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The aim of this study was to investigate the effect of the 7-dehydrocholesterol reductase (Dhcr7) gene and identify signaling pathways
involved in regulation of embryonic palatogenesis. The expression of Dhcr7 and its protein product were examined during murine
normal embryonic palatogenesis via a reverse transcription polymerase chain reaction (RT-PCR) and Western blot (WB). RNA
interference (RNAi) technology was used to inhibit Dhcr7 expression in a palatal shelf culture in vitro. The effects of Dhcr7 on
palatogenesis and palatal fusion were examined by scanning electron microscopy (SEM). The expression changes of Dhcr7, Sonic
Hedgehog (Shh), and bone morphogenetic protein-2 (Bmp2) were measured by RT-PCR and WB after Dhcr7 gene silencing and
the addition of exogenous cholesterol. The results showed that the palatal shelf failed to complete normal development and fusion
when Dhcr7 expression was inhibited. The inhibitory effect study of RNAi on the development of the palatal shelf supported that
cholesterol supplementation did not alter the silencing of Dhcr7. Shh and Bmp2 expressions were reduced after Dhcr7 gene silencing,
and administration of exogenous cholesterol did not affect Dhcr7 expression; however Shh and Bmp2 expressions increased. We
conclude that Dhcr7 plays a role in growth of the palatal shelf and can regulate palatogenesis through alterations in the levels of

Shh and Bmp2.

1. Introduction

Secondary palate development in the mouse embryo begins
at gestation day 11.5 (GDIL5), with a tissue fold at the
palatal location in the oral region, and mesenchymal cell
proliferation in the maxillary processes that form the palatal
shelf, primordium. The palatal shelf grows vertically along
both sides of the tongue between GDI2.5 and GDI3.5.
Both sides of the palatal shelf elevate above the horizontal
position of the tongue from GDI3.5 to GDI14.5 and then
fuse to form a continuous palate on GDI15.5 [1]. The growth
and development of a normal mammalian secondary
palate requires fine collaboration between morphogenetic
factors and mesenchymal cells. Genetic and environmental
factors can lead to the occurrence of cleft palate at every
stage of palatal development. Cleft lip and palate is one of
the most common congenital malformations in the oral

and maxillofacial region, and it can adversely impact all
components of maxillofacial function, except vision [2].

The human Dhcr7 gene is mapped to 11q12-13. A mutation
in Dhcr7 leads to a decline in 7-dehydrocholesterol reductase
activity, lowering cholesterol levels, while its precursor 7-
dehydrocholesterol (DHC) accumulates. This leads to the
possibility of multiple growth and development deformities,
including cleft palate deformities, known as Smith-Lemli-
Opitz syndrome (SLOS) [3]. Cholesterol metabolism disor-
ders affect the Sonic Hedgehog (Shh) pathways [4]. The Shh
gene plays an important role in embryonic development,
including palatal shelf development.

The specific physiological and pathological processes
of Dhcr7 are not fully understood. In C57BL/6] mice, we
studied the role of Dhcr7 in palatal shelf development and
sought to find signaling pathways involved in regulating
it.
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2. Materials and Methods

2.1. Palatal Shelf Organ Culture. C57BL/6] inbred strains
of mice (Beijing, HuaFuKang Experimental Animal Center,
China) were maintained at a temperature of 22°C with an
alternating light/dark cycle and were provided access to food
and filtered water. Mature (8-week-old) mice were mated
overnight and the presence of a vaginal plug was taken the
following morning as evidence of mating (gestation day 0.5,
GD 0.5). The GD13.5 mice were sacrificed and placed in 75%
ethanol for 1min. The embryos were removed under aseptic
conditions and the head of the mouse embryo was sheared
by eye scissors and placed in sterile solution in Ca™"/Mg""-
free phosphate buffered saline (CMF-PBS) and washed three
times. The suspension culture method of Shiota [5] was used.
The fetal head was placed in an inverted position in a stereo
microscope and the jaw and tongue body were resected from
the horizontal left and right mouth corners, with the bilateral
palatal shelf exposed. The head above the eyes was removed
by horizontal incision. The bilateral palatal shelf and part of
the upper jaw were placed in 35 mm petri dishes and cultured
in 0.5mL serum-free DMEM (Gibco) supplemented with
2mM L-glutamine (Gibco), and 0.1 mM nonessential amino
acids (Sigma) in an incubator at 37°C on a roller device at
25 rpm for up to 48 hours with a mixture of 95% air/5% CO,.

