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Abstract
While the pathologies associated with in utero smoke exposure are well established, their
underlying molecular mechanisms are incompletely understood. We differentiated human
embryonic stem cells in the presence of physiological concentrations of tobacco smoke and
nicotine. Using post hoc microarray analysis, quantitative PCR, and immunoblot analysis, we
demonstrated that tobacco smoke has lineage- and stage-specific effects on human embryonic
stem cell differentiation, through both nicotine-dependent and -independent pathways. We show
that three major stem cell pluripotency/differentiation pathways, Notch, canonical Wnt, and
transforming growth factor-β, are affected by smoke exposure, and that Nodal signaling through
SMAD2 is specifically impacted by effects on Lefty1, Nodal, and FoxH1. These events are
associated with upregulation of microRNA-302a, a post-transcriptional silencer of Lefty1. The
described studies provide insight into the mechanisms by which tobacco smoke influences fetal
development at the cellular level, and identify specific transcriptional, post-transcriptional, and
signaling pathways by which this likely occurs.
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Introduction
The human fetus is susceptible to molecular and biological teratogens throughout gestation.
The human placenta is particularly permeable to many of the compounds in tobacco smoke
such as nicotine, carbon monoxide, and polyaromatic hydrocarbons (Longo, 1976; Myers et
al., 1996; Pastrakuljic et al., 1998; Whyatt et al., 2001). Fetuses exposed to tobacco smoke
in utero are more likely to be born pre-term and underweight, both of which are associated
with an increased risk of numerous pathologies including respiratory distress syndrome,
cardiovascular defects, cleft lip and palate, immunodeficiency, and an increased risk of
Sudden Infant Death Syndrome (Andres and Day, 2000; Hackshaw et al., 2011; Higgins,
2002). In utero tobacco smoke exposure has also been linked to an increased risk of
pediatric hematological malignancies (John et al., 1991; Magnani et al., 1990). Later in life,
children who were exposed to tobacco smoke in utero have been shown to be at increased
risk of developing attention deficit and hyperactivity disorders, as well as other behavioral
and psychological problems (Indredavik et al., 2007).

Although the clinical manifestations of in utero tobacco smoke exposure are well
documented, the underlying mechanisms for these pathologies are not completely
understood. Recent analysis of microarray profiles of fetal tissues exposed to tobacco smoke
in utero has demonstrated global changes in mRNA expression (Hussain et al., 2008),
however, the link between these large molecular perturbations and their effects on
developmental mechanisms are for the most part unknown. Stem cell models have been used
to investigate the effects of tobacco on cellular development (Zdravkovic et al., 2008; Zhang
et al., 2005), however, these studies were confined to examining the effects of nicotine only,
and relied on models of brief exposure that may not reflect the long-term exposure
experienced by fetal tissue. Additionally, the singular evaluation of nicotine in these studies
excluded consideration of the effects of other components of tobacco smoke, such as carbon
monoxide and polyaromatic hydrocarbons, which are known to have physiological and
potential developmental effects (Longo, 1976; Whyatt et al., 2001).

To determine the effects of tobacco smoke and nicotine on human embryonic development,
we developed a human embryonic stem cell (hESC) culture model of tobacco smoke and
nicotine exposure. We exposed hESCs to tobacco smoke-infused and nicotine-supplemented
medium during spontaneous hESC differentiation through embryoid body formation. We
examined whether tobacco smoke affects the formation of embryonic germ layers and
impacts the pluripotent state in hESCs. Our results also led us to examine the role of the
Nodal signaling pathway in mediating the effects of tobacco smoke on human embryonic
development.

Materials and Methods
Post hoc expression profiling analysis

Expression profiling of cord tissue from smoking and non-smoking mothers was performed
as previously described (Hussain et al., 2008) with approval from the Institutional Review
Board at the University of Connecticut. All data were previously deposited to Gene
Expression Omnibus (GSE11798; http://www.ncbi.nlm.nih.gov/geo/). Anonymous raw
microarray data were formatted in Excel (Microsoft), and the data uploaded into the Core
Analysis function of Ingenuity Pathway Analysis (IPA; Ingenuity Systems) using the
following settings: all databases were selected to maximize the identification of microarray
probes; the Ingenuity Knowledge Base (genes only) reference set was used to investigate
experimentally observed direct relationships only; duplicate probes were resolved using the
average fold change. Parameters were set to p<0.05 and a fold-change of at least 1.5. Data of
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affected biological pathways were taken from the Top Functions tab of the analyzed data set
in IPA.

hESC culture and differentiation
Undifferentiated GFP H9 stem cell lines were maintained in culture and differentiated by
human embryoid body (hEB) formation as previously described (Gaur et al., 2010; King et
al., 2009; Ritner et al., 2011). At day four of hEB formation, equal numbers of
differentiating hEBs were plated onto gelatin-coated plates in the presence of differentiation
medium (DM; Knockout DMEM (Invitrogen), 20% Defined Fetal Bovine Serum (Hyclone),
2 mM glutamine, 0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoethanol), DM
infused with tobacco smoke as described below, or DM with 3.30 μM l-nicotine (Acros
Organics). Tobacco smoke and nicotine concentrations were chosen as discussed in Results.
Medium was exchanged every 48 hours with freshly prepared medium.

Media preparation and analysis
Research-grade cigarettes (3R4F) were purchased from the Reference Cigarette Program at
the University of Kentucky maintained by the U.S. Department of Agriculture. Cigarettes
were smoked using a closed extraction system previously described (Carp and Janoff, 1978).
One cigarette was smoked into 20 mL pre-warmed DM, and 10 mL of smoke-infused DM
was filtered through a 0.22 μM syringe filter. A 125 μL aliquot of filtered, smoke-infused
medium was added to 2.875 mL pre-warmed DM. The nicotine concentrations of smoke-
infused medium and control DM were determined by gas chromatography at the Tobacco
Biomarkers Core Facility of the Helen Diller Family Comprehensive Cancer Center of the
University of California San Francisco. The described dilution yielded an average nicotine
concentration of 3.39 μM, approximating fetal tissue exposure to the smoke of one cigarette
as explained in Results.

