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Abstract

Introduction: Nonsyndromic cleft palate is a common birth defect (1:700) with a complex etiol-
ogy involving both genetic and environmental risk factors. Nicotine, a major teratogen present in
tobacco products, was shown to cause alterations and delays in the developing fetus.
Methods: To demonstrate the postpartum effects of nicotine on palatal development, we delivered
three different doses of nicotine (1.5, 3.0, and 4.5 mg/kg/d) and sterile saline (control) into pregnant
BALB/c mice throughout their entire pregnancy using subcutaneous micro-osmotic pump. Dams
were allowed to deliver (~day 21 of pregnancy) and neonatal assessments (weight, length, nico-
tine levels) were conducted, and palatal tissues were harvested for morphological and molecular
analyses, as well as transcriptional profiling using microarrays.

Results: Consistent administration of nicotine caused developmental retardation, still birth, low
birth weight, and significant palatal size and shape abnormality and persistent midline epithe-
lial seam in the pups. Through microarray analysis, we detected that 6232 genes were up-regu-
lated and 6310 genes were down-regulated in nicotine-treated groups compared to the control.
Moreover, 46% of the cleft palate-causing genes were found to be affected by nicotine exposure.
Alterations of a subset of differentially expressed genes were illustrated with hierarchal clustering
and a series of formal pathway analyses were performed using the bioinformatics tools.
Conclusions: We concluded that nicotine exposure during pregnancy interferes with normal
growth and development of the fetus, as well results in persistent midline epithelial seam with
type B and C patterns of palatal fusion.

Implications: Although there are several studies analyzing the genetic and environmental causes
of palatal deformities, this study primarily shows the morphological and large-scale genomic out-
comes of gestational nicotine exposure in neonatal mice palate.

Introduction

population.! Cleft palate is mostly caused by inadequate palatal
Cleft palate is the second most common birth defect in the world shelf growth and subsequent failure of the palatal midline epithe-
with a prevalence of approximately 1 in 700 depending on the lial seam (MES) to disintegrate and become confluent.? Both genetic
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and environmental components contribute to the complex etiology
of cleft palate.’ Using knockout mice models, numerous genes have
been identified associated with palatal cleft such as Tgf-p3, Tgf-
a, Msx1, Irf6, p63, Tbx22, Shh, Snail, Snai2, and Gabrb3 etc.*”
However, none of these genes have been identified as single causal
agent of cleft palate. Therefore an interaction between high-risk
alleles and environmental risk factors during embryogenesis has
been implied for the induction of cleft palate.® Smoking, alcohol
consumption, and lack of vitamins during pregnancy are among the
mostly studied environmental risk factors to date.*!!

It is well documented that maternal smoking during pregnancy
is associated with a wide variety of adverse reproductive outcomes,
such as increased rates of spontaneous abortion, premature birth,
smaller head size, and low birth weight (LBW) in newborns.!>!3
Among smoke products, nicotine is considered to be the main tera-
togenic substance that alters and delays embryonic development.'*!s
Animal studies confirmed nicotine’s teratogenic effects in disrupt-
ing development of several organs including brain and lungs, lead-
ing to adverse cognitive, emotional, and behavioral outcomes.!>!¢
Although smoking has been associated with the gene-environment
interaction for orofacial clefs (OFC),"” nicotine’s capacity to alter
the genes causing cleft palate remains as a gap in our knowledge.
Considering various factors contributing to the palate development,
we hypothesized that fetal nicotine exposure can induce differential
expression of genes involved in development, particularly palatogen-
esis. Therefore, our major objective in this study was to determine
the postpartum genetic and morphological effects of nicotine on
palatogenesis in the BALB/c murine model system.

