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Although numerous epidemiological studies have
shown that inorganic arsenicals cause skin cancers
and hyperkeratoses in humans, there are currently
no established mechanisms for their action or animal
models. Previous studies in our laboratory using pri-
mary human keratinocyte cultures demonstrated that
micromolar concentrations of inorganic arsenite in-
creased cell proliferation via the production of kera-
tinocyte-derived growth factors. As recent reports
demonstrate that overexpression of keratinocyte-de-
rived growth factors, such as transforming growth
factor (TGF)-a , promote the formation of skin tu-
mors, we hypothesized that similar events may be
responsible for those associated with arsenic skin
diseases. Thus, the influence of arsenic in humans
with arsenic skin disease and on mouse skin tumor
development in transgenic mice was studied. After
low-dose application of tetradecanoyl phorbol acetate
(TPA), a marked increase in the number of skin pap-
illomas occurred in Tg.AC mice, which carry the v-Ha-
ras oncogene, that received arsenic in the drinking
water as compared with control drinking water,
whereas no papillomas developed in arsenic-treated
transgenic mice that did not receive TPA or arsenic/
TPA-treated wild-type FVB/N mice. Consistent with
earlier in vitro findings, increases in granulocyte/
macrophage colony-stimulating factor (GM-CSF) and
TGF-a mRNA transcripts were found in the epidermis
at clinically normal sites within 10 weeks after ar-
senic treatment. Immunohistochemical staining lo-
calized TGF-a overexpression to the hair follicles. In-
jection of neutralizing antibodies to GM-CSF after TPA

application reduced the number of papillomas in
Tg.AC mice. Analysis of gene expression in samples of
skin lesions obtained from humans chronically ex-
posed to arsenic via their drinking water also showed
similar alterations in growth factor expression. Al-
though confirmation will be required in nontrans-
genic mice, these results suggest that arsenic en-
hances development of skin neoplasias via the
chronic stimulation of keratinocyte-derived growth
factors and may be a rare example of a chemical
carcinogen that acts as a co-promoter. (Am J Pathol
1998, 153:1775–1785)

Arsenic, a ubiquitous element, represents a human
health concern when concentrated in the environment
from natural or anthropogenic processes. Arsenic con-
tamination of water supplies has resulted in a very high
incidence of skin lesions and cancers in exposed popu-
lations from Taiwan, China, Eastern Europe, India, South-
western United States, and Cental and South America.
The U.S. Environmental Protection Agency (EPA) esti-
mates that over 350,000 people in the U.S. consume
drinking water containing over 50 mg/L arsenic, the cur-
rent EPA standard,1 and there is significant regulatory
pressure to lower the acceptable levels. Chronic expo-
sure to inorganic arsenic in drinking water is most often
associated with increased mortality from skin cancer, but
recent studies have also linked arsenic exposure to neo-
plasias in internal organs, including the lung, liver, blad-
der, kidney, and prostate.1–4 Arsenic-induced skin can-
cers occur in sun-exposed as well as unexposed areas
and include intraepidermal carcinomas (commonly re-
ferred to as Bowen’s disease), basal cell carcinomas,
squamous cell carcinomas, or combined lesions.5–7 Ad-
ditional manifestations of chronic arsenic dermatotoxicity
include hyperpigmentation and hyperkeratosis.8

Although several hypotheses have been proposed for
the mechanism of arsenic-induced carcinogenesis, it re-
mains unknown, with limited evidence available for either
genetic or epigenetic mechanisms. Arsenic neither pro-
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motes neoplastic disease in classical single- or two-stage
murine models9–11 nor is mutagenic.12 Support exists
that increased cell proliferation is a central event, as
treatment of human keratinocytes with arsenic induces
ornithine decarboxylase activity13 and growth factor ex-
pression14 as well as alters the DNA-binding activities of
the AP-1 and AP-2 transcription factors, which are in-
volved in proliferative events.15,16 Furthermore, treatment
of in vitro skin models with arsenic induces keratins as-
sociated with proliferation and acanthosis.17 At the ge-
netic level, arsenic is co-mutagenic with ultraviolet radi-
ation, x-rays, or alkylating agents, induces sister
chromatid exchange in lymphocytes,18 and causes gene
amplification in mouse 3T3 cells.19 Genetic studies have
focused recently on alterations in methylation patterns by
arsenic, suggesting that DNA hyper- or hypomethylation
may lead to altered gene expression, particularly in the
p53 tumor suppressor gene.20,21 In this respect, authors
from the present study have shown that high levels of
immunoreactive p53 are expressed in Bowen’s disease
skin biopsies.6