TUNEL staining and flow cytometry
Apoptosis was assayed in differentiating hESCs at days 8, 14, and 21 by scraping cells into
cold phosphate-buffered saline (PBS), disaggregating cells in 0.05% trypsin-EDTA for 5
minutes at 37C, resuspending cells in cold PBS with 20% horse serum, and terminal
deoxynucleotidyl transferase dUTP nick end-labeling using the TMR TUNEL Staining kit
(Roche) according to the manufacturer’s instructions. Fluorescein isothiocyanate signals
were collected for ≥50,000 cells using a BD LSR II flow cytometer, and data were analyzed
using FlowJo software (Tree Star, Inc.) on a Macintosh platform.

Quantitative real-time PCR
Total RNA from control, tobacco smoke-exposed, and nicotine treated hEBs was obtained
using TRIZOL reagent (Invitrogen). For quantitative real-time PCR (qPCR) analysis of
mRNA expression, cDNA was synthesized from total RNA using SuperScript III
(Invitrogen) following the manufacturer’s instructions, and cDNA was pre-amplified and
qPCR performed as previously described (Ritner et al., 2011). For qPCR analysis of
microRNA expression, cDNA was transcribed from total RNA using the TaqMan
microRNA Reverse Transcription kit (Applied Biosystems). Relative expression was
determined using the TaqMan Assay (Applied Biosystems) on an Applied Biosystems 7300
Real-Time PCR system with the following primer pairs: Oct4 (Hs00742896_s1), Nanog
(Hs02387400_g1), Nestin (Hs00707120_s1), βIII tubulin (Hs00964965_m1), Brachyury
(Hs00610080_m1), Tal1 (Hs00268434_m1), Nkx2-5 (Hs00231763_m1), α-fetoprotein
(Hs00173490_m1), FoxA2 (Hs00232764_m1), Hes1 (Hs00172878_m1), Nodal
(Hs01086749_m1), Lef1 (Hs01547250_m1), Lefty1 (Hs00764128_s1), FoxH1
(Hs00182690_m1). All assays were normalized to the signal for GAPDH (4326317E).

Liszewski et al. Page 3

Differentiation. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MicroRNA-302a expression was quantified using hsa-miR-302a primer pairs (ABI 000529)
normalized against RNU44 (001094) and RNU48 (001006) controls.

Immunoblot analysis
Whole cell lysates from hESC cultures differentiated for 14 days were prepared in 50 mM
Tris, pH 7.5, 150 mM NaCl, 0.5% deoxycholate, 1% NP-40, 0.1% SDS, and Protease
Inhibitor Cocktail (Roche), separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and analyzed by immunoblot as previously described (Epting et al., 2004).
Undifferentiated hESCs treated with 50 ng/ml human Activin A (Humanzyme; HZ-1137)
for 4 hr at 37°C were used as a positive control for phosphorylated SMAD2. Primary
antibodies included monoclonal rabbit anti-SMAD2 (Cell Signaling; 3122), monoclonal
mouse anti-phospho(Ser465/467)-SMAD2 (Cell Signaling; 3103), and polyclonal goat anti-
actin (Santa Cruz Biotechnology; SC-1616). Immunoblot signals were quantified with
ImageJ64 (NIH).

Statistical analysis
Differences between two groups (qPCR) were tested for significance by unpaired t-test, and
for three or more groups (TUNEL) by one-way analysis of variance, followed by
Bonferroni’s post-test to isolate specific differences. A value of p<0.05 was considered
significant. All analyses were performed using SPSS (IBM) for Macintosh.

Results
Tobacco smoke exposure alters fetal gene expression

Previous analysis of umbilical cord tissue from fetuses exposed to tobacco smoke in utero
demonstrated upregulation of genes important for fetal growth, angiogenesis, and
development of connective tissue (Hussain et al., 2008). To determine whether these
findings extended to a sensitivity of specific embryonic germ layers to tobacco smoke
exposure, we performed further post hoc pathway analysis of this data set. Using cutoffs for
fold-change in gene expression greater than 1.5, and significance of p<0.05, we identified
genes that could be ascribed to the development of specific physiological systems (Table 1).
This identified gene products important in the development of tissues arising from
mesoderm (e.g., AKT2, annexin A1, BCL3, interleukin-23, PI3 kinase, cyclooxygenase-2,
SOCS1, and STAT5B (Boniface et al., 2008; Chen et al., 2003; Damazo et al., 2007; Diao et
al., 2009; Palmer and Chen, 2008; Peng et al., 2003; Ramjaun and Downward, 2007;
Trenerry et al., 2011)), as well as transcripts fundamental to cellular development across
germ layers (e.g., CREB1, integrin β1, focal adhesion kinase, neurofibromin 1, palladin
(Chatzizacharias et al., 2010; Diwakar et al., 2008; Faraldo et al., 2000; Ingram et al., 2002;
Jin, 2011; Kossler et al., 2011; Leone et al., 2011; Luo et al., 2005; Potocnik, 2000;
Sengbusch et al., 2002; Wang and Moser, 2008; Yashpal et al., 2005; Zubenko and Hughes,
2010)). The systems with the highest numbers of differentially expressed genes in tobacco-
exposed tissues included the hematological, musculoskeletal, and cardiovascular systems, all
of which have mesodermal origins (Fig. 1).

