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ABSTRACT

Recent research has demonstrated that mucocutaneous epithelial cells express functional
nicotinic acetylcholine receptors (nAChRs) and that tobacco-derived carcinogenic nitrosa-
mines, such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), and SLURP (secreted
mammalian Ly-6/urokinase plasminogen activator receptor-related protein)-1 and -2 can
act as non-canonical ligands of these receptors. It was found that recombinant SLURP-1 and
-2 can lessen tumorigenic activity of nitrosamines. The immortalized esophageal kerati-
nocytes (Het-1A cells) exhibit low SLURP-1 and -2 mRNA levels that decrease further after
treatment with NNK. Based on these observations, we hypothesized that overexpression of
full length SLURP proteins may protect Het-1A cells from malignant transformation by NNK.
The Het-1A cells transfected with either SLURP-1 or -2 vector produced the highest amounts
of respective proteins between 24 and 48 h, at which point they were exposed to 1 pM NNK
for 24 h and their tumorigenic activities were subsequently evaluated by plating in soft agar
and injecting subcutaneously to Nu/Nu mice. Transfection with either SLURP-1 or -2 cDNA
in both cases significantly (p < 0.05) diminished the number of colonies produced by NNK
exposed cells. SLURP-1 was more efficient than SLURP-2 in abolishing the tumorigenic effect
in nude mice. Thus, the anti-tumorigenic activities of SLURP-1 and -2 were demonstrated
both in vitro and in vivo. The obtained results suggest that SLURP-like proteins may become
useful for developing novel anti-cancer therapies.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

subunits [3]. They are anchorage-dependent cells and do not
form tumors in immunosuppressed host animals. The

Recent research has demonstrated that mucocutaneous
epithelial cells express functional nicotinic acetylcholine
receptors (nAChRs) and that tobacco-derived nitrosamines
and SLURP (secreted mammalian Ly-6/urokinase plasminogen
activator receptor-related protein)-1 and -2 are new non-
canonical ligands of these receptors. Similarly to normal
human oral keratinocytes [1], Het-1A cells - an established
clonal population of SV40-immortalized human esophageal
epithelial cells [2] - express a3, o5, a7, a9, B2, and f4 nAChR

nAChRs in Het-1A cells can be stimulated by the nitrosamine
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), and
their non-tumorigenic phenotype can be converted to
progressively growing cells producing tumors in nude mice
[3]. We have recently demonstrated that recombinant SLURP-
1 and -2 can compete with the nicotinic radioligands
[*H]nicotine and [*H]epibatidine for binding to the keratino-
cyte plasma membrane [4,5]. Both SLURPs diminished
tumorigenic effects of tobacco nitrosamines on Het-1A cells
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[6]. Compared to normal keratinocytes, the levels of gene
expression of SLURP-1 and -2 in Het-1A cells as well as in the
malignant keratinocytes SCC-25 and FaDu are significantly
decreased [6]. We could not detected either SLURP protein in
the 120-fold concentrated supernatants of Het-1A cell
cultures, whereas the protein bands corresponding to
SLURP-1 and -2 could be visualized in 80-fold concentrated
supernatants of cultures of normal keratinocytes. The levels
of SLURP-1 and -2 mRNA levels in Het-1A cells decreased
further after treatment of cells with NNK [6]. These pre-
liminary results suggested that SLURPs may protect kerati-
nocytes from malignant transformation.

In this study, we determined the effect of overexpression
of SLURP-1 and -2 on the ability of NNK to induce malignant
transformation of Het-1A cells. We hypothesized that
increased production of SLURP-1 or -2 may protect Het-1A
cells from the carcinogenic action of NNK. The obtained
results demonstrated the ability to diminish the tumori-
genic activity of NNK due to overexpression of SLURP
proteins, suggesting that SLURP-like proteins may become
useful for developing novel approaches to anti-cancer
therapy.