Previously, observations that addition of low concen-
trations of arsenic to human keratinocyte cultures re-
sulted in the overexpression of several cytokines and
growth factors,14 including transforming growth factor
(TGF)-a and granulocyte/macrophage colony-stimulating
factor (GM-CSF), suggested their involvement in arsenic-
mediated skin diseases. Although secretion of these
products from keratinocytes are critical to maintaining
homeostasis and barrier integrity in the skin,22 their over-
expression can lead to various pathological processes,
such as allergic contact dermatitis, irritant contact der-
matitis, psoriasis, and neoplasia. In particular, overex-
pression of TGF-a, and to a lesser extent GM-CSF, has
been associated with neoplastic transformation in the
skin,23,24 and keratinocytes transfected with a constitu-
tive TGF-a transgene develop benign skin papillomas
when grafted to nude mice.25 Injection of TGF-a into
initiated mouse skin induces DNA synthesis in epidermal
cells, an activity analogous to early tumor formation,26

and targeted overexpression of TGF-a to the epidermis
elicits hyperplasia, hyperkeratosis, and spontaneous
squamous cell carcinomas.27,28 Recent studies have
demonstrated that TGF-a can synergize with c-myc to
accelerate spontaneous and chemical-induced neoplas-
tic development.29–31 Furthermore, TGF-a transgenic
mice exhibit keratinocyte hyperproliferation and tumors in
the pancreas, liver, and mammary epithelia,32–34 sug-
gesting that TGF-a overexpression has the unique ability
to complement both initiation and promotion by serving
as a tumor enhancer or co-promoter. However, TGF-a
may not be a strict requirement for papilloma formation as
TGF-a null mice may develop papillomas at the same
incidence and multiplicity as that induced in the wild
type.35

Based on the aforementioned observations and our
previous in vitro studies using primary human keratino-
cytes, we hypothesized that arsenic induces tumorigen-
esis by modulation of keratinocyte-derived growth-pro-
moting cytokines leading to enhanced cell proliferation.

To address this question, a model was developed using
the transgenic mouse line Tg.AC, which has been used
previously to evaluate the carcinogenic potential of a
number of topically administered chemicals.36 Additional
studies were conducted to examine gene expression in
skin samples from individuals chronically exposed to
high levels of arsenic in their drinking water.

Materials and Methods

Animal Treatment

Female, homozygous Tg.AC mice containing the fetal
beta-globin promoter fused to the v-Ha-ras structural
gene (with mutations at codons 12 and 59) and linked to
a simian virus 40 polyadenylylation/splice sequence37

and nontransgenic FVB/N mice were obtained from Tac-
onic Farms (Germantown, NY). Mice were maintained in
our animal facility in compliance with approved guide-
lines for the humane treatment of laboratory animals and
were fed Purina Pico Chow 5058 and water ad libitum.
Groups of 8-week-old, age- and sex-matched wild-type
FVB/N or Tg.AC transgenic mice were provided 0.02%
arsenic as sodium arsenite (Sigma Chemical Co., St.
Louis, MO) in their drinking water. Four weeks later, the
dorsal skin was shaved with electric clippers, and 72
hours later the first of four doses (twice a week for 2
weeks) of 12-O-tetradecanoyl phorbol-13-acetate (TPA;
Sigma Chemical Co.) was applied topically in 200 ml of
acetone. Animals were shaved thereafter during TPA
dosing as needed. Groups of control and arsenic-treated
transgenic mice were administered intravenous injec-
tions of 50 mg of either monoclonal antibodies to mouse
GM-CSF (Genzyme, Cambridge, MA) 2 weeks before
TPA treatment, 2 hours before application of TPA, and 2
weeks after TPA treatment or polyclonal antibodies to
mouse TGF-a (Peninsula Laboratories, Belmont, CA) 2
hours before application of TPA. Papilloma incidents
were recorded three times per week for 20 weeks. For
cell proliferation studies, animals were injected with 50
mg/kg bromodeoxyuridine (BrdU) 30 minutes before sac-
rifice. Animals were euthanized using CO2 narcosis, and
skin samples were collected.