Development of a cell culture model of tobacco smoke exposure
To further explore the mechanisms responsible for tobacco-related alterations in the human
developmental program, we developed a cell culture model of tobacco smoke exposure in
differentiating human embryonic stem cells (hESCs). Nicotine concentrations in fetal serum
have been demonstrated to be 1.12 times higher than in maternal serum (Luck et al., 1985).
In adults, one cigarette causes blood nicotine concentrations from 0.03 μM to 0.45 μM with
an average of 0.20 μM (Russell et al., 1980). Other studies have demonstrated that there is a
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considerable amount of variability in the blood nicotine levels between individuals who
smoke the same number of cigarettes (Benowitz et al., 1982). In fetal tissues, the
concentration of nicotine is considerably higher, with reported concentrations of 0.9–14.2
μM in amniotic fluid and 0.3–15.4 μM in fetal serum (Luck et al., 1985). Based on these
reports, and the concentrations studied in other investigations of nicotine effect on hESCs
(0.1–6.0 μM) (Zdravkovic et al., 2008), we targeted a nicotine concentration of 3–5 μM in
our experiments.

We smoked cigarettes into a closed system containing hESC differentiation medium, and
determined the concentration of nicotine in the smoked medium using gas chromatography.
The mean nicotine concentration achieved by smoking one research grade cigarette into 20
mL DM followed by 1:24 dilution into DM was 3.4±1.9 μM, compared to control (no
smoke) samples with nicotine concentrations <0.06 μM, the minimum concentration that
could be detected (N=5, p<0.01).

Nicotine exists in two isomers: physiologically active l-nicotine (S-(−)-nicotine), which is
present in tobacco, and less active d-nicotine (R-(+)-nicotine), which is absent from tobacco.
In the process of smoking, approximately 2.6% of all l-nicotine in tobacco is converted to d-
nicotine (Liu et al., 2008). Since gas chromatography was unable to resolve the relative
percentages of l- and d-nicotine, we assumed that our smoke-exposed medium contained
3.30 μM l-nicotine. Based on these calculations, we performed all subsequent experiments
with either smoke-exposed medium containing an estimated active nicotine concentration of
3.30 μM, or medium with 3.30 μM l-nicotine added, to distinguish between the nicotine-
dependent and -independent effects of tobacco smoke exposure.

Since hESCs require fastidious culture conditions (King et al., 2009), we wanted to assess
the effect of tobacco smoke and nicotine exposure on their survival. We assayed apoptosis
by TUNEL staining in tobacco- and nicotine-exposed cultures compared to untreated
controls (Fig. 2), and found that while there was a trend toward increasing apoptosis (%
TUNEL+ cells) in differentiating cultures over time (7.8±1.6 versus 17.5±1.5%, p=0.03),
there were no significant differences between treatment groups and control.

Tobacco smoke- and nicotine-exposed hESCs demonstrate a delay in differentiation
Octamer-binding transcription factor 4 (Oct4/POU5F1) and Nanog are required for
maintenance of pluripotency (Kashyap et al., 2009), and their expression is used as a marker
of undifferentiated hESCs (King et al., 2011). To determine whether tobacco smoke
exposure affects the differentiation of hESCs, we assayed Oct4 and Nanog mRNA
expression by qPCR in differentiating hESCs treated with tobacco smoke containing
nicotine, or nicotine alone (Fig. 3). Compared to untreated differentiating cells, both Oct4
(Tobacco: 1.0±0.3 versus 2.9±0.2 at day 14, p<0.001; 1.0±0.3 versus 2.7±0.2 at day 21,
p=0.001; Nicotine: 1.0±0.3 versus 2.7±0.2 at day 14, p=0.001; 1.0±0.3 versus 2.6±0.1 at day
21, p=0.001) and Nanog (Tobacco: 1.0±0.1 versus 2.5±0.5 at day 14, p=0.007; 1.0±0.2
versus 2.5±0.3 at day 21, p=0.002; Nicotine: 1.0±0.1 versus 2.8±0.2 at day 14, p<0.001;
1.0±0.2 versus 2.5±0.1 at day 21, p<0.001) expression was upregulated in hESCs cultured in
differentiation medium for 14 and 21 days. These time points were specifically chosen as
they represent stages at which differentiating hESC cultures are comprised mostly of
differentiated cells alongside a small population of residual pluripotent Oct4+Nanog+ cells
(day 14), or manifest tissue-specific cells from all three germ layers with few if any
Oct4+Nanog+ cells (day 21) (King et al., 2011; King et al., 2009; Ritner et al., 2011). There
was no significant difference in the levels of these two transcripts between hESCs exposed
to tobacco smoke-infused medium or medium with nicotine alone. This suggests that the
tobacco exposure causes a delay in differentiation, and that the effects of tobacco smoke on
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hESC pluripotency, as measured by Oct4 and Nanog, may be primarily due to the effects of
nicotine.