2.2. Adenovirus Production. Adenovirus was produced fol-
lowing the AdEasy protocol. Briefly, four siRNA sequences
targeting the Dhcr7 gene in mice were designed according to
the method of Incardona and Roelink [6]. Embryonic palatal
mesenchymal (EPM) cells of C57BL/6] were used to select the
most effective siRNA sequence. And then, the most effective
shRNA sequence (sense strand: 5'-TCGA CCA ACT ACG
TGT TAGACT T GAGTACTG AAG TGT AACACG TAGM
ATG G TTTTT-3'; antisense strand: 5'-CTAG AAAAA CCA
ACT ACG TGT TAG ACT T CAGTACTC AAG TGT AAC
ACG TAGM ATG G-3') and scrambled shRNA sequence
(sense strand: 5'-TCGA TTC TCC GAA CGT GTC ACG T
GAGTACTG ACG TGA CAC GTT CGG AGA A TTTTT-
3'; antisense strand: 5'-CTAG AAAAA TTC TCC GAA CGT
GTC ACG T CAGTACTC ACG TGA CAC GTT CGG AGA
A-3") were synthesized (Shanghai Gemma Pharmaceutical
Technology Company) and cloned into a pAdTrack-CMV
vector (Agilent Technologies) at Xho I and Xba I restriction
enzyme sites. The AdsiDhcr7 adenovirus expression plasmid
was generated from recombination between the pAdEasy-
1 vector and pAdTrack-CMV-siDhcr7 in BJ5183 competent
cells (Agilent Technologies). The AdsiDhcr7 plasmid was
linearized with Pac I restriction enzyme and subsequently
transfected into AD293 cells using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s protocol
for adenovirus packaging. Adenoviruses were harvested at 14
to 20 days after transfection.

2.3. Dhcr7 siRNA Adenovirus Virus Infection. Briefly, palatal
shelves were dissected from GD13.5 C57BL/6 mouse embryos
using microscissors, placed on a 0.8 ym pore size filter (Merck
Millipore) in 35mm culture dishes in a 37°C incubator
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with 5% CO,. The GDI3.5 palatal shelves in organ culture
were grouped into (A) normal control group: cholesterol-
free DMEM/FI2 medium (Hyclone) + cultured palatal
shelves; (B) control empty adenovirus group: cholesterol-
free MEM/F12 medium + cultured palatal shelves + control
empty adenovirus; and (C) experimental group: cholesterol-
free DMEM/FI2 medium + cultured palatal shelves + Dhcr7
siRNA adenovirus. Every group included 10 individual mice.
5.1x 107 Relative Infection Units/mL (RIU/mL) of adenovirus
were added to the 35 mm culture dish according to the group
and incubated for another 24 hours. Subsequently, the palatal
shelves were harvested and Dhcr7 and its protein in all the
palatal shelves were analyzed by RT-PCR and Western blot.
Scanning electron microscopy was also performed.

2.4. Exogenous Cholesterol Supplementation. In the prelimi-
nary experiments, the medium including Dhcr7 siRNA was
changed to cholesterol-free DMEM/F12 medium after 12 h.
Cholesterol (Sigma) was subsequently added at 0ng/mlL,
200 ng/mL, 400 ng/mL, and 600 ng/mL. The concentrations
of cholesterol chosen were derived from the work of Hayavi
and Halbert [7] and Wassif et al. [8]. These preliminary results
revealed that Dhcr7 silencing caused a failure of fusion of
the cultured palatal shelves that was successfully reversed
by exogenous cholesterol. The chance of fusion in cultivated
palatal shelves increased directly with exogenous cholesterol
concentration, where cultivated palatal shelves were com-
pletely fused with 600 ng/mL of exogenous cholesterol. We
subsequently designed another experiment in which GD13.5
palatal shelves were placed in organ culture and grouped
into three groups of 10 murine specimens each: (A) nor-
mal control group: cholesterol-free DMEM/F12 medium +
cultured palatal shelves, changing medium every 24 hours,
cultivated for a total of 48 hours; (B) gene silencing group:
cholesterol-free DMEM/F12 medium + cultured palatal
shelves + Dhcr7 siRNA adenovirus, the media being replaced
with cholesterol-free DMEM/F12 medium 48 hours after
transfection, cultivated for a total of 48 hours; and (C) choles-
terol supplementation group: cholesterol-free DMEM/FI12
medium + cultured palatal shelves + Dhcr7 siRNA aden-
ovirus, the media being replaced with DMEM/F12 medium
with 600 ng/mL cholesterol 24 hours after transfection, culti-
vated for a total of 48 hours. The Dhcr7, Shh, and Bmp2 in all
palatal shelves were analyzed by RT-PCR and their proteins
verified by Western blot.

