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Abstract
The aryl hydrocarbon receptor (AHR) mediates the toxic effects of environmental contaminants,
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Frogs are very insensitive to TCDD toxicity,
and AHRs from Xenopus laevis (African clawed frog) bind TCDD with >20-fold lower affinity than
mouse AHRb-1. Frog AHRs may nonetheless be highly responsive to structurally distinct compounds,
especially putative endogenous ligands. We sought to determine the responsiveness of an X. laevis
cell line, XLK-WG, to the candidate endogenous AHR ligand 6-formylindolo[3,2-b]carbazole
(FICZ), a tryptophan photoproduct that exhibits high potency in mammalian systems. FICZ readily
induced mRNAs for CYP1A6 and CYP1A7. Cells exposed to FICZ for 3 hours expressed up to 5-
fold greater quantities of CYP1A6/7 mRNAs than those exposed for 24 hours, suggesting FICZ is
metabolized following rapid enzyme induction. FICZ appeared more potent than TCDD. Following
a 3-hr exposure, the EC50 for CYP1A6 mRNA induction by FICZ was ~6 nM, while the TCDD
response was greater than 174 nM. These potencies were lower than those determined for mouse
hepatoma cells (Hepa1c1c7; EC50 = ~0.06 nM each). The difference in ligand potency between cell
lines was confirmed by induction of ethoxyresorufin-O-deethylase (EROD) activity. mRNA from
XLK-WG cells treated with 100 nM FICZ, 100 nM TCDD, or vehicle was also analyzed on
expression microarrays. FICZ altered the expression of 105 more transcripts than TCDD, and
common targets were altered more dramatically by FICZ. Overall, these studies demonstrate that
although FICZ is a less potent CYP1A inducer in frog cells than in mouse cells, the reduction is much
less than for TCDD. Relative conservation of the FICZ response in a TCDD-insensitive species
suggests its physiological importance as an AHR ligand.
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1. INTRODUCTION
The aryl hydrocarbon receptor (AHR2) is a ligand activated transcription factor of the Per-
Arnt-Sim (PAS) superfamily of proteins [1]. It mediates the biological effects of a wide range
of structurally diverse ligands through alterations in target gene expression [2]. Xenobiotic
ligands include planar halogenated aromatic hydrocarbons such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD; Fig. 1) and many polychlorinated biphenyls as well as polynuclear aromatic
hydrocarbons (PAH) like benzo(a)pyrene. The best characterized role of the AHR is to mediate
the adaptive response of vertebrates to xenobiotic exposure. Upon binding a toxic ligand, the
AHR induces the expression of monooxygenases (CYP1As, and CYP1Bs), glutathione s-
transferases, uridine 5′-diphospho-glucuronosyltransferases, and other phase I and II
detoxification enzymes [3–5]. Changes in gene expression resulting from AHR activation are
also thought to underlie toxicity of dioxin-like compounds, although the identity of the genes
and mechanisms by which they act are not well understood [6].

In addition to its role in toxicity and detoxification of xenobiotics, the AHR may also mediate
the effects of natural ligands in processes including development, environmental sensing, and
the maintenance of homeostasis. Although no endogenous ligand has been unambiguously
identified, 6-formylindolo[3,2-b]carbazole (FICZ; Fig. 1) has received serious consideration.
A tryptophan photoproduct, FICZ forms intracellularly [7] and binds the AHR with TCDD-
like affinity [8]. It is both a potent inducer and a ready substrate of CYP1A1, CYP1A2, and
CYP1B1 [7], and it appears to play a role in the cytoplasmic arm of the UV response [9].

As a group, frogs are remarkably insensitive to the toxic effects of dioxin-like compounds
[10]. Recent studies in the African clawed frog, Xenopus laevis, demonstrate that the AHRs
bind TCDD with low affinity, at least 25-fold lower than the high-affinity mouse AHRb-1

[11], a property that likely underlies the lack of TCDD toxicity. However, the reduced affinity
of these AHRs for TCDD may not directly reflect their responsiveness to all potential agonists,
especially putative endogenous ligands. Indeed, if AHR function has been evolutionarily
conserved in the vertebrate lineage because of an important physiological role associated with
an endogenous ligand, it is reasonable to hypothesize that such a ligand could bind and activate
the AHR with great potency in a wide variety of species, regardless of TCDD sensitivity. The
insensitivity of X. laevis to TCDD thus makes it a unique model in which to examine FICZ
responsiveness.