Tobacco and nicotine have widespread and distinct effects on embryonic germ layer
development

To further delineate the impact of tobacco smoke on hESC differentiation, we examined the
effects of exposure on the expression of genes that identify the three embryonic germ layers,
ectoderm, mesoderm and endoderm (Fig. 4). We used qPCR to determine the expression of
βIII tubulin and Nestin (ectoderm), Brachyury, Tal1 and Nkx2-5 (mesoderm), and α-
fetoprotein and FoxA2 (endoderm) in tobacco smoke- and nicotine-exposed hESCs at 14
and 21 days in differentiation medium. At day 14, a nearly 10-fold increase in the early
mesodermal marker, Brachyury, was observed in tobacco smoke-exposed cells (1.0±0.1
versus 9.1±0.7, p<0.001), as well as a roughly 3-fold increase in expression of the later
ectodermal marker, βIII tubulin (1.0±0.1 versus 3.1±0.2, p<0.001). At day 21, an increase in
βIII tubulin (Tobacco: 1.0±0.2 versus 33.9±1.9, p<0.001; Nicotine: 1.0±0.2 versus 26.1±6.1,
p<0.001), Brachyury (Tobacco: 1.0±0.1 versus 64.6±4.0, p<0.001; Nicotine: 1.0±0.1 versus
44.3±4.5, p<0.001), and the definitive endodermal marker, FoxA2 (Tobacco: 1.0±0.3 versus
30.9±4.2, p<0.001; Nicotine: 1.0±0.3 versus 27.3±2.8, p<0.001), were observed in both
tobacco smoke- and nicotine-exposed cells. Ordinarily, these early germ layer markers are
no longer expressed at such high levels by day 14 of differentiation in culture (King et al.,
2011), and their upregulation at this later time point suggests a delay in germ layer
specification. The increase in these genes was greater in tobacco-exposed cells compared to
cells treated with nicotine alone (βIII tubulin: 33.9±1.9 versus 26.1±6.1, p=0.10; Brachyury:
64.6±4.0 versus 44.3±4.5, p=0.004; FoxA2: 30.9±4.2 versus 27.3±2.8, p=0.28). While the
difference in gene expression was only statistically significant for Brachyury, these trends
suggest that other components of tobacco smoke impact germ layer development as well.

Nearly identical increases in expression between tobacco smoke and nicotine exposures
were observed in the early endodermal and ectodermal markers, 3-fetoprotein (2.9±0.3
versus 2.8±0.2, p=0.66) and Nestin (12.4±1.2 versus 13.8±1.1, p=0.21), respectively,
consistent with a predominant role for nicotine in early germ layer-specific developmental
events. Nkx2-5, a late mesodermal marker of the cardiac lineage, increased in both tobacco
smoke- (1.0±0.3 versus 16.3±2.0, p<0.001) and nicotine-treated (1.0±0.3 versus 18.9±3.2,
p<0.001) cells to comparable levels (18.9±3.2 versus 16.3±2.0, p=0.30). In contrast, Tal1, a
late mesodermal marker of the hematopoietic lineage, increased seven-fold in tobacco-
exposed cells over untreated cells (1.0±0.3 versus 7.0±1.1, p<0.001), while expression in
cells treated with nicotine alone increased only slightly over the untreated cells (1.0±0.3
versus 1.3±0.2, p=0.22).

Taken together, these data suggest that tobacco smoke, as a multicomponent bioactive agent,
has a widespread effect on development of all three embryonic germ layers, consistent with
persistent expression of the pluripotency markers, Oct4 and Nanog (Fig. 3). Specifically, it
appears that the nicotine component of tobacco smoke has a significant impact on cardiac
specification (Nkx2-5) within mesoderm, while other components of tobacco smoke likely
have a greater impact on hematopoietic differentiation (Tal1) and earlier mesodermal
development (Brachyury). In contrast, nicotine appears to have a dominant effect on the
early development of ectoderm (Nestin) and endoderm (α-fetoprotein), whereas other
tobacco smoke components may target later developmental events in these tissues (βIII
tubulin and FoxA2, respectively).
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Nodal expression is altered with tobacco smoke exposure
Given the widespread developmental effects of tobacco smoke exposure, we examined the
expression of sentinel genes for the Notch, TGFβ and canonical Wnt signaling pathways in
differentiating hESCs exposed to tobacco smoke and nicotine (Fig. 5A). The Notch pathway
controls multiple cell differentiation pathways during embryonic and adult life (Liu et al.,
2010). Wnt signaling through its canonical pathway has been implicated in germ layer
specification (Wang and Wynshaw-Boris, 2004). Signaling through TGFβ regulates multiple
effectors of embryonic stem cell pluripotency and differentiation (Ogawa et al., 2007). We
assessed the expression of Hes1, a downstream effector of Notch, Nodal, a TGFβ ligand
specifically implicated in cell differentiation (Watabe and Miyazono, 2009), and Lef1, a
transcription factor that reports canonical Wnt activity (Ling et al., 2009), in tobacco smoke-
and nicotine-treated differentiating hESCs at 14 days. Expression levels of all three sentinel
genes were upregulated with both tobacco smoke and nicotine exposure, however, the most
prominent impact was seen with Nodal expression (Tobacco: 1.0±0.2 versus 72.4±5.3,
p=0.0001; Nicotine: 1.0±0.2 versus 48.3±3.4, p=0.0001). In addition, Nodal expression in
response to tobacco smoke was 50% higher compared to nicotine exposure alone (72.4±5.3
versus 48.3±3.4, p=0.003), suggesting both nicotine-dependent and -independent effects of
tobacco smoke on Nodal-mediated TGFβ signaling.

Nodal is essential for left-right axis symmetry and its expression contributes to the
maintenance of stem cell pluripotency (Beddington and Robertson, 1999; Lee et al., 2011;
Ogawa et al., 2007). Upon binding to its receptor, Nodal stimulates a signaling cascade that
leads to the phosphorylation and binding of SMAD2/3 (Besser, 2004). The phospho-
SMAD2/3 complex enters the nucleus and forms a transcriptional complex with SMAD4
and FoxH1 to control the expression of Nodal and other targets that promote pluripotency,
including Oct4 (Lee et al., 2011) and Lefty, a negative regulator of Nodal (Pogoda et al.,
2000; Saijoh et al., 2000).

