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ABSTRACT Ethanol acts as a teratogen in developing
fetuses causing abnormalities of the brain, heart, craniofacial
bones, and limb skeletal elements. To assess whether some
teratogenic actions of ethanol might occur via dysregulation of
msx2 expression, we examined msx2 expression in developing
mouse embryos exposed to ethanol on embryonic day (E) 8 of
gestation and subjected to whole mount in situ hybridization
on E11–11.5 using a riboprobe for mouse msx2. Control mice
exhibited expression of msx2 in developing brain, the devel-
oping limb buds and apical ectodermal ridge, the lateral and
nasal processes, olfactory pit, palatal shelf of the maxilla, the
eye, the lens of the eye, otic vesicle, prevertebral bodies
(notochord), and endocardial cushion. Embryos exposed to
ethanol in utero were significantly smaller than their normal
counterparts and did not exhibit expression of msx2 in any
structures. Similarly, msx2 expression, as determined by
reverse transcription–PCR and Northern blot hybridization,
was reduced '40–50% in fetal mouse calvarial osteoblastic
cells exposed to 1% ethanol for 48 hr while alkaline phospha-
tase was increased by 2-fold and bone morphogenetic protein
showed essentially no change. Transcriptional activity of the
msx2 promoter was specifically suppressed by alcohol in
MC3T3-E1 osteoblasts. Taken together, these data demon-
strate that fetal alcohol exposure decreases msx2 expression,
a known regulator of osteoblast and myoblast differentiation,
and suggest that one of the ‘‘putative’’ mechanisms for fetal
alcohol syndrome is the inhibition of msx2 expression during
key developmental periods leading to developmental retarda-
tion, altered craniofacial morphogenesis, and cardiac defects.

Maternal consumption of ethanol severely affects the mental
ability, facial appearance, limbs, and hearts of at least 3 in 1,000
infants born in the United States (1, 2) and 1 in 300 infants
born in the western world (3). Fetal alcohol syndrome (FAS),
a phrase coined by Jones et al. in 1973 (4, 5), describes the fetal
consequence of maternal ethanol during pregnancy, and the
associated array of physical dysmorphias, intrauterine growth
retardation, and intellectual impairment postnatally (6–9).
The altered morphogenesis of the craniofacial region includes
micropthalmia, midfacial and maxillary hypoplasia, cleft pal-
ate, poorly developed philtrums, thin upper lips, short noses,
epicanthal folds, and microcephaly (4, 10–15). Dysmorpho-
genesis of the limbs has also been observed (4, 11, 13) in
addition to a variety of neural tube, cardiac and renal defects
(11, 12, 14). Although the critical dosage of alcohol responsible
for this wide range of abnormalities in FAS is still unknown,
results from animal studies indicate that the fetotoxic effects
of alcohol are more dependent on peak blood alcohol levels—

often acquired by ‘‘binge drinking’’—than upon the total
amount of alcohol consumed throughout an entire pregnancy
(16, 17).

Homologs of the Drosophila muscle segment homeobox
gene (msh) have been identified in vertebrates and are classed
into four subclasses [msh a, b, c, and d (18)]. In the mouse,
three homologs have been identified, msx1, msx2 [formerly
designated Hox-7 and Hox-8, respectively, (19, 20)], and msx3
(21), which are genetically unlinked. Similar homologs have
been identified in the human and are denoted MSX1 and
MSX2 (22–24). In the mouse, transcripts of the msx2 gene are
localized in premigratory and migratory cephalic neural crest,
neural crest derived mesenchyme of the first through fourth
branchial arches, osteogenic tissue of the mandible and max-
illa, eye, ear, developing teeth, apical ectodermal ridge and
underlying mesenchyme of the limb bud, myoblast, endocar-
dial cushion, and membranous bone and sutures of the calvaria
(22, 25–29). Verification of the critical role of the msx2 gene
in craniofacial development has come from examination of
MSX2 mutants and mouse transgenic experiments. A muta-
tion in the homeodomain of the human MSX2 gene was
recently detected in a family affected with autosomal dominant
craniosynostosis [the premature closure of one or more sutures
(22)]. Likewise, transgenic mice expressing a mutated form of
the msx2 gene exhibited premature closure of the cranial
sutures, akin to Boston-type craniosynostosis (30). Since msx2-
regulated morphogenetic fields overlap tissues altered in eth-
anol teratogenesis, we have examined the hypothesis that fetal
exposure to alcohol disrupts the ordered progressive expres-
sion of msx2 and have examined the effect of alcohol on the
msx2 promoter in cultured mouse calvarial derived osteoblasts
to explore the possible mechanism of action. We now report
that alcohol disrupts the earliest patterns of msx2 expression in
fetal mice and inhibits the expression of msx2 in cranial
osteoblasts in vitro.

