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SEPA .
What will be covered

° Background on PFAS PFAS = Per- and poly-fluoroalkyl substances

Fluorine

e Summary of work in our
Center related to PFAS

* The Robarts et al. study Hydrogen W2
 Why we did it
* What we found

https://www.xdd-llc.com/remediation/pfas-introduction-and-chemical-
properties/
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* They are everywhere and
environmentally persistent
* Globally distributed, detected

in water, air, house dust, soil,

sediment, sludge from
wastewater treatment plants,

biosolids

* Non-biodegradable in
environment

* Found in consumer products

https://pinellas.gov/per-and-polyfluoroalkyl-substances-pfas/

PRODUCTS
THAT CONTAIN a2

PFAS

Slide modified from Dr. Chris Lau
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Why do we care about PFAS?

* They are present in the blood of humans and wildlife

Serum Levels (ppb)

PFOS (C8)

PFOA (C8)

PFHxS (C6)

PFNA (C9)

PFDA (C10)

Lake trout

Production workers

1,500-2,000

121

500-1,000

4.4

~500

0.6

N/A

2.9

N/A

N/A

Polar bear

~1,200

~100

N/A

https://thehill.com/

Slide modified from Dr. Chris Lau
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 People can be exposed to PFAS
through multiple routes E @yﬁ

— food (fish, some edible plants),
migration from food packaging

— drinking water (contamination
sites)

.

Human Exposure

Consumer Produc

— house dust, air ';HID
— Consumer products o/

A,

Transfer to Infants
* Breast milk
* Cord blood

Environment

https://www.nature.com/articles/s41370-018-0094-1/figures/1

Slide modified from Dr. Chris Lau
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Toxic effects have been identified in animal studies

— Hepatotoxicity, reproductive and developmental
toxicity, immunotoxicity, tumor induction,
endocrine disruption, neurotoxicity

Epidemiology studies indicate adverse effects in
humans

Human health risks assessed by regulatory bodies
internationally

— Legally enforceable Maximum Contaminant
Levels (MCLs) for 5 PFAS in drinking water
were issued by the US EPA on 4/10/2024:

 PFOA (4 ppt),

 PFOS (4 ppt)

* PFHXS (10 ppt),

 PFNA (10 ppt),

« HFPO-DA (GenX, 10 ppt)

2\ Developmental

Why do we care about PFAS?

) | Immunotoxicity

Thyroid disease

Increased
cholesterol levels

Liver damage &

Kidney and
testicular cancer

toxicity *
Effects on

reproduction
and fertility

https://enveurope.springeropen.com/articles/10.118
6/s12302-023-00721-8/figures/2

Slide modified from Dr. Chris Lau
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 Some PFAS are very persistent in the blood of humans O8I

"% ° F-53B
Serum half-life estimates of some per- and polyfluoroalkyl substances
PFBS PFHxXS PFBA PFHxA PFHpA PFDA
PFOS (C8) PFOA (C8) |PFNA (C9) F-53B GenX
(ca) (Ce) (ca) (Ce) (C7) (C10)
F M F M F M F M F M F M F M F M F M F M F M
Rat 4.0 4.5 14 26-27 | 28-43 34-36 1.8 9.2 ]0.5-7.3]1.3-111.2-2.1| 1.5-24 | 1.7-4.8 | 8.1-8.5 6.4 31-55 | 45-59 | 55-83 0.9-2.8 |3.0-3.7
“ hours| hours | days | days days days | hours | hours | hours | hours | hours | hours | hours days days days | days | days days days
M 4.5 5.8 25-27 | 28-30 | 31-38 | 36-43 6.2 12 ~1.2 | ~1.6 16 22 26-68 | 34-69 1.0 1.5
ouse hours| hours | days | days days days | hours | hours | hours | hours days days days days day days
1.1 1.6 87 140 110 130 1.7 2.4 5.3 30 21 3.3 2.7
Monkey
days | days | days | days days days days hours | hours days days days days
4\\
35 36 13 14 3.4 3.7 3 32 140 130 2.1-3.8 1.7 3.2 15.3 3.4
Humans
days | days | years | years | years | years days days days | days years years | years \ years days
/

Slide modified from Dr. Chris Lau
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* Considering the universe of PFAS
(thousands)

* Tiered testing strategies

* Tier 1 — high throughput testing examining
cellular transcript or phenotypic changes in
different cell lines; computational approaches
for extrapolating test concentrations to exposure
in humans; grouping by structure and biology
allowing read across

e Tier 2 —in vitro assays that are part of our new
approach methodologies (NAMs)

* Tier 3 — expose rats to different doses of
individual PFAS to generate benchmark doses
(EPA transcriptomic assessment product; ETAP)

Center for Computational Toxicology and Exposure —
Understanding the potential risks to PFAS exposure

/' : Tier 1 \
Chemical Structure Broad Coverage, Multiple cell types
and Properties High Content Assay(s) +/- metabolic competence
No Defined Biclogical Defined Biological Target
Target or Pathway or Pathway
4 : Y
Tier 2
Select In Vitrg } Orthogonal confirmation
Assays
\ J/
/ 1 1 Tier 3 \
Existing AOP No ADP
In Vitro Organotypic Assays and Identify Likely Tissue,
Assays for other KEs | Microphysiological Organ, or Organism Effect
| and Systems Modeling Systems | and Susceptible Populations

Estimate Point-of-Departure
Based on Biological Pathway or
Cellular Phenotype Perturbation

Estimate Point-of-Departure
Based on AQOP

Estimate Point-of-Departure

Based on Likely Tissue- or

Organ-level Effect without AOP

Thomas et al. (2019) ToxSci 169(2):317-332



g =50 Background and Goal of Study

The levels of legacy PFAS in human The levels of alternative PFAS are

blood are decreasing increasingly detectable
—_— s straight * Increased blood levels of per-
3% .| chain :
2 7| P pEas and polyfluoroalkyl ether aC|dsF
_E |l W (PFEAS) HomA e
g8 10 R O * Kotlarz et al. (2024) EHP Nafion BP2
£ 5| .-\.—.-_N\'\_A PFOA . . .

il —o—s | 132(2):27701; 132(2):27702

2000 2004 2006 2008 2010 2012 2014 e Rosen et al. (2022) EHP

Brennan et al. (2021) Intl J Environ Res Pub Health 18:10900 130(9)97002

* Goal of study: Use available archived transcript profile data to identify
molecular targets of legacy and alternative PFAS

* Are there differences?
* How do alternative PFAS toxicities compare to toxicities of legacy PFAS?
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Treat mice with 11
legacy or
alternative PFAS

Collect liver;
Isolate RNA;
Measure
transcript profile
changes using
microarrays or
RNA-Seq

Methods

Archived
transcript
profiles

Genes 1 - XX

Increased
Expression

Decreased
Expression

lllumina’s BaseSpace
Correlation Engine

[ y g o ” p—— COSELATION
Cooo e ENGINE

i

W)

Gene Ranking Comparison to Running
Prostate Gene Fishers
Expression Biosets  Algorithm

h 4

Export Running
Fisher Test Results

\/

Compare to gene lists
and biomarkers to
understand biological
effects
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carcinogenesis In rodents

Marketed Pharmaceuticals in Rats Environmental Chemicals in Mice and Rats
Live r Histopathology Live r
Tot 9554332222111111111000000000
1 1 Vagng - 160 1,
Thymus ' M F

W adr B hem

,
Spleen
nginal Vesicles 140 Hmouse .
- ;rostate_ H bone | Cpld
esovarium L "
Gl (Cecum & Colon) 120 K W rat | mhe Lt
Dtore \ mkid  mliv
1 1 terus 3
Gl i) 1 1 (11 1 11 Testes i |-
= 1|3 1 Systemic 5 00 Mlung mmg
:

P
ancreas B nose Eolh

PV SN

Tumor
-

# tumor outcomes

1
1 1 Nasal Q0 |-
q Lymph Nodes r .
E hlejznagrts B oy [ | P‘.m
| Cervix 60 H X Pe it
i | in S "pros - Eplg
] 1 1 Kidneys 40) 81 skin
4] 2 1 1 1 Bladder 3
1 Pituitary Gland " slom lesl
1 Bone (Marrow Included) 20 * * : .
44 12 1 q Mammary Gland # thy urin
d[1 4 1 Ovaries o
] 21 1 égren_il Gland P u Vase
1 2 1 Livzar i = e E E ks S U T QeSS WL oy oW W D o= ol
rh oot =x¢o OIrr—z'om—iccuc)_?'_'umm—i<N_[leer :-‘:35EEg“m"—QZOIESﬁ'“g—'—E_EE'E—D‘
sz a < 0 Ep S5 FRE 0DES DO Q@ F 5 = S 00 T O < - = = = - = O o
sES5285Exs 583885388 cudgs 23882 a3 £ = = = e TR oE L
S5 @ 3 a 3 3 < o 3@
= 13 = ] a o 330 g0 aagmde S06 2238 3585
S o =
=. @ 3 —~ o < D X v = @ [ @ < ® I35 E Do
aagETLEG 3] g3 s gn-5 o
— 4 rd 5 - w
2 23¢ g 7 3§ § o
2 Qg & @ oo ® 3 . o .
& 8:3 ? e g 2 * Results of 628 two-sex carcinogenicity studies (n = 324 rat, n =304
o o
c =] 3 0
3 = mouse) available in ToxRefDB