Human Skin Samples

Human skin samples were obtained from volunteers re-
siding in the Pa Chang Valley on the Southwest Coast of
Taiwan where arsenic concentrations in the well water
reached levels as high as 1.82 ppm.38 Biopsies (3 mm2)
were aseptically obtained using a punch. For each indi-
vidual, samples were obtained from nonlesioned areas
and areas displaying evidence of arsenic-induced hyper-
pigmentation and hyperkeratosis. The nonlesioned skin
samples served as controls. The samples were shipped
in dry ice and stored at 270°C before RNA isolation.
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RNA Extraction and Reverse Transcription
Polymerase Chain Reaction

Human and mouse skin samples (shaved dorsal area)
were homogenized in a small volume of RNAzol B solu-
tion (Biotecx Laboratories, Houston, TX), and total cellular
RNA was extracted according to the manufacturer’s in-
structions. For analysis of cytokine/growth factor gene
expression, human and mouse RNA from human skin
was further processed with poly A to isolate mRNA.14

Synthesis of cDNA was performed as previously de-
scribed14 using 1 to 3 mg of total or mRNA from each
sample. Commercially available polymerase chain reac-
tion (PCR) primers for human GM-CSF, tumor necrosis
factor (TNF)-a, TGF-a, and glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) and mouse GM-CSF, c-myc,
and G3PDH were purchased from Clontech Laboratories
(Palo Alto, CA). Commercially available PCR primers for
mouse TNF-a and epidermal growth factor receptor
(EGFR) were purchased from Stratagene (La Jolla, CA).
The sequence for the mouse TGF-a primer, obtained
from GenBank and synthesized by Bioserve Biotechnol-
ogies (Gaithersburg, MD), contained the following se-
quence: 59 GGACAGCTCGCTCTGCTAGCG 39 and 59
CTTCTCGTGTCTGCAGACGAG 39 (amplified PCR frag-
ment, 410 bp).

Five-microliter aliquots of the synthesized cDNA (cor-
responding to 1 to 3 mg of RNA) were added to 45 ml of
PCR mix containing 5 ml of 10X PCR buffer, 1 ml of
deoxynucleotides (1 mmol/L each), 0.5 ml of sense and
antisense primers (0.15 mmol/L), and 0.25 ml of DNA
polymerase (GeneAmp PCR, Perkin Elmer Cetus, Nor-
walk, CT). The reaction mixture was covered with an
Ampli(Gem) wax tablet (Perkin Elmer Cetus). Amplifica-
tion was initiated by 1 minute of denaturation at 94°C for
1 cycle followed by 25, 30, or 35 cycles at 94°C for 30
seconds, 55°C for 30 seconds, and 55°C for 1 minute
using a GeneAmp PCR System 9600 DNA Thermal Cy-
cler (Perkin Elmer Cetus). After the last cycle of amplifi-
cation, the samples were incubated for 7 minutes at
72°C. RNA concentrations and PCR cycles were titrated
to establish standard curves, to document linearity, and
to permit semiquantitative analysis of signal strength as
previously described.14 For each set of primers, dilutions
of cDNA were amplified for 20, 23, 25, 28, 30, 33, and 35
cycles, and PCR conditions were optimized with a com-
mercially available kit (Stratagene) to define optimal con-
ditions. When appropriate, the specificity of the PCR
bands was confirmed by restriction enzyme analysis of
the amplified cDNA, which generated restriction frag-
ments of the expected size (data not shown). RNA isola-
tion and PCR amplification to evaluate expression of the
Tg.AC transgene was performed as previously de-
scribed.35

The PCR products were visualized by ultraviolet illumi-
nation after electrophoresis through 2.0% agarose (Ultra-
Pure, Sigma) at 60 V for 80 minutes and staining in Tris
borate/EDTA buffer (89 mmol/L Tris, 89 mmol/L boric
acid, 2.5 mmol/L EDTA, pH 8.2) containing 0.5 mg/ml
ethidium bromide. Gels were photographed with type 55

positive/negative film (Polaroid, Cambridge, MA). The
films were analyzed using the Eagle Eye II Image Analy-
sis System (Stratagene) and NIH Image 1.54 software,
and the area under the curve was normalized for G3PDH
content.

Immunohistochemistry and Histology

Frozen sections of skin, 6 mm thick, were cut and placed
onto positively charged slides prepared for immunohis-
tochemistry. Slides were pretreated with normal goat se-
rum for 30 minutes and incubated for 4 hours at 4°C with
a 1:50 dilution of polyclonal anti-mouse TGF-a antibody
(Peninsula Labs) followed by an additional 1 hour with a
1:100 dilution of goat anti-rabbit IgG biotinylated anti-
body (Vector Laboratories, Burlingame, CA). For BrdU
and hematoxylin and eosin (H&E) staining, samples of
dorsal skin from control and arsenic-treated mice were
preserved in 10% buffered formaldehyde, and paraffin-
embedded tissue sections (5 to 6 mm thick) were pre-
pared. For BrdU staining, slides containing three sections
of skin from each animal were deparaffinized and hy-
drated with Automation buffer (Biomeda, Burlingame,
CA). The slides were incubated in 2 N HCL for 30 minutes
at 37°C and neutralized in borate buffer. The BrdU anti-
genic sites were unmasked by digestion of the sections in
0.01% trypsin in 1% CaCl2 at 37°C for 3 minutes. Endog-
enous peroxidase activity was blocked by incubation with
3% H2O2 for 15 minutes. Sections were incubated with a
1:50 dilution of monoclonal anti-BrdU antibody (Becton
Dickinson, Mountain View, CA) for 30 minutes followed by
incubation for 20 minutes with a 1:100 dilution of biotin-
ylated horse anti-mouse IgG (Vector Laboratories). BrdU
was localized with the peroxidase substrate 6,69-diami-
nobenzidine enhanced with NiCl2. All slides were coun-
terstained with modified Harris’ hematoxylin and dehy-
drated for mounting.

