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Congenital Heart Disease

Most prevalent form of human birth defect

* 30% of prenatal loss
0.4%—-5% of live births
Most common: VSD

High economical burden

$1.4 billion hospitalization cost per year (2013)

Leading cause of adult cardiac insufficiency

Source: texasheart.org

Ventricular
septal defect
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Etiology of Congenital Heart Disease

Genetic (explaining only ~15% of cases - CDC)
— Gene mutations

» Cited2, Ets1, Foxh1, Gata4, Gata6, Hand1, Hand2, Hoxal,
Irx1, Nkx2-5, Nkx2-6, Pitx2 and Tbx1

Environmental
— Metabolic
— Infectious
— Xenobiotics
» Persistent organic pollutants (POP)

Nkx 2.5 mutant
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At risk...

* Gestation in areas with high
industrial, natural, or
accidental release of POPs
(e.g. dioxins)

BIRTH DEFECTS RECOGNIZED BY THE VA
AS CONNECTED TO AGENT ORANGE EXPOSURE

¢ Impo rta nt Spina Bifida: children born to either male or
. . female Vietnam veterans; Spina Bifida Occulta
— Maternal lifelong dietary not included

exposure to dioxins and dioxin- FREIEREEREEEEEENERAMREIERES
Iike Compounds Achondroplasia: produces a type of dwarfism

Cleft Lip and Cleft Palate

e o CONgenital Heart Disease

+18 other diseases — VA Association_
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Dioxins are potent agonists of the aryl
hydrocarbon receptor (AHR)

cln\@ D/m

* Dioxin (TCDD/TCDF) and Dioxin-like (PCBs)
— At least 300-400 toxic compounds

* Dioxins share:
— Structural relationship
— Environmental persistence and bioaccumulation

— Bind to and elicit AHR-dependent biochemical/toxic
response T
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Biological processes regulated by the naive AHR
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Outline

 AHR modulates lineage specification pathways during early differentiation

* Loss of pluripotency
* Cardiogenesis
* Neuroglia

* Dioxin exposure and Ahr ablation disrupt cardiogenesis
* Short and long-term effects of developmental dioxin exposure

e Gene-environment interactions in cardiac disease
 Ahr—-Nkx2.5 interactions in cardiac haploinsufficiency
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The preimplantation AAr gene is silent
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The AhAr gene is repressed in ES cells

Repressed state
Distal silencer ES cells

Active state
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12 - 15% of the ES cell population expresses AHR
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Fluctuating state of AHR expression in ES cells
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Pluripotency factors are down-regulated in AE cells
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AE cells proliferate more slowly and

Cell count
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AHR modulates mitotic progression and pluripotency
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AE cells promote unsustained neuroglia differentiation

—]

=) Differentiation of neuroglia F
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Mouse ES cells form
embryoid bodies

> Not the embryoid bodies
formed by AE cells
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Outline

 AHR modulates lineage specification pathways during early differentiation

* Loss of pluripotency
* Cardiogenesis
* Neuroglia

* Dioxin exposure and Ahr ablation disrupt cardiogenesis
* Short and long-term effects of developmental dioxin exposure

e Gene-environment interactions in cardiac disease
 Ahr—-Nkx2.5 interactions in cardiac haploinsufficiency
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Ahr expression is up-regulated
as ES cells differentiate
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Cardiomyocyte differentiation has a
narrow window of TCDD sensitivity
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TGFPp1 restores contractility blocked by TCDD
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The AHR/TCDD axis interferes at multiple developmental stages
with the differentiation of contractile cardiomyocytes
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_ Pmoliferation
Myocardium  Splanchnic mesoderm

First organ D0SING scheme—/n vivo analyses organogenesis

Developmental Samples
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What are the gene expression effects of
AHR disruption?

