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Arsenic Carcinogenicity

 Well-established human carcinogen: skin,
lung, bladder, kidney cancer

 Exposure pathway: ingestion, inhalation,
dermal

 Negative in most animal carcinogenesis
bioassays.



BACKGROUND

A naturally occurring metalloid; frequently
found In ground water

Human exposures from: smelting of metals,
combustion of fuels, use of pesticide

Inorganic (O, ClI, S): arsenite(+3) and
arsenate(+5)

Metabolized to methylated forms



Arsenite is a Co-carcinogen with UV for
Mouse Skin
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Mechanism of Carcinogenicity

* Arsenic is poorly mutagenic, but
clastogenic

 Co-mutagenic with other mutagens

— UV (Hartmann and Speit, 1996)
— MNU (Li and Rossman, 1989)
— Benzo(a)pyrene (Maier et al., 2002)



Hypotheses
Arsenic potentiates the action of other mutagens by:
 Inhibiting DNA repair
 Interfering with cell cycle checkpoints
e Altering gene expression



Arsenic enhances mutagenesis and BaP adduct formation
in mouse Hepa-1 cells

A. Maier, B. L. Schumann, X. Chang, G. Talaska and A. Puga
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Does arsenite interfere with UV photoproduct removal?

Measure UV photoproducts with comet assay
1. Embed cells in agarose

2. Treat cells with T4 endonuclease

3. Electrophorese

0 J/m?2 1 J/m?2

5 J/m?2
10 J/m?




Comet Assay with T4 Endonuclease

uv As UV+As
Type |
4h I 0 100 0
| 0
]| 99 0 96
Type Il
8h I 1 100 0
Il 13 0 0
i 86 0 100
Type Il
16h | 4 100 0
Il 68 0 0
Type I:  Without tails or with tail length ]l 29 0 100
less than 2 diameters.
Type II: The tails are connected with the nuclear,
with tail width less than 2 diameters.
Type II: The tails are detached from the nuclear,
with tail width more than 2 diameters.




Does DNA damage signaling persist after UV
in the presence of arsenite?

RPA-p34 phosphorylation as a DNA damage marker

RPA: single-stranded DNA binding
protein; 3 subunits: p70, p34 and

p1 4 <+—Hyper-p-RPAp34

RPA-p34 is phosphorylated in
response to DNA damage: IR, UV,
BPDE, etc.

<«—RPAp34




Arsenic enhanced and prolonged RPA
phosphorylation upon UV irradiation

10 J/m? UV 10 J/m? UV + 5uM As
Time (hr) O 4 8 16 24 32 0 4 8 16 24 32
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: _ " -—
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5J/m?2 UV + 5uM As
2J/m2 UV  2J/m2UV+5uM As -  As - As - As

Time (hr) 4 8 24 4 8 24 4 4 8 8 24 24
——_— '

<+—Hyper-p-RPAp34

<«—RPA-p34

Hela cells were synchronized at G,/S phase boundary with 3 uM aphidicolin for 17 hours. After
release, cells were treated with 5 uM As for 3 hours, then with 2, 5, or 10 J/m? UV in PBS.
Complete medium with or without arsenic was added back.



Arsenic enhances RPA phosphorylation upon

BPDE treatment
BPDE 1 uM BPDE 1 uM + 5 uM As
Time (hr) o 4 8 16 24 32 0 4 8 16 24 32
- - _— T s W «—Hyper-p-RPAp34
“mm- e — a— <«—RPAp34
— — - G W — - W e w— w— <—q-tubulin

Hela cells were preincubated with 5uM As for 3 hours, then treated with 1JuM BPDE in PBS for 30
minutes at 37C. Then fresh complete medium with or without arsenic was added back.



Does arsenic interfere with cell cycle checkpoints?



