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Abstract
Previous work has suggested that arsenic exposure contributes to skin carcinogenesis by preserving
the proliferative potential of human epidermal keratinocytes, thereby slowing the exit of putative
target stem cells into the differentiation pathway. To find a molecular basis for this action, present
work has explored the influence of arsenite on keratinocyte responses to epidermal growth factor
(EGF). The ability of cultured keratinocytes to found colonies upon passaging several days after
confluence was preserved by arsenite and EGF in an additive fashion, but neither was effective when
the receptor tyrosine kinase activity was inhibited. Arsenite prevented the loss of EGF receptor
protein and phosphorylation of tyrosine 1173, preserving its capability to signal. The level of nuclear
β-catenin was higher in cells treated with arsenite and EGF in parallel to elevated colony forming
ability, and expression of a dominant negative β-catenin suppressed the increase in both colony
forming ability and yield of putative stem cells induced by arsenite and EGF. As judged by expression
of three genes regulated by β-catenin, this transcription factor had substantially higher activity in the
arsenite/EGF-treated cells. Trivalent antimony exhibited the same effects as arsenite. A novel finding
is that insulin in the medium induced the loss of EGF receptor protein, which was largely prevented
by arsenite exposure.

Keywords
Antimony; Arsenite; β-Catenin; Epidermal growth factor; Insulin; Keratinocyte

Introduction
Human populations chronically exposed to high levels of arsenic in drinking water suffer a
variety of health problems. Among the observed afflictions, skin lesions are common, with
hyperkeratosis developing after a few years of exposure (Verret et al, 2005) followed by
development of squamous and basal cell carcinomas (Guo et al, 2001 ). Although arsenic is an
established human carcinogen based on epidemiological data, administration of arsenic alone
has not been found to cause cancer in animal models except for mice treated in utero (Waalkes
et al, 2004). However, arsenic is a tumor co-promoter in mouse epidermis expressing the v-
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ras oncogene (Germolec et al, 1998) and a skin co-carcinogen with UV light (Burns et al,
2004). Careful examination of epidemiological data in Bangladesh indicates sun exposure is
a risk factor for arsenical keratoses, precursors of skin cancer (Chen et al, 2006). Among the
many known cellular effects of arsenic that may contribute to its action as a co-carcinogen or
co-promoter (Kitchin, 2001), including DNA damage (Hei and Filipic, 2004), one explored in
present work is its preservation of keratinocyte proliferative potential, a feature demonstrable
in culture (Patterson et al, 2005).

Human keratinocytes cultured with 3T3 feeder layer support provide a useful model for
studying effects of toxic agents and carcinogens. At confluence, the cells form a stratified
epithelium with many of the features exhibited by natural epidermis (Green, 1979). Basal cells
leave the germinative pool to undergo the process of terminal differentiation, while superficial
cells express differentiation markers, form cornified envelopes and lose the ability to generate
colonies when replated. Potential stem cell markers, enriched in the pool of proliferative
keratinocytes, include β1-integrin and β-catenin (Zhu and Watt, 1999). Subpopulations of
epidermal keratinocytes with differing proliferative capacities (Barrandon and Green, 1987)
are enriched in β1-integrin and are separable by their rates of adhesion to the extracellular
matrix components collagen IV and fibronectin (Jones and Watt, 1993). Arsenite has been
found to prevent the decline of β1-integrin and transcriptionally active β-catenin in cultured
normal and spontaneously immortalized human epidermal keratinocytes and thus to preserve
the fraction of rapidly adhering cells with high proliferative potential (Patterson et al, 2005).

Finding the mechanism by which arsenite maintains keratinocyte proliferative potential in
culture, resulting in enrichment of putative stem cells, likely will help elucidate its carcinogenic
action. To this end, examining its influence on signaling by growth factors such as EGF and
insulin promises to be helpful. EGF has long been known to increase clonal expansion, culture
lifespan and growth potential of human epidermal keratinocytes (Barrandon and Green,
1987;Rheinwald and Green, 1977), and excessive expression of the EGFR ligand transforming
growth factor-α sensitizes mouse skin to the tumorigenic action of polycyclic aromatic
hydrocarbons and activated oncogenes (Shibata et al, 1997;Wang et al, 1994). The EGFR and
other ErbB family members are overexpressed in various tumor types, contributing to
development of neoplasia. This phenomenon has stimulated much effort to elucidate normal
and aberrant EGFR regulatory processes and possible pharmaceutical intervention (Sweeney
and Carraway, 2004). The finding that hydrogen peroxide activates the EGFR while preventing
its c-Cbl mediated down-regulation (Ravid et al, 2002) has raised the possibility that other
exogenous agents producing oxidative stress, such as arsenite, may have similar effects.

