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Mechanisms of Evolved Resistance to Dioxin-like PCBs
in Fish Inhabiting a Marine Superfund Site
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« Theme: Perturbations of reproductive and developmental
processes by chlorinated and non-chlorinated organics

Epidemiological studies/methods (2 biomedical projects)

Mechanisms (3 biomedical and 4 non-biomedical projects)
- Chemicals: PAHs, PCBs, phthalates, xenoestrogens

- Genes: AHR, PXR, PPAR, ER; CYPs

- Models: mammals and fish (killifish and zebrafish)

http://www.busrp.org/




Differential Chemical Sensitivity

species

populations
individuals

phyla

* What are the mechanisms responsible for differential

chemical sensitivity?

* How does chronic, multi-generational exposure to
chemicals at Superfund sites influence susceptibility

of resident populations?

Gene-Environment Interactions
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Fundulus heteroclitus

(mummichog or Atlantic killifish)

+ Species: widely distributed (estuarine)
+ Individuals: limited home range

+ High genetic diversity

+ Large population sizes

+ Short generation time (1-2 yr)

+ Easily maintained and bred in laboratory

+ External development; transparent embryos

+ Relatively short development time (15 d to hatch)
+ Sensitive to PCB/dioxin toxicity

| Reviewed in Burnett, et al. (2007)




History: Fundulus and Adaptation

Adaptation (temperature):

Biochemical genetics:

Biotransformation/P450:

Methylmercury tolerance:

Dioxin resistance:

Functional genomics:

Mitton and Koehn (1975). Genetics 79, 97

Powers and Place (1978). Biochem. Genet.
16, 593

Burns (1976) Comp. Biochem. Physiol.
53B, 443

Stegeman (1978). J. Fish. Res. Bd. Can.
35, 668

Weis, et al. (1981) Mar. Biol. 65, 283

Prince and Cooper (1995) Environ. Toxicol.
Chem. 14, 579

Oleksiak, Churchill, and Crawford (2002)
Nat. Genet. 32, 261




Halogenated and Polycyclic Aromatic Hydrocarbons

Cﬁoj@im C: : | | :\ :CI
C O 7 Cl C O 7 Cl

2,3,7,8-TCDD 2,3,7,8-TCDF
Chlorinated Dibenzodioxins Chlorinated Dibenzofurans
(75 congeners) (135 congeners)
3,3',4,4',5-pentachlorobiphenyl (PCB-126) Benzo[a]pyrene
Polychlorinated biphenyls Polycyclic aromatic hydrocarbons

(209 congeners)




Caggeshall St. Bridge
195 Bridge

Al Hurricane
Barrior

Fundulus heteroclitus
(Atlantic killifish)
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Fundulus heteroclitus
(Atlantic Killifish)

(New Bedford Harbor)

Scorton Creek
1% % (Fundulus [PCB] = 0.177 ppm, dry wt)

New Bedford Harbor

(Fundulus [PCB] = 272 ppm, dry wt)
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Goals

+ Characterize the resistance of New Bedford Harbor (NBH)

killifish to PCBs (and other dioxin-like compounds)
- Embryo-larval survival (D. Nacci, U.S. E.P.A.)
- Altered gene expression:
+ Induction of cytochrome P450 1A (CYP1A) (molecular marker)
» Genome-wide response

+ Determine molecular mechanism of resistance.
- ldentify and characterize genes in the aryl hydrocarbon receptor (AHR)
pathway in killifish
- Test hypotheses about mechanism of resistance

+ Investigate costs of resistance.

1




Approaches for Characterizing
the PCB-Resistant Phenotype

» embryo-larval toxicity (LC20)

* in ovo EROD (CYP1A) activity (in vivo, non-destructive)
* EROD induction in cultured hepatocytes

* Immunohistochemistry (IHC) for CYP1A protein

* real-time RT-PCR for CYP1A RNA

* gene expression profiling
- microarray
- deep sequencing (454, lllumina)
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PCB resistance in NBH killifish embryos
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+ Embryos resistant to toxicity of PCB-126 West Island: LC,,= 304 ng/L
(~78x less sensitive) NBH: LC,, = 23,770 ng/L