Using qPCR, we assessed the expression of Lefty1, Nodal, and FoxH1 in differentiating
hESCs exposed to tobacco smoke and nicotine (Fig. 5B). At day 14, Nodal expression was
50–75-fold higher in nicotine- and tobacco smoke-exposed cells, respectively, compared to
untreated cells (Nicotine: 1.0±0.2 versus 48.3±3.4, p=0.0001; Tobacco: 1.0±0.2 versus
72.4±5.3, p=0.0001), and FoxH1 expression was also upregulated in exposed cells
(Nicotine: 1.0±0.2 versus 23.9±2.6, p=0.0001; Tobacco: 1.0±0.2 versus 19.4±1.3,
p=0.0001). Lefty1 expression was depressed, more so in tobacco smoke-exposed cells
(Nicotine: 1.0±0.1 versus 0.6±0.1, p=0.008; Tobacco: 1.0±0.1 versus 0.3±0.0, p=0.0003).
These data suggest that Nodal signaling may be responsible for persistence of the pluripotent
state observed with tobacco smoke exposure (Fig. 3). In addition, the increased expression
of Nodal in response to tobacco smoke compared to nicotine alone (72.4±5.3 versus
48.3±3.4, p=0.003) supports both nicotine-dependent and -independent effects of tobacco
smoke on Nodal signaling.

Nodal signaling through SMAD2 mediates the delay in differentiation seen with tobacco
smoke exposure

To confirm that increased Nodal expression results in increased Nodal activity in tobacco
smoke-exposed hESCs, we evaluated SMAD2 and phosph-SMAD2 levels in differentiating
hESCs exposed to tobacco smoke and nicotine by immunoblot (Fig. 5C). Activin A
stimulation of undifferentiated hESCs was used as a positive control for SMAD2
phosphorylation. We observed an increase in phosphorylated SMAD2 relative to total
SMAD2 in tobacco smoke- and nicotine-exposed cells at 14 days of differentiation,
consistent with an increase in signaling through Nodal. This provided biochemical
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confirmation that Nodal signaling likely causes the delay in hESC differentiation seen with
tobacco exposure.

MicroRNA-302a, a positive regulator of Nodal signaling, is upregulated with tobacco
smoke exposure

MicroRNAs (miRNAs) are small RNAs thought to control the post-transcriptional
expression of >30% of all coding genes, and influence numerous biological processes,
including stem cell pluripotency (Mallanna and Rizzino, 2010). miRNAs primarily support
post-transcriptional gene silencing by targeting specific mRNA transcripts for degradation
or by inhibiting their translation (Mallanna and Rizzino, 2010). Oct4 and Nanog have been
shown to promote pluripotency by activating the transcription of the miRNA-302 cluster.
The miRNA-302 cluster is only expressed in early stages of embryogenesis and has been
shown to promote pluripotency (Card et al., 2008). miRNA-302a specifically has been
demonstrated to inhibit translation of Lefty1 (Rosa et al., 2009), a negative regulator of
Nodal (Hamada et al., 2002). Because of the effect of tobacco smoke exposure on Nodal
expression and signaling through SMAD2, we assessed miRNA-302a expression in
differentiating hESCs exposed to tobacco smoke by qPCR (Fig. 6). We observed an increase
in miRNA-302a expression at day 14 of differentiation in tobacco smoke-exposed cells
compared to untreated cells (2.3±0.6 versus 1.0±0.2, p=0.02). This is consistent with the
persistence in pluripotency observed, as evidenced by the increase in Oct4 and Nanog
expression (Fig. 3). This also suggests a post-transcriptional regulatory process to explain
the observed activation of Nodal signaling, through miR-302a-mediated downregulation of
Lefty1 (Fig. 5B).

Discussion
We found that in vivo exposure to tobacco smoke influenced gene expression in cord tissue
obtained from smoking versus non-smoking mothers, and that gene expression patterns
indicated predominant effects on organ systems derived from mesoderm (hematological,
musculoskeletal, reproductive, cardiovascular). Others have recently shown that graded
Nodal signaling titrates the balance between pluripotency and specifically mesoendodermal
differentiation in embryonic stem cells (Lee et al., 2011), supporting our studies implicating
Nodal signaling in tobacco smoke-mediated developmental patterns.

Studies in differentiating hESCs in culture showed sustained expression levels of the
pluripotency markers, Oct4 and Nanog, as well as the early mesodermal marker, Brachyury,
in both tobacco and nicotine treated cells, suggesting a nicotine-dependent delay in
differentiation. However, the delayed up-regulation of the hematopoietic lineage marker,
Tal1, in day 21 exposed cells suggests a nicotine-independent delay in the differentiation of
the hematopoietic lineage. These results indicate that tobacco smoke can perturb normal
development independently of nicotine, and that modeling tobacco smoke exposure in vitro
with nicotine exposure alone fails to account for the myriad other toxins in tobacco smoke
that can affect differentiation.

hESC have proven to be a versatile system for modeling fetal toxicology and development
(Pal et al., 2011). We have shown that with gas chromatography, it is possible to deliver
physiological concentrations of tobacco smoke components to hESCs. Our approach
contrasts that of other groups who have exposed cell cultures to tobacco smoke without
quantifying the concentration of nicotine or other components that were being delivered
(Crane-Godreau et al., 2009; Nana-Sinkam et al., 2007). Although other studies have
provided results indicating the potential effects of tobacco components on cells, it is quite
possible that those studies introduced toxins at concentrations significantly above
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physiological levels. Subtle changes in key signaling pathways may be overlooked or even
exaggerated under these circumstances.

Genome-wide examination of the effects of tobacco smoke on fetal tissues suggests that
tobacco smoke results in perturbed development of several distinct tissues and organ
systems, particularly those of mesodermal origin. Using titered tobacco smoke and nicotine
exposure models, we demonstrated elevated expression of pluripotency markers, Oct4 and
Nanog, at days 14 and 21 of differentiation with exposure to tobacco smoke and nicotine.
Nearly identical expression of pluripotency markers in both total smoke and nicotine treated
cells suggests that the nicotine component in tobacco smoke has a widespread effect on stem
cell pluripotency and differentiation.