* Studies covered 336 unique compounds (n =307 rat, n =288

From Sistare et al. Toxicol Pathol. 2011 Jun; 39(4):716-44. ) g ]
mouse), 259 of which were tested in both species

From Hill et al. Toxicol Sci. 2017 Jan; 155(1):157-169




Major Adverse Outcome Pathways That Lead to Rodent Liver Tumors

Genotoxic
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s B * Six major AOPs lead to rodent liver
: ( iomar er.} I tu mors
AE * The AOPs converge on the key event of

selective clonal expansion

(GE Biomarker)

Oxidative
Stress |

Alteration of ‘ ‘ Selective
Growth ;I e:{:t :_ ) Clonal
Pathways ! | Expansion

MIE:

CAR
Activation

GE Biomarker

MIE:

ER
Activation

 Measure MIEs with gene expression

(GE Biomarker)

wie: biomarkers
PPARa .
Activation * Rooney et al., (2018) Tox Appl Pharm 356:99— e Past studies have revealed that PPARa

, 113
(e omarer) , and CAR are targets of the legacy PFAS
— * Corton et al. (2020). Tox Sci. 177(1):11-26
Cytotoxicity * Lewis et al. (2020). Toxicology. 443:152547

. (GE Biomarker)



SR Compiled Studies Examined

gency

Chemical Name  Abbreviation DTXSID PMID Dose Timepoint
. . . Perfluorooctane sullonate PO DTXSID3031064 0936131 Diadly 3 mg/hg or 10 mg/lg 7 days
Perfluarooctanoit acid PFOA DTXSIDE0I1865 18281256 Daily 3 mg/k 76
Studies in the public —— - - — -
° perfluorohexane sulfonate PAHS DTHSIDT040150 285589 Duaily 3 mg/kg or 10 mg/kg 7 days
Perfluarc-1-{] perfluore-3-
d omain {perfluoroethaxy)-2- Nafion B2 DTXSID10892352 ¥ Daily 0.03, 0.3, 3, or 6 mg/kg 7daps
T . f. I ° propamanyjethanesulfanic acd
Ammaonium perfluore-2-methyl-3- 27553808 Daily 1 mg/kg 8 days
wo main profiling ool o pmoiGa oy e o
° Perfluoro-{2,5 B-trimethyl-3,6,9- F04 BTRUDI0ITEEN F7IE08 Dally 1 mg/k Hd
latforms (Affymetrix ontdeanoc ' ; ”
p . y pﬂflu'::;::;d:::;;ld“ HFPO-TA OTXND00E%2442 HITEAY Daily 0.02, 0.1, 0.5 mg/kg Wi
microarrays, RNA-Seq)  rumsommscnen — , . -
H 6:2 Fluorotelomer vulfonic acid £:2 FTSA DTXSIDEDETIIL 8014 Daily § mg/kg My
AI I p rOfI I es fro m ma I e 2-Perfluorohexyl ethanoic acid 5:2FTCA DTXSIDSO4TI556 80347 Daily § mg/kg 2 days
° (5 d-mathyl-2{ 3{1-{ 2-{4
mouse I iver “::"L:m':’:::l':::;:::ﬂ" CP-865520 OTXSIDA044032 18971326 Daily 1 mg/ig 5 days
acid sodium salt
Exposures were 7-28d Gr0006
hmmw::‘!:xmﬂ: CP-115146 DTXSID044013 18071326 Daily 1 mg/kg 5 days
One to four doses st
H specenhaesior out o iyl CP-868388 OTHSIDA044034 18971326 Daily 1 mg/ig S days
din- 3yl }phenowy)-2-
Examined 11 PFAS and o
° Propan-24yl 2:[d-(4-
5 P PA R aa Ct iva to rs chlotabenzoyl)phenoiy]-2 Fenafibrate OTXSID2029874 18301758 Single 4 mg/mL ih
methylpropanoate
{[4-CHloro6-{2,3-
dimethylanilino]pyrimidin-2- Wi-14,643 DTHEID4020290 26115100 Single 250 mg/kg &h

yilsulfanyfjacetic acld



Structural similarity
of the compounds
examined in the
study

e Used ToxPrint to determine
structural relatedness

* PPARa agonists clustered
together

* PFAS cluster based on the
head groups

Structure Similarity

Alternative PFAS

Legacy PFAS A
I PPARa Activator X /
| Byproduct :
Sulfonic Acid g
X
Headgroup X, i
:»\1 ‘1 )
.?{uﬁ:%-i = )
G
+—
I
U
v
i}x. T
,-:’A:IJL H}ix
e
2 B
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Ve 4 5. :
Vi 5 pe
v ol s
¥y T
53 : Carboxylic Acid
il GenX Headgroup