The goal of this study was to establish the relative potencies of TCDD and FICZ in conjunction
with frog AHRs. We sought to test the hypothesis that FICZ elicits a highly potent response,
despite the loss of responsiveness of frog AHRs receptors to TCDD. To this end, we examined
the inducibility of CYP1A genes associated with FICZ and TCDD exposure in a X. laevis cell
line, XLK-WG [12], comparing the relative potency of these compounds in this frog model
and mouse Hepa1c1c7 cells, a long standing model of mammalian AHR function [13]. We
also compared changes in global gene expression patterns induced by FICZ and TCDD in
XLK-WG cells. This study contributes important evolutionary insight into the function of AHR
in vertebrates. It is the first examination of FICZ effects in an amphibian model and along with
a recent study by Jonsson et al. [14], represents the initial examination of FICZ responsiveness
in non-mammalian species.

2Abbreviations: AHR, aryl hydrocarbon receptor; CYP, cytochrome P450; FICZ, 6-formylindolo[3,2-b]carbazole; TCDD, 2,3,7,8
tetrachlorodibenzo-p-dioxin; DMSO, dimethylsulfoxide; qRT-PCR, quantitative reverse transcriptase-polymerase chain reaction.
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2. MATERIALS AND METHODS
2.1 Model System

Tissue culture models enabled appropriately high throughput for dose response studies using
well established techniques. At the time of these studies, only two X. laevis cell lines were
available from the ATCC, both of which are derived from kidney epithelium. Our preliminary
studies revealed that XLK-WG cells grew much faster and were more amenable to handling
than the more traditional A6 cell line [15], a long-standing model for physiological studies
which we have employed previously [11]. The tissue culture approach also enabled direct
comparison with responsiveness of Hepa1c1c7 cells, a mouse hepatoma cell line that expresses
the high affinity AHRb-1 allele [16]. Although these two cell lines are derived from different
tissue types, the AHR signaling components of both lines are now very well characterized, and
the use of Hepa1c1c7 facilitates direct comparison with previously published in vitro studies
contrasting frog AHRs with the mouse AHRb-1.

2.2 Cell Culture
XLK-WG and Hepa1c1c7 cells were obtained from the ATCC (Manassas, VA). XLK-WG
cells were maintained at 29° C with 5% CO2 and RPMI-1640 medium (ATCC) plus 20% fetal
bovine serum. Hepa1c1c7 cells were maintained at 37° C with 5% CO2 in α-MEM medium
(Sigma, St. Louis, MO) with 10% fetal bovine serum. Cells were routinely cultured in
75cm2 plastic flasks (Greiner).

Due to the propensity for FICZ to form following exposure to fluorescent light in the laboratory
setting [17,18], media were stored and warmed in dark conditions, including amber and/or foil-
wrapped vessels; culture hood lights remained off during all manipulations. Preliminary
experiments revealed the importance of this precaution in limiting “constitutive” CYP1A
expression.

FICZ (95% purity) was obtained from Biomol (Plymouth Meeting, PA). TCDD (purity 97–
99%) was obtained from Ultra Scientific (Kingstown, RI).

2.3 RNA Extraction
Prior to exposure, cells were seeded in 25cm2 flasks (Greiner) and grown to near confluence.
Cells were exposed to graded concentrations of TCDD or FICZ dissolved in dimethylsulfoxide
(DMSO) for 3 or 24 hr. For XLK-WG cells, exposures ranged from 0.1 nM to 500 nM; for
Hepa1c1c7 cells, concentrations ranged from 1 pM to 10 nM. Control cells were exposed to
an equal volume of DMSO (0.25% final concentration). Total RNA from each flask was
extracted using QIAshedder spin columns and RNeasy kits (Qiagen, Valencia, CA) as directed
by the manufacturer.

2.4 Semi-Quantitative PCR
The presence of key components of the AHR pathway in TCDD-treated XLK-WG cells was
probed by assessing the basal transcription of the following genes: CYP1A6, CYP1A7,
AHR1α, AHR1β, ARNT1, ARNT2. β-actin was used as the endogenous control. Total RNA was
extracted as described above and treated with DNase (Turbo DNA-free; Ambion, Austin, TX)
to remove genomic DNA. Treated RNA (10 ng) was then converted into cDNA using MuLV
reverse transcriptase with random hexamers and amplified using specific primers (Operon
Biotechnologies, Huntsville, AL; Table S1) with the GeneAmp Gold RNA PCR Core Kit
(Applied Biosystems, Foster City, CA). Cycling conditions for amplification were: 95° C/1
min; [95° C/15 min, 50° C/30 sec, 72° C/60 sec] for 43 cycles; 72° C/7 min.
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Section 2.5 Quantitative PCR
Total RNA was extracted and treated with DNase as described above. Treated RNA (10 ng/
PCR reaction) was converted to cDNA using random hexamers and Taqman Reverse
Transcription Reagents (rMoMuLV reverse transcriptase; Applied Biosystems, Foster City,
CA) before being quantified using specific primers (Operon Biotechnologies; Table S2) and
Power SYBR Green PCR Master Mix (Applied Biosystems). PCR conditions were the
following: 95° C/10 min; [95° C/15 sec, 60° C/1 min] for 50 cycles. Relative expression was
determined using the ΔΔCt method in SDS v1.4 software (Applied Biosystems). β-actin was
used as the endogenous control.

