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Abstract

Clefts of the lip and palate are thought to be caused by genetic and environmental insults but the
role of epigenetic mechanisms underlying this common birth defect are unknown. We analyzed
the expression of over 600 microRNAs in the murine medial nasal and maxillary processes
isolated on GD10.0-GD11.5 to identify those expressed during development of the upper lip and
analyzed spatial expression of a subset. A total of 169 microRNAs were differentially expressed
across gestation days 10.0 to 11.5 in the medial nasal processes, and 77 in the maxillary processes
of the first branchial arch with 49 common to both. Of the microRNAs exhibiting the largest
percent increase in both facial processes were 5 members of the Let-7 family. Among those with
the greatest decrease in expression from GD10.0 to GD11.5 were members of the
microRNA-302/367 family that have been implicated in cellular reprogramming. The distribution
of expression of microRNA-199a-3p and Let-7i was determined by in situ hybridization and
revealed widespread expression in both medial nasal and maxillary facial processes while that for
microRNA-203 was much more limited. MicroRNAs are dynamically expressed in the tissues that
form the upper lip and several were identified that target mMRNAs known to be important for its
development, including those that regulate the two main isoforms of p63 (microRNA-203 and
microRNA-302/367 family). Integration of these data with corresponding proteomic data sets will
lead to a greater appreciation of epigenetic regulation of lip development and provide a better
understanding of potential causes of cleft lip.
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Introduction

Orofacial clefts (cleft lip with or without cleft palate, CL/P, or cleft palate only, CPO) occur
with a frequency as high as 1 in 700 live births and are the most prevalent birth defects
affecting humans (Stuppia et al., 2011, Rahimov et al., 2012). CL/P and CPO are distinct
developmental defects with different underlying causes. The secondary palate is formed
from bilateral projections originating from the oral aspect of each maxillary processes and is
characterized by initial vertical growth followed by reorientation and fusion to form the
continuous palate separating the oral and nasal cavities. In humans, this occurs between
weeks 7-10 of gestation. Failure of the palatal processes to reorient or fuse will result in a
cleft palate. The upper lip, however, is formed by the bilateral fusion of the maxillary
process (MxP) of the first branchial arch (BA1) with the medial nasal process (MNP) (Fig.
1) and occurs in humans during week 4 of gestation (reviewed in (Jiang et al., 2006)).
Failure of fusion between these facial processes will result in either unilateral or bilateral
cleft lip. In the human, the lateral nasal process develops into the ala of the nose and failure
of fusion between this process and the maxilla may result in the rare oblique facial cleft
(Eppley et al., 2005). Gene knockout mouse models for CL/P have demonstrated the
importance of Wnt9b and FGF (Jin et al., 2012), p63 (Ferretti et al.), Pax9 and Msx1
(Nakatomi et al., 2010), and IRF6 (Ingraham et al., 2006) in development of the upper lip.
Few studies, however, have addressed the potential involvement of epigenetic factors, such
as expression and function of microRNAs (miRNAs) in facial development, and most of
these have focused on the developing secondary palate (Powder et al., 2012, Mukhopadhyay
et al., 2010, Gatto et al., 2010, Gessert et al., 2010, Eberhart et al., 2008).

While multiple molecular mechanisms underlie epigenetic regulatory networks, one of the
most actively investigated to date is the action of miRNAs. MiRNAs regulate expression of
genes post-transcriptionally by binding to and then inhibiting the translation of, and/or
destabilizing, their target mMRNAs (Bartel, 2009, Bazzini et al., 2012, Djuranovic et al.,
2012).

Currently there are over 2,000 known human miRNAs and 1281 identified in mice,
according to release 19 of miRBase (mirbase.org). In the current study, we describe miRNA
temporal expression profiles during the development of the murine medial nasal and
maxillary processes of the first branchial arch. These data form the foundation necessary to
understand the complex epigenetic regulatory networks governing normal and abnormal
development of the upper lip.

Materials and Methods

Animals

Hsd:ICR (CD-1®) breeder mice were purchased from Harlan Laboratories, Inc.
(Indianapolis, IN) and housed at an ambient temperature of 22 °C with a 12 h on/12h off
light cycle and access to food and water ad libitum. Timed matings were achieved by caging
one mature male and two nulliparous female mice. For gestation day (GD) 10.5 and 11.5,
overnight matings (6 p.m to 9 a.m.) were set up. Females were examined for a vaginal plug
and this was designated as GD 0.5. For GD 10.0 and 11.0, a short, two-hour mating window
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was set up between 11 a.m and 1 p.m. For these, detection of a vaginal plug was designated
as GD 0. Dams were euthanized by carbon dioxide asphyxiation/cervical dislocation and
embryos isolated by cesarean section and immediately placed in ice-cold PBS. All
procedures for the humane use and handling of mice were approved by the University of
Louisville Institutional Animal Care and Use Committee and encompass guidelines as set
out in the EC Directive 86/609/EEC for animal experimentation.

Fetal staging

Because there can be significant variation in the extent of development among littermates, it
was necessary to operationally define the stages of lip development. The criterion by which
we defined each gestation day is detailed in Table 1. Tail somites were determined from the
position of the hind limb, which forms between somites 23-28, therefore, somite 29 was
taken as tail somite no. 1 and used as a measure of total number of somite pairs (Slack,
2012).

Isolation of facial processes

Following rinses in ice-cold PBS, embryos were immediately placed in RNAlater (Qiagen,
Valencia, CA) and stored at —20°C. Dissections were then performed directly in RNAlater
solution. The bilateral maxillary processes of the first branchial arch and the medial nasal
processes were dissected with a tungsten needle and scalpel and maintained in RNAlater
solution until processed for RNA purification.

RNA isolation/cDNA synthesis

Total RNA was purified using the mirVana miRNA isolation kit (Life Technologies,
Carlsbad, CA) and cDNAs prepared using Megaplex™ reverse transcription primers (rodent
pool A, v2 and pool B, v3) and the Tagman microRNA reverse transcription kit (Life
Technologies). Real-time PCR reactions consisted of 1X Tagman PCR master mix (Life
Technologies) and 6 pl cDNA in a final volume of 900 pl. One-hundred pl was applied to
each of 8 ports of a TagMan array rodent microRNA microfluidic card (Life Technologies).
For each sample, an “A” and “B” card was used. The “A” card contained 335 miRNAs
unique to the mouse and the “B” card, 306 mouse-specific miRNAs for a combined 641
miRNAs. The remainder was unique to rat. There were also three endogenous controls
(snoRNA135, snoRNA202 and U6) and one negative control (ath-miR159a). The cards were
analyzed using the ViiA7 real-time PCR system (Life Technologies) and data were reduced
as detailed below.

In situ hybridization

Fetuses were isolated on GD11.5 and fixed overnight in 4% paraformaldehyde (PFA)
(dissolved in PBS) and dehydrated through a graded methanol series. Fetuses were digested
with 10 pg/ml proteinase K (Roche, Indianapolis, IN) for 45 min at 37°C and post fixed in
PBT (PBS + 0.1% Tween-20) that contained 4% PFA and 0.2% glutaraldehyde (Fisher
Scientific, Waltham, MA). Samples were acetylated with 0.1M triethanolamine, pH 8.0 and
0.25% (v/v) acetic anhydride (each from Sigma Chemical Co., St. Louis, MO) for 10 min at
room temperature. Fetuses were then hybridized with digoxigenin-labelled locked nucleic
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acid (LNA) probes purchased from Exigon, Inc. (Woburn, MA) and used at 10nM, 30°C
below the calculated RNA melting temperature (Tm) for 24h. From this point, fetuses were
processed as described by Kloosterman et al. (Kloosterman et al., 2006). A control,
scrambled LNA probe (Exigon, Inc.) was included for each experiment.

Data analysis

Three independent, biological replicates for each tissue were used for final determination of
the data where each was processed and loaded onto the paired “A” and “B” cards. The
experimental design consisted of four time-points (GD 10.0, 10.5, 11.0, and 11.5), two tissue
types (MNP and MxP), and three replicates for a total of 24 arrays for each of the “A” and
“B” cards. All Ct values declared as “undetermined (Ct values >40) were treated as missing
and raw Ct values for each card were first processed in the following manner: All mMiRNAs
with missing values in greater than 50% of the arrays were removed, after ensuring that
missing values were not occurring solely within certain experimental groups. Any remaining
missing values were subsequently imputed using k-nearest-neighbors imputation
(Troyanskaya et al., 2001). Finally, Ct values on each array were normalized by subtracting
the global median of the array. This normalization method was selected after trying
alternative normalization methods based on subtracting control RNAs (e.g., SnoRNA135)
and determined to provide the most stable measurement of miRNA expression across all
samples. Normalized Ct values were then analyzed to determine differential expression
between time points within each tissue using a linear regression model as implemented in
the Bioconductor package limma (Gentleman et al., 2004, Smyth, 2005). To maximize
power, one model for each miRNA was fit to the entire set of 24 arrays and linear trends
were tested separately within each tissue type. To account for the paired nature of the data
(i.e. the same tissue was used to produce one MNP and one MxP sample), we included
tissue source as a blocking factor in the analysis and fit a generalized least squares model
after estimating the correlation between paired samples using the duplicateCorrelation
function in limma. P-values were adjusted for multiple comparisons using the Benjamini-
Hochberg method to control the overall false discovery rate at the 5% level (Benjamini &
Hochberg, 1995).

Single-tube real time PCR assays

Results

To validate the results of the array cards, the expression of a selected set of miRNAs was
independently determined by real-time PCR (Tagman, Life Technologies). cDNAs were
synthesized as detailed above and the expression of individual miRNAs was determined
using pre-designed probe:primer sets from Life Technologies. The expression of each
miRNA tested was normalized to that for SnoRNA135 by the AACt method (Livak &
Schmittgen, 2001).

To determine the expression of miRNAs involved in development of the upper lip in mice,
the bilateral medial nasal processes (MNPs) and maxillary processes (MxPs) (Fig. 1),
contributors to the formation of the upper lip, were microdissected from three independent
litters and total RNA extracted and used to synthesize cDNAs from expressed miRNAs.
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Fetuses were staged according to somite number and grouped into four gestational days
(GD10, 10.5, 11 and 11.5) (see Table 1) for analysis. The expression of 641 murine
miRNAs was assayed by PCR microarray (see Methods) from the MXP and MNP from
three independent litters of 4-5 fetuses from each of GD10.0, 10.5, 11.0, and 11.5. While
constitutively expressed miRNAs were noted during the developmental time frame
examined (defined as adjusted p-values for linear trend >0.05 from GD10.0-11.5, see
additional files 1 [Table S1] and 2 [Table S2]), focus was directed toward the identification
of miRNAs that exhibited differential expression (defined as an adjusted p-value for linear
trend <0.05 across GDs 10.0 to 11.5). A linear model (rather than an ANOVA) was utilized
to detect miRNAs that exhibited a linear trend over the time course examined. Analysis of
the data using ANOVA resulted in a virtually identical list of genes (80-90% overlap). The
linear model actually detected more genes exhibiting significant changes in expression due,
in part, to greater power to detect a linear trend. Moreover, the vast majority of genes
exhibited a linear trend over the time course examined.

Many miRNAs were classified as “not detected”, defined as those with an average Ct value
>35 in each of the GDs examined (see additional files 3 [Table S3] and 4 [Table S4).
Careful examination of the expression of the 641 miRNAs on our array cards revealed not a
single instance of a miRNA that was not expressed on GD10.0, but then expressed on
any/all of the subsequent days of gestation. This provided justification for using GD10 as
our reference point (temporal changes relative to GD10).

The miRNAs in the MNP meeting the criteria of differential expression (defined as an
adjusted p-value for linear trend <0.05 across GDs 10.0 to 11.5) are reported in Table 2 and
those in the MxP are reported in Table 3. In each table, the miRNAs are ordered according
to p-value and separated into those that are up-regulated from GD10.0 to 11.5 and then those
that are down-regulated. As shown in Table 2, 142 miRNAs, whose expression ranged from
a 13-fold decrease to an over 12-fold increase on GD11.5 compared to GD10.0 were
identified in the MNPs. Interestingly, of the top 10 miRNAs exhibiting the largest increase
in expression, 5 were members of the Let-7 family (Let-7i, -7a, -7c, -7e, and -7g). Two
others (Let-7d and Let-7f) were expressed >3.4-fold. Thus, 7 of the 12 member Let-7 family
exhibited a significant increase in expression during development of the MNP. Of the 10
miRNAs exhibiting the largest fold-decrease in expression in the MNPs were 4 members of
the 9 member miR-302/367 cluster. The humber of expressed miRNAs that were identified
in the MxP (66) was significantly less than the total number differentially expressed in the
MNP. Nevertheless, as with the MNP, members of the Let-7 family (Let-7i, -7d, -7a, -79,
and -7c) were highly represented among miRNAs in the MxP exhibiting the greatest
increase in expression. Let-7e and Leg-7f were also significantly increased (>2.2-fold).
Similar to expression data from the MNPs, miRNAs exhibiting the greatest fold-decrease in
expression from GD10.0-GD11.5 were members of the miR-302/367 cluster (302-a, -b, -c, -
d, and 367). The Venn diagram in Fig. 2 illustrates that 45 differentially-expressed miRNAs
were common to both facial processes, 97 were unique to the MNP and 21 were unique to
the MxP. The list of miRNAs in each of these categories is also reported in additional files
5-7 (Table S5-Table S7, respectively).
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Because the expression level of individual miRNAs varied on GD10.0 from relatively low to
relatively high, analyzing fold-change values alone (relative to GD10.0) may mask overall
levels of expression on each gestation day. Therefore, we also report the expression of
differentially-expressed miRNAs as shown in Figure 3. This provides a graphical
representation of the data reported in Table 2 and Table 3 as changes in —ACt values from
GD10.0 to GD11.5. (Note: all ACt values were multiplied by -1 so that an increase in
expression was reflected as a line with a positive slope and decreased expression, a negative
slope). The differentially-expressed miRNAs in the MNP and MxP were divided into three
groups based on their expression level on GD10.0 as: low (-ACt < -2), mid (-ACt between
-2 and 2), and high (-ACt >2) level expressers. When the data is presented in this manner, it
can be seen that the expression of some miRNAs, despite having large fold-change values,
are still expressed at a lower level than other miRNAs with small fold-changes, but higher
initial concentrations. For example, in both tissues the expression of Let-7i increased ~12-
fold from GD10.0 to GD11.5 compared to a 2-6-fold increase for miR-199a-3p (Tables 2
and 3). However, on GD10.0 the expression of miR-199a-3p was initially relatively high
whereas the expression of Let-7i was classified as low (Fig. 3), with the end result that there
was a higher concentration of miR-199a-3p than Let-7i in each tissue. Frequently, miRNAs
with large fold-changes in expression are assumed to be more biologically relevant than
those with more modest changes that actually yield a much higher concentration of miRNAs
and possibly leading to a greater biological effect.

To independently validate the results of the microarray analysis, the expression of 10
miRNAs from each list was assayed by real-time PCR (Tagman). PCR results, reported in
Table 4 (MNP) and Table 5 (MxP), were directionally consistent with those from the
microarray cards. While some variability in the magnitude of changes in miRNA expression
was seen, this is likely due to the differences in the amount of input cDNA between the
array cards and the single tube assays.

Distribution of miR-199a-3p, miR-203, and Let-7i in the craniofacial region of GD11.5
mouse fetuses was determined by in situ hybridization utilizing locked nucleic acid-
modified DNA probes (LNA-probes) (Fig. 4). As expected from the RT-PCR results, each
of these mMiRNAs was observed to be expressed in both the MNP and MxP. Expression
patterns for each miRNA were, however, unique. miR-199a-3p was expressed in each facial
process but was excluded from the rostral (red arrow) and caudal (green arrow) surfaces of
the MxP (Fig. 4, panel 1), either side of the nasolacrimal groove (green arrowhead, Fig. 4,
panel E), lining of the nasal pit (red arrow, Fig. 4, panel E) and in the junction between the
bilateral MNPs (green arrow, Fig. 4, panel E). The eye was also completely devoid of
staining for miR199a-3p as was the entire neural tube (not shown). MiR-203 was expressed
in the most restrictive pattern of the three miRNAS tested by in situ hybridization (Fig 4.,
panels B, F, and J). In contrast to the expression of miR-199a-3p, the expression of miR-203
was expressed only on the rostral (red arrow, panel J) and caudal (green arrow, panel J)
surfaces of the MxP. MiR-203 was additionally expressed in the tissue adjacent to the
nasolacrimal groove (green arrowhead, panel F), lining the nasal pit (red arrow, panel J) and
the medial surfaces of the paired MNPs (green arrow, panel J). Staining in the developing
brain in panels B and C may be trapping of the LNA-probe and/or anti-digoxigenin
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antibodies because a similar pattern was observed with a scrambled LNA-probe (panels D
and H). It is not clear why the pattern with the miR199-a-3p probe differs in the area of the
developing brain. Importantly, there was no non-specific binding detected in the facial
prominences (panel H). The expression of Let-7i was ubiquitous throughout the entire fetus
including both the MNP and MxP (Fig 4., panels C and G). These embryos were also
subjected to cryosectioning which confirmed mesenchyme-specific expression of
miR-199a-3p, epithelium-specific expression of miR-203, and uniform expression of Let-7i

(Fig. 5).

Discussion

Every year in the United States 150,000 to 200,000 babies are born with a structural birth
defect. