The use of zebrafish and mouse
models in developmental
neurotoxicity, reproductive toxicity
and breast cancer risk assessment



Outline

e Zebrafish model
— Approaches for toxicity mechanism discovery
— Neurobehavioral toxicity endpoints
— Reproductive toxicity
— DNA mismatch repair

e Mouse model
— Xenoestrogen induced breast cancer risk
— Aging associated breast cancer risk



Zebrafish Model
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Trimethyltin Chloride (TMT)

Organotin

Polyvinyl chloride, pesticides, fungicides,
antifouling paints

Neuro-, cyto-, immuno-toxicant, apoptotic
inducer

Metal-based chemotherapy for treating
human cancers

Cardiovascular toxicity



Tg (flil:EGFP) fish

Lawson and Weinstein, Dev. Biol. 2002
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Vasculature Development

Brain region York-sac region Tail region
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Chen et al., Toxicology, 2012, 302:129-139




Window of Sensitivity

Table 4
Percent normal morphology, pericardial edema, and mortality of 5D line zebrafish
larvae at 96 hpf after TMT exposure at various developmental window (n=16

embryos/larvae per group).

TMT (M) Exposure * Normal & Pericardial & Mortality
window ( hpf) larvae edema

0 8-96 100 0 0

5 8-24 04 = 0
24-48 04 0 0
AB-T72 63 37 0
72-96 88 12 0

10 8-24 81 10 0
24-48 19 al 0
48-72 0 100 0
72-96 28 13 0

15 8-24 02 8 0
24-48 0 100 a0
AB-T72 0 100 a7
72-96 28 12 0

Chen et al., Toxicology, 2012, 302:129-139



Transcriptional Changes
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Differentially Expressed Genes

-vasculature development network_9_24
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Microarray vs. qRT-PCR

Table 5

Comparisons of TMT-regulated transcripts in larvae at 72 hpf between microarray and gRT-PCR analysis.
Gene Microamay qRT-PCR Gene targeting effect SEQID

Fold SEM P-value Fold SEM P-value

arf3 302 44 0.02 19385 4052 0.04 ADP-ribosylation factor related family member TC2524267
5 15.1 55 012 15234 1746 0.01 ADP-ribosylation factor related family member ENSDARTOO0MM0SE0478
off3 144 1.6 0. 653 6.1 0.01 Activating transcription factor 3 (atf3) OTTDARTOO00MDDEES 1°
zgr: 1105152 119 06 0.00 323 6.3 0.04 - MNMLOD1017853¢
rfp5a2 107 25 0.06 42.0 53 0.0z - V70050000 1968
stmndl 99 12 o.02 143 14 0.01 Stathmin-like 4: differentiation and proliferation OTTDARTOOOMM25126
Nowel 94 35 014 439 6.2 0.02 - ENSDARTDOOMRSE949
fosll 93 1.8 0.05 B1.4 B0 0.01 Protein similar to vertebrate FOS-like antigen 1 OTTDARTOOOMM2IZTO
NID12 3.6 10 0.06 14.6 20 0.0z - IVT00S00006E532
NID 14 8.6 3.0 012 456 B8 0.04 - VT 00500000630
NID13 8.1 14 0.04 124 19 0.03 - TC254817
hibc3 T8 189 0.7 128 21 ILIE] Control permeable of the outer mitochondrial membrane INTO0S00004671
NID 19 74 1.5 0.05 163 25 0.03 - V700500002527
otf5 73 11 0.03 152 oa 0.00 Activating transcription factor 5 OTTDARTOOOMMZ 1 442
Lepr 49 1.1 o007 55 o5 0.01 Leptin receptor; type 2 diabetes mellitus ENSDARTDOOOD 104616
mmpd 46 13 o1 143 22 0.02 Matrix metalloproteinase 9 OTTDARTOOOMM25253
zgr: 162630 45 05 o.02 412 28 0.00 - NM_OO1082825
femt3a N 06 0.04 11.1 03 0.00 - OTTDARTDOOOOITI16
grrkin -34 0.6 0.06 -57 oA 0.0 G-protein-coupled receptor kinase 7a OTTDARTOOMMIZ 144
Ndelih 34 05 0.04 44 o1 0.00 MudE-ke protein 1b: neurological disorders OTTDARTOOOMMI24237
opsinl -33 0.6 0.7 7.1 0.8 ooz Opsin 1 (cone pigments ), short-wave-sensitive 2 OTTDARTOODMMD02 229
nat? -30 0.8 013 -69 1.1 00d G-protein alpha transducing activity polypeptide INTO0S00006T18
arg2 23 21 0.49 13.3 03 0.00 Arginase, type II; smooth muscle disorder OTTDARTDOOMMZE242
Crizliom 28 09 018 27 0.6 09 Galactosylceramidase: cellular surface cancers OTTDARTOOO0MD04 460
nnarab -7 04 0.06 -49 12 009 Meuronal nicotinic acetylcholine receptor alpha & NNMLO01 042684
fend -16 03 003 -38 (1] oo Elongation of very long chain fatty acids (fenf ) BCOG0897 .1
caspd 25 [IN] 0.00 45 (1] ooz Apoptosis-related cysteine peptidase OTTDARTOOOMIZEOE 1