2.5. RT-PCR. A pair of palatal shelves were dissected using
a stereo microscope from cultured palatal organ tissue, and
the total RNA of the cells of palatal shelves was isolated
using Trizol (Takara), and a PrimeScript RT-PCR Kit (Takara)
was subsequently used to performed the PCR: 2.5 mL cDNA,
1x PCR buffer (AMS), 200 mM dNTPs, 0.2mM of each
primer pair, and 1 unit/25 mL reaction Taq DNA polymerase
(Takara). Gene sequences of the primers are shown in Table 1.

2.6. Western Blot Analysis. Western blot analysis was per-
formed to assess the protein expression of Dhcr7, Shh, and
Bmp2. The palatal shelf cells were harvested at different
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TABLE 1: Sequences of primers.

Primer Size (bp) Sequence (5'-3")
! !
Dher7 260bp 5,—TTT CCT GCT GCT CTT CGCTC-3 ,
3'-CTT GGA CGC CTC CCA CAT AA-5
Shh 148 bp 5-ATT TTC CAA TGT AAT AGC CGT CTT C-3
3'-CTG TCT TAC CTT CTT GAG ACA ATA A-5'
! !
Bmp? 206 bp 5I—GGA CGT AGC CTC CCC AGG-3 ’
3'-GCC TCG TGT CAG AAT GGG AG-5
! !
B-actin 309bp 5-GAA CCCTAA GGC CAA CC-3

3'-TGT CAC GCA CGA TTT CC-5'

time points for protein extraction with the M-PER mam-
malian protein extraction reagent (Pierce). Equal amounts
of total protein were loaded onto a 10% SDS-PAGE gel and
transferred onto a PVDF membrane (Millipore) in a Trans-
Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad)
at 15V for 30 min. The membrane was blocked for 2h at
room temperature with 5% skim milk in Tris-buffered saline
containing 0.05% Tween-20 (TTBS) and incubated overnight
with antibodies (see below). Proteins were then incubated
with a peroxidase-conjugated secondary antibody for 1h
and developed with an ECL1 Detection kit (Amersham),
according to the manufacturer’s instructions. The protein was
detected with an ECL system (Amersham) by chemolumines-
cence and visualized on radiographic film. Protein expression
was quantified with Gel-Pro Analyzer 3.1 software (Media
Cybernetics). The antibodies used in the present study were
Dher7 antibody (1:2,000, Abcam), Shh antibody (1: 4,000,
Abcam), and Bmp2 antibody (1: 5,000, Abcam). Monoclonal
anti--actin antibody (Sigma), diluted 1: 5000, was used as a
loading control.

2.7. Scanning Electron Microscopy (SEM). For visualization
of the fine surface structure of palatal shelves, we carried
out SEM as described by Abbott et al. [9]. Samples were
fixed for 2h in 0.025 g/mL glutaraldehyde solution at room
temperature and were subsequently dehydrated through a
graded series of ethanol, isoamyl acetate replacement, critical
point drying, and gold plated in a coater (JFC-1600, JEOL).
The images were viewed on a Zeiss DSM 950 SEM.

2.8. Statistical Analysis. At least three assays, each in tripli-
cate, were performed. Grey values of RT-PCR and WB target
bands were analyzed by Quantity One software (Bio-Rad);
SPSS18.0 statistical software was used for analysis. Data were
analyzed by normality and homogeneity of variance tests. A
single factor ANOVA was used in the overall tests and ¢-test
was used in the two group tests.

