
Abstract. Mice are particularly susceptible to carcinogens
when exposure starts early in life. We evaluated the expression
of stem cell antigen-1 (Sca-1) gene in the lung of variously
aged CD-1 mice, either untreated or exposed to environmental
cigarette smoke (ECS) and/or to a light source. Sca-1 expres-
sion progressively decreased with age. The expression of
Sca-1 gene and the amount of Sca-1 protein, which was
exclusively localized in endothelial cells of the pulmonary
vasculature, were significantly upregulated in mice exposed
either to ECS or ECS plus light throughout the weaning period,
starting at birth. These findings may contribute to explain the
high vulnerability of mouse lung early in life.

Introduction

There is adequate reason to suspect that perinatal exposures to
carcinogens contribute to both childhood cancers and cancers
appearing later in life (1), and certain adult diseases may
have their origins early in life (2). In particular, early age
smoking has been viewed as an independent risk factor for
lung cancer, and adolescence may constitute a critical period
during which tobacco carcinogens can induce fields of
genetic alterations (3).

Several factors may contribute to the high susceptibility
to carcinogens early in life. The sudden transition from the
maternal-mediated respiration of the fetus to the autonomous
pulmonary respiration of the newborn produces a tremendous
oxidative stress that only recently was shown to produce
extensive nucleotide alterations in the lung. In fact, we found
a 5-fold increase of bulky DNA adduct levels and a 2-fold

increase of oxidatively generated DNA damage during the
few hours elapsing from the last day of fetal life to the
newborn situation in mouse lung (4). In parallel, cDNA micro-
array analyses showed the upregulation of a number of genes
(4,5), which mainly tend to attenuate the birth-related oxidative
stress and DNA damage. Moreover, oxidatively generated
DNA damage in the respiratory tract (6) and in the cardiocir-
culatory system (7) was significantly higher in mice exposed
to environmental cigarette smoke (ECS) since birth throughout
the weaning period as compared with their dams exposed in
the same cages. Other mechanisms that may account for the
higher vulnerability to carcinogens soon after birth are the
increased proliferation rate in neonatal organs and cells, also
including proliferation of type-II alveolar cells (8), which
results in alveolarization during the first 12 days of postnatal
life (9). In addition, newborns may have alterations of
xenobiotic metabolism, such as lower levels of glutathione S-
transferases (10), and of certain DNA repair mechanisms, such
as lower levels of DNA methyltransferases (11) and DNA
polymerases (12). Recently, we demonstrated that mainstream
cigarette smoke (MCS) is a potent carcinogen in mice when
exposure starts at birth (13).

The objective of the present study was to evaluate whether
a marker of stem cells and of differentiated cells thereof may
be affected in the lung of mice exposed to ECS during dif-
ferent life stages. To this purpose, we evaluated stem-cell
antigen-1 (Sca-1) gene expression and protein in the lung of
the same mice used in previous studies (6,7) including
neonatal mice, post-weanling mice and their dams, either
untreated or exposed to ECS and/or light. Moreover, we
analyzed the lungs of mouse fetuses exposed transplacentally
to ECS, whose liver had been used in a previous study (14).
Sca-1, a marker of hematopoietic stem cells, is a
phosphatidylinositol-anchored glycoprotein, which is
identical in mouse bone marrow and peripheral lymphocytes
(15). The Sca-1 protein is encoded by the Ly-6A/E gene, a
small 4-exon gene that is tightly controlled in its expression
in hematopoietic stem cells (16).

We report here that the expression of Sca-1 tends to
decrease with age in the postnatal life. Moreover, Sca-1 gene
and Sca-1 protein, which appears to be exclusively localized
in endothelial cells of the pulmonary vasculature, are up-
regulated following exposure of neonatal mice to ECS
throughout the weaning period.
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Materials and methods

Mice and experimental groups. Pregnant Swiss CD-1 albino
mice were purchased from Harlan Italy (San Pietro al
Natisone, Udine, Italy). The mice were housed individually
in Makrolon cages on sawdust bedding and maintained on a
standard rodent chow (Teklad 2018 Rodent, Harlan, Italy) and
tap water ad libitum. The cages were kept in a cabinet where
filtered air was circulated. The temperature of the animal
room was 23±2˚C, with a relative humidity of 55% and a 12-h
day/night cycle. The housing and treatments of mice were in
accordance with NIH, Italian, and institutional guidelines.