Determination of Arsenic Levels in
Tissues and Hair

Samples of lung, liver, kidney, and skin from control and
arsenic-treated mice were quick-frozen in acid-free vials
and stored at 270°C. Determination of arsenic tissue
levels was performed by Radian Corp. (Morrisville, NC).
Matrix spikes in tissue and method spikes in reagents
were prepared for each sample at a concentration of 40
mg/L. After weighing and spiking, 2.0 ml of concentrated
nitric acid was added to each sample, the vessels were
capped, and samples were processed by microwave
digestion. Each sample was transferred to a graduated
cylinder, and deionized water was added to a final vol-
ume of 25 ml. The samples were analyzed by atomic
absorption spectroscopy using a SpectrAA 600 with Zee-
man background correction (Varian, San Fernando, CA)
set to 193.7 nm with a flow rate of 3 ml/minute. The
instrument was calibrated using a six-point standard
curve prepared from an arsenic standard reference so-
lution, and quality control standards were run during the
analysis to confirm the calibration.
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Statistical Analysis

Data shown are representative of at least three separate
experiments. Statistical significance was determined by
the Bonferroni adjustment of the Student t-test. Statisti-
cally significant differences were reported when the P
value was ,0.05.

Results

The high affinity of arsenic for sulfhydryl groups leads to
its accumulation and retention in keratin-rich tissues such
as hair and skin, which can be used as a relative indicator
of exposure in humans.39 After 14 weeks of exposure, the
arsenic content in the hair was 170 mg/g, as compared
with 2.6 mg/g for controls (Table 1). Significant arsenic
accumulation also occurred in the skin and kidneys of
treated animals, whereas no detectable accumulation
occurred in the liver or lung.

To determine whether proliferation of keratinocytes oc-
curred after in vivo arsenic exposure, as was demon-
strated previously to occur in vitro,14,16,17 animals were
administered BrdU and skin samples were processed for
histological examination and quantitation of proliferating
nuclei. After 10 weeks of treatment with sodium arsenite,
the skin of mice revealed hyperkeratosis, which is con-
sistent with that observed in humans after arsenic expo-
sure,7 as well as increased numbers of proliferating cells
when compared with controls (Figure 1). Kinetic studies
demonstrated that the number of BrdU-positive nuclei in
the skin of arsenic-treated animals was increased after 4
weeks of exposure and remained elevated through 10
weeks (Figure 2).

The kinetics of growth factor gene expression in Tg.AC
skin are shown in Figure 3. Expression of mRNAs for
GM-CSF and TGF-a were slightly elevated after 4 weeks
in non-TPA-treated, arsenic-treated mice and signifi-
cantly increased at 10 weeks, corresponding to the in-
creased cell proliferation. TNF-a and EGFR mRNA ex-
pression were also significantly elevated after 10 weeks
of arsenic, whereas c-myc levels remained relatively con-
stant over the studied time course.

Histological examination of the skin (Figures 4 and 5)
revealed random areas of moderate hyperkeratosis char-
acterized by increased layers of stratum corneum in mice
exposed to 0.02% sodium arsenite for 4 (Figure 5) or 6
(Figure 4) weeks. Arsenic treatment also caused a loss of

fat cells below the dermal mesenchyme that was not
associated with body weight loss (Figure 4B). TPA treat-
ment resulted in significantly more hyperkeratosis as well
as epithelial hyperplasia (Figure 4C), which was most
pronounced in mice that received both TPA and arsenic

Table 1. Arsenic Tissue Levels in TG.AC Mice

Tissue examined

Arsenic content (mg/g)

Control water 0.02% sodium arsenite

Hair 2.6 6 1.6 170.2 6 17.6*
Skin ,MDL 8.3 6 3.2*
Kidney ,MDL 1.9 6 0.4*
Liver ,MDL ,MDL
Lung ,MDL ,MDL

Mice were treated for 14 weeks with 0.02% sodium arsenite via
drinking water. ,MDL, less than the minimal detection level for arsenic
of 0.738 mg/L.

