS: 0.8% NaCl, 0.02% KCI, 0.14% Na,HPO,,
0.02% KH,PO, (pH 7.4).

2X Gel sample buffer: 125 mM Tris (pH 6.8), 4%
SDS, 25% glycerol, 4 mM EDTA, 20 mM dithio-
threitol, 0.005% bromphenol blue.

TBS: 50 mM Tris, 150 mM NaCl (pH 7.5).

TTBS: 50 mM Tris, 0.2% Tween 20, 150 mM NaCl
(pH 7.5).

TTBS+: 50 mM Tris, 0.5% Tween 20, 300 mM
NaCl (pH 7.5).

BLOTTO: 5% dry milk in TTBS.

2X Lysis buffer: 50 mM HEPES (pH 7.4), 40 mM
sodium molybdate, 10 mM EGTA, 6 mM MgCl,,
20% glycerol.

5X Gel shift buffer: 50 mM HEPES (pH 7.5), 15 mM
MgCl,, 50% glycerol.

0.5X TBE: 45 mM Tris-borate, 1 mM EDTA.
MENG: MOPS, EDTA, NaNj, glycerol.

2.3. Cells and growth conditions

Hepa-1 and Type I Hepa-1 variants (LA-I) were gifts
from Dr. Jim Whitlock, Jr. (Department of Pharmacology,
Stanford University). E36 cells were a gift from Dr. Alan
Schwartz (Washington University). Hepa-1 cells were
propagated at 37° in Dulbecco’s Minimum Essential Med-
ium containing 5% FBS. E36 cells were propagated at 30°
in o-Minimum Essential Medium containing 10% FBS. All
cells were passaged at 1-week intervals and used in experi-
ments during a 2-month period.

2.4. Generation of expression constructs

Full-length rtAHR2o and rtAHR2 cDNA clones were
gifts from Dr. Richard Peterson (University of Wisconsin).
The coding regions for each gene were amplified by PCR
using a gene specific 5’ primer that spanned the ATG start
site and a 3’ primer unique to the last 8 codons of each
rtAHR?2 that was in frame with the coding sequence for the
eight amino acid FLAG sequence followed by a transla-
tion termination codon. The resulting full-length rtAHR2
cDNAs were ligated into pcDNA3.1 (Clontech) to pro-
duce FLAG-rtAHR2a and FLAG-rtAHR2. Murine AHR
cDNA was amplified from pSPORT‘M’AHR (gift from
Dr. Chris Bradfield, University of Wisconsin) by PCR with
a 3’ primer that contained the coding sequence for the
eight amino acid FLAG peptide and a 5 primer that
spanned the start codon. The resulting fragment was
ligated onto the mammalian expression vector pcDNA3.1
to produce FLAG-mAHR. All constructs were sequenced
prior to use. The rtARNT and mARNT expression
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constructs used in these studies have been detailed pre-
viously [10,17,18].

2.5. In vitro expression of protein

Recombinant protein was produced from expression
constructs using the TNT™ Coupled Rabbit Reticulocyte
Lysate Kit essentially as detailed by the manufacturer
(Promega). Upon completion of the 90-min reaction, sam-
ples were either combined with an equal volume of 2X gel
sample buffer and boiled for 5 min, or stored at —80° for
use in functional studies.

2.6. Production of total cell lysates and cytosol

Total cell lysates for western blot analysis were prepared
by sonicating cell pellets in 1X lysis buffer containing
0.5% Nonidet P-40 as detailed previously [10,20,21].
Cytosol was prepared from cells by homogenization in
MENG buffer supplemented with leupeptin (10 pg/mL),
aprotinin (20 pg/mL), and PMSF (100 uM). Homogenates
were centrifuged at 22,000 g for 15 min in a refrigerated
microcentrifuge, and aliquots of the supernatant were
stored at —70° prior to use in EMSA. Protein concentra-
tions were determined by the Coomassie Blue Plus assay
(Pierce), using BSA as the standard.

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 transferred electrophoretically to nitro-
cellulose. Immunochemical staining was carried out with
various concentrations of primary antibody (see text and
figure legends) in BLOTTO buffer supplemented with pL-
histidine (20 mM) for 1-2 hr at 22°. Blots were washed
with three changes of TTBS+ for a total of 45 min. The
blot was then incubated in BLOTTO buffer containing a
1:10,000 dilution of GAR-HRP for 1 hr at 22° and washed
in three changes of TTBS+ as above. Prior to detection, the
blots were washed in TBS for 5 min. Bands were visualized
with the enhanced chemiluminescence (ECL) kit as spe-
cified by the manufacturer (Amersham). Multiple expo-
sures of each set of samples were produced. The relative
concentration of target protein was determined by com-
puter analysis of the autoradiographs as detailed previously
[10,17,18,20].