Structural similarity Structure Similarity
of the compounds 25"
examined in the |

study

o
I T T T 111

* Used ToxPrint to determine
structural relatedness STy

* Removed the head groups / )’”

* Clustered based on
whether straight chain or
contains ether linkages

(B)



Examination of the role of E e
huclear receptors prnl e el

e <. O FPARG
bl " LI PRARD
&

* Use the upstream activator analysis
function of Ingenuity Pathways Analysis

(IPA) i[ |

* Most PFAS activate PPAR family (P:):;
members r
* A subset of PFAS activate CAR and/or - wior
PXR [ [ic NRac
* No major distinctions between legacy |£ : ?“"Eg
and alternative PFAS I SR | rsc
Sl 1 B E NRaC2
o B B SR oz
* Qualifier: the gene lists in IPA have not {L e T T :HZEH::E
been characterized for prediction — they = 3 S was
are hypothesis generating tools TR HIRHG I



Major Adverse Outcome Pathways That Lead to Rodent Liver Tumors

Genotoxic
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[ ome ke * The liver is the most frequent target of
Direct DNA epat . . .
Damage 4 C— chemical tumorigens
. (GE Biomarker) . . .
]  Six major AOPs lead to rodent liver
AR tumors
Activation
(GE Biomarker) L < * The AOPs converge on the key event of
Oxidative
miE: stress selective clonal expansion
CAR

Activation
KE.

r KE: ’ - KE: : —T—
(GE Biomarker) . - .
Alteration of ‘ Hepat L ‘ Selective
Growth P IID: t" Clonal
MIE: | Pathways ! | Expansion
ER

Activation

(GE Biomarker)

* Hypothesis: measurement of the six

MIE:
B ccvation * Rooney et al., (2018) Tox Appl Pharm 356:99- MIEs will be sufficient to predict
(E Biomarker) 113 rodent liver tumors
— * Corton et al. (2020). Tox Sci. 177(1):11-26 ]
- « Lewis et al. (2020). Toxicology. 443:152547 * Approach: measure MIEs with gene
expression biomarkers

. (GE Biomarker)
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Gene expression biomarkers

 Biomarker is defined as “a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention.” (1998, the National Institutes of Health
Biomarkers Definitions Working Group)

* A gene expression biomarker is a short list of genes and associated fold-change values or
ranks used to predict the activity of a factor important in mediating effects of chemicals or

toxicity

e Can be used to
* Identify mode of action
* Predict tumorigenic potential
* Determine a benchmark dose

* Very few examples of well characterized gene expression biomarkers with k

accuracies

* Gene lists as signature/pathway analysis often used as hypothesis generators

o
2

5 —

aaaaaa

© L (cesiomarken)

2

S
=z

nnnnnnnnn

nnnnnnnnn

aaaaaaaaaaaaa

(GE Biomarker)

(GE Biomarker)

||||||||

1

08

Response (%)0.6

0.4

0.2

0

Dose (ppm)

nown

150

200

Genes 1 - XX

Increased
Expression

Decreased
Expression




SEPA  Bjomarkers that predict key events in the livers of mice
and rats
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AhR

CAR

Estrogen

Oshida et al. (2015). Identification of Modulators of the Nuclear Receptor Peroxisome Proliferator-
Activated Receptor a (PPARa) in a Mouse Liver Gene Expression Compendium. PLoS One.
10(2):e0112655.

Oshida et al. (2015). Identification of Chemical Modulators of the Constitutive Activated Receptor
(CAR) in a Mouse Liver Gene Expression Compendium. Nuclear Receptor Signaling. 13:e002.
Oshida et al. (2015). Screening a Mouse Liver Gene Expression Compendium Identifies Effectors of
the Aryl Hydrocarbon Receptor (AhR). Toxicology. 336:99-112.

Oshida et al. (2015). Disruption of STAT5b-Regulated Sexual Dimorphism of the Liver Transcriptome
by Diverse Factors Is a Common Event. PLoS One. 11(3):e0148308.

Oshida et al. (2015). Chemical and Hormonal Effects on STAT5b-Dependent Sexual Dimorphism of
the Liver Transcriptome. PLoS One. 2016 11(3):e0150284.