Materials and Methods

Surgical Procedure and Nicotine Administration

BALB/c mice (Charles River Laboratory, Cambridge, MA) were
used in our studies due to their frequent use in teratogenic and
genotoxic studies and their well-characterized genome and phe-
nome.'® Following examination of female mice for the presence of
a vaginal plug as a verification of pregnancy, animals were placed
under general anesthesia at 1 days-post-coitum (dpc) using 2%
isoflurane via inhalation. The surgical field (skin) over the implan-
tation site was shaved and disinfected using 70% ethanol solution.
A small incision of 0.5c¢m was then made in the skin posterior
to the shoulder and a micro-osmotic pump (Model 1004—Alzet
Corp, Cupertino, CA) containing either sterile physiological
saline or nicotine (1.5 mg/kg/d, 3.0 mg/kg/d, or 4.5 mg/kg/d) was
implanted subcutaneously. The micro-osmotic pump delivered the
solutions continuously as 0.11pL/h without the need for external
connections or frequent handling of animals.” The incision was
closed with a wound clip (Stoelting, Wooddale, IL) and covered
with an antibiotic. The clip was removed after 14 days and dams
were allowed to give birth naturally at/around 21 days. Care and
use of experimental animals described in this work comply with
guidelines and policies of the Institutional Animal Care and Use
Committee (IACUC # 0606404-FC) of the University of Nebraska
Medical Center (UNMC).

The dose of nicotine was calculated in terms of free base, using
nicotine tartrate (Sigma Chemical Co, St Louis, MO) dissolved in a
sterile physiological saline solution. Pregnant mice were treated either
with saline or one of the following nicotine concentrations: 1.5 mg/
kg/d, 3.0 mg/kg/d, or 4.5 mg/kg/d, which is equivalent to 1-, 2-, and
3-pack-a-day smoking in humans, respectively.’ Micro-osmotic

pumps were implanted into eight pregnant mice from each group.
Numbers of pups used to test nicotine level for the groups were as
follows: 66, 58, 47, and 31 for saline control, 1.5, 3.0, and 4.5 mg/
kg/d nicotine, respectively. Success of nicotine administration
throughout the pregnancy was confirmed by testing nicotine levels
in tissue samples at birth as described in Supplementary Data (S1).

Sample Collection and Morphology Assessment

All pregnant females were allowed to deliver their litters by natural
birth (full-term pregnancy: ~21 days), after which the total num-
ber of pups per litter and number of stillborn pups per litter were
assessed. All newborn pups, including stillborns, were subjected to a
number of evaluations, which included the determination of weight
(mg) and length from tip of nose to the end of the tail (mm). The
statistical analyses were performed as explained below. Newborn
pups were also examined visually under the dissecting microscope
for existence of any OFC and palatal fusion phenotypes were clas-
sified from type A to F as described in Supplementary Data (S2).%7
Following the sacrifice of all newborn pups, palatal shelves were col-
lected using a dissecting microscope, and analyzed in three sections.
The middle one-third of the palate underwent fixation in 10% for-
malin and was prepared for hematoxyline and eosin staining using a
Tissue Tek VIP processor (GMI Inc, Ramsey, MN). The dimensional
analysis of hematoxyline and eosin-stained palatal sections were
performed using the Photoshop software (Adobe Inc, San Jose, CA).
The anterior one-third and posterior one-third of the palate were
immediately snap-frozen in liquid nitrogen for nicotine concentra-
tion assay and RNA extraction, respectively.

Microarray Processing and Bioinformatics Analysis
RNA samples from each treatment group were extracted and
quantitated as described in Supplementary Data (S3). RNA sam-
ples were profiled using Affymetrix GeneChip Mouse Genome
(MG) 430 2.0 arrays (Platform: GPL11180, Affymetrix, Inc, Santa
Clara, CA) according to the standard Affymetrix gene chip anal-
ysis protocol. Gene Chip Hybridization Oven 320 (Affymetrix)
and Gene Chip Fluidics Station 400 (Affymetrix) at UNMC
Microarray Core were used for hybridization and scanning. The
GeneChip HT MG-430 PM Array Plate is comprised of 45 000
probe sets to analyze the expression level of more than 39 000
transcripts and variants from more than 34 000 well-characterized
mouse genes. A total of eight microarray chips were studied (two
per each treatment group: saline, 1.5, 3.0, and 4.5 mg/kg/d nico-
tine). Scanned array images were analyzed by dChip as described
in Supplementary Data (S4).