« Embryos resistant to EROD (CYP1A)
induction
(~85x less sensitive)

Nacci et al. (1999) Mar Biol 134: 9
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Sensitivity to EROD (CYP1A) induction by PCB-126
predicts sensitivity to lethal and sublethal toxicity of PCB-126

less
sensitive
1000000
Elizabeth River X
100000
10000
EC fOI’ Newark New Bedford
50 Harbor
EROD 1000 Bridgeport
Induction 100
10
1 Bar Harbor
10 100 1000 10000 100000 1000000
more
sensitive

LC,, for survival

from data in Nacci et al. (2010) Estuaries and Coasts 33: 853
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In ovo EROD activity (CYP1A) in killifish embryos exposed to PCB-126

Franks, Timme-Laragy,
et al. (unpublished)
5 dpf, 48 hr exposure

nnnnnnnnnn y |

control PCB-126 control PCB-126
Scorton Creek New Bedford Harbor

Method from
Nacci et al 1998

Relative fluorescence




Immunohistochemical staining
of CYP1A in killifish heart: control ~ TCDF

Scorton
Creek

New
Bedford
Harbor

Bello et al. (2001) Toxicol. Sci.




Gene expression profiles in PCB-126-exposed Killifish embryos:
Genome-wide loss of responsiveness to AHR-dependent signaling

NBH DMSO
NBH PCB
SC DMSO
SCPCB
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Oleksiak, Jenny et al., manuscript in preparation. See also Whitehead et al., Mol. Ecol. (in press)
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New Bedford Harbor Killifish:
Summary of phenotype

* NBH killifish resistant to embryo-larval toxicity of PCBs

+ NBH killifish resistant to CYP1A induction
by dioxins / PCBs / PAHs
- transcriptional (mMRNA)
- all tissues & life stages
- cross-resistance but some chemical specificity
(TCDD vs. BNF)

+ Genome-wide loss of responsiveness to PCB-126

* Resistance is heritable (genetic)
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Sensitivity to PCB-126 is related to sediment [PCB]

Less
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Nacci et al. (2010) Estuaries and Coasts 33: 853
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What is the mechanism of resistance?
Some approaches used to investigate

+ Comparative gene expression profiling
- basal (Fisher & Oleksiak, 2007; Oleksiak 2008;
Bozinovic & Oleksiak, 2010)
- induced (Whitehead et al. 2010; Oleksiak et al., in prep.)

+ Population genomics (wiliams et al. 2009, 2010)

+ Population genetics
- Quantitative trait loci (QTL) (Nacci and colleagues)
- candidate gene approach (Hahn and colleagues)

+ Experimental manipulations
- gene knock-down (Clark et al. 2010)
- model systems (zebrafish) (Billiard et al. 2006)
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Major gene or polygenic?

Selection intensity

weak
strong

Magnitude of

/Sma“/ phenotypic shift \K
Adaptation via

minor genes —=mal size of base population }—g—'lar M Adaptation via

: major gene
(polygenic) S e
low Gene flow from

susceptible population

high

large small
Deleterious fithess
effects of major genes

Modified from Woods & Hoffman (2000), ch. 9 in Demography in Ecotoxicology (Kammenga & Laskowski, Eds.)
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Aryl Hydrocarbon Receptor
(Ah Receptor, AHR, Dioxin receptor)

L] . T A PAs B | [ Q-rich] |

Transcription factor / bHLH-PAS gene family
High-affinity binding (nM) of dioxins, planar PCBs, PAHs

Ligand-dependent regulation of gene expression
- Phase I: Cytochrome P450 1A (CYP1A)

- Phase II: UGT, GST, NQO

- many others not involved in biotransformation

Required for toxicity of dioxins and dioxin-like PCBs
in mice and fish

Controls sensitivity to dioxin-like compounds in birds,

mouse strains, rat strains
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Two AHR genes in Fundulus heteroclitus

(% amino acid identity compared to human AHR)

Human AHR [ | [ A B | |
bHLH PAS
Fundulus AHR1 [_] | [ 64 86 | |
70%
Fundulus AHR2[_] | [ 72 75 | |
64%

+ Both exhibit specific binding of [BH]TCDD
» Both exhibit ligand- and ARNT-dependent binding to AHRE sequences
+ Both transcriptionally active

+ Different tissue-specific patterns of expression

Hahn, et al. (1997) PNAS; Karchner, et al. (1999) J. Biol. Chem.
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i

(O AHR1/AHR2 Gene duplication

BFish Genome duplication
u (~350 MYA)

fish / mammal
divergence

100

100

100

94

100

100

100

81

100

Karchner, et al. (2005) Bioch. J.