S-phase checkpoint remains intact in arsenic-treated cells

Aph release
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G2/M checkpoint remains intact in arsenic-treated cells

Noc As Uuv 1h 3h
| 1h}  3h J1h | 20 |}
T bpde As 4h.007
I=l -
— 30
-
1
o 25 -
I:l— "'.
— 3 e,
20 - /
e s 7 //Jr—
= 315 I
LL = T
10
FE‘ —e—Noc As UV
S —=—Noc UV
Noc As
= 0 ‘ ‘ ‘ ‘ Noc —
= T 0 05 1 15 2 25 3
0 1000

Time after UV (hr)

3.5



Arsenic alone arrests cells in M-phase
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Does arsenic alter gene expression?
Puga and Xia

Measure up-regulation and down-regulation of
gene expression by microarray analysis

5 uM BaP
2 UM As
5 uM BaP + 2 uM As



Table 1. Genes that arsenite and BaP deregulate additively or synergistically

Puga, Xia

Accession Symbol  Gene name

5 M BaP

2 pMAs

5 pM BaP+2 pM As

Change p-value Change p -value Change p-value

GO Process

GO Function

Uas73 Plch1 Phospholipasze C # -316 00001 147 009150 -212 0 00002 Intracelular signaling Pl phospholipase
HavTa413 Ttk Tranzforming groswth factor -2 -208 000001 118 009535 -417  0.00000 Cel differentiation Growth factar
Xas014 SiatSE Sialytranzteraze SE 181 000891 224 000023 424 000001 Protein glycosylation Sialyltransferase
AF115355 Thrt Tranz-prenyitransferase 157 000972 -2.33 000037 -220 000022 Unknown Tranzferase
Us2524 Hasz2 Hyaluronan syrthase 2 -146 000543 240 000000 -425 000000 Protein glycosylation Tranzferase
73550 Snai2 Znail homolag -1.37 000295 115 003507 -215 0.00000 Deweloprmernt D&, Bincding
ABDZ24565 HsGz2 Heparan sulfate 6-O-sulfotransferase 2 133 000037 148 000000 202 000000 Protein sulfation Tranzferase
AFODS4623  Fzdi Frizzled 1 -1.33 000005 132 00000z -2 0.00000 Receptor signaling G-protein coupled receptor activity
LE9924 Ppp31ric Protein phosphatase 1 inhibitory subunit =130 000026 -1.39 000002 -222 000000 Glhycogen metabolizm Protein phosphatasze
AFO3850F  Cip? RIKEM cDMA, 201 0204K1 3 gene 128 0M02E 152 000010 2249 000000 Unknown Urknowwn
AF117709  Sfrpd Secreted frizzled-related protein 4 -1.25 00795 118 013614 -246 0.00000 Receptor signaling G-protein coupled receptor activity
25096 K2 Kruppel-ike factor 2 (lung) 124 014524 197 000007 246 0.00001 Transcription regulation DA binding
29552 Fs=t Fallistatin 121 00003 122 000002 187 000000 Differentistion BhPT GF inhikitor
U31758 Hac2 Histone deacetylaze 2 120 003066 -1.12 009363 -2.03 0.00000 Chromatin remodeling Histone deacetylaze
®99572 Figf C-foz induced PDGF family member 118 002416 -1.29 000063 187 000000 Angiogenesis Growth factar
AJ131395  Calldal  Procollagen ol | type RV -1.09 011044 118 00086 -1.63 0.00000 Cell adhesion Extracelular matrix tensile strencth
XE1455 Mapk M-ethylmaleimide sensitive attachment protein 103 0y2960 118 007839 -210  0.00001 Transport Irtracelular transport
45751 Efniknl Ephrin B1 -1.01 080958 127 000021 1.2 000000 Receptor signaling Ephrin receptor binding
AF174535  Sord Sulfidde quinone reductaze 1.01 0394770 100 0893353 147 0.00037  Electron transport Disulfide oxidoreductase activity
LETE11 Taldo-1 Tranzaldolaze-1 1.01 085902 107 0209783 165 0.00000  Pentoze-phosphate shurt Aldehyde-lyaze activity
AFDE3353  Prdx6 Peroxiredoxin & 1.02 0583778 146 000153 153 0.00000 Ly=zozomal lipid catabolizm Antioxidant activity
U20750 Ube2 Uhiguitinating enzyme-E2 108 030923 114 006032 155 0.00002 Protein degradation Uhiguitin ligaze
U274 Skl Sarbitol dehydrogenase-1 109 03771 122 00933 169 0.00002 Detoxification. Stress response Alcohol dehydrogenase