2.6 CYP1A activity assay
Induction of CYP1A activity was measured in an ethoxyresorufin-O-deethylase (EROD) assay
[19]. Conditions were similar to those described in Hestermann et al. [20]. XLK-WG and
Hepa1c1c7 cells were seeded in 96-well plates (Greiner, black wall/clear bottom and lid) with
250 μl medium (40,000 cells/well) and grown for 24 or 45 hours before being dosed with
TCDD, FICZ, or DMSO vehicle (0.25%). For XLK-WG cells, exposures ranged from 0.1 nM
to 500 nM; for Hepa1c1c7 cells, concentrations ranged from 1 pM to 10 nM. Treatment lasted
3 or 24 hours so that the total time for cell growth was 48 hours. Preliminary experiments with
trypan blue staining revealed almost no cell death in any treatment group. Cells were washed
with 250 μl/well 1x PBS and subsequently treated with 100 μl/well 2 μM 7-ethoxyresorufin.
Reactions proceeded for 30 minutes, during which a Gemini EM multi-well fluorescence plate
reader (Molecular Devices, Sunnyvale, CA) was used to detect the presence of resorufin – the
product yielded by the metabolism of 7-ethoxyresorufin by CYP1A. Resorufin was detected
using excitation and emission wavelengths of 530 and 586 nm, respectively. The addition of
75 μl/well fluorescamine (175 mg/ml) in acetonitrile was used to stop the reaction and allow
fluorescent detection of protein using the excitation and emission wavelengths of 400 and 460
nm, respectively [19]. A standard curve used to determine resorufin and protein concentrations
was constructed using known concentrations of resorufin and bovine serum albumin.

2.7 Statistical Analysis
Statistical analysis of all dose-response studies (Fig. 4–9) was completed using Prism 4.0b
(GraphPad, San Diego, CA). EC50 values were determined via non-linear regression of the
fractional response [21], constraining the background response to 0 and the maximal response
to 1.

2.8 Expression Microarray
XLK-WG cells were exposed to either 100 nM TCDD, FICZ, or DMSO vehicle for 3 hours
before total RNA was extracted and treated with DNase (as described above). Probes were
labeled by the University of Wisconsin Biotechnology Center’s Gene Expression Microarray
Facility in Madison, Wisconsin using the MessageAmp II-Biotin Enhanced kit (Ambion).
Samples were hybridized to Xenopus laevis GeneChips (Affymetrix, Santa Clara, CA), which
were scanned using Affymetrix GC3000 7G scanning equipment. Gene expression was
determined using the PM/MM method in dChip (Build: Sept 10, 2007). Statistical analysis was
completed via one-way ANOVA with Tukey multiple comparison at experimentwise level
p=0.01 using Statistical Analysis Software (SAS, Cary, North Carolina) [22]. Microarray data
have been deposited in the Gene Expression Omnibus database (Accession number
GSE16670).

Laub et al. Page 4

Chem Biol Interact. Author manuscript; available in PMC 2011 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. RESULTS AND DISCUSSION
3.1 AHR Pathway Expression in XLK-WG cells

The Xenopus laevis AHR pathway contains two AHR paralogs (AHR1α and AHR1β; [11]),
two ARNTs (ARNT1 and ARNT2 [23,24]), and two CYP1As (CYP1A6 and CYP1A7 [25]).
To confirm the expression of these key pathway components in the previously uncharacterized
cell line, XLK-WG, cells grown to near confluence were treated with 100 nM TCDD or DMSO
vehicle and total RNA was harvested after 24 hours. Subsequent semi-quantitative RT-PCR
demonstrated that XLK-WG cells express transcripts encoding the critical components of the
AHR signaling pathway (Fig. 2A). The up regulation of CYP1A6 and CYP1A7 mRNAs in cells
exposed to TCDD indicates that the XLK-WG AHR pathway is active, and it represents an
appropriate model for testing AHR ligand responsiveness in frogs (Fig. 2B).