Our assessment of embryonic germ layer development suggests a nicotine-dependent delay
specifically in the mesodermal lineage and a minor delay in endodermal differentiation.
Interestingly, the delay in differentiation is more pronounced in the tobacco smoke exposed
cells, compared to treatment with nicotine alone. The more pronounced upregulation of
Brachyury in tobacco smoke-treated cells than with nicotine exposure at day 14, with
subsequent similar alterations in both tobacco smoke- and nicotine-treated cells at day 21,
suggest that various components of tobacco smoke, including nicotine, may play important
roles in the tempo of cell differentiation in a stage-specific manner. The absence of
significant changes in expression of the primitive endodermal marker, α-fetoprotein, with
either tobacco smoke or nicotine treatment at either time point suggests that there is very
little effect of tobacco components on the development of early endoderm. In contrast, a
significant increase in FoxA2 expression, a hallmark of definitive endoderm, was observed
in both total smoke and nicotine exposed cells, suggesting a nicotine-dependent delay later
in endodermal differentiation.

In mesoderm, the effects of tobacco smoke and nicotine vary between lineages. High
expression of Brachyury at day 14 in smoke treated cells relative to control and nicotine
treatment suggests a nicotine-independent delay of early mesodermal differentiation.
Nkx2-5, an early marker of cardiac mesoderm, is upregulated in nicotine and tobacco treated
cells at both 14 and 21 days. However, Tal1, a marker of the hematopoietic lineage, is
upregulated at the later time point only in tobacco smoke-exposed cells. These observations
suggest a nicotine-dependent effect on cardiac mesoderm as distinct from the nicotine-
independent effects on hematopoietic development.

In addition to their effects on both germ layer development and lineage determination,
tobacco smoke and nicotine had distinct effects on major signaling pathways that regulate
stem cell pluripotency and differentiation. Three of the most important pathways implicated
in stem cell activity, Notch, canonical Wnt, and TGFβ, were altered by tobacco exposure,
with the most prominent change in expression seen with the TGFβ-associated cytokine,
Nodal. Nodal signals through SMAD2, and we observed upregulation of SMAD2
phosphorylation that paralleled upregulation of Nodal expression. Interestingly, while total
smoke had a greater effect on Nodal expression than nicotine, the level of SMAD2
phosphorylation was higher in nicotine-treated cells than in those exposed to total tobacco
smoke. A possible explanation is that while nicotine may be only one component of tobacco
smoke that impacts Nodal expression, nicotine may affect other Nodal-independent
pathways that converge on SMAD2 signaling as well.

Until recently, previous investigations into the role of Nodal signaling in ESC fate decisions
have been difficult to reconcile. There has been evidence that Nodal both maintains self-
renewal and plutipotency (Mavrakis et al., 2007; Vincent et al., 2003), and that it promotes
differentiation (Beattie et al., 2005; James et al., 2005). A recent study, however, sheds light
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on the mechanism by which Nodal signaling participates in both processes (Lee et al., 2011).
Lee et al. showed that any interference with endogenous Nodal signaling levels impacts
Oct4 expression in a graded manner through SMAD2 binding to specific sequences in its
promoter (Lee et al., 2011). In their studies, high-level Nodal signaling with Activin induced
differentiation toward mesoendoderm, while low-level signaling promoted SMAD2 binding
to and positive regulation of the Oct4 promoter. Repression with the Nodal inhibitor,
SB431542, induced trophectodermal differentiation. This work provides mechanistic
support for our observation that while tobacco/nicotine-induced Nodal signaling through
SMAD2 resulted in persistence of pluripotency (i.e., expression of Oct4 and Nanog) and
delayed differentiation, its effects on differentiation across germ layers were stage-
dependent and favored mesoendoderm. It is likely that various components of tobacco
smoke, including nicotine, are disrupting the graded Nodal signaling elucidated by Lee et al.
(Lee et al., 2011).

We also observed suppressed expression of the competitive Nodal inhibitor, Lefty1, and
upregulated expression of the downstream Nodal effector, FoxH1, with both tobacco smoke
and nicotine, consistent with the observations made for Nodal expression and signaling. In
addition, we found that miR-302a, a member of a cluster of short regulatory RNAs known to
play a role in stem cell differentiation, was upregulated with tobacco smoke exposure.
Lefty1 is a known target of miR-302a, and likely mediates the effects of tobacco smoke on
Lefty1 expression leading to Nodal activation. These studies also provide the first evidence
of which we are aware that tobacco smoke exposure impacts the post-transcriptional
regulation of cellular activity through miRNAs.

In summary, we have employed a controlled system for delivering physiological
concentrations of nicotine and tobacco smoke to differentiating hESCs. We have
demonstrated that hESCs differentiated in the presence of tobacco smoke and nicotine
display widespread alterations in pluripotency and differentiation potential. We also provide
evidence that nicotine is not the sole component of tobacco smoke responsible for
developmental effects, and that both nicotine and other tobacco smoke components impact
cellular differentiation in a stage- and lineage-dependent manner. Beyond these
observations, we have shown that at least some of the effects of tobacco smoke on stem cell
pluripotency are mediated through Nodal signaling through SMAD2 to FoxH1, as
influenced by the Nodal inhibitory protein, Lefty1, and its regulatory miRNA, miR-302a.
These studies provide important insight into both the global dysregulation and specific
molecular mechanisms of development that may be responsible for the adverse effects of
cigarette smoke on the embryo, fetus, infant, and child through exposure in utero. They also
confirm that exposure to tobacco smoke, as well as nicotine in various forms, may have
profoundly deleterious effects on a wide range of tissues in the developing embryo.
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Highlights

• Pathologies associated with in utero smoke exposure are incompletely
understood.