.
0 pug/kg TCDD

Ahrt/*
5 ug/kg TCDD 0 ug/kg TCDD
Ahr+/+ Ahr‘/‘
Common
Differentially

Expressed Genes

v \ 4
TCDD-dependent Ahr/~dependent
Differentially Differentially
Expressed Genes Expressed Genes
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AHR disruption affects the expression of key
networks involved in cardiogenesis, cardiac
homeostasis, and mitochondrial function
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Gene networks common and not-common
Ahr KO and TCDD exposure
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Genes deregulated at E15.5

Mitochondrial Pathway Genes
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Developmental AHR disruption globally downregulates
mitochondrial complexes
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Developmental AHR disruption globally downregulates
mitochondrial complexes

Breast
cancer

FUFA
metabolsm

Readucticn of
lipid peraxidation

products

Membrane intagnty
of crilical ceganeles

Mitochondrial Dysfunction at E15.5 Ahr**+ TCDD

Daxamethescns Lewybody
formation
Q
Cytoplasm Patin
Qutsr Mitochondnal Memtrane
Intermaembrane space o
TPMMP+
AmiGdegone cuides T
Oncal raperfusion /
) B-oxidation CAY
Perheahne— ot tany acids V
Rofengne
DEREn Mitachandriai traticking i

— 7=\
QO(G:WG [RE]
"~/

hner Mitechondnal Membrens d

Mitochondrial matrix

Oxdative
Swess

Oxndative _—
stress o
HADH——HAD»
L e —T ]
A

Chearic
tssue
rejoction

pergeynitrite

enzymas

Mitochandnal dyshunction

Mdochondnal dystunction
inParkinson’s disease

in Athaimer's diszasa

Apoptosis

Cuidative
strass

S,

Cystaina
sufonation

s Ly Ctachly J\’F T 2l
piize stochigme AF  Transmitochonds
I I Schizophvenia ¢ Betnc ) membrens
s 3 ) meid \ arrestol APP
w Farkin ‘$
@) ‘ o
Mitéchondnal Impairment  Depletion of
RO3 struchyal % anslocationto | ofcelliar  mitachondniat
X) abnormaities Oxidative pnergylevels  membrane
c?"“ stress potential
Mtochondnal
aysfunction

Cardine
reparfusion

Oxidative
- swess

VY

\(:uq(ix

WP _

Hitrg- 3
ogic acia 22 | Anfrgin

Breast
cancer

A Lon
) GSHGSSG
\/ ratio GSH
(oddative stress)  pSDR NABGRH
L Nl Q
TR Rx2
Raversible gutathiomdation Y v/
of mitochondn& memzvane / hhibition of
pratain thics Prowaion  TR/R2 Cytachrome C release
sqainst V from mitochondria
oidantinduced
Buffering of apoptosis
3 5
pergide < 29 Protection
a3t
spopiosis
Mtochondnal
caltium pvefosd

RO!

Frotection
BgaInst oxidative stress

Protection of FeS cluster

O
Mitochondnal
hameoszess

1 Elevatad lavels of AR
of mutant AR in Alzheimer's d sease
Frep\— Mitgchenarial
ffl rtaion

2. Accumulaon of A2 in mitochondna
tggers mtochondnal dystuncticn

Mitochondnal dystunction
and apoplosis

2 medaked
preten laak
inpancraatic

Beells

HY
Pafmitata

<

Heat ¢ ROS
\ |E§?.
Freeradcd AB
formation »‘AD | ' l
|
J| Decressed glucose-stimuleted
Mppcnondal | mtochondnal membrane
ysfuncti hyperpoianzation
Atheroscle
é Decreased ATPIAD® ratio
Xanthine oot 5
and: perdxyninie 202
Mtochondrial DNA damage

UNIVERSITY OF

Cincinnati



fold change

Developmental AHR disruption affects mitochondria
structure and abundance
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Decline of cardiovascular performance in TCDD-exposed
E15.5 embryos determined by very high frequency
echosonography
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%% pass

Treadmill endurance test of AAr-/- and Ahr+/+
mice exposed or not to TCDD /n utero
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Outline

 AHR modulates lineage specification pathways during early differentiation

* Loss of pluripotency
* Cardiogenesis
* Neuroglia

* Dioxin exposure and Ahr ablation disrupt cardiogenesis
* Short and long-term effects of developmental dioxin exposure

e Gene-environment interactions in cardiac disease
 Ahr—-Nkx2.5 interactions in cardiac haploinsufficiency
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The molecular signature of developmental AHR disruption
is similar to the Nkx2-5~- heart transcriptome