3. Results

3.1. Dhcr7 siRNA Adenovirus Inhibited Dhcr7 Expression in
Palatal Culture. RT-PCR for the Dhcr7 mRNA expression
of the normal control group, control empty adenovirus, and
experimental groups revealed that the experimental group
Dhcr7 mRNA expression (0.090+0.057) was significantly less

than the normal control group (0.692 + 0.051) and control
empty adenovirus group (0.683 + 0.027). The difference was
statistically significant (P < 0.05; ** P < 0.05) (Figure 1).

WB for Dhcr7 revealed similar protein expression in the
normal control group (0.712 + 0.097) and control empty
adenovirus group (0.698 + 0.065) ("*P > 0.05). How-
ever, expression in the experimental group (0.087 + 0.065)
decreased dramatically (* P < 0.05) (Figure 1).

3.2. Inhibition of Dhcr7 Expression by siRNA Adenovirus
Blocked Palatal Fusion. Palatal fusions were evaluated by
SEM. When the normal control group and control empty
adenovirus group palates were cultured for 48 h, both sides of
the palate contacted and fused (Figures 2(a) and 2(b)). In the
experimental group, a substantial defect remained between
the two sides of palate, with the lower nasal cavity structures
visible (Figure 2(c)).

3.3. Addition of Exogenous Cholesterol Does Not Affect Dhcr7
Silencing. Experiments to determine the effect of cholesterol
supplementation on Dhcr7 silencing were performed. The
mRNA and protein levels from the control group (group
A), Dhcr7-siRNA experimental group (group B), and the
cholesterol treated group (group C) were analyzed. In group
A and group B, the Dhcr7 mRNA expression was 0.691+0.101
and 0.083 + 0.045, respectively, and Dhcr7 protein expression
of the two groups was 0.673 + 0.081 and 0.102 + 0.064,
respectively. Dhcr7 mRNA and protein expression decreased
after Dhcr7 silencing in group B by 87.8% and 84.6%,
respectively, compared to group A (P < 0.05 for both);
Dhcer7 mRNA (0.074 + 0.034) and protein (0.137 + 0.045)
expression in group C were almost unchanged compared with
group B (P > 0.05) (Figure 3), supporting that cholesterol
supplementation did not alter the silencing of Dhcr?7.

3.4. Effects of Adding Exogenous Cholesterol on Shh Expres-
sion after Dhcr7 Silencing. mRNA and protein levels from
the blank control group (A), Dhcr7-siRNA experimental
group (B), and cholesterol supplementation group (C) were
extracted and analyzed for Shh. In group A and group B, the
Shh mRNA expression was 0.667 + 0.093 and 0.063 + 0.018,
respectively, and Shh protein expression of the two groups
was 0.642 +0.050 and 0.113 + 0.029, respectively. nRNA and
protein expression levels in group B were reduced by 89.3%
and 79.5%, compared with group A (*P < 0.05 for both
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FIGURE 1: The Dhcr7 mRNA and protein expression levels of the different treatment groups. In the left image and graph, RT-PCR results
revealed significant differences when group A or B was compared with group C (*P < 0.05, ** P < 0.05); the difference between groups A and
B was not statistically significant (P > 0.05). In the right image and graph, WB analysis showed that the ratio of Dhcr7/GAPDH difference was
statistically significant when group C was compared with group A or B (* P < 0.05); the difference was not statistically significant when group
A was compared with group B (**P > 0.05). In the graphs, 1, 2, and 3 show the expression of f-actin; ABC show the normal control group,
control empty adenovirus group, and the experimental group, respectively, where A is normal control group, B is control empty adenovirus

group, and C is experimental group.

FIGURE 2: SEM of palatal fusion cases. Normal control (a), control empty adenovirus (b), and an experimental specimen (c). P: palate; NC:

nasal cavity.

comparisons). In group C, Shh mRNA (0.649 + 0.085) and
protein (0.628 + 0.033) expression levels were upregulated
by 90.3% and 82.0%, compared with group B (*"P <
0.05), supporting that cholesterol supplementation eftectively
reversed the effect of Dhcr7 silencing on Shh expression
(Figure 4).