• We used human embryonic stem cells as a model of tissue differentiation.

• Notch, canonical Wnt, and TGFβ pathways were affected by smoke exposure.

• Nodal signaling through SMAD2 was mediated by miR-302a, Lefty1, and
FoxH1.
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Fig. 1. Tobacco smoke exposure has a widespread effect on fetal tissue development
A previously described data set (Hussain et al., 2008) was analyzed using Ingenuity Pathway
Analysis with cutoffs of fold-change >1.5 and significance at p<0.05. The top four tissue- or
organ-specific biological functions were identified. Three of the four systems identified
(hematological, musculoskeletal, cardiovascular) derive from embryonic mesoderm, while
the remaining system, neurological, arises from ectoderm.
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Fig. 2. Tobacco smoke exposure does not affect apoptosis in differentiating human embryonic
stem cells
hESCs were cultured in differentiation conditions for 8, 14, or 21 days in control, nicotine-
supplemented, or tobacco smoke-exposed media, and apoptosis was quantified by flow
cytometric analysis of TUNEL staining. Data shown are mean±SD (N=3). Apoptosis levels
were similar in all conditions at each time point, and an increase in apoptosis was observed
with progress of differentiation.

Liszewski et al. Page 17

Differentiation. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Tobacco smoke exposure causes persistence of human embryonic stem cell pluripotency
hESCs were cultured in differentiation conditions for 14 or 21 days in control, nicotine-
supplemented, or tobacco smoke-exposed media, and expression of Oct4 and Nanog was
evaluated by quantitative real-time PCR. Data shown are mean±SD (N=4). Significant
increases in expression of both pluripotency genes were observed at both time points. This
effect was similar for both tobacco smoke exposure and nicotine alone.
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Fig. 4. Effects of tobacco smoke exposure on embryonic germ layer development
hESCs were cultured in differentiation conditions for 14 (upper panel) or 21 (lower panel)
days in control, nicotine-supplemented, or tobacco smoke-exposed media, and expression of
markers for embryonic ectoderm (Ecto), mesoderm (Meso) and endoderm (Endo) was
evaluated by quantitative real-time PCR. Data shown are mean±SD (N=4). Persistent
expression of the early mesodermal marker, Brachyury, and ectodermal marker, βIII tubulin,
was seen despite culture under differentiation conditions at both time points. In addition,
persistently elevated expression of markers for all three germ layers was observed at 21
days, suggesting a widespread delay in differentiation. In some cases, the changes in
expression were similar with both tobacco smoke and nicotine treatment (i.e., nestin,
Nkx2-5, α-fetoprotein), suggesting these effects may be predominantly due to nicotine,
while for other markers, the effects were greater for tobacco smoke (i.e., βIII tubulin,
Brachyury, Tal1, FoxA2), consistent with additive effects from other smoke components.
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Fig. 5. Nodal signaling mediates the effects of tobacco smoke on differentiation
hESCs were cultured in differentiation conditions for 14 days in control, nicotine-
supplemented, or tobacco smoke-exposed media. A) Expression of genes associated with
Notch (Hes1), TGFβ (Nodal) and canonical Wnt (Lef1) signaling pathways was evaluated
by quantitative real-time PCR. Data shown are mean±SD (N=3). While all three
developmentally important pathways were affected by tobacco smoke exposure, the greatest
effect was seen with Nodal. In addition, the significant difference between Nodal
upregulation with tobacco smoke and nicotine alone suggested that the effects of tobacco
smoke on Nodal occur through nicotine-dependent and -independent mechanisms. B)
Expression of Nodal, the Nodal inhibitor, Lefty1, and the Nodal effector, FoxH1, was
evaluated by quantitative real-time PCR. Data shown are mean±SD (N=3). While the Nodal
effector, FoxH1, was upregulated with tobacco smoke and nicotine exposure, Lefty1, a
Nodal inhibitor, was downregulated, implicated the Nodal pathway in mediating tobacco
smoke related effects. C) Whole cell lysate from Activin A-stimulated, undifferentiated
hESCs (C; positive control), and hESCs differentiated for 14 days and treated with tobacco
smoke- (T) or nicotine-supplemented medium (N), or untreated medium (U), were analyzed
by immunoblot for total SMAD2 and phosphorylated SMAD2 (P-SMAD2) expression (left
panel). Actin expression was used as a loading control. Immunoblot signals for SMAD2 and
P-SMAD2 were quantified, normalized to Actin signals, and expressed as a ratio of P-
SMAD2:SMAD2 (right panel). Typical results are shown. There was no difference in
SMAD2 expression between samples, however, P-SMAD2 was upregulated with tobacco
smoke exposure and more so with nicotine treatment, consistent with a delay in
differentiation. The increase in SMAD2 phosphorylation with nicotine compared to tobacco
smoke exposure suggests that nicotine may be the predominant effector of Nodal signaling
through SMAD2, even though Nodal expression was higher with total tobacco smoke.
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Fig. 6. MicroRNA-302a is upregulated with tobacco smoke exposure
hESCs were cultured in differentiation conditions for 14 days in control or tobacco smoke-
exposed medium, and miRNA-302a expression was evaluated by quantitative real-time
PCR. Data shown are mean±SD (N=3). Tobacco smoke induced a >2-fold increase in
miR-302a expression, consistent with the observed downregulation of the Nodal inhibitor,
Lefty1 (Fig. 5B).
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Table 1