Insulin, present at high levels in the culture medium, signals through the insulin and IGF-1
receptors. These receptors share elements of their signaling pathways but display differences
in downstream effects (Shen et al, 2001). As shown by gene ablation studies in mice, signaling
through the insulin receptor and, more profoundly, IGF-1R are important for the proper
development and function of epidermis. The epidermis in mice lacking IGF-1R function is
thinner than normal (Liu et al, 1993), and the keratinocytes in culture display decreased
proliferation and accelerated differentiation (Sadagurski et al, 2006). Consistent with
observations that IGF-1 or IGF-1R are overexpressed in many human tumors, overexpression
of IGF-1 in mouse epidermal basal cells acts as a tumor promoting stimulus (DiGiovanni et
al, 2000). Moreover, cross-talk between the EGFR and IGF-1R has been observed to have a
significant effect on signaling (Adams et al, 2004), where IGF-1R ligands can activate the
EGFR (Knowlden et al, 2005). By contrast, the skin of mice lacking the insulin receptor is
grossly normal, although an obvious histological abnormality is the expression of keratin 6
throughout the spinous layer (Wertheimer et al, 2001).
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The current study addresses the roles of EGFR and IGF-1R/IR in regulation of keratinocyte
proliferative potential and their modulation by arsenite. Transcriptionally active, nuclear β-
catenin is demonstrated to be required for the increased proliferative potential elicited by
arsenite in an EGFR-dependent manner. Contrary to expectation, insulin is shown to decrease
levels of EGFR and active β-catenin. We propose that arsenite treatment counteracts the effects
of insulin by preventing degradation of the EGFR, resulting in prolonged signaling and,
ultimately, stabilization of β-catenin and preservation of the putative stem cell population.
Beyond its relevance for carcinogenesis, arsenic antagonism of insulin action, as previously
reported in adipocyte glucose uptake, is of particular interest in view of its possible contribution
to understanding the mechanism of arsenic-induced diabetes (Walton et al, 2004).

Materials and methods
Cell culture

Spontaneously immortalized (SIK) (Rice et al, 1993) and normal human epidermal cells (hEp)
derived from foreskin were propagated in DMEM/F12 (2:1) medium supplemented with fetal
bovine serum (5%), hydrocortisone (0.4μg/ml), EGF (10 ng/ml), adenine (0.18 mM), insulin
(5μg/ml except where noted), transferrin (5μg/ml) and triiodothyronine (20 pM), using a feeder
layer of lethally irradiated 3T3 cells (Allen-Hoffmann and Rheinwald, 1984). Medium was
further supplemented with cholera toxin (10 ng/ml) at inoculation, replaced with EGF (10 ng/
ml) starting at the first medium change. Cells were grown until just before confluence with
medium changes at 3 to 4 day intervals, at which time they were treated with 2μM sodium
arsenite, 5μM antimony tartrate, 10 ng/ml EGF, or switched to medium without insulin.
Although the cells grew less vigorously in the absence of insulin, its removal at confluence
largely prevented the marked decline in colony forming ability noted previously (Patterson et
al, 2005). In certain instances, cells were first pre-treated for 1 h with 1μM AG1478 (LC
Laboratories, Woburn, MA), 1μM PD 158780 (Calbiochem, San Diego, CA), 2μg/ml mouse
monoclonal EGFR antibody (clone 225, Calbiochem), or 30μg/ml cycloheximide before the
indicated treatment.

Retroviral infection of SIK
The cDNA of the β-catenin T3 dominant negative deletion mutant (Funayama et al, 1995) was
subcloned into the retroviral vector pBabe-puro. A pBabe-puro vector only, used as control,
or the T3 construct were transfected into the retroviral packaging cell line Phoenix Ampho.
The retrovirus collected from the medium of Phoenix Ampho transfected cultures was then
transferred to SIK cultures in the presence of 4μg/ml polybrene. Infected cells were selected
using 1μg/ml puromycin. To confirm expression of the T3 in infected cells, protein extracts
were probed with a hemagglutin antibody to detect HA-tagged β-catenin, yielding a band of
50 kDa, which was absent in SIK cultures infected with vector alone. Expression of the HA-
tag was observed immunocytochemically in 80–90% of the cells. SIK infected with the T3
construct had slower growth rates and reduction of CFE to 30–40% of cells infected with vector
alone (data not shown).