The effects of nicotine on fetal development were examined in the
context of detailed molecular interaction networks using Ingenuity
Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA), a
web-delivered application used to discover, visualize, and explore
relevant networks, as described in Supplementary Data (SS5).

Statistical Analysis

Postnatal data were presented as mean = standard error of the mean.
The pups from each dam (litter) were considered to represent a sin-
gle determination. The data for pup weight at birth, pup length at
birth, palate width, and palate height were analyzed for statistical
significance using random effects analysis of variance with interpre-
tation using adjusted P values. The P values were adjusted by the
Dunnett multiple comparison (differences in the least square means
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for the three nicotine groups compared with the control = “saline”).
A P value less than .05 was considered statistically significant.

Results

Validation of Nicotine Delivery in the Dams and Pups
Following the sacrifice of newborn pups and dams, the level of nico-
tine in two of the sample was determined by gas chromatography.
The average blood nicotine concentration of the control dams was
3.82 (x0.89ng/mL). In the 1.5, 3.0, and 4.5 mg/kg/d nicotine-treated
dams, average blood nicotine concentrations was 17.88ng/mL,
35.58ng/mL, and 48.98 ng/mL, respectively (Figure 1A). In terms of
the offspring, the pups born to the control group were found to have
no nicotine concentration within their tissues. Similar to the preg-
nant dams, the pups born to nicotine-treated mothers were found
to have significantly higher average tissue nicotine concentrations
(22.4, 36.1, and 47.2 ng/mL respectively, P < .01; Figure 1A).

Progressive and Consistent Nicotine Exposure

Causes Developmental Anomalies

Our results demonstrated that treatment of dams with increasing
dosage of nicotine resulted in significant teratogenic outcomes com-
pared to saline-treated control mice. These outcomes are (1) The
pups of nicotine-treated dams were smaller in overall size and shape
and weighed less than saline-treated mice; (2) The litter size of nico-
tine-treated groups was less than the control groups, and the number
of still births was higher than the control group in a dose dependent
ratio; and (3) The palates of nicotine-exposed pups were smaller that
control pups and had persistent MES (P < .05).

The nicotine-treated newborns exhibited significantly lower
median birth weight and body length in accordance with the elevated
exposure to nicotine throughout gestation (Figure 1B and Figure 2B).
We classified the litters for the occurrence of LBW (<1.3 gm) pups and
stillbirths. While the saline-treated control group did not show any
stillborn or LBW pups out of 83 newborns; all the nicotine-treated
groups exhibited considerable number of stillbirth and LBW incidences
(Figure 1B). The treatment group of 1.5 mg/kg/d nicotine-administered
pregnant mice gave birth to one stillborn (1.7%) and two LBW pups
(3.4%) out of a total of 58 pups. As the nicotine dosage increased to
3.0mg/kg/d, three stillborn (6.4%) and 10 LBW pups (21.3%) were
born out of 47 pups. Finally, the 4.5 mg/kg/d nicotine-treated group
gave birth to nine stillborn (29.0%) and six LBW pups (19.4%) out
of 31 pups. These results clearly demonstrated the negative outcomes
of nicotine as resulting in stillbirth and LBW cases on pregnant mice.

The birth rate among the treated pregnant mice was also
decreased in accordance with daily nicotine levels. While the saline-
treated (control) group of mice had an average birth rate of 8.3 pups
per litter, the group of mice treated with 1.5, 3.0, and 4.5 mg/kg/d
nicotine had average birth rates of 7.25, 5.88, and 3.88 pups per lit-
ter, respectively (Figure 1B).