Nkx2-57" gene expression it - -
(Prall et al 2007) Ahr** + TCDD Na'vve Ahr
Downregulated Direction  Agrees Nkx2-5 mutant | Direction  Agrees Nkx2-5 mutant
Ankrdl up no unchanged no
Nppb (Bnp) | down yes down yes
Nr2f2 (coup TFII) | up no up no
Myl2 |  down yes down yes
Irx4 | down yes down yes
Smpx (Chisel) | unchanged no down yes
Nppa (Anf) | up no up no
Wwntll up no up no
Upregulated
IGFBP5 up yes up yes
Pdgfra | up yes up yes
Tne | up yes up yes
Isl1 | up yes up yes
Thx5 | up yes up yes
Bmp2 | unchanged no unchanged no
Fgf10 | up yes up yes
Hhex unchanged no unchanged no
Unaltered
Cerl unchanged yes unchanged yes
Dan | unchanged yes unchanged yes
NOG | unchanged yes unchanged yes
Bmp4 | up no up no
Bmp?7 | down no down no .
Dkk1 | unchanged yes unchanged yes l(d?
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Loss of AAr or TCDD exposure repress NKX2-5

Naive Ahr+/+ Ahr+/+ 5 ng/kg TCDD Naive A"
A B
RA
LA B NKX2-5 Expression at E15.5
B-D-
C _
3
(5]
) 3 404 *
RV % 2
S 201
=
0-
N ] (8]
IVS ¢
TCDD dose (uk/kg)
LV
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Heart-specific Ahr knockout with a Nkx2-5*/<r¢ knockin

Excised AArfx allele (180bp) H LK SpThP St Cofx/+ H In M Lu B E Bm Fx/+

The genotype of these mice is Nkx2-5*/<re Ahpf>/x

Unexcised AArfx allele (140bp)

Ahrwild type allele (106bp) 7

Because they have only one functional Nkx2-5 allele
These mice are haploinsufficient
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Percent

Ahr ablation rescues NKX2.5-dependent
cardiac insufficiency

FS CcCO LV-Vol Diastole LV Vol Systole
25 - T 20 I |
200 -
i T
20 - =
E®™/ | 2450 ab
E 15 - 2 -'g
S alb 8 = i
0 — } .
o o010 1.8
10+ ) S
= T
5l 5r 50 -
0 0 0
B viz-stereantt || Nkx2-5M AR | [ Nkx2-5/cre ap X/

Nkx2.5 haploinsufficient
Ahr wild-type

Nkx2.5 wild-type
Ahr floxed (wild-type)

Nkx2.5 haploinsufficient
Ahr excised
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Congenital Cardiac Disease

NKXP. H = AR = Environment

fongeni’ral cardiac malformations N
Valvular stenosis

Hypoplastic left heart syndrome

8 per 1000 live births

25 - 30% of cardiac disease

\Deadly if not surgically repaired at birth
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| hope that | have convinced you that ...

The Ahr gene is positively silenced in ES cells

Ahr modulates lineage specification pathways during early differentiation

Ahr ablation and dioxin exposure disrupt cardiomyocyte differentiation
Gene networks, Mitochondria, OXPHOS, Heart function, Endurance

Ahr reinforces Nkx2.5-dependent haploinsufficiency
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AHR

Physiological Roles Toxicological Outcomes

Angiogenesis Angiogenic/vascular

L AHR-mediated dysfunction
Cardiogenesis regulatory Cardiac hypertrophy
Hepatic function mechanisms Hepatic toxicity

* Chromatin remodeling liver fibrosis

Reproductive system

Immune system

Nervous system

]

Cross-talks with signaling

* Transcriptional
regulation of gene
expression

Protein interactions

Reduced fertility

Immunosuppression

Loss of stem cell

: pathways maintenance
Stem cell biology * Cell cycle regulation Aggf;rant ES cell
Mail.'ltenance of . APOPtOSiS | erent|at|0n
pluripotency +  Oxidative stress

responses Carcinogenesis

Embryogenesis
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Many transcription factors are disrupted
by TCDD in ES cells

Bcl6

=) Cited 1
DIx3

=) Ets
Gata2
Gata3

= Hand 1
Hand2
Hoxa1
Hoxa10
KIf5

Lef1
Mmp14
Msx1

Myc

Mycn
Nanog
Nr2f2
Nr5a1
Nr5a2
Pax3

=) Pitx2
Pou5f1
Prox1
Runx1
Runx2
Smad4
Sox10
Sox17
Sox2
Sox5
Sox7
Sox9
Statba

T

Tbhx18
Tbx3
Tead4
Zic3
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AHR disruption during development alters
the structure of the adult myocardium

Male Female

% Positive Area at 40x

Fibrosis

1.04

0.5 %

MF MF MF

B Nate Ahrt+
B Nawe Ahr”
B Ahr+* + High TCDD
O Ahrt*+ Low TCDD
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