Colony forming efficiency (CFE), rapidly adhering (RAC), and slowly adhering (SAC) cell
assays

CFE, RAC and SAC assays were performed as previously described (Jones and Watt,
1993;Patterson et al, 2005). Briefly, CFE was determined by treating cultures for indicated
times, trypsinizing them, and inoculating 103 or 104 cells in 6 cm dishes. Grown with feeder
layer support until the majority were 2–5 mm in diameter, the colonies were fixed and
visualized by staining with Rhodanile blue (Rheinwald and Green, 1975). For RAC and SAC
assays, cells were fractionated by their rates of adherence to dishes coated with collagen IV.
Dishes (6 cm) were coated with 1.2 ml of 50μg/ml collagen type IV, incubated overnight at 4°
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C and then blocked with 0.5 mg/ml heat denatured BSA for 1 hr. Cells were placed on coated
dishes for 15 min (RACs). The unattached cells were removed and allowed to attach to a second
set of coated dishes for 45 min (SACs). After the attachment period, cultures were rinsed with
serum free medium, 3T3 feeder cells were added and the keratinocytes were allowed to grow
until the majority of the colonies were at least 2 mm in diameter, typically one to two weeks.

Immunnoblot analysis
For most experiments, cells were scraped directly into buffer containing 2% SDS, 62.5 mM
Tris (pH 6.8) and 10% glycerol. Protein was measured with bicinchoninic acid (Pierce) before
addition of DTT to 50 mM. In a given experiment, equal amounts (20μg) of protein were
submitted to SDS polyacrylamide gel electrophoresis, transferred to PVDF membranes,
blocked with 5% dry milk in TBST, incubated with the indicated antibodies and detected using
ECL Plus chemiluminescence detection reagent (GE Healthcare/Amersham, Piscataway, NJ).
Antibodies were obtained from the following sources: β-catenin (rabbit polyclonal) and EGFR
(rabbit polyclonal) from Cell Signaling Technology (Danvers, MA); hemagglutin (clone HA.
11) from Covance (Berkeley, CA); actin (clone AC-74) from Sigma (St. Louis, MO); ABC β-
catenin (clone 8E7), which measures β-catenin dephosphorylated on serine 37 and threonine
41 residues, from Upstate/Millipore (Temecula, CA); phosphorylated tyrosine 1173 EGFR
(rabbit polyclonal) and E-cadherin (clone G-10) from Santa Cruz Biotechnology (Santa Cruz,
CA).

Ras activation
Measurement of active Ras was performed using a Ras Activation Kit (Upstate/Millipore,
Temecula, CA). Briefly, cultures were harvested in buffer supplemented with 1 mM β-
glycerophosphate, 0.2 mM sodium vandate and EDTA-free protease inhibitor cocktail (Roche
Applied Science, Indianapolis, IN). Homogenates were clarified by microfuge centrifugation,
incubated with Raf-1 RBD agarose beads, electrophoresed in acrylamide gels and blotted with
monoclonal antibody RAS10.

Preparation of nuclear extracts for β-catenin immunoblotting
Cells were scraped from 10 cm dishes into ice-cold PBS, recovered by low speed centrifugation
and resuspended in buffer containing 0.1 M HEPES (pH 7.4), 1.5 mM MgCl2, 10 mM KCl,
0.5 mM DTT, 10 mM β-glycerophosphate, 10μM sodium vanadate, 1 mM PMSF and protease
inhibitor cocktail (Roche, Nutley, NJ). The cells were disrupted by Dounce homogenization
and crude nuclei were prepared by centrifugation at 3300xg for 15 min. Nonhistone nuclear
proteins were extracted in 0.43 M NaCl – 1 mM EDTA –20 mM Hepes buffer (pH 7.4) for 30
min at 4°C and recovered by centrifugation at 100,000xg for one h at 4°C. Supernatants were
confirmed to be free of E-cadherin by immunoblotting.