The newborn pups of all treatment groups were examined by
direct visual observation and under the dissecting microscope to
detect the presence of any palatal deformities. Neither the pups of
the saline-treated nor the nicotine-treated groups displayed any evi-
dence of complete OFC, but they exhibited type B and C palatal
fusion, in which the MES remained present with either on two lay-
ers. Meanwhile, there were significant difference with the size and
shape of the palates of the newborn pups. According to dimensional
analysis of hematoxyline and eosin—stained palate sections, both the
height and width of palatal shelves of the nicotine-treated animals

were considerably smaller than saline-treated pups (Figure 1C). We
detected that the nicotine-administered newborns had a detectable
MES remaining in the palate of the pups, which are either reached
tull term or stillborn (Figure 2A). During normal development of
the palate, once the MES is formed at or around 14.0~15.0 dpc, it
is destined to be disintegrated by epithelial-mesenchymal transition
and/or apoptosis resulting in the palatal confluence. Based on our
overall morphological analysis, we concluded that nicotine causes
delays and alterations in fetal development, including palatogenesis,
in the BALB/c mice. Surprisingly, the smaller palate size and interfer-
ence of MES disintegration resulted in type B and C palatal fusion.

Nicotine Changes the Gene Profile of

Developing Fetus

The microarray data analysis of control and nicotine-treated pups
resulted in 6232 up-regulated and 6310 down-regulated genes in at
least one of the nicotine-treated groups compared to control. Venn
diagrams were generated to show the concurrent number of up- and
down-regulated genes in response to different nicotine concentrations
(Supplementary Figure 1). The number of genes individually affected
in treatment groups is outlined in Table 1. Duplicate chips in each
treatment group resembled each other with a correlation coefficient of
0.95+0.02 (average = SD) using complete expression profiles showing
high reproducibility. The unsupervised hierarchical clustering analysis
of the differentially expressed genes based on the progressively up-
regulated (7 = 69) and down-regulated (7 = 227) transcripts showed
a clear separation of each group (Figure 3). The majority of subjects
clustered accurately into the four groups. This unsupervised analysis
approach, not using any pre-selected subset of genes, rendered a clear
distinction between the control versus nicotine-treated pups.

Several Genes Involved in Palate Development are
Affected by Nicotine Exposure
According to several transgenic knockout mice models, currently,
there are 84 genes, which their mutations exhibit cleft palate in
newborns.?! The molecules involved in cleft palate formation in
knockout models include cytokines, receptors, growth factors, ion
channels, kinases, extracellular matrix proteins, homeobox genes,
and transcription regulators?*?? (Supplementary Table 1). According
to the findings of this study, 46% of the cleft palate-causing genes
(39 out of 84) were found to be affected by nicotine exposure. The
palatal genome of the nicotine-exposed pups are altered as follows:
19 of the cleft-palate related genes were up-regulated (Colllal,
Egfr, Gasl, Hoxa2, Hspg2, Jag2, Lhx8, Meox1, Mn1, MyfS, Myod1,
Pdgf, Pdgfra, Pds5b, Prrx1, Shh, Tbx1, Tgf-B3, and Zeb10), and
20 of them were down-regulated (Bnc2, Crk, Dhcr7, Fgfr2, Foxf2,
Inbba, Insigl, Irf6, Itg-aV, Itg-p6, Lgrs, Nat2, Piga, Ptprf, Sall3,
Sath2, Snai2, Tbx3, Tgf-a, and Tgf-Brl) in response to consistent
nicotine uptake throughout gestation (Supplementary Figure 2).
Additionally, unsupervised hierarchical cluster heatmap analysis
of these genes also confirmed that these changes were not always
dose-dependent (Figure 3B). Among these differentially expressed
cleft palate-susceptible genes, Tgf-B3, Irf6, Snai2, Tgf-a, and Tgf-
prl1 constitute the TGF- family, which has been shown to play an
essential role during palatogenesis.?* These results demonstrated that
consistent nicotine exposure of the pregnant mice had considerable
effect on expression levels of the genes affecting palate development.
In order to identify other developmental disorders related to cleft
palate-susceptible genes, we performed a disease network analysis
using the IPA. In nicotine-treated groups, 18 of these genes (Tgf-a,
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Figure 1. Nicotine concentration and morphological features of pups with nicotine exposure. (A) Concentrations of nicotine (ng/mL) in the dams and
newborn pups of all treatment groups were determined by using either the blood or the homogenized palate tissue, respectively. (B) Number of pups at
one delivery (litter size), low birth weight (LBW), and still birth rate among treatment groups are represented as an average of duplicates. (C) The width
and height of the middle one third of all palates were measured using image software (Adobe PhotoShop 6.0). Birth weight and body size of pups within
all treatment groups were averaged from duplicates. Nicotine-treated pups are statistically significant from saline-treated pups, P < .05 (Dunnett multiple