For the study in fetuses, we used the lungs of mice whose
liver had been used in a previous study (14). Five pregnant
mice had been kept in filtered air (sham-exposed), while 5
mice had been exposed to ECS throughout pregnancy. On the
18th day of pregnancy, 5 mice per group were anesthetized
with diethyl ether and sacrificed by cervical dislocation.
Lungs were collected from 4 fetuses per dam, thus
accounting for a total of 10 fetus lungs per each one of the
two experimental groups. The lungs were immersed in an
RNA stabilizing buffer and stored at -80˚C until use for
molecular analyses.

For the study in newborns, post-weanling mice and their
dams, a total of 26 pregnant mice generated on an average 10
litters, for a total of 260 new generation mice. The neonatal
mice belonging to one litter were sacrificed immediately
after birth, and their lungs were collected and stored at -80˚C.
The remaining neonatal mice and their dams were divided
into 4 experimental groups, including: i) sham-exposed mice,
kept in filtered air, ii) ECS-exposed mice, iii) light-exposed
mice, and iv) mice exposed to both ECS and light. All
treatments started within the first 12 h of life, and each dam
was kept in the same cage with its litter during treatments.
When the infant mice became post-weanling, ~5 weeks after
birth, they were distinguished by gender. All dams (5-7/
group) and sub-groups of 10 post-weanling mice (5 males
and 5 females/group) were deeply anesthesized and sacrificed
by cervical dislocation, while all remaining mice were kept
alive for a long-term study (17). Body fluids and various
organs were collected and used for evaluating a variety of
intermediate biomarkers in the hematopoietic system and
respiratory tract (6) and in the cardiovascular system (7). The
upper lobe of the right lung was collected and used for RT-
qPCR and Western blot analyses, while the left lung was fixed
in buffered formalin for immunohistochemical analyses.

Exposure to ECS and/or light. A whole-body exposure of mice
to ECS was achieved by using a smoking machine (model
TE-10c, Teague Enterprises, Davis, CA, USA), adjusted to
produce a combination of SCS (89%) and MCS (11%). Five
Kentucky reference cigarettes (Tobacco Research Institute,
University of Kentucky, Lexington, KY) were burnt. In the
study in transplacentally exposed fetuses we burnt 2R1
cigarettes without filter, having a declared content of 44.6 mg
tar and 2.5 mg nicotine each, which accounted for an average
total particulate matter (TMP) in the exposure chambers of
83.2 mg/m3. In the study in neonatal mice and their dams we
burnt 2R4F filtered cigarettes, having a declared content of
9.2 mg tar and 0.8 mg each, which accounted for an average

TMP of 63.3 mg/m3. In both studies exposure was daily, 6 h/
day divided into two rounds with a 3-h interval.

Exposure of neonatal mice and their dams to an illumi-
nation system simulating sunlight was obtained by using
halogen quartz bulbs, incorporated into dichroic spot lamps
of 12 V and 50 W (Leuci, File, Lecco, Italy). The lamps were
covered with filters cutting UV-C light (WG 280, Schott
Optics Division, Mainz, Germany). The illuminance level was
10,000 lux, which was achieved by regulating the distance
between the bulb and the back of mice at ~50 cm. The mice
were exposed daily for 6 h/day.

A combined exposure of mice to ECS and light was
achieved by applying the following schedule: 3 h ECS, 3 h
light, 3 h ECS, and 3 h light. Light and ECS were not simul-
taneously used in order to avoid the risk of photoalterations
of ECS components (18).