Real-time reverse transcription PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA). To avoid
amplification of genomic DNA, RNA was pretreated with DNase (DNA-free kit from Ambion/
Applied Biosystems, Foster City, CA). c-DNA synthesis was performed using High Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA). The cDNA served as a template
in quantitative real-time PCR utilizing TaqMan Fast Universal PCR Master Mix and TaqMan
Gene Expression assay probes for the EGFR, MMP-7, PPARδ, BMP-4 or18s RNA (Applied
Biosystems), and an ABI 7500 Fast Sequence Detection System. mRNA expression,
normalized to endogenous 18S RNA, is presented relative to untreated control cultures in the
presence of insulin (set to 1.0).
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Results
Preservation of proliferative potential by treatment with arsenite or EGF or by insulin removal

The proliferative potential of epidermal keratinocytes, measured by CFE, decreased
substantially when the cultures were held at confluence under standard culture conditions
(Patterson et al, 2005). In the present work, the CFE of SIK cultures decreased 80% by three
days after confluence and 90% by 9 days as the cells stratified, exited the proliferative
compartment and differentiated. This loss was largely prevented if the cultures were treated
with arsenite and EGF or if the insulin in the medium was removed. As seen in Fig. 1A, cells
cultured for three days after confluence in the presence of 2μM arsenite or 10 ng/ml EGF
exhibited approximately double the CFE of untreated cultures, while those treated with both
agents had four fold the CFE. Antimonite (SbIII) was as effective as arsenite, and co-treatment
with EGF was again also additive. Removing insulin from the medium at confluence also
increased CFE. By contrast, addition of EGF (Fig. 1A) or arsenite (not shown) did not further
increase CFE of cultures grown after confluence in the absence of insulin. Similar results were
obtained 9 days after confluence with one clear difference. At this later time point, EGF alone
had little effect, but it still augmented the action of arsenite to yield the same CFE as with
cultures incubated in the absence of insulin. At the 3 day time point, results with hEp were
comparable to those with SIK cultures (Fig. 1B). However, addition of arsenite and EGF
together was more powerful than simply omitting insulin. Moreover, in the absence of insulin,
EGF substantially augmented CFE (Fig 1C), while arsenite was ineffective (data not shown).

Arsenite, insulin, and antimonite effects mediated through the EGFR
In the presence of the EGFR inhibitor AG1478, neither arsenite nor antimonite increased CFE
in either SIK (Fig. 2A) or hEp cultures (not shown) regardless of the addition of EGF. As seen,
AG1478 did not affect CFE in the presence of insulin, but largely prevented the increase in
CFE resulting from insulin removal. The structurally unrelated EGFR inhibitor, PD 158780 at
1μM gave similar results. Arsenite treatment increased active Ras, a downstream effector of
the EGFR, whereas co-treatment with AG1478 prevented Ras activation by arsenite (Fig. 2B).

Preventing EGF binding to the EGFR by addition of an EGFR neutralizing antibody to the
medium greatly attenuated the increase in CFE resulting from EGF (but not arsenite) treatment
(Fig. 2C) or insulin removal (not shown). It also reversed the additive effect of co-treating with
both arsenite and EGF, resulting in a CFE similar to that with arsenite treatment alone (Fig.
2C). Since arsenite has its greatest effect on the proliferative capacity of RACs (Patterson et
al, 2005), this population was isolated for analysis. As in the unfractionated population, the
EGFR neutralizing antibody prevented increased CFE due to addition of EGF, but not of
arsenite (Fig. 2C).

EGFR stability and signaling after treatment with arsenite, EGF or insulin
In untreated cultures EGFR protein levels decreased after confluence as cells exited the
proliferative pool and differentiated. Arsenite or antimonite treatment prevented this decrease,
preserving total EGFR levels starting as early as one day after treatment (Fig. 3A). EGFR
phosphorylation on tyrosine 1173, an indicator of activity, was considerably higher in cultures
treated with arsenite (Fig. 3B). However, unlike EGF, which increased tyrosine
phosphorylation quickly but transiently, arsenite treatment resulted in a higher relative level
of phosphorylation that persisted for the duration of treatment and did not depend on the
presence of EGF. Insulin suppressed EGFR levels in a dose-dependent fashion, with
dramatically higher levels evident with no added insulin (Fig. 3C). Further, insulin suppressed
relative EGFR tyrosine 1173 phosphorylation, indicative of reduced activity.
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To determine whether differences in EGFR levels were due to altered gene expression, EGFR
mRNA levels were quantitated by real-time PCR in samples harvested after three days of
treatment. Little change in gene expression was observed among untreated cultures from days
0 to 9 (Fig. 3D) or those treated with arsenite in the presence or absence of EGF or incubated
after confluence in the absence of insulin (Fig. 3E). To determine whether arsenite prevented
degradation of the EGFR, protein synthesis was arrested with cycloheximide. During the course
of a day, the EGFR was completely depleted in cells treated with EGF, whereas arsenite
treatment prevented most of the degradation (Fig. 3F).