2.8. In vitro activation of AHR:ARNT complexes and
EMSA

For EMSA, a double-stranded fragment corresponding
to the consensus XRE-1 of the murine CYPIAI promoter
(mXRE) has been described previously [22]. A double-
stranded fragment corresponding to the consensus XRE2
of the trout CYPIA3 promoter also has been described

previously [9]. For in vitro activation, approximately 25 ng
of recombinant AHR and ARNT protein or 50 pg of
cytosol were combined with MENG buffer in a 60-uL
reaction. Each sample was then supplemented with TCDD
(16 nM) or DMSO (0.5%) and incubated at 30° for 2 hr.
The activated samples (15 pL.) were then incubated at 22°
for 15 min in 1X gel shift buffer supplemented with KCI
(80 mM) and poly(dldC) (0.1 mg/mL). Approximately
4 ng of 3*P-labeled XRE was added to each sample, and
the incubation was continued for an additional 15 min at
22°. The samples were resolved on 5% acrylamide/0.5%
TBE gels, dried, and exposed to film. In some instances,
activated samples were analyzed by western blotting to
assess expression of AHR and ARNT.

2.9. Transfection and reporter gene assay

The reporter gene construct used in these studies was
p-18970m1A3luc that contains 1897 bp of promoter
sequence from the rainbow trout CYPIA3 gene [23]. This
sequence contains five putative XREs. A mixture was
generated that contained various combinations of the
AHR or ARNT expression plasmids indicated in the text
or figure legends, as well as a constitutive B-gal expres-
sion vector (pSV-B-gal) and LipofectAMINE (Gibco)
transfection reagent. The volume of the mixture was
sufficient to transfect 6-8 dishes (35 mm) of cells and
assured that 3—4 control and 3—4 treatment samples were
all transfected with the exact same solution of DNA. In all
cases, the total amount of DNA transfected in the different
test groups was constant. After a 6- to 8-hr transfection
period, cells were treated with TCDD or DMSO for 16 hr,
or allowed to recover for 16 hr and then treated for 8§ hr.
Cells were then scraped from plates in 1X Reporter Gene
Buffer (Promega), and luciferase and B-gal activity was
quantified as detailed by the manufacturer. The relative
luciferase units (RLU) were then divided by the B-gal
activity to control for transfection efficiency. In all experi-
ments, transfection efficiency was generally consistent
between all samples; thus, the overall trend of the data
was never changed by the normalization procedure. The
mean = standard deviation is reported for three indepen-
dent samples. The Ecsy for TCDD was determined using
nonlinear regression in the Statistica software package
(StatSoft).

2.10. Immunofluorescence staining and microscopy

All immunocytochemical procedures (cell plating, fixa-
tion, staining, and photography) were carried out as pre-
viously described [20,21]. Cells were observed on an
Olympus microscope using the 568 nm filter. On the
average, 15-20 fields (5-20 cells each) were evaluated
on each coverslip, and 3—4 fields were photographed to
generate the raw data. Experiments were repeated at least
two times.
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2.11. Gal4 transactivation assays

For the generation of Gal4/rtAHR2 fusions, PCR was
used to amplify 200 and 300 nucleotide fragments from the
most 3’ coding regions for both rtAHR2x (corresponding
to amino acids 759-1059 and 859-1059) and rtAHR28
(corresponding to amino acids 758-1058 and 858-1058).
Fragments were ligated into pc424 [17,18], immediately
downstream of the Gal4 DNA binding domain. To evaluate
the transcriptional activity of the chimeric proteins, each
construct was cotransfected into the Hepa-1 cells with the
reporter gene, pFR-LUC [17,18], and pSV-B-gal. Lucifer-
ase and B-gal assays were performed as described above. In
some experiments, equal amounts of total cell lysate,
prepared from cells transfected with the identical DNA
transfection mixture used to generate the luciferase data,
were evaluated for the expression of the Gal4/rtAHR2
chimeras with an anti-Gal4 antibody.