RNA extraction and gene expression. Analysis of the trans-
criptional activity of Sca-1 gene was performed by mRNA
reverse transcription reaction followed by qPCR. In order
to have sufficient amounts of RNA, the lung samples from
fetuses, newborns, post-weanling mice, and their dams were
pooled within each experimental group. RNA was extracted
from 50 mg tissue by using a commercially available kit
(Purelink RNA Purification Kit, Invitrogen, Carlsbad, CA,
USA). Unless otherwise specified, all reagents were from
Invitrogen. PCR primers and qPCR molecular beacons were
from TIB MolBiol (Genoa, Italy). qPCR primers and mole-
cular beacons were designed using the Beacon Designer 6.0
software (Premier Biosoft International, Palo Alto, CA, USA).
All qPCR steps were performed in a rotating PCR real-time
thermocycler (Corbett Research, Mortlake, Australia). The
reverse transcription reaction was performed by mixing RNA
(2 μg) with 1 μl random primers (300 ng/μl), 1 μl 10 mM
dNTPs mix, and water up to 12 μl. After 5 min at 65˚C, the
mixture was chilled in ice for 1 min and then 7 μl of the
following mix were added: 5X first strand buffer (4 μl), 0.1 M
DTT (2 μl), and RNAse OUT (1 μl). After 2 min at 42˚C,
SuperScript II RT (200 U) was added and the samples were
further incubated at 42˚C for 50 min. The reaction was
stopped by heating at 70˚C for 10 min. qPCR reactions were
performed for Sca-1 and for the housekeeping gene beta-2
microglobulin (B2m). To this purpose, the 10% of the reverse
transcription reaction mixture was added to a qPCR mix
composed as follows: 10X PCR buffer (5 μl), 100 mM
dNTPs mix (0.4 μl), 50 mM MgCl2 (2 μl), 10 μM Primer
Sense (1 μl), 10 μM Primer Antisense (1 μl), 10 μM FAM/
HEX Molecular Beacons (2 μl), Platinum Taq Polymerase
2.5 U (0.5 μl), and water up to 50 μl. The primer and probe
sequences are summarized below:
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m-Sca-1 Sense Primer TCAGGAGGCAGCAGTTATTGTG
m-Sca-1 Anti-sense Primer TGGCAACAGGAAGTCTTCACG
m-Sca-1 Molecular Beacon CGCGATCAATATTAGGAGGGCAGA

TGGGTAAGCAAAGATCGCG

m-B2m Sense Primer CTTCAGTCGTCAGCATGG
m-B2m Anti-sense Primer TACTTGAATTTGAGGGGTTTTC
m-B2m Beacon Sequence CGCGATCCGGTCAGTGAGACAAGC

ACCAGAAGATCGCG
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The gene specific annealing temperature (aT) for each set
of primers and probes were 56 and 51˚C for m-Sca-1 and
m-B2m, respectively. The reaction thermal cycles were 94˚C
for 15 min, followed by 45 cycles at 94˚C for 30 sec, the
specific aT for 30 sec, and 72˚C for 30 sec. The fluorescent
signals were acquired at the end of the annealing cycle.

Depending on the amounts of available RNA, each pooled
sample was tested in several replicate analyses, ranging
between a minimum of 4 (fetuses) and a maximum of 12-14
(all other samples). The results, reported as qPCR relative
expression normalized for B2m, are means ± SE of the
replicate analyses performed within each experimental group.

Immunohistochemistry. Sca-1 protein was evaluated by
immunohistochemistry in 5-μm formalin-fixed and paraffin-
embedded lung sections from variously treated post-weanling
mice and their dams. Sca-1/Ly6 goat monoclonal antibody
(R&D Systems, Minneapolis, MN, USA) was used for the
detection of Sca-1 protein, at a working dilution of 5 μg/ml.
The sections were incubated for 1 h at room temperature. For
chromogenic detection of labeling, an immunoperoxidase
staining kit (Goat ABC Staining System, sc-2023, Santa Cruz
Biotechnology) was used, following the manufacturer's instruc-
tions. The sections were counterstained with Mayer's hemalum
and mounted in permanent medium with a glass coverslip.

Western blot analyses. Standardized amounts of lung homo-
genate protein (40 μg), as evaluated by using the bicinchoninic
acid method, were separated on 15% polyacrylamide-SDS
gels and transferred to PVDF membranes. The Western
blotting membrane was blocked in 5% powdered skim milk
(Fluka, Buchs, Switzerland) in TTBS (25 mM Tris, 0.15 M
NaCl, 0.1% Tween-20, pH 7.5), for 1 h at room temperature,

and then incubated overnight at 4˚C with primary antibody
(Sca-1 goat, R&D Systems) in TTBS (0.3 μg/ml). The
secondary donkey anti-goat antibody (IgG-HRP, Santa Cruz
Biotechnology) was diluted 1:5,000 in TTBS and incubated
for 90 min at room temperature. The immunoreaction was
detected by ECL-plus system (Amersham Biosciences, Little
Chalfont, UK). A rabbit polyclonal IgG (Santa Cruz Biotech-
nology) was used for the detection of the housekeeping
protein glyceraldehyde-phosphate dehydrogenase (GAPDH).
Densitometric analyses were performed by using the Image J
7.8 software (NCI, Bethesda, MD, USA), and the results were
expressed as fold variations between the experimental groups.