Although previous research has shown X. laevis embryos express both ARNT1 and ARNT2
[24], we detected low or minimal expression of the latter gene in this kidney epithelial cell
line. This is in contrast to mammals, which express ARNT2 in kidney [26,27], as well as some
fish, which express ARNT2 ubiquitously [28]. However, studies in zebrafish embryos [29] and
Hepa-1 cells [30] suggest that ARNT/ARNT1 (not ARNT2) is the physiological partner of the
AHR in the TCDD response, and in our studies, ARNT1 is clearly adequate for TCDD-induced
CYP1A expression in XLK-WG cells.

3.2 Transient Response of XLK-WG CYP1As to FICZ
To probe XLK-WG responsiveness to FICZ, cells were exposed to FICZ or DMSO vehicle
for 3 or 24 hours, and the relative induction of CYP1A6 and CYP1A7 mRNAs was assessed
using quantitative real-time PCR (qRT-PCR). CYP1A6 and CYP1A7 expression increased in
a dose-dependent manner after both 3 and 24 hours of FICZ exposure (Fig. 3). However, the
response was transient; the highest dosage of FICZ elicited a 5-fold greater induction of
CYP1A7 after 3 hours than after 24 hours (Fig. 3A). A similar but less dramatic phenomenon
was observed with CYP1A6 expression (Fig. 3B). Constitutive CYP1A6 expression after 3 hour
exposure was approximately 8-fold greater than CYP1A7; after 24 hours, the difference was
more than 20-fold (Fig. 3C). Thus, although CYP1A7 mRNA levels were induced by a larger
degree than CYP1A6, there is a greater overall abundance of CYP1A6 transcript both before
and after FICZ exposure.

The transient induction of CYP1A by FICZ has been previously observed in mouse Hepa1c1c7
[31] and human HaCaT cells [32]. We hypothesize that the enzymes responsible for FICZ
metabolism in X. laevis include CYP1A6 and CYP1A7. This idea is supported by Wei et al.
[31], who showed that in the absence of functional CYP1A1 enzyme, a mammalian ortholog,
there was sustained induction of CYP1A1 mRNA by FICZ and no reduction in FICZ
concentration in the culture media. Thus, CYP1A1 apparently degrades FICZ, preventing
prolonged FICZ-dependent activation of the AHR pathway. CYP1A6 and CYP1A7, which
share 92% amino acid identity [25], are likely both involved. Similar to many gene paralogs
in X. laevis, they likely arose after a species-specific genome duplication [33], and their
functions may still exhibit substantial redundancy. Given that human CYP1A1, CYP1A2, and
CYP1B1 are all capable of metabolizing FICZ in vitro [7], it seems reasonable to hypothesize
that the X. laevis CYP1A paralogs also have overlapping functions in this regard. Sequences
in the Xenopus tropicalis genome database (Department of Energy Joint Genome Institute v.
4.1) include homologs of CYP1B, 1C, and 1D. Orthologs of these enzymes may also contribute
to FICZ metabolism in X. laevis.
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3.3 Relative Potencies of FICZ and TCDD in XLK-WG
The potencies of FICZ and TCDD were assessed by exposing XLK-WG cells to a range of
ligand concentrations for 3 hours and determining the relative induction of CYP1A6 using qRT-
PCR. CYP1A6 was chosen for these experiments because its basal expression is higher than
CYP1A7 (Fig. 3C), facilitating detection and estimation of the degree of induction. These
experiments demonstrated that FICZ is more potent than TCDD. An EC50 of 5.96 ± 3.15 nM
(SE) was calculated for the FICZ induction of CYP1A6, but a true EC50 value could not be
reliably determined for the TCDD response because it was clearly not saturable within
solubility limits (Fig. 4). Using the response at the highest concentration as a presumed
maximum, we estimated the lower bound for the EC50 as 174 ± 4 nM (SE). Low potency of
TCDD for CYP1A6 mRNA induction has been observed previously with X. laevis A6 cells
[11].

To determine whether the timing and magnitude of CYP1A mRNA induction by TCDD and
FICZ exposure was reflected in CYP1A activity, we performed EROD assays using XLK-WG
cells treated with TCDD and FICZ for 3 or 24 hours. Although the overall activity levels after
3 hour exposures were quite low, they suggest that FICZ is six times more potent as a CYP1A
inducer than TCDD (Student’s t-test, p=0.0318, df=3). The EC50 of FICZ-induced CYP1A
activity was 0.56 ± 0.15 nM (SE) while that of TCDD-induced CYP1A activity was 10.46 ±
3.17 nM (SE; Fig. 5).

