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Abstract

The aryl hydrocarbon receptor (AHR) has physiological roles in the absence of exposure to
exogenous ligands and mediates adaptive and toxic responses to the environmental pollutant,
2,3,7,8-tetracholorodibenzo-p-dioxin (TCDD). A readily metabolized AHR agonist, 3-
methylcholanthrene, disrupts expression of mouse hepatic growth hormone (GH) signaling
components and suppresses cytochrome P450 2D9 (Cyp2d9), a male-specific gene controlled by
pulsatile GH via signal transducer and activator of transcription 5b (STAT5b). Using TCDD as an
essentially non-metabolized AHR agonist and AAr ~~ mice as the preferred model to determine
the AHR-dependence of biological responses, we now show that two mouse hepatic STAT5b target
genes, CypZd9and major urinary protein 2 (Mup?2), are suppressed by TCDD in an AHR-
dependent manner. TCDD also decreased hepatic mRNA levels for GH receptor, Janus kinase 2,
and STAT5a/b with AHR-dependence. Without inducing selected hepatic inflammatory markers,
TCDD caused AHR-dependent induction of CypZal and NADPH-cytochrome P450
oxidoreductase (Por) and suppression of Cyp3all. In vehicle-treated mice, basal mMRNA levels for
CYP2D9, CYP3A11, POR, serum amyloid protein P, and MUP2 were influenced by A/rgenetic
status. We conclude that AHR activation per se leads to dysregulation of hepatic GH signaling
components and suppression of some, but not all, STAT5b target genes.
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Introduction

The aryl hydrocarbon receptor (AHR) mediates both adaptive and toxic effects of
halogenated aromatic hydrocarbons (HAHS) such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) and polycyclic aromatic hydrocarbons (PAHSs) such as benzo[a]pyrene and 3-
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methylcholanthrene (MC) (Schmidt and Bradfield 1996). The adaptive response to AHR
agonists is typified by induction of a battery of drug-metabolizing enzymes including
cytochrome P450 1A1 (CYP1A1) (Whitlock 1999). Persistent AHR activation by long-lived
pollutants such as TCDD results in toxicities including a wasting syndrome, endocrine
disruption, thymic atrophy, chloracne, tumor promotion, teratogenesis, and hepatotoxicity
(Poland and Knutson 1982; Pohjanvirta and Tuomisto 1994). Mice homozygous for an Afr-
null allele (AAr 7~ mice) are not only extremely resistant to the adaptive and toxic effects of
HAH and PAH exposure (Fernandez-Salguero et al. 1996; Shimizu et al. 2000), but they also
display important deficits in hepatic, vascular, and hematopoietic development in the
apparent absence of exposure to exogenous AHR ligands (Schmidt et al. 1996; Lahvis et al.
2000). This suggests that endogenous AHR activators play key roles in mammalian
physiology and development (Denison and Nagy 2003; Nguyen and Bradfield 2008).

Although the induction of CYP1A1 is a well-characterized response to HAHs and PAHS, our
recent focus has been on the poorly understood processes involved in the suppression of
gene expression in response to these chemicals (Riddick et al. 2003; Riddick et al. 2004).
CYP2C11 is the most abundant constitutive hepatic P450 in male rats and a primary
physiological regulator of its expression is the pulsatile pattern of pituitary growth hormone
(GH) secretion, with signal transducer and activator of transcription 5b (STAT5b) as an
intracellular messenger at least partially responsible for the sexually dimorphic expression
(Park and Waxman 2001; Ahluwalia et al. 2004; Clodfelter et al. 2006). Aromatic
hydrocarbons cause CYP2C11 down-regulation via a transcriptional mechanism in male rats
in vivo (Jones and Riddick 1996; Lee and Riddick 2000) and in cultured primary rat
hepatocytes (Safa et al. 1997; Bhathena et al. 2002). AHR involvement in this suppression
response was suggested by structure-activity relationship data (Safa et al. 1997) and we
showed that the activated AHR binds to a putative dioxin-responsive element (DRE) in the
CYP2C115’ -flanking region (Bhathena et al. 2002). MC treatment causes down-regulation
of luciferase reporter constructs driven by the CYP2C11 promoter and 5’-flanking region
when delivered to the liver of living male rats via high-volume tail vein injection (Sawaya
and Riddick 2008b), but no suppression of these reporter plasmids in response to MC or
TCDD is observed in transfected continuous cell lines or primary rat hepatocytes (Bhathena
et al. 2002; Sawaya and Riddick 2008a). Although MC interferes with the ability of GH to
stimulate hepatic CYP2C11 expression in the liver of hypophysectomized male rats (Timsit
and Riddick 2000), there were no apparent effects of MC on GH-stimulated STAT5b
signaling in rat liver or in H4IIE rat hepatoma cells (Timsit and Riddick 2002).