MATERIALS AND METHODS

The protocol previously described by Kotch and Sulik (31) for
induction of craniofacial anomalies in pregnant female
C57BLy6J mice by intraperitoneal injection of ethanol was
followed as described with some modification. Mice were
maintained on Purina Mouse Breeder Chow and water ad
libitum. Prior to mating, females were superovulated with
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pregnant mare serum and human chorionic gonadotrophin
(Sigma). Female C57BLy6J mice were placed with males for a
1-hr period and then examined for the presence of a copulation
plug. The time of plug detection was considered gestational
day 0.0 hr. Two intraperitoneal injections of 25% (volyvol)
ethanol in lactated Ringer’s solution were administered at a
dosing volume of 0.015 mlyg maternal body weight. The
injections were given 4 hr apart, with the first administered at
8 days, 0 hr, and the second at 8 days, 4 hr. Control animals
were injected with lactated Ringer’s solution according to the
regimen for ethanol injections.

Hybridization Probes. Hybridization probes for msx2 (32,
33) were prepared using a Genius 4 digoxigenin RNA labeling
in vitro transcription kit (Boehringer Mannheim) according to
the manufacturers instructions. A plasmid containing exon 2 of
mouse msx2 was constructed as follows: oligonucleotide hox3
[59-CCTCGGTACCATATGAGCCCCACCACCTGCACC-
CTG-39 (KpnI site)] and oligonucleotide hox4 [59-GGGG-
GATCCTTAGGATAGATGGTACATGCCATATCC-39
(BamHI site)] were utilized to PCR amplify from mouse
genomic DNA the portion of exon 2 of mouse msx2 as
described (32). This fragment was subcloned into the EcoRV
site of bluescript pKS(1) (Stratagene) and sequenced to verify
orientation. The plasmid thus contains exon 2 of the murine
msx2 gene with sense orientation directed by the T3 promoter
and antisense directed by the T7 promoter. After linearization
with HindIII, an antisense riboprobe was generated from the
T7 promoter.

Whole-Mount in Situ Hybridization. Pregnant females were
killed by CO2 asphyxiation on embryonic day (E) 11. Embryos
were harvested, fixed, and subjected to whole-mount in situ
hybridization as described by Wilkinson and Nieto (34). Em-
bryos were prehybridized for 1 hr at 70°C in hybridization
buffer [50% formamidey53 standard saline citrate (SSC), pH
4.5y50 mg/ml yeast RNAy1% SDSy50 mg/ml heparin). The
hybridization buffer was replaced, single-stranded RNA
probes labeled with digoxigenin-dUTP were added to 1 mgyml,
and the embryos hybridized overnight at 70°C. The embryos
were washed through two changes of solution 1 (50% form-
amidey53 SSC, pH 4.5y1% SDS) for 30 min at 70°C followed
by one wash with solution 1 diluted 1:1 with solution 2 (0.5 M
NaCly10 mM TriszHCl, pH 7.5y0.1% Tween-20) for 10 min at
70°C and three washes with solution 2. The wash buffer was
replaced by two changes of RNase buffer (100 mgyml RNase
A in solution 2) for 30 min at 37°C, followed by one wash with
solution 2 then one wash with solution 3 (50% formamidey23
SSC, pH 4.5) at room temperature, two washes with solution
3 for 30 min at 65°C, and three washes with TBST (136 mM
NaCly2.7 mM KCly25 mM TriszHCl, pH 7.5y0.1% Tween-20).