Arsenite or antimonite addition or insulin removal stabilize nuclear β-catenin
As previously demonstrated, cultures treated with arsenite exhibited elevated levels of nuclear
(transcriptionally active) β-catenin compared to untreated ones (Patterson et al, 2005). In
present work, β-catenin dephosphorylated at serine 37 and threonine 41 (ABC β-catenin,
transcriptionally active and resistant to degradation by the APC destruction complex) was
elevated after arsenite treatment. Like EGFR, active β-catenin decreased after confluence, a
phenomenon prevented with arsenite or antimonite treatment (Fig. 4A). As seen in Fig. 4B,
arsenite or EGF elevated active β-catenin, while co-treatment resulted in an approximately
additive increase. As shown, increased active β-catenin was reflected in an increased nuclear
level. Removal of insulin from the medium also led to higher levels of active β-catenin (Fig.
4D).

Since both EGFR and β-catenin were required for arsenite preservation of CFE, we asked
whether inhibition of EGFR prevented stabilization of active β-catenin. In the presence of the
EGFR inhibitor AG1478 (Fig. 4C) or PD158780 (not shown), arsenite increased neither nuclear
nor active β-catenin. Pre-treatment with AG1478 also prevented the persistence of active β-
catenin in the absence of insulin (Fig. 4D).

To test directly the requirement for active β-catenin by agents that increase CFE, SIK cultures
were retrovirally infected with a dominant negative T3 β-catenin construct (Funayama et al,
1995) or, as a control, with the pBabe-puro vector without the T3 insert. In cells infected with
vector only, treatment with arsenite (or antimonite) for 3 days increased CFE in the
unfractionated population (Fig. 5A) as well as in populations of RACs and SACs (Fig. 5B,C).
Cells expressing the dominant negative β-catenin were not responsive to arsenite- or
antimonite-induced increases in CFE of unfractionated and RAC populations (Fig. 5A,B) and
were only partially responsive to EGF and insulin removal (Fig. 5A). T3 expression reduced,
but did not completely eliminate, increased CFE due to co-treatment with arsenite and EGF,
resulting in a CFE similar to that obtained with EGF alone (Fig. 5A,B). The CFE of the SAC
population was much less affected by T3 expression (Fig. 5C).

β-Catenin dependent gene transcription
In various cell types, transcription of MMP7 (Brabletz et al, 1999) and PPARδ (He et al,
1999) is increased and BMP-4 is decreased (Baker et al, 1999) by β-catenin. To demonstrate
that increased levels of active β-catenin in the keratinocyte cultures resulted in transcriptional
changes, expression of these genes was measured by real-time PCR after various treatments.
Relative to untreated cultures in standard growth medium, MMP7 and PPARδ expression were
both considerably higher in cells treated with arsenite, antimonite or medium lacking insulin
(Fig. 7A,B), while BMP-4 gene expression was markedly reduced under these conditions (Fig.
7C). Treatment with EGF led to a small increase (≈50%) for both MMP7 and PPARδ (Fig.
7A,B), but did not much alter BMP-4 expression. Arsenite and EGF co-treatment, which
induced the largest increase in active β-catenin levels and CFE, also resulted in the highest
expression of MMP-7 and PPARδ (Fig. 7A,B) and the largest suppression of BMP-4 (Fig. 7C).
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Addition of AG1478 prevented these changes in gene expression, as did expression of the T3
dominant negative β-catenin construct (Fig. 7A,B,C).

Discussion
Modeling of arsenic-induced cancer in vivo has proven difficult, but recent successes have
provided much needed animal models (Waalkes et al, 2004). Most relevant to the epidermis,
the co-carcinogenic action of arsenic with UV light in hairless mice (Burns et al, 2004) and
co-promotion with phorbol ester in Tg.AC mice (Germolec et al, 1998) suggests it acts
epigenetically. The present finding that arsenic magnifies and prolongs EGFR action is
consistent with this suggestion. Studies in EGFR-deficient mice show that this receptor is
essential to maintain the basal cells in a proliferative state so as to support v-rasHa-mediated
tumorigenesis (Hansen et al, 2000), and blocking its action prevents UV light-induced
tumorigenesis in Tg.AC mice (El-Abaseri et al, 2005). Moreover, overexpressed TGFα in
mouse skin acts synergistically with phorbol ester tumor promoter to give epidermal
hyperproliferation (Vassar and Fuchs, 1992). Since arsenic greatly enhances UV light-induced
epidermal hyperplasia in mice (Burns et al, 2004), present findings suggest that arsenic acts as
a co-carcinogen by increasing the pool of epidermal target cells, those with stem cell properties
in which carcinomas likely originate (Sell, 2004).

