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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, Cl, S): arsenite(+3) and 

arsenate(+5)
• Metabolized to methylated forms



Arsenite is a Co-carcinogen with UV for 
Mouse Skin

Rossman TG et al Toxicology and Applied Pharmacolgoy (2001) 176, 64-71

1.7J 3times/week
10mg/L



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
• 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

1.0 uM BaP

0.5 uM BaP

0.1 uM BaP

24 h treatment, 6-TG selection BaP adducts after 24 h treatment

0.5 uM BaP + 2.5 uM As

0.5 uM BaP

24 h pretreatment



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

1 J/m20 J/m2

5 J/m2

10 J/m2



Comet Assay with T4 Endonuclease

UV As UV+As

4h I 0 100 0
II 1 0 4
III 99 0 96

8h I 1 100 0
II 13 0 0
III 86 0 100

16h I 4 100 0
II 68 0 0
III 29 0 100Type I:   Without tails or with tail length 

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.

Type I  

Type II 

Type III



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 
p14

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

RPAp34

Hyper-p-RPAp34



Arsenic enhanced and prolonged RPA 
phosphorylation upon UV irradiation

10 J/m2 UV 10  J/m2 UV + 5uM As

Time (hr) 0          4           8        16       24        32        0         4         8         16        24         32        

RPA-p34

Hyper-p-RPAp34

5J/m2 UV + 5uM As
2 J/m2 UV 2J/m2 UV+5uM As - As        - As        - As        

Time (hr) 4           8          24        4         8         24        4         4         8         8         24        24        

RPA-p34

Hyper-p-RPAp34

Hela cells were synchronized at G1/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/m2 UV in PBS. 
Complete medium with or without arsenic was added back. 



Arsenic enhances RPA phosphorylation upon 
BPDE treatment

0             4          8        16        24       32        0         4         8         16        24         32        

BPDE 1 uM BPDE 1 uM + 5 uM As
Time (hr)

RPAp34

Hyper-p-RPAp34

α-tubulin

Hela cells were preincubated with 5uM As for 3 hours, then treated with 1uM 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?

G1

S

M
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S-phase checkpoint remains intact in arsenic-treated cells

Aph As UV (0h) 5h 10h 15h 20h

BrdU pulse-label 20 min before harvest

17h 2h 

Aph release 
Aph As UV (0h) 5h 10h 15h 20h

BrdU pulse-label 20 min before harvest

17h 2h 
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G2/M checkpoint remains intact in arsenic-treated cells

Noc As UV 1h 3h
2h 1h 3h 1h 

Noc As UV 1h 3h
2h 1h 3h 1h 

R2

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3 3.5

Time after UV (hr)

M
 C

el
l%

Noc As UV
Noc UV
Noc As
Noc



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 



Puga, Xia



Arsenic enhances the BaP-induced up-regulation of phase 2 enzymes



Hypotheses
Arsenic potentiates the action of other mutagens by:

• Inhibiting DNA repair   YES
• Interfering with cell cycle checkpoints  NO
• Altering gene expression  MAYBE
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