comparisons).
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Figure 2. Morphology of the midline epithelial seam (MES) and size
measurements of newborns. (A) Representative images of hematoxyline and
eosin-stained sections of the palatal shelves. All newborn pups, including
survived and stillborn, were evaluated. A detectable MES, which prevents
palatal confluence, remained in the midline of all nicotine-treated pups. This
persistent MES is classified as either type B or type C palatal fusion according
to reference Nakajima et al (2014).*” (B) Size measurements of sample
newborn pups from each treatment group. Bar represents relative size in mm.

Table 1. Dataset for Number of Regulated Genes

Tgf-B3, Gasl, Gabrb3, Ryk, Pdgfr-A, Gadl, Crk, Dhcr7, Insigl,
Insig2, Cdkn1C, Tbx22, Sat-B2, Snai2, Snail, and Tp63) were dif-
ferentially expressed (false discovery rate criteria 0.05) and qualified
to be analyzed for merged direct interaction network of the develop-
mental disorders. More than 15 developmental disorders, involving
several organs of the body such as the eyes, limbs, kidney, and oral
cavity, were detected (Supplementary Figure 3). These disorders are
caused by the genes of the cleft palate network and have known
connectivity information from published literature according to the
Ingenuity Knowledge Base. Types of molecules are annotated in the
legend, subcellular localization of each molecule and its relationship
with the particular genetic diseases are shown with connecting lines
(Supplementary Figure 3).

Nicotine Alters Genes Involved in Cellular Function

and Systems Development

Using the IPA, a total of 6473 nicotine-altered genes included infor-
mation on functions and/or canonical pathways from the published
literature. The most significant assignments included genetic disor-
ders, cancer, neurological diseases, and gastrointestinal diseases. The
most significantly affected molecular and cellular functions were cell
death, cellular growth and proliferation, cell cycle, and gene expres-
sion. Within the development and functions of the physiological sys-
tem, the changes occurred in tissue development, tissue morphology,
skeletal and muscular system development, and organismal devel-
opment. The alterations of these biological pathways are graphed
in Supplementary Figure 4 and listed in detail in Supplementary
Table 2, along with the P value of each assignment.

Our overall microarray analyses demonstrated that nicotine
caused differential expression of more than 12 500 transcripts,
which comprise roughly 30% of the whole mouse genome (39 000
transcripts on MG-430), with a fold change value of more than 1.2.
Among the significantly up/down-regulated genes, at least 39 (19 up
+ 20 down) of them were involved in palatogenesis. Furthermore,
according to pathway and network analysis using IPA, nicotine-
exposure throughout pregnancy resulted in significant alterations in
various biological functions and pathways.

Discussion

Although there are several studies analyzing the genetic and environ-
mental causes of palatal deformities, this study primarily shows the
morphological and large-scale genomic outcomes of gestational nico-
tine exposure in neonatal mice palate. Among the recent gene-environ-
ment interaction studies for OFC, significant interaction was detected
between maternal cigarette smoking and the Taql polymorphism in