Previous work using high arsenic concentrations for short periods in culture has demonstrated
phosphorylation of the EGFR and stimulation of the mitogen activated protein kinase pathway
in rat PC12 cells (Chen et al, 1998), a human bronchial epithelial cell line (Wu et al, 1999), a
human uroepithelial cell line (Simeonova et al, 2002), human umbilical vein endothelial cells
(Nuntharatanapong et al, 2005), A431 epidermoid carcinoma (Huang et al, 2006) and normal
human epidermal keratinocytes (Tanaka-Kagawa et al, 2003). This phenomenon, present in
many cell types, could affect keratinocyte responses to UV light (Mudipalli et al, 2005). Careful
concentration dependence studies in the HaCaT keratinocyte line have shown that lower arsenic
levels over longer time periods can produce persistent downstream effects of low magnitude
that (as in the other studies) are dependent upon EGFR signaling (Cooper et al, 2004). In
contrast to earlier studies of short duration, however, present work at concentrations closer to
actual human exposure levels has not detected much extracellular responsive kinase
phosphorylation with long term arsenite treatment (unpublished) despite persistent Ras
activation. This phenomenon may arise from ERK inactivation by glutathionylation under
oxidant conditions (Cross and Templeton, 2004), a well known result of arsenite treatment,
with possible assistance from negative feedback as a consequence of Raf phosphorylation
(Dougherty et al, 2005).

The mechanism of EGFR activation and stabilization remain to be elucidated. Present
experiments performed at low arsenite concentrations have not revealed an influence of src
family kinase inhibitors, unlike several earlier studies at higher concentrations (Cooper et al,
2004;Liu and Huang, 2006;Simeonova et al, 2002). A plausible signaling pathway might
involve the reversible oxidation of protein tyrosine phosphatases, a well known feature of
oxidant-regulated signaling (Meng et al, 2002). The EGFR can interact with several of these
phosphatases, among which SHP-1 and SHP-2 are prominent, but their roles in inhibiting or
stimulating signaling are complicated (Wang et al, 2006). The recent finding that UV light
activates the EGFR through inactivation of protein phosphatase κ (Xu et al, 2006) might also
occur with arsenite treatment. Alternatively, oxidative stress elicited by arsenite could interfere
with EGFR recycling, as observed from hydrogen peroxide prevention of its ubiquitination in
human lung epithelial cells (Ravid et al, 2002). Arsenite could interfere with other aspects of
receptor processing such as neddylation (Oved et al, 2006) or caveolin-1-mediated degradation
as observed with peroxide exposure (Khan et al, 2006). Arsenite has been reported to cause
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accumulation of ubiquitinated proteins (Bredfeldt et al, 2004), which could also result in
persistent signaling.

Novel aspects of the present findings include the suppressive influence of insulin on
proliferative potential after confluence and its antagonism by arsenite treatment. Insulin,
originally added to promote cell growth in the absence of serum (Wu and Sato, 1978), is
commonly present at generous concentration (5μg/ml) in culture medium. It is effective for
keratinocytes in sparse culture (Tsao et al, 1982), but evidently it acts after confluence to
stimulate differentiation and loss from the germinative pool. The relative importance of the
insulin receptor and the IGF-1 receptor in mediating these effects is not yet clear (experiments
in progress), but in any case the cellular response after confluence could reflect an altered state
of signal transducers, including phosphorylation of insulin receptor substrate-1 or insulin
receptor substrate-2 (Gual et al, 2005;Sadagurski et al, 2006). Arsenite could plausibly
influence protein phosphorylation and in this way simultaneously preserve growth potential
and suppress differentiation. Insulin appears to cause degradation of the EGFR in keratinocytes,
an effect that arsenite opposes. Cross-talk of the IGF-1R with the EGFR can involve EGFR
activation by proteolytic generation of a ligand from the cell surface, such as heparin binding
EGF in human embryonic kidney cells (El-Shewy et al, 2004). Preliminary results in present
cultures indicate blocking EGF binding to the EGFR does not prevent the increase in CFE
observed when insulin is removed. Alternatively, formation of a protein complex at the plasma
membrane, demonstrated to occur in human mammary epithelial cells (Ahmad et al, 2004),
may result in the observed EGFR down regulation and loss. Present results could be explained
by arsenite prevention of EGFR degradation (as shown) and stabilization in an active state,
similar to the altered receptor trafficking that occurs with peroxide (Khan et al, 2006).
Localization of the EGFR in arsenite-treated cells may help elucidate the mechanism of this
hypothetical alteration of processing.