3.5. Effects of Adding Exogenous Cholesterol on Bmp2 Expres-
sion after Dhcr7 Silencing. The mRNA and protein levels
from the blank control group (A), Dhcr7-siRNA experi-
mental group (B), and cholesterol supplementation group
(C) were extracted and analyzed for Bmp2 expression. In
group A and group B, the Bmp2 mRNA expression was
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FIGURE 3: Dher7 gene mRNA (left image and graph) and protein (right image and graph) expression analysis. A: control group; B: Dher7-
siRNA inhibited group; C: supplemental cholesterol group. RT-PCR detection indicates that the difference is statistically significant when
group B was compared with group A (P < 0.05); the difference was not statistically significant when group C was compared with group B
(P > 0.05). WB analysis showed that the ratio of Dhcr7/GAPDH difference was statistically significant when group B is compared with group
A (" P < 0.05); the difference is not statistically significant when group C is compared with group B (P > 0.05).

0.591 + 0.043 and 0.054 + 0.018, respectively, and Bmp2
protein expression levels in the two groups were separately
0.582 £ 0.037 and 0.046 + 0.029, respectively. Bmp2 mRNA
and protein expression levels in group B were reduced by
88.6% and 87.8%, compared with group A (*P < 0.05). In
group C, Bmp2 mRNA (0.578 + 0.032) and protein (0.577 +
0.025) expression levels were upregulated by 88.2% and 87.5%
compared with group B (** P < 0.05). These data support that
cholesterol supplementation preserved Bmp2 expression that
would otherwise be reduced by Dhcr7 silencing (Figure 5).

4. Discussion

GD13.5-GDI15.5 days are the critical period in development
of the mouse embryonic palate. Disturbance of any of the
developmental events can lead to the occurrence of cleft
palate [10]. There is active research on how gene expression
affects palate growth and palatal fusion at this stage. In a
cultured embryonic mouse palate model, we altered Dhcr7
gene expression from GDI3.5 to GD15.5 to evaluate the role
of the Dhcr7 gene in the development of the palate. The
Dhcr7 gene is normally expressed in palatal mesenchymal
cells. Dher7 is mainly expressed in the palatal position nearest
to the maxillary protrusion growth and development centers.

The embryonic palatal tissue located on both sides of the
tongue undergoes vertical growth on GD13.5. Both sides of
the palate elevate and fuse on GD14.5. Dhcr7 is then found
to be expressed throughout the palate shelf. On GDI5.5,
the palatal medial epithelial seam (MES) disappears, and
palatal fusion is complete. Dhcr7 mRNA and protein are
expressed in the embryonic palate from GD13.5 to GD15.5,
with the highest expression levels on GDI13.5 and GD14.5. The
expression is significantly reduced on GDI5.5.

Cholesterol metabolism disorders are a cause of Smith-
Lemli-Opitz syndrome (SLOS) [3]. SLOS is an autosomal
recessive genetic malformation syndrome consisting of cran-
iofacial limb defects, forebrain deformities, and other mid-
line developmental malformations. About 50% of patients
present with cleft palate [11, 12]. Molecular genetic studies of
the Dhcr7 gene indicate that the most common mutations
include IVS8-1G—C, as well as W151X, T93M, R404C, and
V326L [13-15]. The human Dhcr7 gene is located on 11q12-13.
Because DHCR7 mutations will lead to 7-dehydrocholesterol
reductase activity loss, cholesterol biosynthesis is inhib-
ited, cholesterol levels decrease, and precursor 7DHC (7-
dehydrocholesterol) and others accumulate in vivo, which
are thought to contribute to cleft palate and the other
developmental abnormalities [3]. In SLOS patients [16] and
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FIGURE 4: Shh gene mRNA (left image and graph) and protein (right image and graph) expression analysis. A: control group; B: Dhcr7-
siRNA inhibited group; C: supplemental cholesterol group. RT-PCR detection indicates that the difference was statistically significant when
group B was compared with group A (*P < 0.05); the difference was also statistically significant when group C was compared with group
B (**P < 0.05). WB analysis showed that the ratio of Shh/GAPDH difference was statistically significant when group B was compared with
group A ("P < 0.05); the difference was statistically significant when group C was compared with group B (**P < 0.05).

in Dhcr7 knockout (Dhcr7—/—) mouse models [8], cholesterol
has been found to be low and 7DHC elevated in plasma and
tissues.