Rosen et al. (2017). PPARa-independent transcriptional targets of perfluoroalkyl acids revealed by
transcript profiling. Toxicology. 387:95-107.

Rooney et al. (2017). Genomic Effects of Androstenedione and Sex-Specific Liver Cancer
Susceptibility in Mice. Toxicol Sci. 160(1):15-29.

Rooney et al. (2018) Activation of Nrf2 in the liver is associated with stress resistance mediated by
suppression of the growth hormone-regulated STAT5b transcription factor. PLoS One.
13(8):e0200004.

Rooney et al. (2018). Activation of CAR leads to activation of the oxidant-induced Nrf2. Toxicol Sci.
167:172-189.

Rooney et al. (2018). Adverse outcome pathway-driven identification of rat liver tumorigens in
short-term assays. Toxicol Appl Pharmacol. 356:99-113.

Corton (2019). Frequent Modulation of the Sterol Regulatory Element Binding Protein (SREBP) by
Chemical Exposure in the Livers of Rats. Comput. Toxicol. 10:113-129.
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predictive accuracy

Predictive Accuracy
Mouse Biomarker Number of Genes Mutant mice used| for Activation
PPARa 131 Ppara 98%
CAR 83 Nr1i3 97%
AhR 63 Ahr 95%
Nrf2  Activated by oxidative stress >2/7 kegp1 96%
stat5h  Regulates growth hormone responsive genes 97%
G Regulates genes involved in the synthe5|s of cholesterol and trlglycerldes

The mouse biomarkers have excellent

Publication
PLoS One. 2015
10(2):e0112655

Nucl Recept Signal.
2015 13:e002
Toxicology. 2015
336:99-112
PLoS One 2018
13(8):e0200004
PLoS One 2016
11(3):e0150284

o 10 (2019)
77

I -~
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Most PFAS suppress Stat5b — indicative of
suppression of growth hormone signalling
Most chemicals activate PPARa (not
Nafion BP2, 6:2 FTSA and 6:2 FTCA) that
regulates fatty acid and glucose
metabolism

Many activate CAR and Nrf2 - indicative of
increases in xenobiotic metabolism and
associated oxidative stress

Many activate SREBP - linked to steatosis
commonly observed in the livers of
treated rodents

No clear distinctions between the legacy
and alternative PFAS

6:2 FTCA and 6:2 FTSA activate fewer
factors - 6:2 FTCA is more quickly
metabolized

Calor Key

etrie

- 5 5
—log(p-value)

Biomarker analysis

Biomarker
Activity

o
=
=
[y

Alernative PFAS

Legacy PFAS
N PPARo Activator
N Byproduct

['IIJ.III.':IZI
5000

Gene Count

PPARa

r
=

AR

— ——

6.37 PFOA_03mg.kg
4.38 PFMA_03mg.kg
6.85 PFOS_10mg. kg
577  PFNA_01mg.kg
PFHxS_10mg.kg
Fenofibrate
6:2 FTSA

F53B

HFPO4

&09 HFPO-TA_0.02mg.kg

HFPO-TA_0.1mg.kg
HFPO-TA_0.5mg.kg

CP-865520
CP-T75146
4 PFOS_03mg.kg
482 T.02 CP-B68388
W 14543

559 [N FrHixs_03mg kg

B.74 711 MafionBP2_06mg.kg
412 MNafionBFZ_03mg.ka
6.8 HFPO-DA
MafionBFZ_0.3mg.kg
MNafionBP2_0.03mg.kg
6:2 FTCA

Mrf2
CAR
SREBP
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Conclusions

To understand the diversity of molecular targets of the PFAS in the mouse liver,
we performed a comparative toxicogenomics analysis of the gene expression
changes after exposure to 11 PFAS

Using hierarchical clustering, pathway analysis, and predictive biomarkers, we
found that most of the alternative PFAS modulate molecular targets that overlap
with legacy PFAS

Only three of the 11 PFAS tested did not appreciably activate PPARa (Nafion
BP2, 6:2 FTSA, and 6:2 FTCA)

Predictive biomarkers showed that most PFAS (PFHxS, PFOA, PFOS, PFNA,
HFPO-TA, F-53B, HFPO4, Nafion BP2) activated CAR

PFNA, PFHxS, PFOA, PFOS, HFPO4, HFPO-TA, F-53B, Nafion BP2, and 6:2 FTSA
activated NRF2

A subset of PFAS activated SREBP that may underlie the steatosis observed

The work highlights the similarities in molecular targets between the legacy and
alternative PFAS

We predict that the alternative PFAS (except 6:2 FTCA) would be no less toxic
than the legacy PFAS
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Thanks for listening!

Questions?
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