Fugu AHR1a

medaka AHR1a a
Fundulus AHR1a
Fugu AHR1b

medaka AHR1b | D
zebrafish AHR1b
human AHR

mouse AHR

medaka AHRZ2a
Fundulus AHRa | @
Fugu AHR2a
zebrafish AHR20
Fugu AHRZb

medaka AHR2b

Fugu AHR2c

Fugu AHRR

Fundulus AHRR
zebrafish AHRRb
zebrafish AHRRa
human AHRR

mouse AHRR
Drosophila AHR

AHR1

AHR2

AHRR
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Discovery of 2 AHRs in Fundulus led to more extensive exploration of AHR
diversity and evolution in fishes.

Found that AHR1/AHR?2 gene duplication preceded divergence of lineages
leading to fish and tetrapods, but that AHR?2 lost from mammals.

AHREs in fish underwent additional diversification associated with fish-specific

genome duplication.




Fundulus AHR signaling pathway, targets,
and related genes identified in Fundulus

Gene

Reference

CYP1A & promoter
AHR1, AHR2
ARNT2

AIP (Ara9)

AHRR

HIF-2a.

HIF-1a, HIF-3a
CYP1C1

CYP1B1, CYP1C2, CYP1D1
CYP19A1, CYP19A2
ERa, ERpa, ERpb
ESTs (various)

Morrison et al 1995; Powell et al 2004
Hahn et al 1997; Karchner et al 1999
Powell et al. 1999

Tanguay et al (unpublished)
Karchner et al 2002

Powell et al 2002

Rees et al (in prep)

Wang et al 2006

Zanette et al 2009

Greytak et al 2005

Greytak et al 2007

Oleksiak et al 2001
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AHR allelic diversity
in Fundulus heteroclitus

Collect fish (=15 per site)
Isolate RNA
Sequence AHR1, AHR2,

Identify SNPs
Infer haplotypes
Population genetic analysis

Functional characterization

a2 |—

w0 7

& AHRR cDNAs from each fish

Flax Pond, NY
Jamaica Bay. NY

f Newark, NJ
Sandy Hook, NJ

P! Piles Creek NJ

New Bedford Harbor. MA

4° 72°
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AHR allelic diversity L s
: ; bHLH PAS Q-Rich
in Fundulus heteroclitus ... gl 1
AA. é‘ 4 AL A Ad ‘AAAAAAAA! A
Reitzel, Karchner, Franks et al. M A H e e
Manuscript in preparation
LBD TAD
bHLH PAS 0-Rich
i I A Addda
X | N QQGQ R
R s o} LHEPC
bHLH PAS
Add 4 Ad ar
OHT ACA GO
EQA DRV AN
0 100 300 0 500 £00 700 800 900
Aming acids
#nt coding # sites # fish cSNPs ns-cSNPs  haplotypes
(ns-cSNPs)
AHR1 2832 7 101 45 21 46
2853 7 74 30 8 26
2040 5 54 38 8 13
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AHR Population Genetics

AHR1 | AHR2 | AHRR

Site-specific differences in No No No
overall genetic diversity

Population structure? Yes | Yes | Yes

Isolation by distance? Yes No --

AHR2 pairwise F4;values

NBH SC JB FP PC SH
NBH 0
SC 0.14197 0
JB 0.15459 0.17283 0
FP 0.21634 0.04684 0.27903 0
PC 0.12756 0.12998 0.1143 0.14203 0
SH 0.16712 0.12239 0.06531 0.11681 0.01223 0
Newark 0.1604 0.36783 0.65272 0.57407 0.34064 0.49863

Reitzel, Karchner,Franks et al.
Manuscript in preparation




AHR allelic diversity
in Fundulus heteroclitus

420 —

Jamaica Bay, NY

AHR2
haplotypes .
(alleles)