There are many methods to suppress the expression of
endogenous Dhcr7, but siRNA allows for silencing of specific
genes at a specific period or a point in time. siRNA has been
used in cell culture [17, 18] and organ culture [19, 20]. In our
study, we used siRNA-mediated RNAi, designed for mice.
Dher7 specific siRNA sequences were transfected, and RT-
PCR and WB were used to detect the transfection efficiency.
The results revealed a significant decrease in the expression
of Dhcr7 mRNA and protein.

The role of cholesterol in embryonic development
requires additional investigation [21]. In this study, inhibition
of the expression of endogenous Dhcr7 allowed us to observe
its effect on the growth and integration of the palate and to
study the effect of the addition of exogenous cholesterol after
such suppression. Our results demonstrated that inhibition
of Dher7 can lead to palatal development failure, where
the palatal sides cannot successfully contact and fuse. SEM
visualization showed that both sides of the palate contacted
and fused in both the normal control group and the control
empty adenovirus group after the palates were cultured for

48 h. In the experimental group, a substantial defect remained
between the two sides of the palate, with the lower nasal
cavity structures visible. However, addition of exogenous
cholesterol (600 ng/mL) can reverse this palatal formation
failure so as to promote the development of palatal contact
and fusion. Dher7 appears to play a direct role in palatal
fusion. In the setting of Dhcr7 dysfunction, the catalytic
synthesis of endogenous cholesterol cannot meet the needs
for normal palate fusion, leading to the occurrence of cleft
palate. Alcohol intake may affect cholesterol metabolism and
during pregnancy may cause fetal craniofacial abnormalities
[22]. The DHCR? gene is involved in cholesterol metabolism
and has a mutation rate of 3%-4% [23]. Our current study
provides some theoretical guidance for predicting and pre-
venting the occurrence of cleft palate.

Recent studies have found an increasing number of genes
playing an important role in palate development. These genes
include transcription factors and growth factors and their
receptors. Mutations can lead to the occurrence of cleft palate
[24, 25]. The palate originates from migratory neural crest
cells and differentiates into the mouth, nose, and pharynx
in the cranial ectodermal ridge epithelium. As in other
vertebrates, the mouse secondary palate development also
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FIGURE 5: Bmp2 gene mRNA (left) and protein (right) expression analysis. A: control group; B: Dhcr7-siRNA inhibited group; C: supplemental
cholesterol group. RT-PCR detection indicated that the difference was statistically significant when group B was compared with group A
(*P < 0.05); The difference was also statistically significant when group C was compared with group B (**P < 0.05). WB analysis showed
that the ratio of Bmp2/GAPDH difference is statistically significant when group B is compared with group A (P < 0.05); the difference is
statistically significant when group C compared with group B (**P < 0.05).

depends on the interaction of mesenchymal and epithelial
cells [26]. Peptide growth factors serve as signaling molecules
[27]. Many polypeptide growth factors are involved in the
development of the vertebrate maxillofacial structures. These
factors include Shh, bone morphogenetic proteins (BMPs),
and the transforming growth factor f (TGEp) superfam-
ily [28]. During the development of chicken maxillofacial
primordia, Shh is an indispensable peptide growth factor.
Blocking expression of the Shh signaling peptide resulted
in maxillofacial primordia growth inhibition. Shh overex-
pression promoted the growth of maxillofacial primordia by
promoting cell proliferation [29]. Augmented BMP2, BMP4,
and BMP7 expression accelerates cell proliferation in the
maxillary processes [30, 31].

Shh plays a key role in the development of the central
nervous system and facial structure as well as limb formation.
Altering the cholesterol balance changes lipid raft stability
and protein composition and can interfere with Shh signaling
pathways. This can cause a variety of deformities, including
cleft palate [32, 33]. Studies have found that Shh is expressed
at a critical stage in the development of the palate in mice and
is predominantly expressed in the palatal epithelial ridge [34].
Shh knockout mice present defects of the forebrain, noto-
chord and limbs, and severe cleft palate [35]. This phenotype

is similar to Dhcr7—/— mice [3]. Bmp2 is also expressed at
a critical stage in the development of palate in mice [36].
It has been shown that Shh can induce Bmp2 expression in
the palatal mesenchyme. Shh and Bmp2 induce mesenchymal
proliferation [37] and promote palatal development.

5. Conclusion

In conclusion, our study demonstrates that Dhcr7 regulates
palatal fusion through participation in the Shh and Bmp2
signaling pathways.
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