Comparison  # of genes Comparison  # of genes Comparison  # of genes
Up-regulated N1.5 vs. C 2253 Down-regulated N1.5vs. C 3461 No change in gene N1.5vs.C 34007
genes N3.0vs. C 3722 genes N3.0vs. C 3552 expression N3.0vs. C 31930
N4.5 vs. C 2742 N4.5 vs. C 4376 N4.5vs. C 32699
N3.0 vs. N1.5 3040 N3.0 vs. N1.5 2587 N3.0 vs. N1.5 33203
N4.5 vs. N1.5 1073 N4.5 vs. N1.5 2067 N4.5 vs. N1.5 37 312
N4.5 vs. N3.0 971 N4.5 vs. N3.0 1485 N4.5 vs. N3.0 37905

N = nicotine treatment; C = saline control.
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Figure 3. Hierarchical clustering (heatmap) analysis of differentially expressed transcripts. Unsupervised hierarchical clustering of the expression of probe
sets differentially expressed in the nicotine-treated versus control pups. (A) Complete transcriptional profile of progressively up-regulated (n = 69) and down-
regulated (n=227) genes. (B) Significantly up-regulated (n = 18) and down-regulated (n = 20) genes known to be susceptible for induction of cleft palate (n = 84).
Nicotine-treated pups cluster primarily into three distinct groups on a dose-dependent manner. Each column corresponds to the expression profile of a treatment
(either nicotine [N] or saline [C]) in duplicates, and each row corresponds to an mRNA. Upper portion (green-to-red) represents down-regulated transcripts and
lower portion (red-to-green) represents up-regulated transcripts in A and vice versa in B. The increasing intensities of red signify a higher expression in the
given sample of a specific mMRNA, whereas the increasing intensities of green indicate a lower expression of mMRNA and black indicates mean level expression.

the gene for transforming growth factor alpha (TGFa).?> Meanwhile,
polymorphisms of several genes, including MSX1, TGFB3, BCL3,
CYP1A1, GSTP1, and GSTT1 have been examined in conjunction
with maternal alcohol consumption, cigarette smoking, medication
use, and multivitamin supplementation during pregnancy.>’ It was
shown that smoking by both parents interacts with a specific allelic
variant of MSX1, which significantly increase the OFC risk for their
offspring.?®* Moreover, a novel approach was developed by Wehby

et al.? to study the role of maternal smoking and OFC, in which they
found out that smoking before and during pregnancy increased the
risk of OFC by about 4-5 times at the sample average smoking rate.
Furthermore, in a recent genome-wide analysis study (GWAS), biases
for maternally inherited genetic factors influencing the risk of OFC
was suggested.?’ On the other hand, in a recent study, the associations
between maternal smoking and neonatal complications in humans
were analyzed, however the palatal deformities were omitted.*
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According to several studies, cigarette smoking induces devel-
opmental anomalies both in human and animal models.'”3%-33 The
objective of our study was to test the hypothesis that nicotine intake
during pregnancy causes delays in fetal development and interferes
with palate formation. Installing the micro-osmotic pump at 1 dpc
and allowing the nicotine-treated dams for natural birth maintained
consistent nicotine administration throughout the entire pregnancy.
The mode of delivery using the micro-osmotic pump was continuous
as 0.11pL/h throughout the pregnancy.' This mode largely mimics
the nicotine patch therapy, which is applied to the skin and con-
tinuously administer a stable dose of nicotine slowly over 16-24
hours.** Meanwhile, it would be expected that physiological effects
of nicotine may differ according to the mode of delivery, since the
human smoking is more intermittent throughout the day. Moreover,
although tobacco smoking would induce hypoxia, the scope of this
study covers only the nicotine’s effect on morphological and genomic
changes in neonatal mice. However, further studies related to com-
parison of intermittent versus continuous delivery of nicotine can be
planned. The determination of blood nicotine concentration levels
for each treatment group accurately confirmed delivery of nicotine
into the dams and pups via micro-osmotic pump. The average nico-
tine levels of fetuses, treated as 1.5, 3.0, and 4.5 mg/kg/d, were com-
parable to the nicotine levels found in their corresponding mother
mice, which confirm that nicotine penetrates into the fetuses during
gestation in a manner consistent with the dose of nicotine to which
mothers are exposed.