Fold-change >1.5 (p<0.05) in system-specific genes with in utero tobacco exposure

ID Gene Fold- change p-value

Hematological development

 SOCS1 suppressor of cytokine signaling 1 −2.10 0.05

 AP3D1 AP-3 complex subunit δ1 −2.01 0.00

 ANXA1 annexin A1 −1.94 0.04

 CSF2RA GMCSF receptor/CD116 −1.94 0.03

 SYK spleen tyrosine kinase −1.86 0.04

 CST3 cystatin 3 −1.79 0.04

 KLF13 Kruppel-like factor 13 −1.77 0.02

 CDK6 cyclin-dependent kinase 6 −1.71 0.03

 WASL Wiskott-Aldrich syndrome gene-like −1.67 0.00

 MLLT10 leukemia AF-10 protein −1.64 0.02

 LMAN1 lectin mannose-binding 1 −1.63 0.05

 TOP2A DNA topoisomerase 2α −1.63 0.02

 NF1 neurofibromin 1 −1.62 0.01

 AKT2 RACβ serine/threonine-protein kinase −1.60 0.01

 PTGS2 cyclooxygenase-2 −1.59 0.04

 CD8B cluster of differentiation 8B −1.58 0.02

 KLK3 prostate-specific antigen −1.57 0.05

 IFNK interferon κ −1.56 0.01

 SLC19A1 folate transporter 1 −1.55 0.04

 TSC2 3 TSC22 domain family protein 3 −1.55 0.04

 PIK3R1 phosphatidylinositol 3-kinase regulatory subunit α −1.53 0.01

 BCL3 B-cell lymphoma 3-encoded protein −1.51 0.01

 CREB1 cAMP responsive element binding protein 1 −1.51 0.02

 PALLD palladin −1.51 0.03

 IL9R interleukin 9 receptor 1.51 0.02

 CSNK1A1 casein kinase I isoform α 1.53 0.01

 IL23A interleukin-23 subunit α 1.53 0.00

 PTK2 focal adhesion kinase 1.62 0.02

 ITGB1 integrin β1 1.67 0.02

 SMARCC1 SWI/SNF complex subunit/BAF155 1.67 0.04

 PR47 47 kDa platelet receptor for type III collagen 1.69 0.04

 EBI3 Epstein-Barr virus induced gene 3 1.72 0.05

 PDPN podoplanin 1.76 0.01

 STAT5B signal transducer and activator of transcription 5B 1.94 0.04

 LCAT lecithin-cholesterol acyltransferase 1.96 0.03

Musculoskeletal development
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ID Gene Fold- change p-value

 SOCS1 suppressor of cytokine signaling 1 −2.10 0.05

 ANXA1 annexin A1 −1.94 0.04

 NOX1 NADPH oxidase 1 −1.76 0.02

 FOSL2 Fos-related antigen 2 −1.64 0.00

 IGFBP5 insulin-like growth factor-binding protein 5 −1.64 0.01

 NF1 neurofibromin 1 −1.62 0.01

 ADRA1A α1A adrenergic receptor −1.60 0.05

 AKT2 RACβ serine/threonine-protein kinase −1.60 0.01

 PTGS2 cyclooxygenase-2 −1.59 0.04

 ABCC4 ATP-binding cassette sub-family C member 4 −1.58 0.00

 KLK3 prostate-specific antigen −1.57 0.05

 PIK3R1 phosphatidylinositol 3-kinase regulatory subunit α −1.53 0.01

 BCL3 B-cell lymphoma 3-encoded protein −1.51 0.01

 CREB1 cAMP responsive element binding protein 1 −1.51 0.02

 IL23A interleukin-23 subunit alpha 1.53 0.00

 PTK2 focal adhesion kinase 1.62 0.02

 ITGB1 integrin β1 1.67 0.02

 STAT5B signal transducer and activator of transcription 5B 1.94 0.04

Cardiovascular development

 ANXA1 annexin A1 −1.94 0.04

 NOX1 NADPH oxidase 1 −1.76 0.02

 ADRA1A α1A adrenergic receptor −1.60 0.05

 PTGS2 cyclooxygenase-2 −1.59 0.04

 KLK3 prostate-specific antigen −1.57 0.05

 GLRX3 glutaredoxin-3 −1.53 0.03

 PTK2 focal adhesion kinase 1.62 0.02

 ITGB1 integrin β1 1.67 0.02

Neurological development

 FKBP5 FK506-binding protein 5 −3.86 0.00

 ARHGAP32 Rho GTPase-activating protein 32 −1.95 0.04

 ANK2 ankyrin 2, neuronal −1.94 0.04

 DOCK1 dedicator of cytokinesis, 180 kDa −1.90 0.02

 FAM126A family with sequence similarity 126, member A −1.90 0.02

 NTRK2 TrkB receptor −1.84 0.04

 STX3 syntaxin 3 −1.81 0.03

 MAP6 microtubule-associated protein 6 −1.75 0.05

 FKBP4 FK506-binding protein 4 −1.70 0.01

 UNC13A unc-13 homolog A −1.66 0.03

 KCNJ5 G protein-activated inward rectifier K+ channel 4/5 −1.64 0.03
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ID Gene Fold- change p-value

 NF1 neurofibromin 1 −1.62 0.01

 CREB1 cAMP responsive element binding protein 1 −1.51 0.02

 PALLD palladin −1.51 0.03

 LAMA5 laminin subunit α5 1.56 0.04

 PTK2 focal adhesion kinase 1.62 0.02

 ITGB1 integrin β1 1.67 0.02

 ARHGEF10 Rho guanine nucleotide exchange factor 10 1.78 0.02

 CDC42BPA serine/threonine-protein kinase MRCKα 1.79 0.00
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