Note. Fold changes with minus signs indicate down regulation. The sequence D= were identified using designated online resources.

# http://comphbio.dfci harvard edufcgi-bin/ tgil gireport. pl?gudb=zfish,
U hittpe/ fwww ensembl.org/index htmil.
© hittp:/fvega sanger.ac ukfindex.html

4 httype: | fwww nchi.nlmonih.govinuccore.

® hittp: )/ fwww ncbi.nlmonih govinucest.
" hittpc/ fwwwe nchi. nlmunih.govigene.

Chen et al., Toxicology, 2012, 302:129-139



Whole Mount in situ Hybridization
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Morpholino Microinjection
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Neurobehavioral Toxicity-Behavioral Tests

. Spontaneous movement

— First movement (17-19 hpf)

— Originates from spinal neuron innervations
 Touch response

— Escape response (21 hpf)

— Local spinal motor neurons, targeted muscle fibers,
and spinal sensory neurons

* Free swimming
— Motor neurons and targeted muscle fibers

e Alternating light-dark photoperiod stimulation
— Visual acuity
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Primary Motoneuron (NBT-Tg; znp)
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Secondary Motoneuron (zn-5)
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Two Generation Reproductive Toxicity
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BPA Altered Sex Ratio
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CASA: Computer-Assisted Sperm Analysis
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BPA Affected Sperm Quality
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BPA Affected Hatch and Offspring
Viability
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Transcription Analysis of Testis

p05, 5% FDR, 2-FC (1320 genes) p05, 5% FDR, 2-FC (50 genes)
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Mitochondrial Biogenesis

Table 2
Genes associated with mitochondrial biogenesis.