(non-synonymous SNPs only)

@ Newark, NJ
Sandy Hook, NJ

7 \Piles Creek, NJ

New Bedford Harbor, MA
Flax Pond. NY

76° 74° 72¢

LBD TAD
bHLH PAS Q-Rich
4 'y [
K | N
=] s o
Reitzel, Karchner, Franks et al. 0 1o 0 300 0 50 500 0

Amino acids

Manuscript in preparation
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In vitro AHR2 expression and functional analysis

"

. -90kDa

hu - 95 kDa

in vitro transcription

Isolate and sequence cDNA

for AHR variants

|

subclone into expression vector O

l

l

Transient transfection assays

and translation (TNT) to measure

|

transactivation of reporter gene

Ligand-binding assays
on expressed protein

dpm

Fraction

Maiferase
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Analysis of [BH]TCDD specific binding on sucrose density gradients

AHR + [3H]TCDD unprogrammed lysate (UPL) + [BH]TCDD

A .

* 10% sucrose *

Total binding | Non-specific binding

* 30% sucrose ™

* Incubate /_F;D

« Spin for 2 hours =
 Fractionate
» Count

dpm

Fraction
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[*H]TCDD (dpm)

Functional analysis of AHR2 variants:

[*H]TCDD binding

1500
o £
Q.
Hapl 1 £
aplotype B £ 1000
Haplotype 11 _g 8
Haplotype 12 g E
O —
Haplotype 14 g"j): 500
uPL D o
04
sc NBH
-
1 12 14
s i

1
11 12 14
Haplotype

Karchner, Franks et al.
Manuscript in preparation
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Cell Transfection Assay

CO0Ss-7
cells

AHR2

O

ARNT2
Transfect

with
plasmids

’ Luciferase
reporter
Dose ‘ ‘ (
with
inducer

Measure
luciferase

ﬁ;l_uciferase
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Functional analysis of AHR2 variants: 3

Transactivation (TCDD)

ngDNA: 0 1 5 26 1 5 25 1 5 256 1 5 25
AHR2v1 AHR2v11 AHR2v12 AHR2v14

B 70
. ["0nMTCDD

Luciferase Ratio

0 -

TCDD: il |
No AHR AHR2v1 AHR2v11  AHR2v12 AHR2v14

Karchner, Franks et al. N B H S C SC N B H n m [5 na

Manuscript in preparation
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Are the methods
sensitive enough to
detect biologically

relevant differences in
AHR function?




Tern (resistant species) AHR has lower affinity for dioxin

Specific binding
(dpm per half reaction)

w
o
o

n

=]

o
n

o
o
n

Chicken Ky = 0.52 nM

. Tern K =3.73 nM

2 4 6 8
free [*H]TCDD (nM)

63 amino acid differences; two are critical

chicken: lle Ser
tern: Val Ala

325 381
\

Tern Ah receptor |

1 amino acid

858

Karchner et al. (2006) PNAS 103: 6252
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AHR aa325 and aa381 predict sensitivity in birds

More
sensitive

-
o
L

Relative Sensitivity

100 -

Less
sensitive

1000 -

lle/Ser - chicken

lle/Ala - Eastern bluebird

lle/Ala - ring-necked
pheasant
Val/Ala - double-crested
cormorant
Val/Ala - wood duck

A.TCDD

1 -

10 A

100

1000 -

(=]

IlefSer - chicken 14
10
- llefAla - turkey
- Val/Ala - double-crested
cormorant 100 4 o
- Val/Ala - American kestrel
VallAla - Japanese quail v
Val/Ala - common tern
1000 - »
B. PCB 126

b

lle/Ser - chicken

- VallAla - American kestrel

- Val/Ala - herring gull
" Val/Ala - common eider

Val/Ala - mallard

C.PCB77

Head, Hahn, & Kennedy (2008) ES&T




What are the costs of chemical resistance?

+ Enhanced PCB/dioxin accumulation and biomagnification

+ Enhanced sensitivity to certain PAH or other chemicals that
require induced CYP1 for detoxication

+ Altered sensitivity to xenoestrogens (ER cross-talk)?
+ Altered sensitivity to oxidative stress (NRF2 cross-talk)?