In human newborns, smoking during pregnancy has been shown
to result in increased rates of stillbirth and LBW.2¢* The pups exposed
to nicotine had statistically significant LBW and shorter body length
as compared to control group, confirming the momentous negative
impact of maternal nicotine exposure on the size of the offspring.
Additionally, frequency of stillborn pups was considerably higher in
nicotine-treated dams, thus showing the deleterious effect of nicotine
on the developing fetus. In terms of litter size, which also includes
stillborn pups, all of the above-mentioned developmental anomalies
are likely due to the effect of nicotine on morphogenesis and organ
development as reviewed in Rogers®. It would be also noteworthy
to analyze if the higher number of stillborn pups and lower litter
size were due to failures during implantation, early development, or
late development. Presence of persistent MES in the stillborn pups
(Figure 2), shows that the death of pups was most likely happened in
the late phase of pregnancy following palatal adherence at 14.5 dpc.

This study showed gestational treatment of mice with nicotine
causes abnormalities in the size and shape of palates of newborn
pups and generate persistent MES.>” The height and width of the
palates in offspring of nicotine-treated dams were found to be sig-
nificantly decreased (Figure 1C). The observed smaller palate size of
nicotine-treated fetuses might simply be a reflection of the smaller
size of the pups. There was an observed failure of the MES to dis-
integrate in the palates of nicotine-treated mice. In normal pal-
ate development, ultimate confluence of the fused palatal shelves
requires disintegration of the MES through epithelial-mesenchymal
transition and/or apoptosis between 14.5 to 16 dpc.*® Failure of
epithelial cells within the MES to undergo these cellular changes
results in a persistent MES and nonconfluent palate, thus the pala-
tal shelves may separate with the growing face and result in cleft
palate. The occurrence of partially disintegrated MES without cleft
palate in nicotine-treated pups might be due to the alteration in the
expression of the genes responsible for epithelial-mesenchymal tran-
sition and/or apoptosis, particularly the TGF-$ family as shown in

our microarray analysis (Supplementary Figure 2). These alterations
may interfere with the signaling pathways involved in the final phase
of palatogenesis and disrupt the MES disintegration, which may
result in either failed epithelial-mesenchymal transition or apoptosis
within the medial edge epithelium cells. Previous studies have shown
especially TgfB-signaling plays a crucial role in palatal fusion, acting
via the AlkS and TgfBR2 receptors to activate Smad2/Smad4 and
the p38 MAPK pathways, which together regulate p21 expression
in the MES. These, in parallel with the transcription factors Snail
and Snai2, promote MES apoptosis and disintegration.®*'*-* Our
results demonstrated that not only the TgfB-pathway genes but also
other pathway-related genes might interact each other to regulate
medial edge epithelium disintegration and complete palatogenesis
(Supplementary Figure 2)

In several studies, it has been suggested that there is a gene-envi-
ronment interaction exists between smoking and TGFa expression
for the induction of cleft palate.®?*4° By using our microarray
analysis and filtering cleft palate-related genes, we determined that
nicotine is the highly susceptible element of smoking to induce
down-regulation of TGFa, which may explain the palatal size
abnormality observed in nicotine-treated pups. The presence of par-
tial palatal seam in the newborn pups, which otherwise would have
disintegrated at 14.5 to 16.5 dpc indicates: (1) the growth of the
palate towards each other to form a seam, although in smaller size
and shape, is not altered; (2) the genes that causes immaculate seam
disintegration might have been effected by nicotine exposure.

According to our microarray data analysis, clustering of samples
using the complete transcriptional profiling showed that nicotine
treatment affects global gene expression. Venn diagrams allowed
us straightforward evaluation of the comparative and concur-
rent numbers of genes significantly altered in response to multiple
doses of nicotine (Supplementary Figure 1). Detection of differen-
tial expression of approximately 30% of the analyzed transcripts
reflects the large-scale impact of nicotine on gene expression during
development.