2. Methods
2.1.  Cells and reagents

The Het-1A cell line was purchased from ATCC (Manassas, VA)
and grown in the Cambrex brand bronchial cell medium
without retinoic acid (Cambrex Bio Sciences, Walkersville,
MD). NNK was purchased from Toronto Research Chemicals
(North York, ON, Canada). The anti-SLURP-1 monoclonal
antibody 336H12-1A3 and the anti-SLURP-2 monoclonal anti-
body 341F10-1F12 characterized in a previous study [4,5] are
commercially available from Research and Diagnostic Anti-
bodies (North Las Vegas, NV). The SLURP-1 and -2 cDNAs were
cloned into the pCMV TrueClone Vectors and purified by
OriGene Technologies (Rockville, MD). The SLURP-1 had a full-
length 400 bp cDNA, and SLURP-2 had a 600 bp insert size. Both
fragments were directionally inserted downstream from a
eukaryotic transcriptional promoter. The control plasmid
vector pMEV was purchased from Biomyx Technology (San
Diego, CA). The TransIT-TKO transfection reagent was from
Mirus (Madison, WI). To amplify and purify the SLURP-1 and -2
cDNA plasmids, we used One Shot TOP10 cells (Invitrogen,
Carlsbad, CA) and the Mega Plasmid Purification kit (Qiagen,
Valencia, CA), respectively.

2.2.  Overexpression of SLURP-1 and -2

Het-1A cells were seeded at a density of 5 x 10* cells per well of
a 24-well plate and incubated overnight to allow cells to
adhere to the dish bottom. To each well, increasing concen-
trations of SLURP-1 or -2 cDNA in the transfection solution
with the TransIT-TKO transfection reagent were added, and
the transfection was continued for 24 h at 37 °C in a humid, 5%
CO, incubator. On the next day, the transfection medium was
replaced by the culture medium, and the cells were incubated
for additional periods of time to determine the point of

maximum overexpression. The overexpression of SLURP
proteins started approximately 24 h after transfection.

2.3.  Detection of SLURP-1 and -2

For immunoblotting experiments, the monolayers of experi-
mental and control Het-1A cells or 20-fold concentrated
supernatants of cell monolayers were dissolved in a sample
buffer, separated via 4-10% SDS-PAGE, and electroblotted onto
a 0.2 pm nitrocellulose membrane (Bio-Rad, Hercules, CA). The
membranes were developed using the ECL + Plus chemilumi-
nescent detection system (Amersham Pharmacia Biotech Inc.,
Piscataway, NJ) and scanned with Storm™/Fluorimager
(Molecular Dynamics, Mountain View, CA). For indirect
immunofluorescence, we used monolayers of experimental
and control Het-1A cells grown on coverslips. The cells were
air dried for 15 min, fixed with 3% paraformaldehyde with 7%
sucrose for 7 min, washed, permeabilized with 0.1% Triton X-
100 and incubated overnight at 4 °C with anti-SLURP-1 or -2
monoclonal antibody diluted 1:10 in PBS. After washing, the
monolayers were exposed for 1 h at room temperature to the
secondary, fluorescein-isothiocyanate conjugated rabbit anti-
mouse IgG antibody (Sigma-Aldrich Corporation, St. Louis,
MO).

2.4.  Analysis of NNK-induced transformation of
Het-1A cells

Approximately 80% confluent, intact or transfected Het-1A cell
monolayers were exposed for 24 h to 1 pM of NNK. The stock
solution of NNK (100 mM dimethyl sulfoxide) was diluted in
the culture medium. After incubation, the cells were washed
thrice with prewarmed PBS and either replated into soft agar
plates for the studies of anchorage-independent growth or
inoculated into athymic nude mice. Anchorage independent
growth was studied using a soft agar assay as described in
detail elsewhere [3]. After 6 weeks, colonies with more than 50
cells were scored with the aid of an inverted microscope. The
Nu/Nu mice were purchased from the Jackson Laboratory (Bar
Harbor, ME), housed four to a cage in polypropylene boxes with
Teklad bedding (Harlan Teklad, Madison, W1I), and allowed free
access to food and water during the entire experiment. The
experimental and control Het-1A cells (1.5 x 107 cells in 0.2 ml
of 0.9% saline) were injected subcutaneously (s.c.) into 2
different sites (interscapular area and lower back) on each side
of the body with Het-1A cells. The skin at the inoculation sites
was marked with a permanent pen. Six weeks after injection,
the mice were euthanized and areas of injections were
excised, stained with hematoxylin and eosin and examined
microscopically. The results were expressed as percentage of
tumor nodules >0.5 cm in diameter at the injection site per
each mouse, as follows: 1 nodule equals 25%, 2 = 50%, 3 =75%
and 4 = 100%.