+ Enhanced sensitivity to environmental stressors
(e.g. hypoxia; HIF cross-talk)?

« Altered immune function?
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Effect of exposure to hypoxia
(2 days) and PCB-126 on survival
of larval killifish from SC and NBH

Larvae exposed @ 50 dpf

[0,] (mg/L) (SC. NBH)
Ambient: 8.13, 7.81
20%: 7.45,6.90
10%: 4.38,4.14
5%: 3.26, 3.03

Gene expression analysis:
In progress

Jenny et al., in prep.

Lethality (%)

Lethality (%)

50
40
30
20
—
10 = %
~ -~ 0%
M - o -~ / 20% 0,
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100M g0 0 —/
PCB pog 100nM
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50
40
. NBH

10 > s
- / 10%
o7 -~ -
T e /

DMSO jouy ./ Ambient 0,

n =l

PCB Span! 100nM

PC
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NBH fish also show
evidence for exposure to
xenoestrogens and altered
estrogen signaling.

* Plasma vitellogenin

* Hepatic vitellogenin mRNA
+ CYP19A2 (aromatase)

* ERa

Greytak et al. (2005) Aquat Toxicol 71: 371
Greytak & Callard (2007) Gen Comp Endocrinol 150: 174
Greytak, Tarrant, Hahn, & Callard (2010) Aquat Toxicol 99: 291

Log Normalized mRNA Levels
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Gene-environment interactions and transcription factor cross-talk

-G VLN

) PCBs >
(AHR, PXR)

I
\ hypoxia /
(HIFs)

I

ROS
(NRF2)

New Bedford Harbor
(and other contaminated sites)

Scorton Creek
(and other reference sites) 44




Take-home points

+ Long-term exposure can lead to evolved resistance to dioxin-like compounds.
+ There is cross-resistance to compounds that act via same mechanism, but...
+ The degree of resistance is compound- and life-stage-specific.

+ In resistant populations, EROD/CYP1A expression
is NOT a good biomarker of exposure.

+ Sensitivity to induction of EROD/CYP1A and other genes is a good marker for
sensitivity to lethal and sublethal toxicity.

+ Mechanistic studies can promote understanding and predictive capability,
but mechanisms are not always easily determined.

+ Fish often have duplicated genes that complicate extrapolation of
molecular mechanisms from results in laboratory rodents.

+ The beneficial effects of resistance may be offset by costs involving altered
sensitivity to other stressors.

a4
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The Fundulus model:
- plentiful ecological, physiological and genetic information

- important in estuarine food webs

- widely distributed, but limited home range




Atlantic Ocean




« Site of wood treatment facilities since 1926
«Classified as Superfund site in 1990

- Sediment extracts highly toxic to Fundulus

embryos & larvae from clean sites




J

Anthracene Pyrene Chrysene










- But ecologically thriving

- And embryos resistant to
acute effects of sediments




aptati

genetically-based?
+ What biological effect is driving the adaptation?

*What are the evolutionary consequences of the
adaptation?

+ What mechanisms underlie toxicities and adaptations?
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@ Caused by some individual PAHs, but certain mixtures
much more potent




Heritability of deformity resistance

*
* I
= I - T

300 ug/L 1pg/L 20 + 100 pg/L

* Statistically different from control (p < 0.05) Bryan Clark Ph.D. thesis, 2010




Van Veld and Westbrook. 1995. Evidence for depression of
cytochrome P4501A in a population of chemically resistant
mummichog (Fundulus heteroclitus). Environ. Sci. 3:221-234.

Demonstrated lack of induction in wild-caught ER males vs KC fish,
with either 3-MC or ER sediment exposures

.
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In ovo ethoxyresorufin-o-deethylase
(EROD) assay

AHR agonist Ethoxyresorufin
(e.g. BaP, PCB-126, etc.)