3. Results and discussion
3.1. rtAHR20 and rtAHR2f3 activity in vitro

Previous studies suggest that the tAHR2a and rtAHR26
proteins have distinct functionality in AHR-mediated sig-
naling [11,19]. However, the molecular nature of the
differences between these two proteins is unclear. In
mammalian systems, a great wealth of functional informa-
tion on the AHR and ARNT proteins has been obtained
from the expression and activation of the proteins in vitro.
Therefore, studies were performed to determine whether in
vitro analysis would provide insight into the functional
differences between the rtAHR2 proteins. Since an impor-
tant aspect of the in vitro analysis is the ability to directly
assess the level of recombinant protein expression, each
rtAHR2 cDNA was ligated into an expression plasmid so
that the eight amino acid FLAG™ epitope was expressed
atthe C-terminus of each proteinto produce FLAG-rtAHR 2«
and FLAG-rtAHR28. The FLAG tag was also expressed on
the C-terminus of the mouse AHR (FLAG-mAHR).

Fig. 1 shows that both FLAG-mAHR and FLAG-
rtAHR?2 proteins were detected by western blot analysis
with the M5 anti-FLAG antibody and that each protein was
expressed at the same level in the in vitro TNT reactions.
As expected, both rtAHR?2 proteins migrated with a mole-
cular mass of approximately 115kDa compared with
95 kDa for the mAHR. In addition, both rtAHR2 isoforms
could be detected with antibodies produced against mouse
AHR, although the sensitivity of detection was much less
than that for the mAHR due to the sequence divergence of
the AHRs (Fig. 1).

Having shown that both rtAHR2 proteins could be
expressed and quantified, experiments next focused on
the ability of the proteins to dimerize with ARNT and
bind murine (mXRE) or trout (rttXRE) DNA sequences in
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Fig. 1. Western blot analysis of AHR proteins expressed in vitro. FLAG-
rtAHR2a, FLAG-rtAHR28, and FLAG-mAHR proteins were expressed in
vitro and analyzed by western blotting using 1 pg/mL of M5 anti-FLAG
IgG (shown on the left) or 1 pg/mL of A-1A IgG (shown on the right),
followed by GAR-HRP (1:10,000). The molecular mass of standard
proteins is indicated in the center in kilodaltons. Note that the level of
protein expression in all lanes is the same when using the M5 antibody. All
experiments were performed 2-3 times.

vitro. Therefore, equal amounts of recombinant AHR and
ARNT were combined and activated in the presence or
absence of TCDD for 2 hr at 30°. The activated samples
were then analyzed by (i) EMSA with the mXRE, (ii)
EMSA with the rtXRE, and (iii) western blotting to confirm
the level of AHR and ARNT protein expression. Fig. 2
shows a representative experiment. FLAG-mAHR formed
complexes with mARNT or the rtARNT,, isoform that
associated equally well with either the rtXRE or mXRE
oligonucleotide in a TCDD-dependent manner (Fig. 2A,
lanes 2, 4, 8, and 10). Since both XREs were the same
length and labeled to the same specific activity, the inten-
sities of the shifted bands are directly comparable. In
contrast, when the FLAG-rtAHR2a was used in the experi-
ments, there were no detectable shifts of either XRE
sequence (Fig. 2A, lanes 5, 6, 11, and 12), even following
exposure of the gel for the equivalent of 168 hr (data not
shown). The FLAG-rtAHR2f protein was also evaluated
for DNA binding in the presence mARNT or rtARNT,, and
failed to produce any detectable gel shifts (data not shown).
To confirm that the lack of DNA binding of the FLAG-
rtAHR2a protein was not due to differences in the amount
of AHR used in the assay, western blot analysis was carried
out on the identical samples used in lanes 1-6 of Fig. 2A.
Fig. 2B shows that the amounts of FLAG-mAHR and
FLAG-1tAHR2a are essentially identical.

Previous studies have shown that rainbow trout gonad
cells (RTG-2) express rtAHR protein capable of binding
TCDD and driving gene expression and that AHR-ARNT
complexes can be isolated that bind DNA in vitro [8,9].
Thus, possible explanations for the reduced function of the
FLAG-rtAHR2 proteins expressed in vitro include the need
for endogenous fish proteins to stabilize the tAHR2, the
need for additional proteins for the DNA binding interac-
tion in fish, or the temperature of the assay. To test some of
these possibilities, cytosol was produced from RTG-2 cells
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Fig. 2. EMSA of recombinant AHR and ARNT proteins. (A) FLAG-
mAHR, mARNT, FLAG-rtAHR20, and FLAG-rtARNT, proteins were
expressed in vitro combined as indicated and incubated with TCDD
(16 nM) or DMSO (0.5%) for 2 hr at 30°. Activated samples were then
mixed with 3*P-labeled mXRE or rtXRE and analyzed by EMSA as
detailed. Specifically shifted and free XRE are indicated. (B) Aliquots
from samples 1-6 were analyzed by western blotting with M5 anti-FLAG
(1 pg/mL) or anti-ARNT R-1 antibody (1 pg/mL) followed by GAR-HRP
(1:10,000) to demonstrate equal expression of protein. All experiments
were performed 2-3 times.