2.5.  Statistical analysis

All experiments were performed in triplicate and the results
were expressed as mean + S.D. Statistical significance was
determined using Student’s t-test. Differences were deemed
significant if the calculated p-value was <0.05.
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3. Results
3.1.  Overexpression of SLURP-1 and -2 in Het-1A cells

Cells transfected with either SLURP-1 or -2 cDNA produced the
highestamounts of respective proteins at48 h after transfection
(Fig. 1). SLURP-1 and -2 had an apparent molecular weigh of
9kDa. Both SLURP proteins were also detected in culture
supernatants. Neither intact (Fig. 1) nor pMEV-transfected (not
shown) Het-A1 cells contained considerable amounts of SLURP-
1 or -2 proteins detectable by immunoblotting. SLURP-1 and -2
were also visualized in the cytoplasm of Het-1A cells by
immunofluorescence (Fig. 2). Both monoclonal antibodies
produced diffuse homogenous cytoplasmic staining. In contrast
to intact control Het-1A cells that exhibited a faint staining, the
cells overexpressing SLURP-1 or -2 stained very brightly (Fig. 2).
Such cells were used in the NNK exposure experiments.

3.2.  Overexpression of SLURP proteins alleviates the
tumorigenic effects of NNK

At 24 h after transfection, the Het-1A cells transfected with
either control or SLURP-1 or -2 vector were exposed to NNK for
24 h, after which their tumorigenic activities were evaluated
by plating the cells in soft agar and injecting them s.c. to Nu/
Nu mice. As expected, treatment with NNK resulted in
acquisition of tumorigenic phenotype. The cells formed
expanding colonies containing cell clumps, or plaques in soft
agar and produced squamous cell carcinoma-like tumor
nodules of >0.5cm in diameter in mouse skin (Fig. 3).
Transfection with either SLURP-1 or -2 ¢cDNA in both cases
significantly (p < 0.05) diminished the number of colonies
produced by NNK exposed cells. SLURP-1 was more efficient
than SLURP-2 in abolishing the tumorigenic effect in nude
mice (Fig. 3). There were no differences in the morphology or
localization of tumors produced by intact Het-1A cells or
transfected Het-1A cells (not shown). Thus, the anti-tumori-
genic effects of SLURP-1 and -2 were demonstrated both in vitro
and in vivo.

4, Discussion

This study was designed to evaluate the abilities of endogen-
ously produced and secreted SLURP-1 and -2 to protect
immortalized esophageal keratinocytes from tumorigenic
transformation induced by the tobacco-derived nitrosamine
NNK. It was found that overexpression of SLURPs reduced,
albeit incompletely, the number of colonies in soft agar and
the number of tumor nodules >0.5 cm in diameter in mouse
skin formed by the NNK-treated Het-1A cells, with SLURP-1
being more efficient than SLURP-2. Since the nAChR subtypes
expressed in mucocutaneous epithelial cells can be ligated by
both tobacco nitrosamines and SLURPs [3-5], SLURP-1 and -2
might exhibit their anti-nitrosamine activity by competing
with NNK at the nAChR ligand-binding site.

studies have demonstrated that nAChRs
expressed by non-neuronal cells can be involved in malignant
transformation caused by tobacco-derived carcinogenic nitro-
samines [3,7]. Het-1A cells express both the heteromeric and

Previous

SLURP-1 —p

SLURP2 —p

Fig. 1 - Visualization of SLURP-1 and -2 in SDS-PAGE gels.
Visualization of the 9 kDa SLURP-1 and -2 proteins in 10%
SDS-PAGE gel of Het-1A cells transfected with the
respective cDNA vectors 48 after transfection (lane 1),
culture supernatants of transfected Het-1A cells (lane 2)
and homogenates of intact Het-1A cells (lane 3) using

the mouse monoclonal antibodies 336H12-1A3 and
341F10-1F12, respectively, diluted 1:100.

homomeric nAChR channels [3]. It has been shown in
experiments with Het-1A cells and some other epithelial cells
that NNK preferentially binds to the 7 nAChR subtype [3,8-
10]. Cumulative results suggested that SLURP-1 preferentially
binds to and activates homomeric acetylcholine channels,
such as a7 nAChRs, evoking intracellular Ca?* signaling,
whereas SLURP-2 seems to act through heteromeric receptors,
such as o3 nAChRs [4,5,11,12].