Mouse Cyp2d9encodes a male-specific steroid 16a-hydroxylase and the hepatic expression
of this gene is clearly regulated by pulsatile GH in a STAT5b-dependent manner (Udy et al.
1997; Davey et al. 1999; Clodfelter et al. 2006). Similar to the suppression of rat CYP2C11
by aromatic hydrocarbons, we showed that MC treatment of male mice caused down-
regulation of hepatic Cyp2d9at the mRNA, protein and catalytic activity levels (Lee et al.
2006), and this was accompanied by decreased mMRNA levels for the GH receptor (GHR)
and major urinary protein 2 (MUP2), a GH-regulated and STAT5b-dependent transcript.
Others have shown that treatment of mice with MC leads to an AHR-dependent decrease in
hepatic levels of MRNA encoding GHR, Janus kinase 2 (JAK2) and two distinct STAT5b
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targets, MUP2 and cytokine-inducible Src homology 2 domain-containing protein (CIS)
(Nukaya et al. 2004).

Most previous studies suggesting that aromatic hydrocarbons suppress the expression of
sexually dimorphic constitutive hepatic P450s in rats and mice by disrupting the GHR-
JAK2-STAT5b signaling pathway were conducted with MC as a prototypical PAH. The
parent MC molecule binds AHR with relatively high affinity (Riddick et al. 1994) and alters
expression of numerous AHR target genes (Kondraganti et al. 2005; Pansoy et al. 2010);
however, studies with MC are complicated by time-dependent changes in biological potency
caused by its rapid biotransformation to multiple metabolites (Poland and Glover 1974;
Riddick et al. 1994), some of which are highly reactive and toxic (Mathieu et al. 2001). In
contrast, TCDD is highly resistant to biotransformation and causes persistent AHR
activation without being converted to reactive metabolites in the process, providing an
opportunity for a cleaner assessment of the importance of AHR activation per sein a given
biological response.

Using TCDD as an essentially non-metabolized AHR agonist and AAr 7~ mice as the
preferred model to determine the AHR-dependence of biological responses, our goal was to
answer the following questions with respect to levels of hepatic mMRNAs encoding selected
constitutive hepatic P450s, GH signaling components and STAT5b target genes. (1) Are
basal expression levels in the absence of TCDD treatment influenced by A/rgenetic status?
(2) Are expression levels altered by TCDD treatment? (3) Are responses elicited by TCDD
treatment AHR-dependent or AHR-independent? (4) Are the observed effects of TCDD
accompanied by induction of selected hepatic inflammatory markers?

Materials and methods

Animals and treatment

Mouse hepatic RNA samples were provided by Dr. Allan B. Okey (University of Toronto)
and details of the original mouse gene expression profiling study were described previously
(Tijet et al. 2006). A brief summary of the animal work is given here for context. Male A/ir
~~mice in a C57BL/6J background (Schmidt et al. 1996) and wild-type male C57BL/6J
mice received a single dose of TCDD (1000 pg/kg) or corn oil vehicle by gavage. Liver was
harvested 19 h after treatment and stored in liquid nitrogen until subsequent RNA isolation.

Analysis of mRNA levels by semiquantitative reverse transcriptase-polymerase chain
reaction (RT-PCR)

Hepatic levels of mMRNAs encoding CYP1A1, JAK2, STAT5a/b, CIS and MUP2, normalized
to B-actin as the internal reference standard, were determined by measuring the intensity of
PCR products on Vistra Green-stained polyacrylamide gels using the primers and
experimental conditions previously described (Lee et al. 2006).