After 24 hours of exposure, both FICZ and TCDD appeared less potent. EC50 values for FICZ
and TCDD CYP1A induction could not be definitively measured because the EROD response
was not saturable; however, we estimated the lower bounds as 190 ± 108 nM (SE) and 95 ±
25 nM (SE) for FICZ and TCDD, respectively (Fig. 6). Although the apparent potency of these
compounds was reduced with longer exposure time, the CYP1A activity increased. At the
concentration of maximum response, FICZ- and TCDD-induced CYP1A activity rose by more
than 20-fold. Induction of enzyme activity clearly lags the rapid mRNA induction observed
for both compounds (Fig. 3, 4)

The sharp decline in EROD activity at higher FICZ concentrations seen in this and subsequent
experiments may relate to high levels of FICZ within the cells during the assay. FICZ may
serve as a competitive substrate with 7-ethoxyresorufin, and one that does not yield a
fluorescent product. The drop in FICZ potency after 24 hours of exposure likely resulted from
its ready metabolism by the enzymes it induces [7,14,31]; nominal FICZ concentrations in
culture media probably did not persist. This time-dependent reduction in FICZ concentration
may prevent the decline in EROD activity at higher nominal concentrations than occurred
following shorter exposures. TCDD, on the other hand, is poorly metabolized in most systems.
The small apparent reduction in TCDD potency after the longer exposure may have occurred
because of its propensity to interact with serum components, plastic, and itself, reducing the
bioavailability of TCDD after 24 hours in culture compared with only 3 hours.

Variation in potency between TCDD and FICZ could be attributable to differences in either
AHR binding affinity or in the intrinsic efficacy of each compound. We did not perform direct
measurements of the dissociation constants. However, previous research has demonstrated that
the rat AHR exhibits a greater binding affinity for FICZ than for TCDD [8]. A similar difference
in the binding affinity of X. laevis AHRs for FICZ versus TCDD may underlie the disparity in
potency between these two ligands. Alternatively, higher FICZ potency could result from
greater efficiency of FICZ-activated AHR at eliciting a downstream response.
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3.4 Relative Potencies of FICZ and TCDD in Hepa1c1c7 cells
Previous characterization of heterologously expressed X. laevis AHRs compared their TCDD
responsiveness to the high affinity mouse allele, AHRb-1 [11]. To directly compare the
potencies of FICZ and TCDD with endogenously expressed proteins, we examined CYP1A1
mRNA induction in Hepa1c1c7 cells after 3 hours of ligand exposure. Both AHR agonists
elicited similar CYP1A1 mRNA induction: the EC50 of FICZ was 0.07 ± 0.02 nM (SE) while
that of TCDD was 0.05 ± 0.02 nM (SE; Fig. 7). Thus, while FICZ potency was nearly 150-
fold lower in the frog cells, the difference between species was much less dramatic than for
TCDD, which was at least 3,400 times less potent in frogs.

EROD assays were performed to examine whether the potencies of TCDD and FICZ for
induction of CYP1A1 activity were similar to those for induction of mRNA. The EC50 of FICZ-
induced CYP1A activity after 3 hours was 0.04 ± 0.01 nM (SE); that of TCDD-induced CYP1A
activity was 0.03 ± 0.01 nM (SE; Fig. 8). These values are consistent with the EC50 calculated
from the CYP1A1 mRNA response to 3 hour ligand exposure.

A comparison of induced CYP1A activity between Hepa1c1c7 cells and XLK-WG cells shows
that the frog cells are less responsive to FICZ than the mouse cells. After a 3 hour exposure,
induction of EROD activity in XLK-WG cells appeared about 14-fold less responsive to FICZ
and 350-fold less responsive to TCDD than Hepa1c1c7 cells. These differences are about ten
times smaller than those obtained by measuring mRNA induction.

EROD activity was much higher in Hepa1c1c7 cells than XLK-WG cells treated with FICZ
or TCDD for 3 hours. The maximum activity induced by 3 hour FICZ treatment in Hepa1c1c7
cells was 8.83 ± 2.72 pmol • mg protein−1 • min−1 (SE), ~20-times greater than that observed
in XLK-WG cells. Similarly, the maximum activity induced by 3 hour TCDD treatment in
Hepa1c1c7 cells was 13.41 ± 4.61 pmol • mg protein−1 • min−1 (SE), ~40-fold larger than that
seen in XLK-WG cells.