Symbol Cene annotation Log ratio P-value

atpscl ATP synthase, mitochondrial F1 complex, gamma polypeptide 1 0.256 5.19E-07
atpso ATP synthase, mitochondrial F1 complex, O subunit 0.505 1.60E-06
coxl1 C0X11 cytochrome ¢ oxidase copper chaperone 0381 2.65E-03
coxl7 COX17 cytochrome ¢ oxidase copper chaperone 1.118 1.81E-04
cox5a Cytochrome ¢ oxidase subunit Va 0.596 347E-03
cox7a? Cytochrome ¢ oxidase subunit Viia polypeptide 2 (liver) 0776 B.37E-09
cycl Cytochrome c-1 0204 3.2BE-D4
furtn Furin (paired basic amino acid cleaving enzyme) 0335 4 5BE-02
gpxd Glutathione peroxidase 4 0.440 2.22E-03
Zpav Clutathione peroxidase 7 2240 1.22E-02
map2k4 Mitogen-activated protein kinase kinase 4 -0.936 1.54E-05
mt-co2 Cytochrome ¢ oxidase subunit 11 1.448 2.03E-02
mit-co3 Cytochrome ¢ oxidase 11 1.229 6.78BE-03
mt-cyb Cytochrome b 1.584 B.84E-02
mit-ndl NADH dehydrogenase, subunit 1 (complex 1) 1.447 4 8GE-02
ndufalld MADH dehydrogenase (ubiguinone) 1 alpha subcomplex 10 0.404 5AQE-16
ndufabl NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex 1 0877 4 13E-03
ndufiafl MNADH dehydrogenase (ubiquinone) complex |, assembly factor 1 0,337 1.74E-02
ndufaf2 NADH dehydrogenase (ubiquinone) complex 1, assembly factor 2 0,754 1.34E-04
ndufbs NADH dehydrogenase (ubiquinone) 1 beta subcomplex 5 0.825 2.83E-03
ndufbs NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8 0433 4 4RBE-02
ndufs3 NADH dehydrogenase (ubiquinone) Fe-5 protein 3 0,466 0. 23E-06
ndufs4 NADH dehydrogenase (ubiquinone) Fe-5 protein 4 03727 0 3BE-05
ndufss NADH dehydrogenase (ubiquinone) Fe-5 protein 5 0,426 311E-03
ndufs6 NADH dehydrogenase (ubiquinone) Fe-5 protein &6 1.066 2.33E-03
ndufs8 NADH dehydrogenase (ubiquinone) Fe-5 protein B 0.452 6.51E-06
parky Parkinson protein 7 0,624 2.58BE-12
prdx3 Peroxiredoxin 3 0,702 2.03E-31
prdx5s Peroxiredoxin 5 1.045 1.40E-0&
sdhc Succinate delwdrogenase complex, subunit C 0,635 0.82E-08
sod2 Superoxide dismutase 2, mitochondrial 03778 5.71E-05
surfl Surfeit 1 0621 4 51E-04
ugerel Ubiguinol-cytochrome ¢ reductase core protein | 0.451 4.15E-24
ugere2 Ubiquinol-cytochrome ¢ reductase core protein Il 0235 3.52E-02
ugerfsl Ubiguinol-cytochrome ¢ reductase, Rieske iron-sulfur polypeptide 1 0.563 0.33E-04
ugerh Ubiquinol-cytochrome ¢ reductase hinge protein 0.4049 7.GBE-DB




Mechanisms for Reduced Sperm Quality
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Fold change

Epigenetic Changes for Male-mediated
Offspring Mortality
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In vivo DNA Mismatch Repair
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In vivo DNA MMR in Zebrafish
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Validation with M/h1 mutant

Nick-homoduplex  Nick-heteroduplex
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Mlh1+/- was a gift from Prof. Edwin Cuppen at the University of Utrecht (Netherlands)
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Zebrafish Model

 Advantages
— Effects are systemic, metabolic or behavioral

— All the tools available for developing Tg fish for mode
of action risk assessment

— Can be used in high throughput setting
— Complementary to HTS using in vitro cell assays
— Very relevant for ecotoxicological risk assessment

* Challenge

— How to extrapolate these data for human health risk
assessment (a fish is a fish)



Mouse Mammary Stem Cells
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Target cells: stem/progenitors

Long-lived (accumulate DNA damage)
Multi- or unipotent (tumor heterogeneity)
Self-renewal (tumor expansion)

Developmental sensitivity (stem cell
expansion in earlier life stage)
Early exposure and later onset of disease

— Atomic bomb, most susceptible age group 8-13,
breast cancer onset after 50
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Mammary Duct

Myoepithelial cell

Luminal cell

Stem cell

Tiede and Kang, 2011, Cell Res



Mammary Stem Cell Hierarchy
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Our hypothetical cell hierarchy model
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Stem Cell Enrichment and