AFODG2071  Za20d2  Zinc finger protein-2 1.09 043138 127 000040 159 0.00000  Transcription regulation DA bincding
13479 Oyl S-oxoguanine DRA-glyocosylaze-1 1.11 o020 120 o004 157 0.00000 Basze-excizion repair DhA damage repair
UESE3E6 Pzmhd Protessome subunit -4 143 000415 125 000001 161 0.00000  Ubiquitin dependent protease Endopeptidaze
AFDS1324  Scap? Sre-associated phosphoprotein 114 000001 123 000000 177 0.00000 Megative regulation of proliferation  Unknown
AF220134  Trim16 Tripartite motif protein 1.21 003397 106 042146 163 0.00001  Unknowen Zinc: ion binding
KOGES3 Soc Superoxide dismutase-1 1.21 000257 134 000003 172 0.00000 Reactive oxygen detoxification Superoxide radical dismutation
71205 Rit1 R&E-like pratein 124 000045 140 000000 152 000000 GTPasze signsltransduction GTR hinding
®aos02 Siat8c Sialvtransterase 8 (alpha-2, S-sialytranzferase) C 127 000416 147 000002 175 0.00000 Protein glycosylation Sialyltransferasze
La0930 Segstmi Sequestozome-1 1.30 000000 169 000000 253 0.00000 Transcription cofactar Binds to ubiguitin. Oxidative stress
Uase07 Dnajb3 Heat shock protein 40, DMAJ-Romolog 1.50 000037 124 o118 272 0.00001 Heat zhock response ATP hinding during oxidative stress
23921 Ospad Cematic stress protein 1.80 000065 139 000137 445 0.00000  Protein folding ATP hinding during oxidative stress
HaGg24 Hmox Heme oxygenase-1 165 028623 1145 000009 2052 000007 Heme oxidation Oxidoreductase
Uas053 Golim Glutamate-cysteine ligase modulatory subunit 169 000372 203 000124 449 0.00001  Ghtathione biosynthesis Glutamate-cysteine lgasze
354358 Gelc Glutamate-cysteine ligase catalytic subunit 1.81 oooooo 139 0o0omy o 2¥0 0.00000  Ghtathione biosynthesis Glutamate-cysteine ligase
L1 2961 Mg MADPIH guinone oxidoreductaze-1 462 000000 124 001811 924 0.00000  Electron transport Oxidoreductaze
12755 Aldhdal  Aldehyde debydrogenase-341 74 000003 143 047355 975 0.00002  Oxidative metabolizm Aldehyde debydrogenase activity
Table 2. Genes deregulated by arsenite and not by B[a]P
5 pM B aP 2 pMAs 5 pMBaP+2 p As
Accession Symbol Genename Change pwaue Chawe p-valle Change p-valie GO Process G0 Function
W15373 Mo 1yl oper ondclase 129 0HIc es 000001 184 0.00000 Oxiddive fress responss Oxidoreddudtase
*E9513 Inkea Inihikaire B, 116 0DOIERS 1B 000000 171 0.0000 Cell grawth Grovith factor activity
50413 Pik3rl  Phosphdiddinositd 3-kinase regquigory subunit St 02442 3 000317 171 0.00001  Intraceldar signding Pl3kinase
WE2934 Tacr Tachykinin recsptor 1 A0 024510 167 000003 200 0.00000 G-peatein signding pathwey  Gorobein coupled receptor adiviy
139733 Pak3 P21 (CDEMN1 A-adivaed kirase-3 100 09%9% 442 000000 142 0.00000 Protein phosphoedaion Cell cycle arrest. Hinass activity
AF1Y3ES1T Tanip Thioredoxinirterading praein 102 0B2OE: 13 000000 150 000000 Osddive stress responss Binds tothioredoxdn
AF213389  Abccih  ATP-hinding cassdte-C-6 104 04472 1.5 000000 154 0.00000 Transpor ATP hindling during ooddative stress
AF0SS66E4 Dnaial  Hea shock protein 40, DA homolog 107 043306 142 000022 163 000001 Hest shock resporses ATP binding during oxddative ress
AF2253359  Adrm1 Adhesion regulaing malecule-1 1.11 002244 1.4 000000 153 0.00000 cCell achesion Protein birc ng
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Arsenic enhances the BaP-induced up-regulation of phase 2 enzymes



Hypotheses

Arsenic potentiates the action of other mutagens by:

e Inhibiting DNA repair YES
* Interfering with cell cycle checkpoints NO
« Altering gene expression MAYBE
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