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Exposure to Inorganic Arsenic 

• Millions of people worldwide:
– Water, foods, inhaled 

• Multi-site human carcinogen

– Skin, lung, bladder, liver, kidney, 
prostate

• Linked to many other adverse 
health effects

– CVD, diabetes, obesity,     
neurotoxicity, immunotoxicity, etc.



• Effective chemotherapeutic
– Cures certain fatal leukemias

– “Resetting” leukemic stem cells (SCs) 

• Strong human data but limited rodent data
– Known human carcinogen since 1880s

– Several animal studies all with negative results

• Animals treated as adults

A Paradoxical Toxicant



• Knowing this about arsenic, we hypothesized: 

– Ability to alter SC phenotype may indicate affinity for SCs

– To be carcinogenic in rodents may require exposure at periods of high 
sensitivity

• Perinatal, early-life

• Periods with abundant SC numbers and activity

Our Hypothesis



• Arsenic given in maternal drinking water

• Done in several strains (C3H, CD1, Tg.AC)

• Tumors or neoplasia in both female and male offspring

Transplacental (TPL) In Vivo Rodent Models





• Female
– Lung carcinoma (left)

– Liver, UB, adrenal, ovary, uterus, 
oviduct, etc.

• Male: 
– Liver (HCC; right)

– Lung, adrenal, UB, etc.

• Similar results in other strains

Arsenic is a TPL carcinogen

Ex: Adult Female and Male C3H Offspring
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Modified from: Waalkes et al. (2003) TAAP 186:7

Trend: p = 0.009 Trend: p < 0.002



• Near perfect concordance with human target sites (except prostate)

• Tumor formation long after arsenic exposure ends
– Points to long-lived target cell (SC?)

Summary of TPL Mouse Models



Early-life Exposures in Human Populations

Okayama Prefecture
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Cancer excess 
including liver

Early life "pulse" exposure 
in humans

Some early deaths
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Victim Age

Ex: As-contaminated Baby Formula in Japan 

• Similar to Chilean population studied by Steinmaus and Smith 



Issues with Mouse TPL Model

Adulthood

Negative 
in rodents: but not 

fully “environmental”

Sensitivity
unknown

Tested here:  
sensitivity high

in mice

• People are exposed during all periods of their lives.
• We only tested the fetal life stage in mice. 
• Testing at any one stage is not “environmental”

Childhood Adolescence

Sensitivity
unknown

In Utero



• Arsenic given in drinking water

• Offspring mice observed for up to 2 years

• Doses approaching human exposure levels

“Whole Life” (WL) Rodent Models



Arsenic is a TPL and WL Carcinogen

Ovary Uterus Liver Lung
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Data from: Tokar et al. Toxicol Sci. 119(1):73. 

E.g.: Carcinoma in female mice Lung tumors at human-relevant doses (50 and 500 ppb)

Waalkes et al. Arch Toxicol 88(8):1619-1629. 



• Share several fundamental 
characteristics

• Cancer stem cell (CSC) 
hypothesis
– SCs drive tumorigenic process?

• Secondary questions:
– Cell of origin?

– # of CSCs/tumor?

• Carcinogen and/or tissue dependent?

Stem Cells and Cancer Stem Cells



In Vivo Models

Cancer Stem Cell (CSC) Overabundance

As + TPA TPA AloneAs + TPA

Transplacental                                                                                    Whole Life

Control ControlAs As

Squamous cell carcinomas stained with CD34 (skin SC/CSC marker)
Liver adenocarcinomas (ALDH1A stained)        Lung adenocarcinomas (ALDH1A stain)

Waalkes et al. Cancer Res. 68:8278. Modified from: Tokar et al. Tox. Sci. 119:73.



• Hypothesis:
– Arsenic directly attacks SCs

• Formation and overabundance of CSCs

• Increases SC number during transformation 

In Vitro Hypothesis Testing

Arsenic



Isogenic Human Cell Models

Arsenic

Arsenic

As-CSCs

- Similar models for lung, skin, kidney, breast, liver, pancreas



Apoptotic Resistance and Hyper-Adaptability in SCs

Modified from Tokar et al. J Natl Cancer Inst. 102:638.

Apoptosis factors



Arsenic Transformation of SCs

• SCs show survival selection but
– Can arsenic induce a malignant phenotype 

• Continuous arsenic exposure
– Environmentally relevant level

• Periodically assess 

– Markers of malignant phenotype

• MMP-9, invasion, colony formation

– Xenograft studies when transformation likely

Arsenic

Malignantly
Transformed

Normal

MMP = Matrix Metalloproteinase, a common tumor cell marker



SCs Rapidly Transformed, Form Aggressive Pleiomorphic Tumors

Modified from Tokar et al. Environ Health Perspect. 118:108.



Arsenic Increased CSC Characteristics

• Similar results in renal, skin, lung, liver, pancreas models
Tokar et al. Environ Health Perspect. 118:108.

3D Spheres                                         MMP Activity Tumor Incidence



Aberrant Differentiation, Decreased PTEN

Modified from Tokar et al. Environ Health Perspect. 118:108.
• Similar trend with BMI-1, NOTCH1, ABCG2, OCT4, SHH, WT-1, K5



• Highly specialized, dynamic, cell 
type-specific niche

• Provides chemical, mechanical and 
topographical cues facilitating SC 
renewal and controlling SC fate
– ECM, growth modulating signals, location

• Aberrantly altered can:
– Facilitate tumor formation/progression

• Play a role in CSC overabundance 
seen with As?

The Microenvironment



Co-culture Method
Yuanyuan Xu

Acquisition of Cancer Phenotype Interleukin-6



• Extracellular vesicles (EVs; ~20-120 nm)
• Released by most cells, found in all 

biofluids
• Biological “cargo”

– RNA, protein, ncRNAs

• Mediate:
– Carcinogenesis
– Cell:cell communication
– Immune system function

Exosomes

Are Extracellular Vesicles Involved in SC Recruitment?

Zhang et al (2014) Front Immunol 5:518.

• Isolated by ultracentrifugation

– From RWPE-1 and CAsE-PE

• RNA, protein collected



EVs Recruit SCs to Oncogenic Phenotype

Matrix metalloproteinase activity

EMT

Ntube Ngalame          Tony Luz



Exosome Isolation and Quantification

Exosomes RWPE-1 CAsE-PE % Control

Total Particle Number 5.8e+11 4.1e+12 700%

Total Protein 11 ug 70 ug 636%

Total RNA 0.5 ug 2.1 ug 420%

*All data normalized to 50 x 10^6 cells/cell lineNgalame et al. Tox Sci 165(1):40-49.



Cancer-associated Exosome Cargo

Ngalame et al. Tox Sci 165(1):40-49.



• Arsenic carcinogenesis:
– TPL and WL carcinogen

– Results in a CSC overabundance both in vivo and in vitro

– Alters several key SC-associated signaling pathways

– Decrease in PTEN

– Altered miRNA levels → Increase in KRAS

• Arsenic impacts microenvironment
– “Recruits” SC into CSC-like phenotype

– Alters quantity and cancer-favoring cargo of exosomes

Conclusions
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