Analysis of mMRNA levels by real-time quantitative RT-PCR

The reverse transcription step was carried out as described previously (Lee et al. 2006).
Hepatic levels of mMRNAs encoding CYP2D9, CYP3A11, NADPH-cytochrome P450
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oxidoreductase (POR), serum amyloid protein P (SAP), suppressor of cytokine signaling 3
(SOCS3) and GHR, normalized to B-actin as the internal reference standard, were
determined in triplicate for all samples using the ABI Prism 7500 Sequence Detection
System. The efficiencies of the real-time PCR reactions for all targets relative to p-actin
were validated as equivalent as required for the comparative threshold cycle (AAC;) relative
quantitation method. Each PCR reaction contained input cDNA derived from an optimized
amount of RNA, optimized final primer concentrations and Power SYBR Green Master Mix
(Applied Biosystems, Foster City, CA). Primers were synthesized by Integrated DNA
Technologies, Inc. (Coralville, 1A) and sequences are listed in Table 1. Cycling conditions
were: initial cycle of 2 min at 50°C and 10 min at 95°C, followed by 40 cycles at 95°C for
15 s and 60°C for 1 min. A wild-type vehicle-treated sample was used as the calibrator
sample and B-actin mMRNA was used as the endogenous control for each sample measured.
C; values for each sample were normalized to p-actin mRNA (ACy) and the calibrator sample
(AAC,). Relative fold-change (RQ) was calculated as 272ACt and the mean RQ for each
treatment group was expressed as a percentage of the wild-type vehicle-treated group.

Statistical analysis

Results

All data are expressed as mean + SD. All statistical analyses were performed on the original
raw data and not on the percent control data presented in the figures. Data were analyzed
initially using a randomized-design two-way ANOVA to identify significant influences of
the two independent variables and their interaction (treatment, genotype, treatment x
genotype interaction). Post test analyses for the planned comparisons (treatment effect,
genotype effect) were performed to assess whether there were significant differences
between particular groups. Post tests were Bonferroni-corrected for multiple comparisons
and used the mean square residual (pooled variance) and corresponding degrees of freedom
from the two-way ANOVA. A result was considered statistically significant if £< 0.05.

We have examined the expression of selected constitutive P450s, GH signaling components
and STAT5b target genes in the liver of male C57BL/6J mice and their AAr ~~ counterparts
at 19 h following a single oral dose of TCDD (1000 pg/kg). The pathway under investigation
is shown schematically in Fig. 1. We obtained hepatic RNA samples from a gene expression
profiling study that was designed to identify the batteries of genes whose expression in vivo
is affected by A#Argenetic status alone, by TCDD treatment alone, or by the combination of
TCDD treatment and A/r genetic status (Tijet et al. 2006). The dose of TCDD was
intentionally high, about 5-times the single-dose oral LDgq for male C57BL/6J mice
(Pohjanvirta and Tuomisto 1994), since the goal of the original study was to identify early,
and hence likely to be primary, gene expression changes that could be responsible for major
aspects of dioxin toxicity, such as hepatotoxicity, wasting and lethality.

Cyplal induction was monitored in this study as a well-characterized positive control
response to TCDD treatment. The original published study demonstrated by both microarray
analysis and real-time quantitative RT-PCR that CYP1A1 mRNA is strongly induced by
TCDD in wild-type mice, whereas CYP1A1 mRNA is undetectable in AAr 7~ mice or in
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vehicle-treated wild-type mice (Tijet et al. 2006). We confirmed that only TCDD-treated
wild-type mice displayed detectable CYP1A1 mRNA by semiquantitative RT-PCR analysis
(data not shown).

Constitutive hepatic cytochromes P450 and POR

Cyp2d9encodes a male-specific steroid 16a.-hydroxylase and the hepatic expression of this
gene is clearly regulated by pulsatile GH in a STAT5b-dependent manner (Udy et al. 1997;
Davey et al. 1999; Clodfelter et al. 2006). TCDD caused a 39% decrease in hepatic CYP2D9
mRNA levels in wild-type mice and this suppression response was not observed in AAr 7~
mice (Fig. 2A). In vehicle-treated mice, the basal expression of CYP2D9 mRNA was 2.6-
fold higher in wild-type mice compared to AAr 7~ mice (Fig. 2A).