and activated in vitro with TCDD at various temperatures
in the presence or absence of FLAG-rtAHR2a. A repre-
sentative study is shown in Fig. 3. Control cytosol from the
mouse Hepa-1 cell line produced a TCDD-dependent gel
shift when activated at 22 or 30°, while cytosol isolated
from the RTG-2 cells or the Hepa-1 variant (LA-I) was
unable to produce a DNA binding complex at any of the
assay temperatures (Fig. 3). When RTG-2 cytosol was
spiked with recombinant FLAG-rtAHR2a protein, the
sample still did not produce any detectable gel shift (data
not shown). Thus, the inability to produce functional
rtAHR?2 protein in vitro may be related to the stability
of the protein and its interactions with mammalian hsp90
or the ARAY protein at the assay temperatures. Trout
usually live at temperatures below 15°, but recombinant
proteins are produced at 30° in the TNT assay and this may
affect the folding of the rtAHR2 or its interaction with
other proteins in vitro. Indeed, previous studies utilizing
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Fig. 3. EMSA of cell culture cytosol. Cytosol was prepared from rainbow
trout gonad (RTG), murine Hepa-1 cells (Hepa-1), and the Hepa-1 variant
(LA-]) as detailed. Fifty micrograms of cytosol was incubated with TCDD
(16 nM) or DMSO (0.5%) for 2 hr at 4°, 22° or 30°. Activated samples
were then mixed with 3>P-labeled mXRE and analyzed by EMSA as
detailed. Specifically shifted and free XRE are indicated. All experiments
were performed 2-3 times.

ligand binding assays on trout AHR have noted the diffi-
culty of working with these proteins in in vitro assays
[24,25]. In addition, similar difficulties have been
described with the in vitro expression and analysis of
the F. heteroclitis AHR isoforms [13]. Thus, the results
presented here clearly show that the function of the
rtAHR?2 protein is compromised in vitro, and alternate
methods are needed for functional analysis.

3.2. Transactivation potential of rtAHR20. and rtAHR2f3

Since differences in the function of rtAHR2a and
rtAHR28 could not be evaluated effectively in vitro, studies
turned to the analysis of these proteins in a cell culture
model system. Previous studies suggest that rtAHR26 has
reduced transactivation potential when evaluated in the
COS-7 cell culture model [11,19]. However, molecular
analysis has not been used to directly test the rtAHR2
isoforms for transactivation function. To carry out such
an analysis, PCR was used to generate C-terminal fragments
from both rtAHR2a and rtAHR28. The fragments were
ligated downstream of the GAL4 DNA binding domain and
analyzed for the ability to drive luciferase expression from a
Gal4-dependent reporter construct (transactivation poten-
tial) as detailed previously [17,18]. Fig. 4 shows that all of
the rtAHR2 C-terminal constructs generated contain potent
transactivation domains. In addition, there were no differ-
ences in the levels of activity between the domains isolated
from rtAHR2a and rtAHR2B. The finding that the C-
terminal domains of the rtAHR2 isoforms possess potent
transactivation function are consistent with studies of mam-
malian AHR [26-28] and suggest that both proteins have the
potential for positive action as transcription factors.
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Fig. 4. Transactivation assay of rtAHR isoforms. The indicated C-terminal
domains of rtAHR2a and rtAHR26 were ligated to the Gal4 DNA binding
domain as indicated in Section 2. Each construct was transfected into three
plates of Hepa-1 cells along with pFR-LUC and pSV--gal, and cells were
propagated for 16 hr. Cells were scraped from plates and analyzed for
luciferase and B-gal activity. The level of luciferase activity (RLU) was
divided by the level of B-gal activity to normalize for transfection
efficiency. Each bar represents the mean 4+ SD of three independent
samples. The Gal4/VP-16 construct was used as a positive control.