Nacci et al, 2005, Technigues in Aquatic Toxicology, CRC







Heritability of resistance to
CYP1A mRNA induction

mKC WERF1 mERF2
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BKF (300 pg/L) PCB-126 (1 pg/L)
Bryan Clark Ph.D. thesis, 2010




Mechanisms of PAH Toxicity and
Adaptation
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* EPA Class B2 Carcinogens




A Inhibit

B-naphthoflavone
BNF

a-naphthoflavone
ANF

Environmentally Relevant

A e

Environmentally Relevant

@\_/Q dibenzothiophene
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Antisense oligonucleotides
+ Target 5 UTR or splice
junctions
+ In vivo knockdown (not knock-
out) of gene of interest

+ Best for use during
development

G-membered
morpholing rings e
replace ribose or
deoxyribose rings

GeneTools, LLC




dosing — 24 hpf

AHR agonist Ethoxyresorufin

Bome

Morpholino incorporation screen &

In ovo EROD assay
—96 hpf




AHR knockdown -- BkKF

(300 pg/L benzo[K]fluoranthene)

AB

AB
cD
: .
L

NI NI Control MO AHR1MO AHR2 MO AHR1&2 MO
DMSO BkF BkF BkF BkF BkF
Bars marked by diff. letters statistically diff. (p < 0.05) Clark et al. 2010, Aquat Toxicol 99:232-240
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AHR knockdown -- BNF

(10 pg/L B-naphthoflavone)

A
| I

Bars marked by diff. letters statistically diff. (p < 0.05)




CYP1A knockdown

(10 ug/L B-naphthoflavone)
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Non-injected CYP1A-Mo Non-injected CYP1A-Mo CYP1A-Mo Control-Mo

DMSO DMSO BNF BNF BNF BNF
Cell Yolk

Bars marked by diff. letters statistically diff. (p < 0.05) Matson, Clark et al. 2008, Aquat Toxicol 87:289-295
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CYP1A knockdown

(10 pg/L B-naphthoflavone)
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Non-injected CYP1A-Mo Non-injected Control-Mo CYP1A-Mo
DMSO DMSO BNF BNF BNF
Bars marked by diff. letters statistically diff. (p < 0.05) Matson, Clark et al. 2008, Aquat Toxicol 87:289-295
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(Van Veld et al. 1_995; Meyer et al. 2002; 2003; Wills et al. 2010; Clark 2010

Phase Il and Ill detoxification responses
(Armknecht et al., 1998; Cooper et al. 1999; Gaworecki et al. 2004)

Antioxidant defenses
(Meyer et al. 2003b, Bacanskas et al. 2003)




- Fitness costs?

- Cross-resistances to other chemicals?




# remaining (of 10)
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Larval tolerance of low oxygen

conditions

—e—KCF1
—m— ERF1

ERF2

15 1

0.5

mg/L oxygen (15 minute exposures)

0.5 (15 min. more)
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# surviving (of 8)

N © N & o o

Survival curves for larvae exposed to 30 ug/L

fluoranthene and midafternoon July sun
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Larval susceptibility to chlorpyrifos

_O—CHy-CHy
~0—CHy-CHs

+ + +
1 pg/L BNF 1 pg/L BNF 1 pg/L BNF

Bars marked by diff. letters statistically diff. (p < 0.05) Bryan Clark Ph.D. thesis, 2010




Larval susceptibility to permethrin

| |
+ + +
1ug/LBNF 1 pg/L BNF 1 pg/L BNF

Bars marked by diff. letters statistically diff. (p < 0.05)




- Based upon studies of Atlantic Wood
Superfund Site killifish.

- How widespread is it in the Elizabeth River
system?




Elizabeth River subpopulations
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526 + 624 ng/g

Atlantic Wood
122,665 + 16,854 ng/g
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Mean Deformity Score

Elizabeth River Subpopulations Response to

PAHs and PCB-126
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EROD Activity




« Cross-resistance also observed

+ Adaptation involves downregulation of AHR pathway
(and upregulation of antioxidant defense systems
and phase II/lll components)

. Studis

o this

phenotype help inform
1’ ‘ \-racnNONC ~4 A
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+ This is in contrast to dioxin-like compounds

+ Default assumptions of additive toxicity of PAHs may
be under-protective (and PAHs are increasing in the
environment)
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Resources & Feedback

» To view a complete list of resources for this
seminar, please visit the Additional Resources

* Please complete the Feedback Form to help
ensure events like this are offered in the future

Need confirmation of
your participation today?

Fill out the feedback form

/ and check box for

confirmation email.
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