After 24 hours of exposure, FICZ-induced CYP1A activity in Hepa1c1c7 cells was unsaturable
– likely because FICZ had been metabolized, reducing its actual concentration in the media
(Fig. 9A). The EC50 of FICZ-induced activity was calculated to be at least 2.02 ± 0.58 nM
(SE), ~50-fold greater than the EC50 calculated for 3 hours of FICZ exposure. On the other
hand, the EC50 of TCDD-induced activity after 24 hours (0.01 ± 0.002 nM SE; Fig. 9B) was
roughly equal to that observed after 3 hours of exposure. This sustained response reflects poor
metabolism of TCDD by the enzymes it induces.

Notably, TCDD-induced CYP1A activity was sustained over 24 hours in Hepa1c1c7 cells but
not XLK-WG cells. As mentioned previously, disposition of TCDD within the XLK-WG
medium may have rendered it unavailable for AHR activation. It is not clear why this would
occur in XLK-WG medium and not Hepa1c1c7 medium; however, the XLK-WG medium
contained twice as much serum (20% versus 10%) and was incubated at 29° C, 8° colder than
the Hepa1c1c7 medium. We hypothesize that over the longer exposure period, the greater
prevalence of lipid and serum binding proteins, combined with the lower temperature, may
have enabled TCDD to partition differentially in the XLK-WG medium, reducing the amount
of ligand available to enter cells and induce CYP1A activity relative to the earlier time points.

Overall, it is clear that while FICZ potency in XLK-WG cells is lower than in Hepa1c1c7 cells,
the difference is substantially smaller than for TCDD. EC50 values for all dose response
experiments are summarized in Table S3.

Laub et al. Page 7

Chem Biol Interact. Author manuscript; available in PMC 2011 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5 XLK-WG transcriptome response to FICZ and TCDD exposure
An Affymetrix microarray study was conducted to determine whether the higher potency of
FICZ versus TCDD was reflected in the global gene expression profile in XLK-WG cells. After
3 hours of exposure, 100 nM FICZ induced 24 and repressed 2 genes two-fold or greater. The
same concentration of TCDD induced the expression of only 3 genes and repressed 1 above
the two-fold cutoff (Fig. 10; Table 1; Appendix). Considering only statistical significance (p
≤ 0.01) without the two-fold cutoff, TCDD induced 31 genes and repressed 12. Alternatively,
FICZ induced 113 genes and repressed 35 (Table 1; Appendix; one-way ANOVA, p ≤ 0.01).
Of the 31 TCDD-induced genes, 21 (68%) were also induced by FICZ; in addition, of the 12
TCDD-repressed genes, only 5 (42%) shared repression with FICZ. Of all genes affected by
FICZ exposure, only 19% and 14% were also induced and repressed by TCDD. Thus, at the
same concentration, a larger number of genes are induced and repressed by FICZ than TCDD
– a reflection of FICZ’s increased potency in XLK-WG cells compared to TCDD.

If ligand-specific alterations in gene expression resulted only from differences in potency, one
would expect that the genes induced or repressed by the less potent ligand constitute a subset
of the genes induced or repressed by the more potent ligand, reflecting different threshold levels
necessary for alteration of a common set of target genes. Similarly, changes in expression of
shared targets should be larger following treatment with the more potent compound. These
patterns were very common within this data set, the more extensive target list and larger
alterations confirming the greater potency of FICZ.

The apparent discrepancy between target gene lists also raises the possibility that FICZ and
TCDD modulate the expression of different downstream targets, mediating some distinct
physiological processes. To verify these discrepancies, we performed qRT-PCR on a selection
of altered targets (Table 2). These experiments suggested that the microarray provided a
relatively insensitive measure of transcript abundance. In several cases, most notably the
CYP1As, fold-change in gene expression was dramatically underestimated. In others, small
changes that were not detected on the microarray were apparent using qRT-PCR, especially
following TCDD treatment. Thus, there was greater overlap of in the identities of transcripts
altered by the two ligands than the microarray study indicated. However, in four of sixteen
cases (Xl.14954, Xl.16370, Xl.16594, Xl.14584), expression induced by TCDD was
comparable to or greater than the FICZ response, illustrating that the relationship between
potency and molecular response is not uniformly simple and direct.

The possibility that FICZ and TCDD elicit different downstream responses is not without
precedent. A recent study of T-cell differentiation in mice showed that while TCDD induces
T-reg cells, which limit the severity of autoimmune encephalomyelitis, AHR activation by
FICZ stimulates differentiation of T(H)17 cells, exacerbating the autoimmune disease [34].
Furthermore, different AHR ligands have been shown to recruit different suites of co-factors
to the human CYP1A1 promoter, altering AHR’s function as a transcription factor [35].
Additional genomic studies will be required to conclusively determine whether FICZ and
TCDD elicit distinct transcriptional responses in XLK-WG cells.