The embryos were preblocked with 10% sheep serum (heat
inactivated just before use at 70°C for 30 min) in TBST
containing 2 mM levamisole for 2 hr. Sufficient embryo
acetone powder [prepared from E13.5 embryos as described by
Harlow and Lane (35)] was heat-inactivated just before use in
a small volume of TBST at 70°C for 30 min. Anti-digoxigenin
antibody coupled to alkaline phosphatase (Boehringer Mann-
heim) at 1:2,000 dilution was preabsorbed for 30 min at 4°C
with 1% (wtyvol) embryo acetone powder in TBST containing
1% heat-inactivated goat serum and 2 mM levamisole, then
cleared by centrifugation at 10,000 3 g for 10 min. Embryos
were incubated with the preabsorbed antibody overnight at
4°C with gentle rocking, then washed three times with TBST
for 5 min, five times with TBST for 1 hr, and three times with
NTMT (100 mM NaCly100 mM TriszHCl, pH 9.5y50 mM
MgCl2y1% Tween-20y2 mM levamisole) for 10 min. The color
reaction was initiated by washing the embryos into NTMT
containing 2 mM levamisole, 4.5 mlyml NBT (75 mgyml
nitroblue tetrazolium salt in 70% dimethylformamide), and 3.5
mlyml BCIP (x-phosphate, 50 mgyml 5-bromo-4-chloro-3-
indolyl phosphate toluidine salt in 100% dimethylformamide),

and the embryos were incubated in the dark for 3 hr to develop
the color. After color development, the embryos were washed
three times with PBT (PBS plus 0.1% Tween 20). Photomi-
crographs were taken with an Olympus Stereo Zoom Micro-
scope equipped with an Olympus automatic photosystem.

Reverse Transcription–PCR (RT-PCR). Cultures of 18 day
fetal mouse calvaria were isolated essentially as described for
neonatal mice calvaria (36, 37). Cells were grown to conflu-
ence (4 days) then treated for 48 hr with either nothing or
medium containing 1% ethanol. Total RNA was extracted
from each cell layer as described (38). RT-PCR was carried out
according to described methods (38, 39). Amplimer pairs for
bone morphogenetic protein 2 [BMP-2 (40)] and alkaline
phosphatase [AP (41)] have been described.

Preparation of RNA and Northern Blot Hybridization. Fetal
mouse calvarial osteoblasts were seeded into culture at 4 3 104

cellsycm2 and incubated for 48 hr. The cells were then treated
with 1% ethanol and incubated for 24 hr prior to isolation of
total RNA. Total RNA was isolated and electrophoresed as
described (32, 38). The gels were stained with ethidium
bromide, and 28S and 18S rRNA bands were photographed.
The mRNAs were blotted onto a nitrocellulose membrane and
probed with a 32P-labeled cDNA to msx2 as described (32). The
membranes were stripped and reprobed with a 32P-labeled
cDNA to AP (kindly provided by Paula Henthorn, University
of Pennsylvania, Philadelphia).

Transient Transfection Assays and Promoter–Luciferase
Construct. The mouse msx2 promoter–luciferase construct
(MSXLUC) containing the proximal 1 kb of the mouse msx2
promoter and the cytomegalovirus promoter–luciferase con-
struct (CMVLUC) containing a cytomegalovirus promoter
were synthesized as described (32). Transfection was per-
formed in MC3T3-E1 cells by DEAE dextran as described
(42). Transfection efficiency was normalized to a pGL2
promoter vector (SV40LUC; Promega) promoter construct as
described (42). Cellular luciferase activity was measured as
previously detailed using a Berthold AutoLumat 953 lumi-
nometer (EG & G Instruments, Oak Ridge, TN). Data are
presented as the mean (6SD) luciferase activity of three
independent transfections. Reagents were from Promega.

Statistical Analysis. Data were analyzed by one-way
ANOVA using Microsoft EXCEL, version 4.0.

RESULTS

Alcohol Interrupts the Normal Developmental Progression
of Mouse Embryos. Mouse embryos were collected from
control and ethanol-treated mother mice at E11–11.5, 3 days
posttreatment. Beating embryonic hearts were observed in all
embryos from control and ethanol-treated mother mice. Em-
bryos harvested from mothers exposed to ethanol were '50%
smaller, as compared with embryos harvested from control
mothers, indicating a delay in development (Fig. 1). The
embryos exposed to ethanol in utero had reached the approx-
imately 16 somite stage in contrast to control embryos which
had developed to the 25–40 somite stage.