3.3. rtAHR2a and rtAHR2f activity in cell culture

Having established that both rtAHR2s contained func-
tional transactivation domains, studies focused on whether
rtAHR2a and rtAHR28 exhibited differences in the ability
to drive reporter constructs containing the trout CYPIA3
promoter. The CYPIA3 reporter gene utilized was 1897 bp

2000

in length and contained five xenobiotic response elements
[23]. The cell line used in these studies was a Chinese
hamster lung cell line, E36. The choice of this cell line was
based on several criteria. First, this cell line has been very
effective in the evaluation of the subcellular trafficking and
function of the murine AHR [29,30]. Second, E36 cells
express low levels of endogenous AHR and ARNT protein;
thus, exogenous expression of recombinant AHR or ARNT
protein can be quantified effectively [29,30]. Finally, E36
cells can be propagated at 30°, and this temperature may be
more appropriate for the analysis of fish proteins than 37°.

In the first set of studies, different combinations of
FLAG-rtAHR2 and rtARNT,, expression plasmids were
analyzed for their ability to drive luciferase activity by the
trout CYPIA3 promoter in a TCDD-dependent manner. A
representative experiment is shown in Fig. 5. In the absence
of any rtAHR2 DNA, luciferase activity was low and
showed no significant induction in the presence of TCDD
(lanes 1 and 2). These results are consistent with the low
level of AHR expressed in the cells [20,29]. In contrast,
E36 cells transfected with either of the FLAG-rtARH2
constructs in the presence or absence of rtARNT}, showed a
5- to 6-fold induction of luciferase activity in a TCDD-
dependent manner. The overall level of luciferase activity
was increased by approximately 6-fold when rtARNT,, was
included in the transfection mixture. Importantly, these
studies show that both FLAG-rtAHR2o and FLAG-
rtAHR2f can drive the expression of luciferase from the
CYPIA3 promoter in a TCDD-dependent manner. In addi-
tion, the magnitude of luciferase activity and the overall
level of induction were essentially identical between the
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Fig. 5. TCDD-induced reporter gene activation in E36 cells transfected with tAHR2a or rtAHR28. E36 cells were cotransfected with different combinations
of rtARNT},, FLAG-rtAHR20a, and FLAG-rtAHR28, as indicated below each bar, along with p—18970m1A3luc and pSV-B-gal and propagated for 16 hr. The
total amount of DNA used in each transfection was constant. Cells were then treated with TCDD (10 nM) or DMSO (0.5%) for 8 hr and evaluated for
luciferase and B-gal activity. The relative luciferase units (RLU) were divided by the 8-gal activity to control for transfection efficiency. Data are presented as

the means =+ SD for three samples.
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two rtAHR?2 isoforms, a finding that was consistent and
repeatable in the E36 cell line. In addition, similar data sets
were obtained when reporter genes that contained promo-
ter sequences derived from the human CYPIBI promoter
were used (data not shown).

To confirm that the results were not influenced by
differences in the amount of rtAHR?2 protein expressed
in the transfected cells, samples of cell lysates were
analyzed for rtAHR?2 expression by western blotting with
anti-FLAG and anti-mAHR antibodies. Unfortunately,

both antibodies were unable to detect tAHR2 expression
due to low sensitivity to the expressed proteins (data not
shown). Thus, expression of the two rtAHR proteins was
evaluated by indirect immunofluorescence microscopy
with the anti-FLAG antibodies. E36 cells were propagated
on coverslips and transfected with an aliquot from the
identical transfection mixture used to generate the lucifer-
ase data sets shown in Fig. 5 (lanes 3 and 6). Cells were
then fixed and stained with anti-FLAG IgG. Representative
fields are shown in Fig. 6. The data clearly show that both