Identification
CD24HiCD49fl°CD29'°
o
Q: o0 o*°*
® 2% — L° —> §% . .
og o Y ° D24*CDA49fNCD29h!
‘ ‘ ‘ ‘ ‘ ‘ E;E i ,,
‘ EEH T T3 T
2 % " CpastFmCA
Lin-(CD31-CD45-TER119-) CD24/EpCAM/CD49f/CD29

*» Identification: in vivo fat pad transplant (IVT)

* Quantification: limiting dilution IVT

s Self-renewal: series IVT

+» Differentiation: lobulo-alveolar genesis and milk production

* Luminal MaSC: in vitro 2D colony formation (2D CFC)



In vivo Cleared Fat Pad Transplant
(Basal MaS(C)

G-0-0=&

3 week old Cleared Fat Pad Injected with MaSC ~ Regenerated gland
(CFP)
o AV
.\/):’




In vitro Colony Forming Cell Assay

inal MaSC/progenitor)

(Lum




CD24 PE-A

Sphere Formation and Differentiation
(Basal MaSC and Luminal Progenitor)

u'.I:_:
] 70% engraftment efficiency
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=
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97 0 10 10 10
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Sphere 3D-ECM

Scare bar: 100 um

Dong et al., 2013, Stem Cell Res



Perinatal BPA Exposure and Mammary
Gland Morphogenesis/Tumor

CD1 mouse
XA 3
... \ _.r ;-F:' y .‘.J Tl-i..
& ES. : __\_“ ';"::'f"sd;
- '_"'EF --qt‘__ ’ ‘t
kT w-"a--r"
o g S ?.."P?

Munoz-de-Toro et al. 2005, Endocr/no/ogy 146 4138-47

Rhesus macaque |

Tharp et al., 2012, PNAS 109:8190-95

Accelerated puberty onset
Prolonged estrous cycle

Terminal ducts/TEB
Lateral branches
Epithelial cell number

Endogenous estrogen
Progesterone response

Preneoplastic ductal hyperplasias
Carcinoma in situ
DMBA induced tumorigenesis



Pubertal BPA Exposure

Newborn 3-week old 6-week old

r
P O

£

** Puberty: Week 4-Week 6
& +» Extensive ductal elongation
** MaSC proliferative state

A susceptible
window for MaSC

http://mammary.nih.gov/index.html



Experimental Scheme

5
— ——> Term. at 6 wk old
Low dose (25 pg/kg/day) Sesame oil
20 5
k Term. at 2 mo. old
D e '
20 Sesame oil
—2 mo. old —> Term. at 4 mo. old
5 \DMBA 30 mg/kg —
WM-HE
—_—
3 @H Q
FACS 3 .
3 In vivo
transplantation

In vitro
quantification

CDA4SfFITC-A



BPA/DMBA Increased Hyperplasia
in 4-month Old Glands

Control BPA DMBA BPA+DMBA

g 10 801 P <0.0001
£ P=0.4409 |
A S 60
8 P=0.0004 | o P=0.030
£ 6 If S
8 g 40
g 4 2
G ® 20
s 2 ==
m
e v v v e v
° Q Q Q &° Q




BPA did NOT Affect Basal MaSCs
Repopulation Capability

In vivo cleared fat pad transplant (IVT)

Positive/total CFP

@

% Distribution

Termination time point Control BPA
6-week 10/10 8/10 agy
2-month 4/11 7/11 : %
. 26-50% :
4-month without DMBA 10/10 10/10 P
4-month with DMBA 9/10 8/10
Bl 1-25% B 26-50% I 51-75% 76-100%

100+

80~
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Wang et al., 2014, Cancer Prev Res

51-75%




Pubertal BPA Exposure Increased Lateral
Branching in Regenerated Glands

[ Control Il BPA *
*

Branching point per mm
o

Wang et al., 2014, Cancer Prev Res



Increased Hyperplasia in Regenerated Glands
from BPA Exposed MaSCs

Hyperplasia
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Wang et al., 2014, Cancer Prev Res

..
A
Ny

- -\\\

# |
:'3-2' d

' R

). Ahave .