Unfortunately, it was not possible to classify many of the altered transcripts because a large
number of targets were either unknown gene products (e.g. hypothetical proteins) or derived
from 3′ ESTs of short length that could not be reliably identified by translated BLAST [36].
Organization of the altered transcripts into functional networks is premature with the current
chip annotation.
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3.6 Conclusion and Implications: Is FICZ an endogenous activator of the frog AHR?
These data suggest that since their divergence from the common vertebrate lineage, the frog
AHR paralogs have remained relatively responsive to FICZ despite becoming dramatically
less sensitive to activation by TCDD. Additionally, the transient effects of FICZ suggest that
it is metabolized, likely by the CYP1A enzymes it induces. Together, these results are
consistent with the hypothesis that FICZ is an endogenous activator of the frog AHR, and they
provide evidence that FICZ-responsiveness is conserved in tetrapods.

If FICZ is an evolutionarily conserved endogenous ligand for the AHR, it stands to reason that
FICZ-dependent activation of the AHR mediates some important physiological process. A
growing body of research links FICZ, AHR, and light. In HaCaT keratinocytes FICZ forms
after UVB irradiation, binds the AHR, and initiates the portion of UV response pathway
associated with cytoplasmic activation [37–39]. This pathway is refractory to UVB irradiation
in AHR-null cells and mice [9]. AHR may also have a role in the circadian cycle. FICZ exposure
can alter the circadian cycle of a suprachiasmatic nucleus (SCN)-derived cell line. The SCN
is a region of the mammalian hypothalamus that controls the endogenous circadian cycle
[40,41]. Specifically, AHR activation by FICZ alters the timing and magnitude of rhythmic
expression patterns of clock genes, including cryptochromes 1 and 2, critical regulatory
proteins of the circadian clock with both mammalian and Drosophila orthologs [42,43]. FICZ
exposure also prevented glutamate-induced phase shift in mouse SCN neuronal rhythm.
Interestingly, AHR−/− mice exhibit normal circadian rhythm, while wild type AHR mice treated
with TCDD display behaviors suggestive of altered circadian rhythm [44]. This suggests that
AHR affects circadian rhythm only in the presence of an activating ligand [45].