(A) rtAHR2a

rtAHR2B

s

rtAHR2a + TCDD

No rtAHR?2

rtAHR28 + TCDD

Fig. 6. Subcellular localization of FLAG-rtAHR2a and FLAG-rtAHR28 transfected into E36 cells. (A) The same transfection mixture used to generate the
data in Fig. 5 (lanes 3 and 5) was used to transfect E36 cells with FLAG-rtAHR2a or FLAG-rtAHR28. Following incubation at 30° for 16 hr, cells were fixed
and stained with 1 pg/mL of anti-FLAG IgG followed by GAR-TR (1:750). (B) E36 cells were transfected with either FLAG-rtAHR2a or FLAG-rtAHR28.
Following a 24-hr recovery period, cells were treated with TCDD (5 nM) or DMSO (0.5%) for an additional 3 hr and then fixed and stained with anti-FLAG
as detailed above. All photos represent identical exposure times. These studies were performed two times.
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rtAHR2 proteins can be detected and are expressed pre-
dominately within the cytoplasmic compartment of
untreated E36 cells. Since the pictures represent identical
exposure times, it can be observed that both sets of cells
show similar levels of fluorescence intensity, and thus are
likely expressing similar levels of rtAHR2 protein
(Fig. 6A). In addition, the absolute number of AHR
reactive cells in each field was quantified for both
FLAG-1tARNT2a and FLAG-rtAHR26 and found to be
essentially the same (data not shown). This finding was
consistent with the B-gal transfection control data that
showed similar levels of activity in the cells transfected
with either FLAG-tAHR2a or FLAG-rtAHR26. Taken
together, these studies indicate that the unliganded
rtAHR2s are localized to the cytoplasm and appear to
be expressed at similar levels, and that the normalized
reporter gene values reflect similar functionalities of these
proteins under the conditions of the assay. To further
evaluate the function of these rtAHT?2 proteins, E36 cells
were propagated on coverslips and transfected with either
FLAG-rtAHR2a or FLAG-rtAHR2B expression con-
structs. Cells were treated with TCDD (5 nM) or DMSO
for 3 hr, and the cells were fixed and stained with anti-
FLAG IgG. Panel B of Fig. 6 shows that both rtAHR2
proteins are capable of translocating to the nucleus follow-
ing TCDD exposure. These results are consistent with the
fact that both proteins transactivate reporter gene activity
(Fig. 5).

3.4. Ecsg of tAHR2 and rtAHR20 in cell culture

Having established that the E36 cell culture model
allowed functional analysis of the rtAHR?2 proteins, studies
next focused on whether the two isoforms showed similar
responses to TCDD. FLAG-rtAHR?2 and rtARNT,, expres-
sion plasmids, along with the CYPIA3 reporter and pSV-83-
gal construct were transfected into triplicate wells of E36
cells and evaluated for luciferase activity following incu-
bation with graded concentrations of TCDD. A represen-
tative experiment is shown in Fig. 7. Consistent with the
data presented in Fig. 5, each rtAHR?2 induced luciferase
activity above baseline; however, the concentration—
response curve for FLAG-rtAHR28 was shifted to the
right by an order-of-magnitude. The Ecs, value for
TCDD-mediated induction of the CYP1A3 driven reporter
gene was 100 £ 15 pM for FLAG-rtAHR2a, while the Ecs
was 1050 + 150 pM for FLAG-rtAHR26. Thus, FLAG-
rtAHR2a exhibits an Ecsy value for TCDD that is within
the same range determined for mammalian AHRs [31-33],
while FLAG-rtAHR28 appears to be less responsive. This
observed shift in concentration response for FLAG-
rtARNT28 is consistent with previous data that evaluated
the ability of the rtAHR2 proteins to drive a reporter gene
under control of the murine CYPIA 1 promoter [11]. Thus,
the results presented here suggest that there are some
functional differences in the two rAHR2 isoforms. This

4000 —
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@ rtAHR28

Luciferase Activity
(RLU/B-galactosidase)

[ T T T T
1 10 100 1000 10,000

TCDD Concentration (pM)

Fig. 7. Concentration—response curve for TCDD-induced reporter gene
activation in E36 cells transfected with rtAHR2a or rtAHR2B. E36 cells
were cotransfected with a mixture of either tARNT, and FLAG-rtAHR2a,
or rtARNT,, and FLAG-rtAHR28 along with p—18970m1A3luc and pSV-
3-gal. Sixteen hours after transfection, cells were incubated with 1, 40,
100, 400, 1000, 10,000, and 20,000 pM TCDD (final concentration) for
8 hr and then evaluated for luciferase and B-gal activity. The relative
luciferase units (RLU) were divided by the B-gal activity to control for
transfection efficiency. Data are presented as the means = SD for three
independent samples. Key: ([J) FLAG-rtAHR2o, and (@) FLAG-
rtAHR28.

indicates that it would be possible for a cell expressing a
given amount of rtAHR28 protein to be non-responsive to
ligand exposure while a cell expressing a similar amount of
rtAHR 2« protein would respond at that concentration. It is
important to note, however, that since both proteins can
induce luciferase activity to the same overall magnitude
within the assays performed in this study, tAHR2f appears
unlikely to exert a negative function on CYPIA gene
regulation as suggested [11,19].