Arsenic treatment clearly was effective in maintaining higher levels of β-catenin, thereby
promoting its transcriptional activity. Although proliferation of interfollicular epidermal
keratinocytes in mouse skin does not depend upon β-catenin (Posthaus et al, 2002), elevation
of this protein reportedly contributes to the high proliferative potential of clonogenic cells
(Zhu and Watt, 1999). From the perspective of models proposed for epidermal keratinocyte
self renewal (Jones and Watt, 1993), arsenic appears to delay the transition of stem cells to
transit amplifying cells. Moreover, overexpression of this protein in MDCK cells increased
their cycling after confluence and their survival in suspension culture (Oxford et al, 1999), two
features evident in arsenic-treated keratinocytes (Patterson et al, 2005). A variety of tumor
types have been found to express β-catenin with stabilizing mutations (Giles et al, 2003),
including human pilomatricomas (Chan et al, 1999). Elevated levels of β-catenin, participating
in tumor development, have also been attributed to overexpression of EGFR (Lu and Hunter,
2004), overexpression of the transcription factor Np63 in squamous cell carcinomas or loss of
p53 (Patturajan et al, 2002). The finding that β-catenin is critical for hair follicle development
(Huelsken et al, 2001) raises the intriguing question how much its relatively high expression
as a result of arsenic exposure perturbs transcription in that direction despite the limitations of
the culture environment. The signaling pathway leading to its elevated levels and
transcriptional activity is uncertain, but a recent report that protein tyrosine phosphatase PCP-2
inhibits β-catenin action (Yan et al, 2006) raises the possibility that phosphatase inactivation
could contribute to arsenite stabilization of β-catenin.

Immediately beneath arsenic in the periodic table, antimony in the trivalent state shares with
arsenite several toxicological properties, including reaction with intracellular thiols,
clastogenicity and lack of bacterial mutagenicity (Gebel, 1997). Antimony is a suspect
carcinogen, although epidemiological data are confounded by other exposures (e.g., arsenic,
lead), and animal experiments have not been definitive (De Boeck et al, 2003). Environmental

Patterson and Rice Page 8

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exposures to antimony generally are low, reflected in trace levels in human urine (Paschal et
al, 1998), and contaminated water supplies are much less of a problem than with arsenic, but
occupational (McCallum, 2005) and consumer exposures (Shotyk et al, 2006) have been of
concern. Use of antimony in treatment of leishmaniasis and recent interest in its potential use
in cancer chemotherapy in place of arsenic have stimulated study of its intracellular action,
including its interaction with glutathione (Wyllie and Fairlamb, 2006). Previous work has
shown that trivalent antimony is nearly as potent as arsenite in suppressing keratinocyte
differentiation and inducing heme oxygenase-1, whereas the pentavalent form is inactive
(Patterson et al, 2003). The greater efficacy of pentavalent compared to trivalent antimony in
treating human leishmaniasis infections evidently reflects facile reduction of SbV to SbIII by
the protozoal parasite (Shaked-Mishan et al, 2001) compared to humans. In contrast to arsenic,
reduction of pentavalent to trivalent antimony is negligible in human macrophages (Wyllie and
Fairlamb, 2006) and keratinocytes (Patterson et al, 2003). On the basis of our findings that
antimonite is biologically equivalent in keratinocytes to arsenite, leading to stabilization of the
EGFR, elevated β-catenin activity, and preservation of proliferative potential, further study of
its carcinogenic or co-carcinogenic action may be warranted. In any case, comparative study
of this agent may help elucidate the mechanism of arsenite action.
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BMP-4  