Cyp3allencodes the most abundant CYP3A subfamily protein in the liver of male mice
(Yanagimoto et al. 1997) and the expression of this gene is sex-independent and GH-
independent in males (Sakuma et al. 2002; Jarukamjorn et al. 2006). We showed previously
that MC treatment caused a dramatic decrease in mouse hepatic CYP3A11 content,
particularly at the protein level (Lee et al. 2006). TCDD caused a 76% decrease in hepatic
CYP3A11 mRNA levels in wild-type mice and this suppression response was not observed
in Ahr 7~ mice (Fig. 2B). In vehicle-treated mice, the basal expression of CYP3A11 mRNA
was 4.5-fold higher in A/Ar 7~ mice compared to wild-type mice (Fig. 2B).

The flavoprotein POR is the obligate electron-transfer partner protein for all reactions
catalyzed by microsomal P450s. Our previous work showed that mouse hepatic POR
catalytic activity was increased by up to 33% following MC treatment (Lee et al. 2006).
POR mRNA levels were increased by 55% following TCDD treatment in wild-type mice
and this small magnitude induction response was not see in Afr 7~ mice (Fig. 2C). In
vehicle-treated mice, the basal expression of POR mRNA was 3.1-fold higher in AAr 7~
mice compared to wild-type mice (Fig. 2C).

Hepatic inflammatory markers

Down-regulated expression of constitutive hepatic P450s often occurs in response to
inflammatory conditions (Riddick et al. 2004; Morgan et al. 2008). Since TCDD treatment
in wild-type mice suppressed hepatic mRNA levels for both CYP2D9 and CYP3AL11, we
checked if TCDD increased expression of two established hepatic inflammatory markers:
SAP, a hallmark reactant in the acute phase response to inflammation in mice (Charles et al.
2006), and SOCS3, an important feedback inhibitor of hepatic cytokine signaling known to
be induced by pro-inflammatory cytokines including interleukin-6 (IL-6) (Yang et al. 2005).
We found no evidence for induction of hepatic SAP mRNA levels (Fig. 3A) or SOCS3
mRNA levels (Fig. 3B) by TCDD at the 19-h time-point examined. In fact, TCDD treatment
decreased SAP mRNA levels by 56% in wild-type mice and by 33% in Afr 7~ mice (Fig.
3A). In vehicle-treated mice, the basal expression of SAP mRNA was 2.4-fold higher in Ahr
~~mice compared to wild-type mice (Fig. 3A). Hepatic SOCS3 mRNA levels were not
influenced by TCDD treatment or A/Argenotype (Fig. 3B).
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Components of the hepatic GHR-JAK2-STAT5b signal transduction pathway

To determine if suppression of Cyp2d9by TCDD may be related to disruption of hepatic
GH signaling, we measured mRNA levels for the key components in the GHR-JAK2-
STAT5b pathway known to control the male-specific hepatic expression of this P450. In
wild-type mice, but not AAr = mice, TCDD decreased hepatic mMRNA levels for GHR,
JAK2 and STAT5a/b by 38%, 53% and 25%, respectively (Fig. 4). In vehicle-treated mice,
the basal mMRNA levels for GHR, JAK2 and STAT5a/b did not differ between wild-type and
Ahr ™~ mice (Fig. 4).

Other hepatic STAT5b target genes

Disruption of the hepatic GHR-JAK2-STAT5b signal transduction cascade by TCDD could
result in suppression of STAT5D target genes in addition to Cyp2d9. CIS is induced by GH
via a STAT5b-dependent transcriptional mechanism and plays a role in negative feedback
inhibition of GH signaling (Landsman and Waxman 2005). MUP2 belongs to the family of
a.2-microglobulin-related liver secretory proteins and is a significant protein component of
mouse urine; pulsatile GH signaling via a STAT5b-dependent mechanism confers male-
predominant expression of MUP2 (Udy et al. 1997). Hepatic CIS mRNA levels were not
influenced by TCDD treatment or A/rgenotype (Fig. 5A). In contrast, TCDD caused a 43%
decrease in hepatic MUP2 mRNA levels in wild-type mice and this suppression response
was not observed in AAr 7~ mice (Fig. 5B). In vehicle-treated mice, the basal expression of
MUP2 mRNA was 4.2-fold higher in wild-type mice compared to AAr 7~ mice (Fig. 5B).