FICZ is the most potent known inducer of CYP1As in this X. laevis cell line (this study and
additional unpublished results). Whether FICZ activates the AHR as part of a genuine
physiological process in intact animals remains to be determined. X. laevis is found throughout
a wide variety of aquatic environments in the savanna of sub-Sahara Africa. Generally, they
reside in locations with slow-moving or stagnant water, such as ponds, slow streams, and
swamps; however, X. laevis can occupy almost any aquatic habitat, including rivers, wells, and
ditches [46]. Because these habitats can be exposed to prolonged periods of sunlight, the
potential exists for light-induced formation of FICZ. This potential may be especially high in
embryos and younger tadpoles, which lack the degree of pigmentation present in late tadpole
stages and post-metamorphic animals. Future studies should seek to determine whether
biologically relevant levels of FICZ can be produced in vivo. Doing so may shed light on
whether selective pressure has maintained the responsiveness of the frog AHRs to FICZ and
help elucidate functions of the vertebrate AHR that are not associated with the xenobiotic
response.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of FICZ and TCDD.
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Fig. 2. Expression of AHR pathway components and responsiveness to TCDD in X. laevis XLK-
WG cells
Cells were grown to near confluence and exposed to either (A) DMSO vehicle or (B) 100 nM
TCDD for 24 hours before total RNA was extracted for use in RT-PCR analysis of the indicated
transcripts. Reactions in the right-most lane lacked reverse transcriptase (-RT).
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Fig. 3. Transient induction of CYP1A6/7 by FICZ in XLK-WG
Cells were treated with indicated concentrations of FICZ for 3 or 24 hours before RNA
extraction and subsequent quantification of induced CYP1A6 (A) and CYP1A7 (B) transcripts
by quantitative RT-PCR. Note that data from (A) and (B) are re-plotted together on a different
scale in (C). Error bars = possible RQ values based on the standard deviation of ΔΔCt.
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Fig. 4. Dose-dependent CYP1A6 mRNA induction by FICZ and TCDD in XLK-WG
Cells were treated with varying amounts of FICZ or TCDD for 3 hours before RNA extraction
and subsequent quantification of induced genes by real-time PCR. n=3 each; error bars = SE
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Fig. 5. Dose-dependent induction of CYP1A activity by FICZ and TCDD in XLK-WG: 3-hour
treatment
Cells were exposed to FICZ or TCDD at the indicated concentrations for three hours before
CYP1A activity was measured. Plotted according to EROD activity (A, B) and Fractional
Response (C). n=3 each. Error bars = SE.
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Fig. 6. Dose-dependent induction of CYP1A activity by FICZ and TCDD in XLK-WG: 24 hour
treatment
Cells were exposed to FICZ (A) or TCDD (B) at the indicated concentrations for 24 hours
before CYP1A activity was measured. Plotted according to EROD activity (left) and
percentage of maximal response (right). n=3 for FICZ, n=2 for TCDD. Error bars = SE.
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Fig. 7. Dose-dependent CYP1A1 mRNA induction by FICZ and TCDD in Hepa1c1c7
Cells were treated with varying concentrations of FICZ or TCDD for 3 hours before RNA
extraction and subsequent quantification of induced genes by real-time PCR. n= 3 each. Error
bars = SE.
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Fig. 8. Dose-dependent induction of CYP1A activity by FICZ and TCDD in Hepa1c1c7: 3 hour
treatment
Cells were exposed to FICZ (A) or TCDD (B) at the indicated concentrations for three hours
before CYP1A activity was measured. Plotted according to EROD activity (A, B) and
percentage of maximal response (C). n=3 each. Error bars = SE.
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Fig. 9. Dose-dependent induction of CYP1A activity by FICZ and TCDD in Hepa1c1c7: 24 hour
treatment
Cells were exposed to FICZ (A) or TCDD (B) at the indicated concentrations for 24 hours
before CYP1A activity was measured. Plotted according to EROD activity (left) and
percentage of maximal response (right). n=3 each. Error bars = SE.
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Fig. 10. Expression of target genes reflects relative potency
XLK-WG cells were exposed to 100 nM FICZ, TCDD, or DMSO vehicle for 3 hours before
RNA extraction. Differentially expressed transcripts were identified by 2-way ANOVA with
individual contrasts using SAS (P<0.01). Hierarchical clustering and heat map generated using
dChip. Red boxes indicate relative gene induction; green boxes indicate relative repression.
Raw data, metadata, and matrix file have been deposited in the NCBI Gene Expression
Omnibus database with accession number GSE16670.
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Table 1

Summary of Microarray Data.

Genes altered ≥ 2-fold

Induced Repressed

FICZ 24 2

TCDD 3 1

Genes altered (p ≤ 0.01)

Induced Repressed

FICZ 113 35

TCDD 31 12

Shared 21 5
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Table 2

FICZ- and TCDD-induced changes in expression of selected transcripts in XLK-WG cells. Numbers indicate
fold induction relative to vehicle-treated control.

Transcript (unigene ID*) FICZ TCDD

Microarray qRT-PCR Microarray qRT-PCR

CYP1A7 (Xl.1220) 16.1 412.1 6.7 320

CYP1A6 (Xl.1692) 2.1 455.3 1.7 427.3

SYNE 1 (Xl. 14119) 6.7 106 8.4

Xl.7783 5.9 4.3 2.0

MGC52735:similar to gap-jct protein
alpha-7 (Xl.3337)

5.2 304 69.1

Xl.14954 (similar to voltage-gated
potassium channel subunit MiRP4.1)

3.1 9.5 6.6

Xl.13754 (similar to C219-reactive
peptide)

3.1 4.6 2.2

Thyrotropic emvbryonic factor (TEF;
Xl.16518)

2.2 2.2 1.7

Peripheral Myelin protein 22 (Xl.
11939/Xl.14729)

2.2 1.0 1.1

MGC85390 (Xl.23887; similar to RAB
40B, RAS oncogene family)

2.1 1.3 2.0

Xl.25142 2.1 1.8 0.9

Xl.14954 2.1 1.9 3.0

KCNE5.1: voltage-gated potassium
channel subunit MiRP4.1 (Xl.16370)

2.0 1.6 2.0

Hyaluronidase 2 (Xl.6247/Xl.16152) 1.5 2.7 1.3 1.6

Hypothetical protein MCG81225
(similar to Zn-finger protein 410; Xl.
16594)

1.3 3.5 1.3 3.2

Xl.14584 (similar to gastrula-specific
protein kinase)

2.9 10.6 10.1

*
Where multiple ID numbers are indicated, the first was from the microarray annotation and the second is the most up-to-date transcript association

for that retired number.
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