Msx2 Expression in Ethanol Exposed Embryos Is Sup-
pressed. Alcohol could retard the development of the primi-
tive brain as well as the craniofacial bones and other target
organs such as the heart by inhibiting the expression of msx2,
thus altering a cascade of events that are necessary for normal
development. If the effect of alcohol were to be localized to
specific sites of msx2 expression, one would expect expression
in certain sites and none in sensitive sites. Alternatively, if
alcohol inhibits the expression of msx2 globally, one would
expect that all the organs known to exhibit expression of msx2
would show no hybridization with an msx2 riboprobe. To test
these hypotheses, embryos were submitted to whole mount in
situ hybridization. Examination of the control embryos re-
vealed that msx2 was expressed in: the maxillary process of the
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first branchial arch, mandibular process of the first branchial
arch, second branchial arch, third branchial arch, fourth
branchial arch, the olfactory pit of the developing nasal region,
regions above the developing brain, the developing limb buds
and apical ectodermal ridge, the lateral and nasal processes,
olfactory pit, palatal shelf of the maxilla, the eye, the lens of
the eye, pre-vertebral bodies (notochord) (Fig. 2), otic vesicle
(Fig. 3), and the A-V region of the developing heart (Fig. 4).
In contrast, multiple embryos exposed to ethanol in vivo were
also examined by whole mount in situ hybridization for msx2
expression and none exhibited a positive reaction for msx2
(Fig. 5) in any of the developing structures noted for control
embryos. Despite this fact, embryo development did proceed
as several structures formed not present on E8, such as the otic
vesicle, forelimb bud, and maxillary and mandibular processes
of the first branchial arch. While the embryos from control
mothers exhibited features typical of E11–11.5 embryos in-
cluding developing forelimb and hindlimb buds, these struc-
tures were absent in the embryos from alcohol-treated moth-
ers.

Alcohol Suppresses msx2 Expression in Osteoblastic Cells.
To define the mechanism of action of ethanol on the suppres-
sion of msx2 we analyzed total RNA from cultured fetal mouse
calvaria cells either exposed to control medium or to medium
containing 1% ethanol for 48 hr prior to RNA isolation. RNA
was subjected to RT-PCR for msx2, BMP-2, and AP. The
results showed that ethanol was a potent inhibitor of msx2
expression in developing osteoblasts. Cells exposed to ethanol
showed a 50% reduction in msx2 message content as compared
with control cultures (Fig. 6). By contrast AP mRNA was
up-regulated, while essentially no change occurred in BMP-2
mRNA accumulation. Thus ethanol decreases msx2 mRNA
accumulation in fetal mouse calvarial osteoblasts. The results
of the RT-PCR analysis of msx2 and AP regulation by ethanol
were confirmed by Northern blot hybridization. After only
24-hr exposure, ethanol reduced msx2 mRNA steady state by
37% while stimulating AP mRNA by nearly 4-fold (Fig. 7).

To further analyze the mechanism of the effect of alcohol on
the regulation of msx2 gene expression, MC3T3-E1 mouse
osteoblasts were transfected with either MSXLUC or CMV-
LUC and exposed to a dose response (0–3%) of ethanol for 48
hr prior to luciferase activity measurements. Ethanol treat-
ment reduced msx2 promoter activity by 30% at an alcohol
concentration of 1% and by 50% at an alcohol concentration
of 2.0% (Fig. 8). This effect was specific for the msx2 promoter
since a CMVLUC was unaffected by alcohol treatment (Fig.
8).

DISCUSSION

Studies designed to examine ethanol embryo toxicity in hu-
mans and rodents have failed to uncover a single underlying
mechanism for the teratogenic action of ethanol (43), suggest-
ing that ethanol embryo toxicity may proceed by several
mechanisms. Numerous studies have been performed, variably
implicating abnormal prostaglandin metabolism, chromo-
somal alterations, placental dysfunction, hypoxia, altered pro-
tein synthesis, altered growth signaling, interference with
neurotransmitter production, and alterations of enzymes that
regulate glycogen metabolism (31, 44–51). However, to our
knowledge no prior study has examined the effects of alcohol
on the temporo-spatial regulation of homeodomain transcrip-
tion factors known to be crucial in normal craniofacial mor-
phogenesis.