Discussion

Although a historical emphasis in the AHR field has been on altered gene expression in
response to xenobiotics such as TCDD, studies of AAr 7~ mice allow the investigation of
genes whose expression is altered by A/Argenetic status independent of exposure to
exogenous receptor agonists. Comparisons of hepatic gene expression profiles by microarray
analysis show that expression levels for hundreds of genes differ between wild-type and Ahr
~~mice in the absence of TCDD treatment (Tijet et al. 2006). With our focus on constitutive
hepatic P450s, inflammatory markers, GH signaling components and STAT5b target genes
(Fig. 1), we have identified several genes whose basal expression is influenced by AfAr
genetic status alone. On the one hand, basal mMRNA levels for CYP2D9 and MUP?2 are
higher in wild-type versus Ahr 7~ mice. A similar result was reported in the original
microarray study for CYP2D9 mRNA (Tijet et al. 2006) and we now provide confirmation
by real-time quantitative RT-PCR. On the other hand, basal mRNA levels for CYP3A11,
POR, and SAP are lower in wild-type versus Ahr '~ mice. A similar result was reported in
the original microarray study for CYP3A11 mRNA (Tijet et al. 2006) and we now provide
confirmation by real-time quantitative RT-PCR.

The impact of AhArgenetic status on the basal hepatic expression of multiple genes suggests
important roles for the AHR in normal physiology. However, three fundamental questions
about this basal regulation persist: (a) does the AHR act directly or indirectly to control
basal gene expression? (b) why is the presence of AHR associated with higher basal
expression of some genes and lower basal expression of other genes? (c) do the actions of
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the AHR in the absence of an exogenous agonist involve receptor activation by endogenous
ligands or ligand-independent functions of AHR? The classic example of a hepatic gene
showing lowered basal expression in AAr 7~ mice is CypIa2 (Shimada et al. 2002; Tijet et
al. 2006). Since this gene is induced by TCDD via AHR activation, it is generally thought
that endogenous ligands interact with the AHR to drive higher basal expression of CyplaZin
wild-type mice. For genes such as Cyp2d9and MupZ, whose expression is instead
suppressed by TCDD in wild-type mice, it is difficult to envision mechanisms accounting for
higher basal expression in wild-type versus Ahr = mice. Since AAr ”~ mice have lower
expression of some hepatic drug-metabolizing enzymes (e.g. CYP1A2), endogenous and
dietary substrates for such enzymes may accumulate and potentially activate other
xenosensors such as the pregnane X receptor or the constitutive androstane receptor (CAR).
An indirect mechanism of this nature might account for the elevated basal expression of
genes such as Cyp3alland Porthat we observed in AAr ”~ mice. Interestingly, CAR was
shown to be more robustly activated by exogenous octachlorostyrene in the liver of Ahr 7~
mice (Yanagiba et al. 2009). Mice with conditional deletion of the AHR nuclear translocator
in the intestinal epithelium display markedly elevated CYP1A1 mRNA and catalytic activity
in non-gut tissues due to impaired metabolism and accumulation of dietary inducers (Ito et
al. 2007).

An important goal of the present study was to determine if the persistent AHR agonist,
TCDD, affected the expression of constitutive mouse hepatic P450s, GH signaling
components and STAT5b target genes in a similar manner to what we characterized
previously for MC, a readily metabolized AHR agonist (Lee et al. 2006). The AHR-
dependence of TCDD’s effects was also investigated using the A/r '~ mouse model. Like
MC, TCDD decreased hepatic mMRNA levels for both Cyp2d9, a GH-dependent gene, and
Cyp3all, a GH-independent gene. A similar result was reported in the original microarray
study for CYP3A11 mRNA (Tijet et al. 2006) and we now provide confirmation by real-time
quantitative RT-PCR. The suppression of these two constitutive hepatic P450s by TCDD is
clearly AHR-dependent, suggesting that these pretranslational responses are likely due to
AHR activation per se rather than requiring bioactivation of MC to reactive metabolites. We
are also pursuing this question by examining the effects of MC in mice deficient in hepatic
POR activity.