Both nitrosamines and SLURPs cause profound effects on
vital cell functions and gene expression [3-5,7]. In a previous
study, we found that recombinant SLURP-1 and -2 can lessen
tumorigenic activities of tobacco-derived nitrosamines [6].
The intact Het-1A cells had decreased SLURP-1 and -2 mRNA
levels that further decreased after treatment of cells with
carcinogenic nitrosamines. Based on these findings, we
hypothesized that overexpression of SLURP proteins may
protect Het-1A cells from malignant transformation. The
results of this study demonstrated feasibility of this approach.
Lack of complete inhibition of the tumorigenic effects of
nitrosamines on the Het-1A cells overexpressing SLURP-1 or -2
may be due to an inability to completely prevent binding of
NNK to cellular nAChRs and/or a non-receptor mechanism of
the carcinogenic activity of NNK. Future studies should
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Fig. 2 - Visualization of SLURP-1 and -2 in cultured Het-1A cells. Using the anti-SLURP-1 and -2 monoclonal antibodies
diluted 1:10, the respective proteins were visualized in the cytoplasm of intact Het-1A cells (control) and Het-1A cell
transfected with SLURP-1 or -2 cDNA vectors (experiment), using the protocol detailed in Methods. The Het-1A cells
overexpressing either SLURP protein demonstrated bright homogenous cytoplasmic staining. Bar = 50 pm.

determine if a mixture of two SLURP proteins will have a
higher efficacy.

It is well known that the methylating and pyridyloxobu-
tylating agents derived from tissue metabolism of NNK can
attack DNA leading to mutations [13]. Therefore, it can be
postulated that the tumorigenic action of nitrosamines
includes at least two ‘“hits,” an extracellular one - activation
of nAChRs, and an intracellular one — DNA damage. While
pharmacologic agonists of nAChRs activate receptors at the
cellmembrane they are not carcinogenic because they lack the

intracellular tumorigenic activity characteristic of nitrosa-
mines.

SLURP-1 and -2 are abundantly expressed in various types
of human cells and tissues [4-6,11,12,14-18]. Both SLURP
proteins can regulate proliferation, apoptosis and differentia-
tion of keratinocytes, and also may be involved in regulation of
inflammation [4,5,11,17]. The biologic effects of SLURP-1 and -
2, however, may differ due to their differential binding to the
nAChR subtypes expressed in each cell type. Since patients
with autosomal dominant palmoplantar keratodermas, such
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Fig. 3 - Effects of overexpression of SLURP-1 and -2 on the tumorigenic activity of NNK in Het-1A cells. Intact Het-1A cells or
the cells transfected with either control or SLURP-1 or -2 vectors were preincubated for 24 h with 1 pM of NNK, after which
their tumorigenic activities were measured in vitro and in vivo as detailed in Methods. “Significant (p < 0.05) differences
compared to results obtained using intact Het-1A cells exposed to NNK; *p = 0.05. (A) Overexpression of SLURP-1 or -2 in
each case reduces numbers of colonies in soft agar produced by nitrosamine-treated Het-1A cells. (B) Overexpression of
SLURP-1 or -2 in each case reduces number of tumor nodules induced by nitrosamine-treated Het-1A cells in the skin

of Nu/Nu mice.



BIOCHEMICAL PHARMACOLOGY 74 (2007) 1315-1319

1319

as Mal de Meleda that features mutations of the gene encoding
SLURP-1[19], have an increased risk for developing esophageal
carcinoma and other types of mucocutaneous and internal
malignancies [20,21], and since the SLURP-1 and -2 levels are
decreased in malignant and immortalized cells [6], mutations
affecting the integrity of SLURP proteins may play a role in an
increased susceptibility to cancer.

The transformed epithelial cells have a functional non-
neuronal cholinergic system for signal transduction with
acetylcholine as a single extracellular messenger, or a
cytotransmitter (reviewed in [22]). The existence of a choli-
nergic autocrine loop in epithelial cells explains certain
aspects of the carcinogenic effects of tobacco products, and
provides a basis for identification of new targets for potential
therapeutic intervention. Although our observations of nAChR
involvement in the pro-oncogenic effects of nitrosamines and
anti-oncogenic effects of SLURPs are rather limited, the
obtained results clearly demonstrate that the oncogenic
potential of nitrosamines can be diminished. Future studies
should establish contribution of specific nAChR subtypes to
mediating pro-oncogenic action of tobacco-derived nitrosa-
mines and protective effects of SLURP proteins. In nature, the
biological role of SLURPs maybe to protect a cell from
malignant transformation, and downregulation or aberrant
expression of SLURPs may cause a loss of the protective
function and lead to cancer. Hence, SLURP-like peptides may
serve as a prototype of anti-cancer drugs to prevent, reverse,
or retard oncogenic transformation of epithelial cells.
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