Statistical analyses. The statistical significance of differences
in gene expression, as related to age and/or treatment of mice,
was evaluated by Student's t-test for unpaired data.

Results

Age-related decrease of Sca-1 expression in mouse lung. The
results of the experiments evaluating Sca-1 expression in
mouse lung, by using mRNA reverse transcription followed
by qPCR, are summarized in Fig. 1. The baseline expression,
detected in sham-exposed mice (light grey columns), was
similar in fetuses and newborns and tended to decrease with
age. In fact, Sca-1 expression was significantly lower in post-
weanling mice, both males and females, as compared with
either fetuses or newborns. It was further lower in dams, with
a difference that was borderline to statistical significance as
compared with post-weanling females.

Upregulation of Sca-1 expression and Sca-1 protein following
exposure of neonatal mice to ECS during the weaning period.
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Figure 1. Differential expression of Sca-1 in the lung of CD-1 mice, as related to age and treatments. Gene expression was evaluated by qPCR in the lung of
fetuses, newborns, post-weanling mice (males and females), and adult females (dams), either untreated (sham) or exposed for 35 days either to light, ECS, or
ECS plus light. The results are expressed as qPCR relative expression normalized for B2m and are means ± SE of 4-14 independent analyses per experimental
group. NA, not available. Statistical analysis: aP<0.01 and bP<0.001, as compared with fetuses; cP<0.001, as compared with newborns; dP=0.07 and eP<0.01,
as compared with post-weanling females; fP<0.05 and gP<0.01, as compared with the corresponding sham.
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As shown in Fig. 1, exposure of neonatal mice to light, from
birth to weaning, or of dams, for an equivalent period of time
(35 days), did not affect the baseline Sca-1 expression. In
contrast, exposure of neonatal mice to either ECS or ECS

plus light, from birth to weaning, significantly upregulated
Sca-1 expression in both males (+46.3%) and females
(+25.5%). Exposure of dams to either ECS and/or light did
not affect Sca-1 expression. Exposure of pregnant mice to
ECS throughout the gestation period resulted in an appreciable
increase of Sca-1 expression in fetus lung (+21.1%), but the
difference with sham-exposed mice did not reach the statistical
significance threshold.

Western blot analyses of lung samples from post-weanling
mice and their dams confirmed that there is upregulation of
Sca-1 protein in the lung of neonatal mice of both genders
exposed to ECS during the weaning period (Fig. 2).
Densitometric analyses, taking into account the results
obtained with the housekeeping gene GAPDH, indicated that
the ECS/Sham ratio for Sca-1 protein was 1.0 in dams, 1.7 in
post-weanling females, and 2.0 in post-weanling males.

Selective localization of Sca-1 protein in the pulmonary
vasculature. Due to its semi-quantitative nature, the immuno-
histochemical analysis of Sca-1 protein in the lung of post-
weanling mice and their dams could not discriminate the
amounts of protein as related either to age or to exposure to
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Figure 2. Western blot analyses showing the levels of Sca-1 protein and of
the housekeeping protein GAPDH in the lung of variously aged mice, either
sham-exposed or ECS-exposed.

Figure 3. Selective localization of Sca-1 protein in the pulmonary endothelial vasculature. Sca-1 was analyzed by immunohistochemistry in paraffin sections
of lung from post-weanling mice. Sca-1 was not detectable by immunoperoxidase staining in bronchial, bronchiolar, and alveolar epithelial cells (A and B),
whereas it was well evident, in the form of brownish staining, in virtually all endothelial cells of large and small vessels (B-E). Original magnification, x100
(A and D) and x400 (B, C and E).
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ECS. However, this kind of analysis was useful to localize
Sca-1 in lung cells (Fig. 3). No Sca-1 protein was detectable in
any cell of the bronchial, bronchiolar, or alveolar epithelia
(Fig. 3A-C). Conversely, Sca-1 protein, in the form of
brownish staining, was consistently detectable in endothelial
cells of the pulmonary vasculature, both capillaries (Fig. 3C)
and larger vessels (Fig. 3D and E).

Discussion

The results of the present study provide evidence that the
baseline Sca-1 expression in mouse lung tends to decrease
with age in the postnatal life. The observed age-related loss
of Sca-1 expression is in agreement with the finding that, in
healthy humans aged 1-81 years, there was an inverse relation-
ship between age and levels of circulating endothelial pro-
genitor cells, a hematopoietic stem cell subtype (19).