*Significantly different from control at P , 0.05.

Figure 1. BrdU staining of Tg.AC mouse skin after exposure to 0.02% sodium
arsenite in the drinking water. Magnification, 3340. Tg.AC mice were in-
jected with BrdU 30 minutes before sacrifice, and tissues and slides were
prepared and stained as described in Materials and Methods. A: In normal
skin, the epithelium is thin with a moderate amount of keratin on the surface
of the skin. B: Mouse skin after 10 weeks of sodium arsenite is moderately
thickened (hyperkeratosis) with the stratum corneum containing a moderate
increase in the cornified cell layer.

Figure 2. Kinetics of BrdU expression in Tg.AC mice receiving control (M)
and 0.02% sodium-arsenite-treated ([circo) drinking water. *Significantly dif-
ferent from controls at P , 0.05.
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(Figure 4D). All papillomas examined histologically from
arsenic-treated animals appeared to represent hair-folli-
cle-associated squamous cell papillomas (Figure 5C)
and were similar to those reported previously in Tg.AC
mice promoted only with TPA.40,41

Papilloma incidents were monitored up to 18 weeks
after TPA treatment in Tg.AC transgenic mice after vari-
ous treatments. Papillomas were not observed in non-
TPA-treated Tg.AC mice receiving either control drinking
water or water containing 0.02% sodium arsenite (Figure
6, A and B). However, within 4 to 6 weeks after applica-
tion of TPA (four times 2.5 mg), the incidence of papillo-
mas in arsenic-exposed Tg.AC mice were severalfold
higher than in TPA-treated mice that had not received
arsenic (Figure 6, A and B). The decrease in the number
of papillomas that occurred 12 weeks after TPA treatment
in arsenic-exposed mice was due to both early deaths
from heavy papilloma burdens and regression of some
papillomas. There were no papillomas observed in TPA-
treated wild-type FVB/N mice receiving control or ar-
senic-treated drinking water for up to 3 months (data not
shown). Groups of mice were also treated with a non-
inducing dose of TPA (four times 1.25 mg), and papilloma
incidence was monitored (Figure 6A). Although there
were no papillomas observed in transgenic mice receiv-
ing a non-inducing dose of TPA and maintained on con-
trol drinking water, arsenic-treated animals receiving the
same dose of TPA developed an average of five papillo-
mas per mouse within 6 weeks after TPA application. As
TGF-a and GM-CSF were overexpressed in the skin after
arsenic treatments, and these growth factors have been
implicated in skin neoplasia,23,27,28,42 we examined
whether the administration of neutralizing antibodies
against GM-CSF or TGF-a affected papilloma formation.
Injection of antibodies to GM-CSF before and during
application of TPA significantly reduced the average
number of papillomas over the entire time period exam-
ined (Figure 6B) in both TPA-control-water- and TPA-
arsenic-treated mice. Antibodies to TGF-a had no appar-
ent effect on papilloma development (data not shown). To
establish that arsenic-induced alterations in growth factor
expression and papilloma formation were not due to ar-
senic activation of the v-Ha-ras transgene, we examined
transgene expression in Tg.AC mouse skin after expo-
sure to control or arsenite-treated drinking water for up to
8 weeks. As shown in Figure 7, there was no evidence of
transgene expression in arsenic-exposed mice. In con-
trast, cells derived from a TPA-induced Tg.AC carcinoma
contained a high level of transgene mRNA (Figure 7, lane
2).

Figure 3. Kinetics of mRNA expression in Tg.AC mouse skin over time. Total
RNA was isolated from dorsal skin of Tg.AC transgenic mice receiving
sodium arsenite in the drinking water. A: RT-PCR was performed as de-
scribed in Materials and Methods and used to determine relative differences
between skin from control (c) or arsenic-exposed animals at 1, 4, and 10
weeks. B: Image analysis of ethidium-bromide-stained PCR products. Values
represent means 6 SEM peak intensities for the samples shown in A after
normalization for G3PDH. *Significantly different from controls at P , 0.05.
1, positive control; MW, molecular weight standard.
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Immunohistology conducted on randomly selected,
clinically normal skin sites from non-TPA-treated Tg.AC
mice revealed that TGF-a-immunoreactive protein was
markedly increased in mice that received arsenic in their
drinking water for 14 weeks compared with control drink-
ing water (Figure 8). Increased staining was particularly
evident in the hair follicles. GM-CSF immunostaining was
only moderately enhanced in skin from arsenic-treated
mice and not detected in mice that received control
drinking water (data not shown). Thus, both the overex-
pression of TGF-a and tissue accumulation of arsenic
can be localized to the hair follicle region, the site where
the v-Ha-ras oncogene has been shown to be expressed
early during TPA-induced tumorigenesis.43