Homeodomain factors are DNA binding proteins, which
regulate transcription via protein–protein and protein–DNA
interactions (52, 53). As a group, its members are transcription
factors that regulate the timing, patterning, and tissue-specific
expression of developmentally regulated genes (52, 54). The
60-amino acid homeodomain, which defines this group, me-
diates such DNA–protein and protein–protein interactions
(53). Homeodomain factors mediate both positive and nega-

FIG. 1. Comparison of mouse embryos of E11–11.5 from either
control mother mice (A) or mother mice treated with ethanol on E8
(B) and harvested on E11–11.5. The embryos have all been subjected
to in situ hybridization for msx2 expression as described. Both pho-
tomicrographs represent the same magnification and show that the
embryos exposed in utero to ethanol are '50% smaller than the
equivalent gestationally aged controls. (310.)

FIG. 2. Various views of E11–11.5 mouse embryos from the control
group subjected to in situ hybridization for msx2. A positive reaction
is represented by the purple color that is the product of specific binding
of the antisense digoxigenin-labeled riboprobe to msx2 and subsequent
visualization with an alkaline phosphatase conjugated anti-
digoxigenin antibody. Only the specific binding resulted in color
production, whereas the absence of gene expression resulted in no
color reaction. (A) Lateral view of left side of embryo. (315.) (B) This
figure shows that while the (1) maxillary process of the first branchial
arch exhibits a positive reaction, the lateral surfaces of (2) the
mandibular process of the first branchial arch and (3) the second
branchial arch are negative while the aboral surfaces of those struc-
tures (not visible) are positive. (330.) (C) A representative whole
mount in situ hybridization of the head of an E11.5 mouse embryo
using the msx2 anti-sense riboprobe. The photomicrograph was taken
of the facial region with first and second branchial arches removed to
reveal structures located below the removed anatomical structures.
(350.) Numbers on each figure refer to the following: 1, maxillary
process of first branchial arch; 2, mandibular process of first branchial
arch; 3, second branchial arch; 4, third branchial arch; 5, fourth
branchial arch; 6, proximal region of forelimb bud; 7, distal region of
forelimb bud; 8, apical ectodermal ridge; 9), proximal region of
hindlimb bud; 10, lateral nasal process; 11, medial nasal process; 12,
olfactory pit; 13, palatal shelf of the maxilla; 14, eye; 15, lens of the eye;
16, dorsal cephalic mesenchyme over telencephalon; 17, dorsal ce-
phalic mesenchyme over midbrain; 18, dorsal cephalic mesenchyme
over rhombencephalon (developing hindbrain); 19, prevertebral bod-
ies and notochord.
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tive transcriptional regulation (53). The expression of msx2, a
homeobox gene that regulates the process of development of
embryonic structures which give rise to the craniofacial bones
(25, 26, 55–57), limb (26, 29, 58), vertebral processes (59), eye
(26) and its lens (26, 28), ear (26, 28), and heart (26, 60), has
been examined in mouse embryos transiently exposed to
ethanol. Our results demonstrate that at day 11 of gestation,

this gene is highly expressed in control embryos in structures
known to be effected by ethanol toxicity. However, in embryos
exposed to ethanol for a short period of time, this important
developmental gene is not expressed. As a result, the embryos
exposed to ethanol are developmentally retarded.

We have confirmed that the msx2 gene is suppressed by
ethanol in cranial osteoblasts in in vitro experiments. Isolated
fetal mouse calvarial osteoblasts exposed to ethanol for 48 hr
had reduced mRNA for msx2 as compared with controls.
Furthermore, in experiments in which an MSXLUC was
transiently transfected into osteoblastic cultures, exposure to
ethanol significantly reduced promoter activity. Ethanol has
been reported to selectively effect mRNA transcription in
various tissues including the inhibition of immunoglobulin k
chain in B lymphocytes while not effecting total RNA pro-
duction or mRNA for b actin (61) and the up-regulation of the
molecular chaperonin HSC70 in neuroblastoma 3 glioma cell

FIG. 3. A representative whole mount in situ hybridization of the
head of an E11–11.5 mouse embryo using the msx2 antisense ribo-
probe. The photomicrograph was taken of the dorsal aspect of the
developing head region in a control mouse embryo. Msx2 expression
is shown in the otic vesicle (OV) and leading edges of the neural fold.
(350.)