% Hyperplasia

% ADH/DCIS

100~

80+

1 Control |l BPA *
*

Lid

*
i '*
& & & L
o oS R @&
o(‘
&

b



RNAseq on MaSC-enriched Spheres

Low dose (25 pg/kg/day)

. ai BPA for :
“ & ——— 3wk
W S

3 wk old 20

1l|]5

— S FACS

1||J4

1l|:l3

CD24 PE-A

g 10
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6 wk

—_— T

25 pg/kg/day

176

CDASf FITC-A

— 5—> Term. at 6 wk old

5_> Term. at 2 mon old
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Transcriptional Changes

DMBA

91

BPA PA/DMBA ’7—‘ Enriched Functions

31

4
1

Cystoskeleton Organization

Cell adhesion

Cell Growth

cluster
Regulation of Appotosis

U
Enzyme inh. activity
Acute Inflamm Resp.

cluster 2-
Lipid Transport Cell adhesion

BPA BPA/DMBA DMBA

Z-score

Control BPA BPA/DMBA DMBA

Wang et al., 2014, Cancer Prev Res



Pubertal BPA Exposure Led to Precancerous
Gene Signature in MaSC-enriched Spheres

Tripathi A et al 2008: Symbol Log2 fold
Normal/DCIS tissues in breast Fosb -3.66
cancer patients vs. normal Fos -2.38
tissues in normal controls Atf3 -1.48
Rgs2 -1.25

Duspl -1.03

** Down-regulated Nrdal -0.92

+*»* Similar sets of genes Egrl -0.86
***Fosb and Fos Kit4 -0.81
Zfp36 -0.79

Tripathi A et al.Int J Cancer 2008 Apr 01;122(7):1557-66



Decreased FosB/Fos in Regenerated Glands
from BPA treated MaSC

ONo stain © Partial stained @® All stained

@ | Ko = Cancer

2 sl " | Prevention
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The Aged MaSC Story

Age is the number one risk factor for breast
cancer (5% <40 yr old)



Increased Basal Cell Pool in Old Glands

Young Old
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Dong et al., 2016, in review



% Basal cell in Lin-

Basal vs. Luminal Cell Pool

604 o Young P <0.0001
s Qld &
P <=0.0001
401
L N ] L
.|® a
- a—
® L ]
204 =
.
L]
0
C57BL/6 Balb/C

% Luminal cell in Lin-

60-
P<0.0001
— P=0.0009
[ ]
40+ i %
@
. .
. ¢ .
.I
20- %
®
| ]
i
C57BL/6 Balb/C

Luminal-to-basal

§- P<0.0001
5_ ;
oo P=0.0014
4 e —
3{ B a”
2 &°
| * °
1.07
'-"' . .
& .
0.5 . *
- ® ]
0.0
C57BL/6 Balb/C



Basal/Luminal Stem Cell Frequency
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Type | CFCs per gland

Type lll CFCs per gland

Common Marmosets
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RZ=0.700; P=0.002

c 1
2 12
Age (yr)
1004 R?=0.016; P=0.726
80~ *
60~
[ ]
40
20' 4_.'——-—-"
0 —_— i i
2 6 8 10 12
Age (yr)

Type Il CFCs per gland

Type l/lll CFCs per gland

12
Age (yr)
807 R2=0.149; P=0.270
{ ]
60+
[ ]
40+ -
204 ,
[ ]
[ ]
0 T T . .
2 6 8 10 12

2 1500~
%’ e R2=0.468; P=0.029
= 1000-
[+ %
7]
O 5004
LL °
o .
g c | 1 fe- f 1
o 4 6 8 10> 12
|Z’ -500- Age (yr)
: I S é“*”ib\ -
TN hp v T, <
=~ N \ =X e
:J.J"“',' I’:.\.‘ '
g T?{&‘h",‘ | ,K‘:\ [
e AR LN P
LNES S s SN ST e
P SN SS9 6
TN\ e
> \ '1".--\.&’3 ",L ;1 g ™.
. K L e
+ X% 7 .‘4_',/)“1 }
Wu et al., 2016, in revision