Like CypZd9, MupZ2is a STATSb target gene that was also down-regulated by TCDD at the
MRNA level in an AHR-dependent manner. This raises the intriguing possibility that TCDD
may disrupt the GHR-JAK2-STAT5b pathway, a shared physiological regulatory cascade for
both genes. However, the hepatic expression of an additional STAT5b target gene, Cis, was
not altered by TCDD treatment. Similar to what we reported for MC (Lee et al. 2006), it
appears that some, but not all, hepatic genes regulated by the GHR-JAK2-STAT5b pathway
may be targeted for suppression by TCDD. It is important to point out that our
measurements of CIS mRNA levels were characterized by wide inter-animal variability that
may have compromised our ability to discern an effect of TCDD.

Two previous studies (Nukaya et al. 2004; Lee et al. 2006) showed that MC decreases
MRNA levels encoding key GH signaling components and that this can result in
compromised binding of STAT5a/b to DNA response elements (Nukaya et al. 2004). Our
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current work shows that TCDD down-regulates hepatic GHR, JAK2, and STAT5a/b mRNA
levels in an AHR-dependent manner. A similar result was reported in the original microarray
study for GHR mRNA (Boutros et al. 2008) and we now provide confirmation by real-time
quantitative RT-PCR. Our findings suggest that AHR activation by TCDD leads to lowered
mRNA levels for GHR, JAK2, and STAT5a/b, and this may potentially play a role in the
observed suppression of STAT5b target genes such as Cyp2d9and MupZ2. A limitation of the
current study is that all assessments of the GH signaling components were performed at the
mRNA level and it will be critical to examine the functional impacts of TCDD exposure by
measuring the protein levels and the activation status of the players in this signaling cascade.
It is currently not known if the genes encoding these GH signaling components represent
direct transcriptional targets of the AHR, but this possibility is worth investigation since
putative DREs have been identified in the 5’-flanking regions of the mouse GhArand Statsa/b
genes (Nukaya et al. 2004).

Gene expression profiling experiments demonstrate that the AHR is required for nearly all
transcriptional responses to TCDD in mouse liver (Tijet et al. 2006). The current study
detected only one AHR-independent response to TCDD treatment, this being the
suppression of SAP mRNA levels observed in both wild-type and A/Ar 7~ mice. The lack of
induction of this gene in response to TCDD, along with the absence of TCDD-mediated
induction of Socs3expression, suggests that the down-regulation of constitutive hepatic
P450s in response to TCDD is not accompanied by induction of selected hepatic
inflammatory markers. Several roles of the AHR in the immune system are under active
investigation (Stockinger et al. 2011). Exogenous AHR agonists appear to have dual effects
on inflammatory signaling. On the one hand, TCDD exposure can induce inflammatory
responses as exemplified by: (a) the synergistic induction of /L-6expression caused by
interleukin-1p and TCDD co-treatment via an AHR-dependent and DRE-mediated
mechanism (Hollingshead et al. 2008); and (b) induction of Socs3expression by TCDD via
an AHR-dependent and protein kinase-dependent non-genomic pathway that does not
require AHR nuclear localization (Li et al. 2010). On the other hand, AHR activation by
TCDD can disrupt nuclear factor-xB signaling and suppress acute phase response genes
such as serum amyloid protein A3 (S5aa3) via a mechanism that does not require binding of
AHR to a DRE (Patel et al. 2009).