To determine whether in vivo arsenic exposure modu-
lates growth factor expression in human skin, biopsy
samples were obtained from individuals from the Pa
Chang Valley of Taiwan who were exposed to arsenic via
their drinking water, and TGF-a, GM-CSF, and TNF-a
mRNA transcripts were examined by reverse transcrip-
tion (RT)-PCR (Figure 9). GM-CSF and TGF-a mRNA
transcripts were highly expressed in skin from areas ex-

hibiting hyperpigmentation and hyperkeratosis in ar-
senic-exposed individuals, as compared with nonle-
sioned skin. These differences became more evident
when the values were normalized relative to the density of
each corresponding band for G3PDH (Figure 9B). There
were no statistical differences in TNF-a expression.

Discussion

Our previous observations demonstrating the overex-
pression of growth factors and increased cell proliferation
in primary human keratinocytes treated in vitro with ar-
senic14 are supported by the current studies using Tg.AC
transgenic mice and skin samples from arsenic-exposed
patients. These findings are consistent with the hypothe-
sis that arsenic exposure causes low-level, chronic stim-
ulation of keratinocyte-derived growth factors that act to
facilitate skin cancer through serving as a co-promoter,
although studies with nontransgenic mice will be neces-
sary before arsenic can be categorized unequivocally as
a co-promoter for mouse skin carcinogenesis. These

Figure 4. Histopathology of mouse skin from animals either vehicle treated, sodium arsenite exposed (0.02% drinking water), TPA treated (four doses of 2.5 mg
of TPA twice a week for 2 weeks) or combined treated. Full-thickness skin sections were cut parallel to the dorsal midline, and 6-mm sections were prepared and
stained with H&E. The magnification is 3200 for all panels, and the hair cycle is in the resting stage (telogen) for all samples shown. A: A section of normal skin
from an untreated animal. Note the presence of the fatty layer of tissue below the dermal mesenchyme. B: A section of skin taken from an animal exposed to
0.02% sodium arsenite for 6 weeks. Although the epidermal layer of cells does not appear to be more hyperplastic than that observed in the control section,
hyperkeratosis is present, as indicated by the increased layers of stratum corneum (arrows). Note the absence of fat cells below the dermal mesenchyme. C: A
section of skin from a mouse that had received control drinking water taken 24 hours after the last of four treatments of 2.5 mg of TPA. There is a continuum of
the hyperplasia in the outer root sheath epithelium and of the interfollicular epidermis (arrows). The epithelial hyperplasia is accompanied by an increase in
hyperkeratosis. D: A section of skin from a mouse exposed to 0.02% sodium arsenite for 6 weeks and taken 24 hours after the last of four treatments with 2.5 mg
of TPA. In contrast to C, there is a pronounced hyperplasia of the outer root sheath and interfollicular epithelia (arrows), which is accompanied by a marked
increase in hyperkeratosis.
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data neither support nor refute the possibility that arsenic
also causes genetic changes leading to cancer. Similar
to that seen in arsenic-exposed humans,6,7,38 thickening
of the stratum corneum and hyperkeratosis were ob-
served in the skin of Tg.AC mice after arsenic exposure.
These samples also contained abundant levels of TGF-a
mRNA transcripts as well as immunoreactive protein con-
centrated in the hair follicle region. Overexpression of
growth factors occurs in many human cancers, including
squamous cell carcinomas of the skin and Bowen’s dis-
ease.44,45 Evidence also exists that overexpression of
EGFR and its ligand TGF-a participate in an autocrine
loop that results in abnormal proliferation and accumula-
tion of EGFR in keratinocytes from Bowen’s disease le-

sions.45,46 Increased levels of TGF-a have also been
demonstrated in a number of more benign hyperprolif-
erative disorders of the skin, such as psoriasis and solar
keratosis.47

Several lines of evidence indicate that overexpression
of TGF-a can stimulate tumor growth. TGF-a transgenic
mice develop higher frequencies and larger, more dys-
plastic papillomas and squamous cell carcinomas, com-
pared with the parental strain, after initiation with 7,12-
dimethylbenz[a]anthracene and promotion with TPA.48