BaSC Self-renewal

Positive/total CFP

Treatment group Young Old
1st transplants 11/15 (73%) 12/15 (80%)
2"d transplants 5/5 (100%) 5/5 (100%)

Young MaSC Old MaSC Young MaSC Old MaSC

Virgin
Pregnant (PD1)




BaSC Differentiation and Function
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Early Neoplastic Lesions

Normal Hyperplasia ADH/DCIS

CK5 staining



Regenerated Glands-Neoplastic Lesions
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Summary

*** Increased basal SC and decreased luminal SC frequency
in aged glands

*»* Decreased self-renewal in old basal SCs

*»* Dysfunction of differentiation (milk production) in old
basal SCs

*** Increased transformation potential in old basal MaSCs

Q1: Why the basal cell compartment expanded?
Q2: What’s the underlying mechanism?



GSE analysis: Enriched Luminal Sighature
in Old Basal Cells

Ours Lim et al. 2010
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K8+ Luminal Cells Expressing High CD49f




Basal

Luminal

Expanded CD49f hi Basal-like Cells

K8 positive luminal cells

** Ductal basal cells

1:2
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il K

Luminal Basal
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Luminal

Jackson et al., 2015 Nature Cell Biology



Gene Association Analysis

Most similar
tumor subtype:
CD49f"EpCAM™
Stem cell ER PR HERZ2™ °trtererreereeee > Claudin-low
(CD24"CD133")
Normal-like
Others?
Common
progenitor
/ \ Basal-like
Myoeplthellal UM 2 ssssssacssssansass » Lum. prog.
progenitor progenitor

CD49f'EpCAM" (BRCA1)
ER or ER’
(CD24*CD133%
/ / \ LumB

Myoepithelial Alveolar Ductal

_ . Lum A
. CD49 EpCAM
ﬂ ER" or ER"
(CD24°CD133")

Lim et al., 2009, Nat Med 15:907-13



Oncogenic Induction in vivo

a C K5-CreER™2/YFP e
5 K5-CreER™/Pik3ca/YFP
= 100 A
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& 60
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b d  Ks-CreER™Z/YFP f
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Van Keymeulen et al., 2015, Nature

_
o] BTG R (0N el i Eigd B KRAS, PIK3CA, TP53 or KRAS Normal-like (ER+) Nguyen et al., 2015

Nguyen et al., 2015, Nature



Increased immune/inflammation signals
(MaSC and Niche)

MaSCs-Enriched Basal Population

Immune Response
Defense Response
Response to Wounding
Cell Adhesion
Biological Adhesion
Epithelium Development

Infammatory Response 3.47E-04
Innate Immune Response 6.08E-04
Acute Inflammatory Response 1.14E-03

Negative Regulation of Cell Proliferation 6.24E-03

Stromal Cells

5%

Oxidation Reduction

Inflammatory Response

Response to Wounding

Pyruvate Metabolic Process

Defense Response

Immune Response

Hormone Catabolic Process

Positive Regulation of Response to Stimulus
Acute Inflammatory Response

Fatty Acid Biosynthetic Process

1.72E-04
6.15E-04
6.41E-04
2.67E-03
1.19E-02
1.45E-02
1.54E-02
1.96E-02
2.59E-02
2.59E-02
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Current Working Model

BPA/Ageing

M Chronic inflammation

1 Dysfunctional MaSCs

N

Vy Function A Transforming potential

/

Early neoplastic lesion



Current Working Model

BPA/Ageing
l Prolactin receptor
Rapamycin —| 4 Chronic inflammation

1 ???

1 Dysfunctional MaSCs

PN

V Function A Transforming potential

/

Early neoplastic lesion
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