bone morphogenetic protein-4

CFE  
colony forming efficiency

EGF  
epidermal growth factor

EGFR  
epidermal growth factor receptor

hEp  
human epidermal cells

IGF-1  
insulin-like growth factor-1

IGF-1R  
insulin-like growth factor-1 receptor

MMP-7  
matrix metalloprotease-7

PCR  
polymerase chain reaction

PPARδ  
peroxisome proliferator associated receptor δ

RAC  
rapidly adhering cell

SAC  
slowly adhering cell

SIK  
spontaneously immortalized keratinocytes

Patterson and Rice Page 13

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1.
Preservation of proliferative potential by arsenic, antiomony and EGF. Starting at 90%
confluence, SIK (A,C) or hEp (B) cultures were treated with 2μM arsenite, insulin-free medium
or 5μM antimonite with and without 10 ng/ml EGF for 3 days (A,B) or 9 days (C) before
measuring colony forming efficiencies (CFE). Values are relative to CFE of untreated cells in
medium containing insulin, which is set as 1. Student’s t-test showing values significantly
different from untreated cultures (*) with Bonferroni correction gave p<0.005 from averages
of 4 (A), 2 (B) or 3 (C) independent experiments performed in duplicate.
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Fig 2.
Proliferative potential of SIK cultures treated for 3 days starting at 90% confluence with
arsenite, antimonite, AG1478 or without insulin. (A) Treatments were as indicated in medium
containing EGF. CFE values are relative to those of cultures in the presence of insulin, set at
1; Student’s t-test with Bonferroni correction (*, p<0.006) calculated from 5 (arsenite) or three
(antimonite and no insulin) experiments performed in duplicate. (B) After 3 days treatment as
indicated in the presence of insulin, active Ras was detected by pull down assay. Levels of Ras
in total cell lysates, probed in parallel, were unchanged. Blots are representative of three
independent experiments. (C) Cells were pretreated for one hr with 8μg of C-225 EGFR
antibody before addition of 2μM arsenite (clear bars), 10 ng/ml EGF (stippled bars) or arsenite
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and EGF (solid bars). After 3 days, CFE of unfractionated and rapidly adhering cells (RAC)
were measured. Illustrated are CFEs relative to untreated controls, indicated by the horizontal
line at 1. Values significantly different from the control (*) were judged by Student’s t-test
with Bonferroni correction (*, p<0.004; **, P<0.01).

Patterson and Rice Page 16

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
EGFR levels and activity in response to arsenite or insulin. (A) SIK cultures were treated as
indicated starting at 90% confluence (day 0) and processed for immunoblot analysis on the
indicated day. (B) Cells were treated as indicated for 8 hr (left) or 3 days (right) and probed
with antibodies to total EGFR or EGFR phosphorylated at tyrosine 1173 (PY-1173). (C)
Immunoblot of total EGFR protein (left) and PY-1173 (right) after treatment with indicated
concentrations of insulin for 6 days (left) or 3 days (right). (D,E) EGFR mRNA expression
was measured using real time PCR in SIK cultures treated as indicated (3 days in E). (F) SIK
cultures untreated or pretreated for one hr with 30μM cycloheximide were exposed to 2μM
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arsenite for 24 hr and then harvested for immunoblot analysis. β-actin was used as loading
control.
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Fig 4.
Stabilization of β-catenin protein levels by treatment with arsenite, antimonite or in the absence
of insulin depends upon EGFR activation. (A) SIK cultures were treated as indicated starting
at 90% confluence (day 0) followed by immunoblot analysis using ABC β-catenin, an antibody
that detects the active, non-phosphorylated form. (B,C) SIK cultures were treated for 3 dyas
with the indicated treatment followed by immunoblot analysis of total cell lysates with ABC
β-catenin antibody or nuclear extracts with total β-catenin antibody. (D) Active β-catenin levels
in hEp after 3 days of indicated treatment. β-Actin was used as a loading control.
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Fig 5.
Effect of dominant negative β-catenin on proliferative potential of treated SIK. Cultures were
treated as indicated for 3 days starting at 90% confluence before measuring CFE in (A)
unfractionated, (B) rapidly adhering cell (RAC) and (C) slowly adhering cell (SAC)
populations. The total bar height shows the response of cultures retrovirally infected with vector
only (pBabe), and the stippled region shows the lower response of cultures infected with the
T3 dominant negative β-catenin construct. Values are relative to untreated cultures in medium
with insulin, set at 1. Significant differences (*) between pBabe and T3 infected SIK for
indicated treatment are p<0.01 (Student’s t-test with Bonferroni correction) for three
experiments in duplicate.

Patterson and Rice Page 20

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 6.
β-Catenin dependent gene expression after arsenite treatment of keratinocytes. 90% confluent
cultures of SIK (clear bars), T3-infected SIK (solid bars), and SIK treated with 1μM AG1478
(stippled bars) were treated for 3 days before measuring expression of (A) MMP7, (B)
PPARδ and (C) BMP-4 by real time PCR. AG1478 was added one hr before arsenite,
antimonite or EGF. Values are given relative to mRNA in untreated cultures in the presence
of insulin, set to 1. Values significantly different (*) from untreated cultures (Student’s t-test
with Bonferroni correction) at p<0.01 summarizing four (untreated, arsenite, EGF, arsenite
and EGF in SIK) or two (antimonite, no insulin, AG1478, T3) experiments in triplicate.
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