Furthermore, transgenic mice with keratinocyte-targeted
TGF-a overexpression, as well as nude mice engrafted
with keratinocytes transfected with the human TGF-a
transgene, demonstrate hyperkeratosis, hyperplasia, and
the development of spontaneous squamous papillo-
mas.25,26 Like arsenic-induced papillomas, many of
which regress 14 weeks after TPA promotion, these pap-
illomas also frequently regress over time. Introduction of
the v-Ha-ras oncogene into murine keratinocytes in-
creases TGF-a expression and proliferation in vitro,49 and
TGF-a is overexpressed in skin papillomas formed when
nude mice are engrafted with these keratinocytes.50 Fur-

Figure 5. Histology (H&E) of murine skin from control and treated animals
taken from full-thickness skin sections cut parallel to the dorsal midline.
Tg.AC transgenic mice were provided 0.02% sodium arsenite in the drinking
water starting at 12 weeks of age. A: In mice receiving control drinking water,
the epithelium (arrows) is thin with a moderate amount of keratin on the
surface of the skin. Magnification, 3340. B: After 4 weeks of sodium arsenite
exposure, the epithelium (arrows) is minimally thickened with a moderate
amount of keratin on the surface of the skin. Magnification, 3340. C:
Squamous cell papilloma from the back of a mouse administered TPA and
receiving arsenic for 12 weeks. Magnification, 327.

Figure 6. Papilloma incidence in Tg.AC transgenic mice provided 0.02%
sodium arsenite in the drinking water starting at 12 weeks of age. A: Mice
were pretreated with arsenite or water for 4 weeks and sub-grouped, and
1.25 (non-inducing; NITPA) or 2.5 mg of TPA were applied twice per week
for 2 consecutive weeks. 3, control water; M, TPA plus water; f, TPA plus
arsenic; E, NITPA plus water; F, NITPA plus arsenic; n 5 20 mice per
treatment group. B: Same as A, using 2.5 mg of TPA, plus additional groups
were treated with monoclonal antibodies to mouse GM-CSF 2 weeks before
TPA treatment, 2 hours after each application of TPA, and 2 weeks after TPA
treatment. 3, control water; M, TPA plus water; f, TPA plus As; ‚, TPA plus
water plus anti-GM-CSF antibodies; Œ, TPA plus As plus anti-GM-CSF anti-
bodies; n 5 13 to 14 mice per treatment group. Papillomas were not
observed in non-TPA-promoted, arsenic-treated transgenic mice or TPA-
promoted, arsenic-treated wild-type FVB/N mice (data not shown).
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thermore, p53 has been shown to induce transcriptional
activation of the TGF-a promoter in a human tumor cell
line.51 However, TGF-a null mice develop papillomas,35

indicating other growth factors can substitute, and TGF-a
transgenic mice treated with TPA develop papillomas
that exhibit classic Ha-ras gene mutations and not p53
gene mutations.48

Synergy may exist in skin tumor formation between
TGF-a overexpression and Ha-ras activation,47 as well as
chronic arsenic exposure. Application of TPA (2.5 mg
twice a week for 2 weeks) to the dorsal shaved skin of
Tg.AC transgenic mice induced a modest incidence of

papillomas within 4 weeks (mean of three per mouse; J.
Spalding, unpublished observation). When Tg.AC trans-
genic mice were provided sodium arsenite in the drinking
water and 4 weeks later subjected to this TPA regimen,
the incidence of skin papillomas was significantly higher
than in TPA-treated mice that did not receive arsenic.
Differences in papilloma frequencies were particularly
evident when a non-inducing dose of TPA (four times
1.25 mg) was applied. Although no papillomas were ob-
served in animals receiving control water and the low
dose of TPA, arsenic-exposed animals receiving the
same non-inducing TPA dose developed an average of

Figure 7. v-Ha-ras transgene mRNA expression in Tg.AC mouse skin. Total RNA was isolated and RT-PCR performed on dorsal skin of Tg.AC transgenic mice as
previously described.35 Transgene expression was evaluated at 2, 4, 6, or 8 weeks in mice receiving control (C) or 0.02% sodium-arsenite-treated drinking water
(A). MW, molecular weight standard; 1, positive control.

Figure 8. Immunohistochemical localization of TGF in the skin of Tg.AC transgenic mice. Magnification, 3360. Samples of skin from control and arsenic-treated
mice were quick-frozen, and 6-mm sections were prepared for immunohistochemistry as described in Materials and Methods. Shown are representative samples
from Tg.AC transgenic mice after 14 weeks of exposure to either control (a) or arsenite-treated (b) drinking water. Note intense staining in follicular region of
skin from arsenite-treated mice (arrow).
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five papillomas per mouse 6 weeks after TPA application.
As papillomas were not observed in arsenic-exposed,
TPA-treated, wild-type FVB/N mice or Tg.AC mice that
did not receive TPA (data not shown) and as arsenic
treatment alone did not induce transgene expression
(Figure 7), it would appear that arsenic can serve as a
co-promoter to enhance papilloma formation but not as a
complete tumor promoter or initiator. TPA-like tumor pro-
moters, in addition to stimulating processes such as pro-
tein kinases, also increase growth factor expression, but
unlike arsenic the response is assumed to be acute and
more potent.