FIG. 4. A representative whole mount in situ hybridization of the
developing heart in an E11–11.5 control mouse embryo. Msx2 expres-
sion is found throughout the heart region but is most notable in the
A-V cushion. (360.)

FIG. 5. Mouse embryo treated in utero on E8.0 and harvested on
E11–11.5. This embryo has been subjected to in situ hybridization using
the msx2 antisense riboprobe. Note the complete absence of any signal
for msx2 and the retarded development of the fore limb bud, heart,
optic eminence (OE), maxillary process of first branchial arch (Max),
mandibular process of first branchial arch (Mand), and otic vesicle
(OV). (350.)

FIG. 6. RT-PCR of msx2, BMP-2, and AP mRNA expression in
fetal mouse calvarial osteoblast cultures treated with 1% ethanol
(ETOH). Calvarial osteoblasts were treated and mRNA isolated as
described. Cells exposed to ethanol showed a 50% reduction in msx2
message (441 bp), a 2-fold increase in AP message (313 bp), and
essentially no change in BMP-2 message (720 bp). RT-PCRs are
representative of duplicate determinations.
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hybrids (62, 63). The mechanism of ethanol regulation of
HSC70 has been found to be at the level of the promoter,
involving an ethanol-responsive cis-acting element in the prox-
imal region of the promoter. Thus, the effects of ethanol that
we have observed on the msx2 promoter are consistent with
such a mechanism although this remains to be determined.
However, alcohol has many affects including alteration of
signal transduction (64). Indeed, msx2 expression is regulated
by molecules such as BMP-2 and BMP-4, which convey epi-
thelial-mesenchymal inductive events (65–67). Of interest in
this study is the finding that alcohol did not affect BMP-2
mRNA in ethanol treated calvarial cells. However, we cannot
exclude the possibility that ethanol may regulate the expression
of both BMP-2 and BMP-4 in the embryo. The mechanism(s)
whereby alcohol impacts msx2 expression in vivo needs to be
carefully detailed.

Epidemiologic studies suggest that there exists a window of
enhanced susceptibility of the fetus to the dysmorphic effects
of maternal alcohol ingestion in the first trimester. These data
suggested that episodes of ‘‘binge drinking’’—ingestion of
large amounts of alcohol in a short time period, with associated
higher maternal-fetal ethanol levels within this window of
enhanced susceptibility—may combine to greatly increase the
risk for fetal malformations. This notion has been supported
by animal studies. Single intraperitoneal injections of ethanol
given to pregnant C57BLy6J mice between E7 and E11
resulted in craniofacial abnormalities, including exencephaly
and hypoplasia of the midfacial region and anomalies of the
DiGeorge sequence (68–70). The onset of expression of msx2
in mouse embryos has been reported to occur as early as E9

and is still expressed as late as E17 (26). Using closely spaced
(4 hr) dual intraperitoneal injections of alcohol to mimic
‘‘binge’’ drinking, abnormalities with facial features similar to
those noted in human FAS infants have been induced in fetal
mice only when alcohol is present on or before E8 (31, 70–73).
By contrast, similar alcohol exposures at later stages of murine
gestation could not induce murine craniofacial abnormalities.
Thus, as evident in the human disorder, the rodent model of
FAS reveals both a window of susceptibility and an alcohol
concentration threshold for effects upon the developing em-
bryo. Our data now show that at least one gene responsible for
the development of craniofacial bones, msx2, is suppressed
under these conditions and may represent a ‘‘putative’’ target
for the effects of alcohol, subject to further confirmation.

Finally, with regards to expression, it is intriguing to note the
reciprocal changes in msx2 and alkaline phosphatase expres-
sion in response to alcohol. Preliminary studies using
MC3T3-E1 osteoblastic cells constitutively expressing msx2
indicate that msx2 suppresses both alkaline phosphatase
mRNA accumulation and alkaline phosphatase enzyme activ-
ity (D.A.T., unpublished observations). Since alkaline phos-
phatase plays a role in the initiation and maintenance of
mineralization, dysregulated timing of msx2 expression and
alkaline phosphatase activity in response to alcohol may
explain craniofacial abnormalities associated with FAS.
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