It is informative to consider whether the changes in mouse hepatic gene expression observed
here are also seen with orthologous rat genes in recent microarray studies. Compared to
Long-Evans ( 7Turku A/B) rats (L-E), which express a wild-type AHR and are sensitive to
TCDD, Han/Wistar (Kuopio) rats (H/W) are extraordinarily resistant to acute TCDD
lethality and express a variant AHR with a large deletion in the transactivation domain.
Basal hepatic mRNA levels for POR, SAP, SOCS3, GHR, JAK2, STAT5a/b, and CIS did not
differ by AHR genotype in a study comparing two rat strains with the variant AHR (H/W
and Line-A) versusthree rat strains with wild-type AHR (L-E, Line-C, and Sprague-
Dawley) (Boutros et al. 2011a). The suppression of SAP and GHR mRNA by TCDD in mice
are responses that are conserved in rats (Boutros et al. 2008), occur in selected rat strains
bearing the variant or wild-type AHR (Moffat et al. 2010; Yao et al. 2012), and persist for up
to 10 days after TCDD exposure (Boutros et al. 2011b). Microarray studies suggest that
TCDD treatment in rats does not alter hepatic mMRNA levels for SOCS3, JAK2, STAT5a/b,
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and CIS (Boutros et al. 2008; Moffat et al. 2010; Boutros et al. 2011b; Yao et al. 2012),
providing examples of both inter-species similarity (in the case of SOCS3 and CIS) and
difference (in the case of JAK2 and STAT5a/b).

In conclusion, acute exposure to a high dose of TCDD suppresses mouse hepatic Cyp2d9
and MupZ, two genes regulated by pulsatile GH in a STAT5b-dependent manner, and these
responses are accompanied by decreased mRNA levels for key components of the GHR-
JAK2-STAT5b signaling cascade. These actions of TCDD are AHR-dependent and not
accompanied by induction of selected hepatic inflammatory markers. Combined with
previous work using MC as a readily metabolized AHR agonist (Nukaya et al. 2004; Lee et
al. 2006), this study using TCDD and the A/Ar 7~ mouse model suggests that AHR activation
per se leads to dysregulation of hepatic GH signaling components and suppression of some,
but not all, STAT5b target genes.
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Fig. 1.
Schematic representation of the potential disruption of the hepatic GHR-JAK2-STAT5b

signal transduction pathway by TCDD. GH, secreted from the pituitary gland in a pulsatile
fashion in male rodents, triggers dimerization of the cell-surface GHR, followed by
recruitment and activation of the tyrosine kinase JAK2, and phosphorylation of a specific
tyrosine residue in STAT5b. A STAT5b homodimer forms via symmetrical and mutual SH2-
phosphotyrosine interactions, and this dimer translocates to the nucleus and binds to specific
DNA response elements to influence the expression of STAT5b target genes such as Cyp2d9,
Cis, and Mup2. TCDD diffuses through the plasma membrane and may disrupt this
signaling pathway via AHR-dependent or AHR-independent mechanisms. We also assessed
whether TCDD’s effects were accompanied by induction of two hepatic inflammatory
markers (SAP and SOCS3).
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Fig. 2.
Effect of TCDD treatment on hepatic mMRNA levels for constitutive P450s and POR in wild-

type and AAr 7~ mice. Real-time quantitative RT-PCR analysis of mMRNA levels for (A)
CYP2D9, (B) CYP3ALll and (C) POR, relative to p-actin. Results are expressed as a
percentage of the mean for the vehicle-treated wild-type mice. Data are expressed as mean +
SD of determinations from six wild-type mice per group and three AAr 7~ mice per group.
Data were analyzed initially using a randomized-design two-way ANOVA and the Pvalues
for the main effects are reported here: CYP2D9 (treatment, = 0.1177; genotype, P=
0.0022; interaction, A= 0.0597), CYP3AL11 (treatment, A= 0.0031; genotype, < 0.0001;
interaction, A= 0.7639), and POR (treatment, = 0.4288; genotype, £< 0.0001; interaction,
P=10.0298). Planned comparisons to identify significant differences between particular
groups utilized a post test Bonferroni-corrected for multiple comparisons. *, significantly
different (£ < 0.05) from genotype-matched vehicle control mice; 1, significantly different
(P<0.05) from treatment-matched wild-type mice.
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Fig. 3.