Of particular interest was the finding that Sca-1 was
overexpressed following exposure to ECS, but only when
exposure started at birth. As assessed by evaluating Hoechst
33342 efflux, a typical property of stem cells, non-hemato-
poietic side population cells of mouse lung were found to
express Sca-1 (20). Moreover, primary cultures of neonatal
pulmonary cells express Sca-1 and other stem cell markers,
among which Clara cell secretion protein, suggesting that
these cells represent a subpopulation of Clara cells implicated
as lung stem/progenitor cells in lung injury models (21).
Clara cells are believed to play a role not only in carcino-
genesis but also in the pathogenesis of smoke-related chronic
obstructive pulmonary diseases (22).

However, Sca-1 is a typical marker of bone marrow-
derived hematopoietic stem cells, and its expression in non-
hematopoietic organs, including the adult mouse lung, has
been ascribed to the localization of the encoded glycoprotein
on the surface of endothelial cells throughout the pulmonary
vasculature, thereby marking cells of bone marrow origin
(23). This hypothesis was supported by our immunohisto-
chemical analyses, showing that Sca-1 protein was localized
in virtually all endothelial cells of the pulmonary vasculature,
whereas it was not detectable in either bronchial, bronchiolar
or alveolar cells. It has been proposed that repetitive wounding
and bone marrow-derived stem cell mediated repair may play
a role in lung cancer development and dissemination (24).
Similarly, using a model of Helicobacter pylori infection in
mice, up to 90% of gastric mucosa cells were replaced by
bone marrow-derived cells, thus suggesting that epithelial
cancers may originate from marrow-derived sources (25). It
is likely that, in our study, the chronic inflammatory process
induced by ECS in the highly replicating mouse neonatal
lung cells may have recruited bone marrow stem cells as a
repair mechanism.

Therefore, the observed variations of Sca-1 in mouse lung,
as related to exposure of neonatal mice to ECS, are very
likely to reflect the amounts of bone marrow-derived cells in
the pulmonary vascular endothelium. This conclusion is
consistent with our previous findings that exposure to ECS
upregulates vascular endothelial growth factors (VEGFs),
endothelin, and other angiogenesis-related genes or proteins
in rodent tissues, including the fetus liver of transplacentally
exposed Swiss mice (14), the lung of A/J mice, both wild-

type and P53 mutant (26), and the lung of Sprague-Dawley
rats (27). Moreover, exposure of mice to either MCS or ECS
induced blood vessel proliferation in the lung as well as in
liver and kidney (13,17). Sca-1-positive cells and their derived
cells demonstrated significant recruitment to Lewis lung
carcinoma in a syngenic bone marrow transplantation mouse
model, although these cells were not found to functionally
contribute to tumor neovascularization (28). Moreover, Lewis
lung carcinoma-derived tumor endothelium expresses signi-
ficantly greater levels of Sca-1 protein than normal murine
endothelium (29).

Together with other possible mechanisms, which have
been described in the Introduction, the greater abundance of
endothelial cells differentiated from bone marrow stem cells
in the lung at birth and early in life, along with their further
increase following exposure of mice to cigarette smoke, may
contribute to explain the high vulnerability of neonatal mice
to carcinogenesis of MCS (13) and to molecular, bio-
chemical, cytogenetical, and early histopathological
alterations induced by ECS in the respiratory tract (6) and in
the cardiovascular system (7). It is likely that, in our study,
the chronic inflammatory process induced by ECS in the
highly replicating mouse neonatal lung cells may have
recruited bone marrow stem cells as a repair mechanism. It is
noteworthy that cultured stem-derived cells are more
susceptible than more differentiated cells to chemically
induced molecular alterations (30). These concepts are in
agreement with the ‘Barker hypothesis’ (31) that early
exposure to toxic agents could affect diseases later in life by
their ability to alter stem cell pools in various tissues.

In conclusion, Sca-1 tends to decrease with age after birth
in mouse lung. Sca-1 is exclusively localized in the pulmonary
vasculature. Sca-1 expression and Sca-1 protein in the lung
are significantly increased when neonatal mice are exposed
to ECS during the weaning period, which may contribute to
explain the high susceptibility to smoke carcinogens early in
life.
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