In addition to its importance in dendritic cell develop-
ment in the skin, GM-CSF is a potent keratinocyte mito-
gen.52 Whereas GM-CSF is only minimally, if at all, ex-
pressed in normal skin and is not found in unstimulated
keratinocyte cultures,23 increased expression has been
shown in many skin diseases, and it is readily induced in
a paracrine fashion by cytokines, including interleukin
(IL)-1, IL-2, TGF-a, and TNF-a.53 Direct intradermal injec-
tion of GM-CSF into human skin causes keratinocyte
enlargement and thickening of the epidermis.54 Recent
studies have shown increased GM-CSF mRNA expres-
sion in lesional55 and lesion-free56 psoriatic skin as well
as skin from patients with atopic dermatitis.57 A role for
GM-CSF in dermal carcinogenesis has also been postu-
lated based on evidence that mice show dose- and time-
dependent increases in GM-CSF in the skin after topical
treatment with tumor-promoting agents.41,58 We had
shown previously that arsenic amplifies GM-CSF expres-
sion via paracrine stimulation by TGF-a in keratinocyte
cultures.39 Like TGF-a, increased immunoreactive GM-
CSF and GM-CSF transcripts were found in the skin after

arsenic treatment. Although treatment with TGF-a anti-
bodies before TPA application did not have a protective
effect against papilloma formation, antibodies to GM-CSF
reduced the average number of papillomas to near back-
ground levels in animals receiving arsenic as well as
control water. This suggests that TGF-a may play a crit-
ical role in keratinocyte proliferation but that GM-CSF is
more directly involved in the growth and development of
papillomas. Alternatively, neutralizing antibodies to
TGF-a may be relatively ineffective as TGF-a is produced
constitutively, is normally membrane bound, and has a
substantial half-life.

Distribution studies after chronic arsenic exposure
showed that arsenic accumulates in keratin-rich tissues
such as the skin and hair59 (Table 1), whereas immuno-
histological studies demonstrated growth factor concen-
tration to the hair follicle region. Interestingly, animals
exposed to arsenic experienced a delay in their hair
growth cycle compared with the control mice. Several
mice did not exhibit hair growth for up to 4 months after
arsenite treatment had been terminated, suggesting that
irrevocable follicular toxicity had occurred. Arsenic forms
stable bonds with thiol groups of proteins and has affinity
for the SH groups of cysteine allowing for accumulation in
the hair and skin, which are rich in cysteine residues.
Consistent with these observations, it is believed that
most skin papillomas also originate in hair follicles where
the v-Ha-ras transgene is expressed in TPA-treated
Tg.AC mice.44 Pluripotent stem cell populations arising
from the root sheath of the hair follicle may be particularly
receptive to increased levels of growth-promoting cyto-
kines after transgene activation. In addition, changes in
DNA methylation may result in altered growth factor re-

Figure 9. TGF-a, GM-CSF, TNF-a, and G3PDH mRNA expression in lesioned skin from Bowen’s disease patients drinking arsenic-contaminated drinking water
from the Pa Chang Valley in Taiwan. Control skin samples were from individuals in the same village who had visible skin lesions. Poly(A1) mRNA was isolated
from skin biopsies as described in Materials and Methods. A: RT-PCR was performed as described in Materials and Methods to determine relative differences
between samples of lesioned and nonlesioned skin. Lanes 1 to 4, nonlesioned skin; lanes 5 to 10, lesioned skin. B: Image analysis of ethidium-bromide-stained
PCR products after normalization relative to the density of each corresponding band for G3PDH. Values represent means 6 SEM for the samples shown in A.
*Significantly different from controls at P , 0.05.
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ceptor expression or activation of transcription factors
that promote keratinocyte proliferation. Taken together,
the studies described herein provide evidence for a
mechanistic-based hypothesis for arsenic carcinogene-
city, suggesting that, in addition to genetic factors, neo-
plastic growth results from the ability of arsenic to con-
centrate in hair follicles and alter the expression of
autocrine and paracrine growth signals. These data also
suggest that elevated levels of skin-associated TGF-a
and GM-CSF may serve as an early biomarker for skin
diseases associated with arsenic exposure.
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