Efgfect of TCDD treatment on hepatic mMRNA levels for inflammatory markers in wild-type
and Ahr 7~ mice. Real-time quantitative RT-PCR analysis of mRNA levels for (A) SAP and
(B) SOCS3, relative to B-actin. Results are expressed as a percentage of the mean for the
vehicle-treated wild-type mice. Data are expressed as mean + SD of determinations from six
wild-type mice per group and three A/Ar = mice per group. Data were analyzed initially
using a randomized-design two-way ANOVA and the Pvalues for the main effects are
reported here: SAP (treatment, 2= 0.0002; genotype, £< 0.0001; interaction, A= 0.3996),
and SOCS3 (treatment, 2= 0.6679; genotype, £ = 0.0843; interaction, A= 0.1683). Planned
comparisons to identify significant differences between particular groups utilized a post test
Bonferroni-corrected for multiple comparisons. *, significantly different (P < 0.05) from
genotype-matched vehicle control mice; 1, significantly different (£ < 0.05) from treatment-
matched wild-type mice.
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Fig. 4.
Effect of TCDD treatment on hepatic mRNA levels for components of the GHR-JAK2-

STATS5b signaling pathway in wild-type and A/r 7~ mice. Real-time quantitative RT-PCR
analysis of mMRNA levels for (A) GHR, and semiquantitative RT-PCR analysis of mRNA
levels for (B) JAK2 and (C) STAT5a/b, relative to f-actin. Results are expressed as a
percentage of the mean for the vehicle-treated wild-type mice. Data are expressed as mean +
SD of determinations from six wild-type mice per group and three A/Ar 7~ mice per group.
Data were analyzed initially using a randomized-design two-way ANOVA and the Pvalues
for the main effects are reported here: GHR (treatment, 2= 0.0089; genotype, P = 0.4350;
interaction, 2= 0.1948), JAK2 (treatment, 2= 0.0511; genotype, £= 0.0050; interaction, P
=0.1771), and STAT5a/b (treatment, 2= 0.0080; genotype, £ = 0.0650; interaction, P=
0.1131). Planned comparisons to identify significant differences between particular groups
utilized a post test Bonferroni-corrected for multiple comparisons. *, significantly different
(P<0.05) from genotype-matched vehicle control mice; T, significantly different (P < 0.05)
from treatment-matched wild-type mice.
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Fig. 5.
Effect of TCDD treatment on hepatic mRNA levels for other STAT5b target genes in wild-

type and AAr 7~ mice. Semiquantitative RT-PCR analysis of mRNA levels for (A) CIS and
(B) MUP2, relative to p-actin. Results are expressed as a percentage of the mean for the
vehicle-treated wild-type mice. Data are expressed as mean + SD of determinations from six
wild-type mice per group and three A/Ar = mice per group. Data were analyzed initially
using a randomized-design two-way ANOVA and the Pvalues for the main effects are
reported here: CIS (treatment, 2= 0.2762; genotype, P= 0.5544; interaction, P=0.7782),
and MUP?2 (treatment, 2= 0.0286; genotype, £< 0.0001; interaction, £=0.0036). Planned
comparisons to identify significant differences between particular groups utilized a post test
Bonferroni-corrected for multiple comparisons. *, significantly different (P < 0.05) from
genotype-matched vehicle control mice; 1, significantly different (£ < 0.05) from treatment-
matched wild-type mice.

Can J Physiol Pharmacol. Author manuscript; available in PMC 2012 December 06.



1duasnuey Joyiny JHIO 1duosnuey Joyiny JHID

1duosnuely Joymny YHID

Lee and Riddick

Primer sequences for target genes measured at the mRNA level by real-time quantitative RT-PCR.

Table 1

Target Forward and Reverse PCR Primer Sequences PCR product size (bp) Reference

CYP2D9 g;:éggi;%ﬁﬁ%&gggﬁ;gggpTT‘3/ 63 (Wiwi et al. 2004)
cvesan 3 GTICCTICACCCTOCATICCS o e 200
Por  §-GCCTGCCTGAGATCGACAAG 6 (Muguruma et al. 2006)
b (Crmiesea 200
ooss  SEUSTOONCICINGIOMACTON 4 (vngets 2
G YUCTICMMGIMMCSONTION  m (assyaa o)
pactn 5 GATTACTGCTCTGGCTCCTAGCAY o (smith etal. 2003)
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