The normal development of the palate involves cell proliferation,
differentiation, and matrix synthesis. These processes are coordinated
by secreted proteins and their signaling pathways, ExtraCellular
Matrix components, and cell surface-receptors.?? Gene targeting to
knock-out specific genes in mice has generated, by the date, 84 loss-
of-function mutants that exhibits cleft palate. Information about
these knockout models was collected from a literature review*?!-235
and genes were clustered into families of cytokine/receptor, home-
obox genes, and miscellaneous (Supplementary Table 1). Out of 84
cleft palate-susceptible genes, expression of 19 of them was up-regu-
lated, and 20 of them were down-regulated significantly in response
to consistent nicotine uptake during pregnancy. Discovering altered
expression of 46% of cleft palate-related genes (39/84) with persis-
tent MES in nicotine-treated mice is an important result of this study.
This finding suggests that changes in the expression levels of genes
involved in palate development can be compensated by other genes,
thus the palatogenesis can be brought until MES formation and per-
sistence. However, failure of MES disintegration demonstrates that
genes required for final stages of palatal confluence are either not
compensable by other genes or differential expression of them was
not at the right direction (up/down).

Our graphical and heatmap analysis of cleft palate-suscep-
tible molecules recommended that nicotine has negatively regu-
lated several genes involved in palatogenesis. Interestingly some
of these altered genes were expressed differentially, either up- or


http://ntr.oxfordjournals.org/lookup/suppl/doi:10.1093/ntr/ntv227/-/DC1
http://ntr.oxfordjournals.org/lookup/suppl/doi:10.1093/ntr/ntv227/-/DC1
http://ntr.oxfordjournals.org/lookup/suppl/doi:10.1093/ntr/ntv227/-/DC1
http://ntr.oxfordjournals.org/lookup/suppl/doi:10.1093/ntr/ntv227/-/DC1
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down-regulated. According to our disease network analysis, these
genes are vulnerable to various other developmental disorders as
displayed in Supplementary Figure 3. Albeit examination of all fetal
disorders is beyond the scope of this study, alteration of cleft palate-
susceptible genes and their relationship in response to nicotine expo-
sure necessitates further investigation.

In order to identify gene ontology, specific pathways, and func-
tional assignments involved in the response to nicotine treatment,
we performed a series of formal pathway analyses using the IPA.
According to our biological pathway analysis, it is obvious that
nicotine alters the expression of genes involved in genetic disorders
and cancer at the highest significance. It is likely that this observed
effect of nicotine has substantial implications in the induction of vari-
ous genetic disorders as an environmental risk factor. This treasured
microarray data, which can be accessed at Gene Expression Omnibus,
is worth further investigation and data mining to study the genotoxic
role of nicotine on the developing fetus. Moreover, although nicotine
itself is not classified as a carcinogen,’! by acting through nAChRs on
nonneuronal cells, it facilitates tumor growth, angiogenesis, metas-
tasis, survival, and chemoresistance by regulating diverse signaling
pathways.’! Therefore, the highest significance of differential expres-
sion of genes involved in cancer in response to nicotine exposure pre-
sents valuable data to further study nicotine’s role in developmental
toxicology.

In conclusion, our results suggest that consistent nicotine
exposure during pregnancy interferes with normal growth and
development of the fetus in the BALB/c mouse model. In terms of
palatogenesis, nicotine exposure caused improper palatal fusion,
which resulted in persistent MES with no or partial disintegration of
the seam. Our results also suggest that nicotine does not induce com-
plete cleft palate in the BALB/c mouse model; however, other con-
stituents of tobacco such as tar, carbon monoxide, nitrogen oxides,
cannot be ruled out for the induction of cleft palate. Studying these
patterns of differential gene expression in response to nicotine expo-
sure throughout pregnancy may provide the key to understanding
the impact of nicotine in the genetic and morphological make-up of
the developing fetus.

Supplementary Material

Supplementary Data S1-SS5, Figures 1-4, and Tables 1 and 2 can be
found online at http://www.ntr.oxfordjournals.org
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