3.5. Dominant negative activity of rtARNT,

Studies next focused on the function of the rtAHR2« in
the presence of the two rtARNT protein isoforms. Previous
studies have demonstrated that the rtARNT, protein can
exert dominant negative activity of AHR-mediated signal-
ing both in vitro and in cell culture [10,17,18]. However,
the function of the two rtARNT isoforms has always been
evaluated in the context of the mouse AHR protein. Thus,
to determine whether the rtARNT, protein exhibited nega-
tive activity in the context of rtAHR?2, expression plasmids
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Fig. 8. TCDD-induced reporter gene activation and rtARNT expression in E36 cells transfected with tAHR2a and rtARNT, or rtARNT,,. E36 cells were
cotransfected with different combinations of rtARNT}, rtARNT,, and FLAG-rtAHR2a as indicated below each bar, along with p—18970m1A3luc and pSV-B-
gal. The amounts of rtARNT,, and rtARNT, plasmid used for transfection are indicated (ng); the total amount of DNA transfected in each sample was
constant. Following 8 hr, cells were treated with TCDD (10 nM) or DMSO (0.5%) for an additional 16 hr and evaluated for luciferase and B-gal activity or
harvested for western blot analysis. The relative luciferase units (RLU) were divided by the B-gal activity. Data are presented as the means + SD for three
samples. A western blot is shown in the inset. For these data, cell lysates were generated from plates of cells transfected with the exact DNA mixture used to
generate the reporter gene data in samples 1-4. Total lysates were resolved on a western blot and stained with 1 pg/mL of anti-rt ARNT IgG (rt-84) followed
by GAR-HRP (1:10,000). Note that the expression of the rtARNT,, isoform is consistent in samples 2—4, while rtARNT; is increased in proportion to the

amount of DNA utilized.

were transfected into the E36 cell line along with the
CYPIA3 reporter and pSV-B-gal. Samples contained
FLAG-1tAHR20 alone, FLAG-rtAHR20 with rtARNT,,
and FLAG-rtAHR2a with rtARNT, and increasing
amounts of rtARNT,. Luciferase activity was measured
following a 16-hr exposure to TCDD. A representative data
set for the FLAG-rtAHR2a protein is shown in Fig. 8.
As shown in Fig. 5, expression of FLAG-rtAHR2o in the
E36 cell line resulted in induction of luciferase activity in a
TCDD-dependent manner (Fig. 8, lanes 1 and 5). When the
rtARNT), expression plasmid was included in the transfec-
tion mixture, the overall level of luciferase activity was
increased 3.8-fold compared with that found using FLAG-
rtAHR2o alone (Fig. 8, lanes 2 and 6). However, when
increasing amounts of the rtARNT, expression plasmid
were included in the transfection mixture, the overall level
of TCDD-mediated luciferase activity was reduced by 50
and 65% when the ratios of rtARNT,/rtARNT, DNA were
0.5:1 and 1:1, respectively (Fig. 8, lanes 3, 4, 7, and 8). To
confirm that the reduced level of luciferase activity was the

result of increased levels of rtARNT, protein expression,
additional plates of cells were transfected with the identical
DNA solutions used to generate the luciferase data pre-
sented in Fig. 8 (lanes 1-4). Cells were then harvested and
evaluated by western blot analysis with anti-rtARNT anti-
bodies (Fig. 8, inset). The results show that the level of
rtARNT,, protein is constant in samples 2—4, but the level
of rtARNT, protein increases with increasing levels of
DNA. Thus, when the levels of rtARNT, and rtARNT,
protein are similar in the transfected cells, the magnitude of
TCDD-mediated gene induction is reduced significantly
compared with samples that do not express rtARNT,
(compare lane 2 to lanes 3 and 4). These results are
consistent with previous studies of the rtARNT, protein
that were carried out in the context of the mouse AHR
[10,17,18] and indicate that rtARNT, exhibits activity
consistent with a dominant negative protein in the context
of FLAG-rtAHR2a. Similar results were observed when
the FLAG-rtAHR2( was evaluated in the presence of
rtARNT, (data not shown).
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3.6. Conclusions and implications

In this study, rtAHR2a and rtAHR28 proteins induced a
reporter construct under control of the trout CYPIA3
promoter to a similar magnitude in the presence of
10nM TCDD. These results are in sharp contrast to
previous reports where rtAHR2f showed reduced function
compared to rtAHR2a in the ability to drive gene expres-
sion from a reporter construct under control of the trout
CYPIA promoter [11,19]. The differences in the conclu-
sions drawn by the three studies may be found in the
distinct experimental designs that were used. First, the
studies reported by Abnet et al. [11,19] utilized the COS-7
cell culture model and did not test for the expression or
distribution of the rtAHR?2 proteins within the transfected
cells. In contrast, the current study utilized the E36 Chinese
hamster lung cell line. This is an important difference
because the COS-7 cell line has been shown recently to
exhibit nuclear localization of transiently expressed mam-
malian AHR in the absence of ligand due to limiting levels
of the ARAO9 protein [34]. Reduced levels of ARA9 may, in
fact, compromise the stability of the AHR and its ability to
function in the signal transduction pathway [34]. On the
other hand, the expression, localization, and function of the
AHR in the E36 model have been well characterized
[29,30], and the studies here demonstrate that the unli-
ganded rtAHR isoforms were uniformly expressed in these
cells in a pattern consistent with previous studies of mAHR
[20,21,26,27,31].

Second, the COS-7 and E36 cell culture systems have
slightly different propagation temperatures; E36 cells are
grown at 30°, while COS-7 cells are grown at 37°. Since
rainbow trout live at temperatures below 15°, a lower
temperature may be more physiological for the analysis
of the rtAHR. Third, in the reports of Abnet et al. [11,19],
the investigators utilized a luciferase reporter gene driven
by the rainbow trout CYPIA promoter. This reporter gene
construct contains 1540 bp of upstream sequence (—1678
to —139) from the rtCYPIA promoter and only contains
two XREs. The reporter used in the current study was
driven by 1897 bp of upstream sequence of the rtCYPIA3
gene, which is thought to be the predominant TCDD-
induced CYPI1A in the trout [23,35]. In addition, the
rtCYPIA3 sequence contains the two identical XREs found
in the r#CYPIA sequence used in the studies of Abnet ef al.
but has an additional three XREs located upstream of
nucleotide —1678 [23]. The number of XREs in the
promoter of TCDD-inducible genes has been shown to
impact the magnitude of AHR-mediated signal transduc-
tion [22,36].

Finally, the luciferase reporter gene data of Abnet et al.
[11,19] were reported as fold-increase above control as
opposed to absolute luciferase units. Therefore, it is not
possible to conclude that the activities of each rtAHR2
isoform are distinct since an induction that went from 1-10
would be scored the same as an induction that went from

10-100, even though one protein would induce 10-fold /ess
luciferase than the other. In addition, a protein that resulted
in a high level of luciferase activity that also exhibited a
high level of basal induction, would clearly be active, yet
would not be scored as showing a high level of activity.
These are key issues, given the hypothesis that the
rtAHR2f may function as a dominant negative factor (like
the rtARNT,) to affect the function of the rtAHR2a
[11,19]. Thus, the key finding of the data reported here
is that tAHR28 was able to function in a TCDD-dependent
manner to essentially the same magnitude as tAHR2a (see
Figs. 5 and 7). These results suggest that tAHR28 has a
positive action on AHR-mediated signaling, making it
unlikely that the protein would directly impact the function
of the rtAHR2a in a negative manner.

It is important to note, however, that the results pre-
sented in this report also show that the rtAHR2f concen-
tration response to TCDD was shifted to the right of
rtAHR2a. This finding was also noted previously [11]
where rtAHR26 showed little to no induction of the
rtCYPIA reporter gene yet produced a concentration—
response curve that was shifted to the right of the tAHR2a
when a reporter was used that was driven by a portion of the
murine CYPIAI promoter (containing four XREs). Since
the absolute affinities of each AHR for TCDD have not
been determined, these findings suggest that the differ-
ences in rtAHR?2 function could be due to variations in the
affinity of the rtAHR proteins for TCDD, rtARNT, DNA,
or other proteins that may be participating in DNA binding.
Thus, it would be possible for a cell expressing rtAHR28 to
be non-responsive to ligand exposure while a cell expres-
sing an identical amount of rtAHR2a protein would
respond. This is a very different scenario from one where
a true dominant negative would bind to a dimerization
partner and prevent gene regulation, thereby removing that
partner from the pool of available proteins and ultimately
decreasing the level of gene induction as shown for the
rtARNT, isoform [10,17,18]. Thus, the reduced respon-
siveness of rtAHR26 to TCDD is absolutely distinct from
that of a dominant negative regulator.

In summary, both rtAHR?2 isoforms appear to exhibit
positive function in AHR-mediated signaling in the context
of the experiments carried out in this study. In addition, the
negative action of rtARNT, on AHR-mediated signaling
was conserved when rtAHR?2 was used as the dimerization
partner. Finally, the inability to carry out studies on in vitro
expressed rtAHR2 proteins indicates that methods need to
be developed to allow molecular analysis of these proteins
and their binding interactions so that direct comparisons
can be made to mammalian bHLH/PAS proteins.
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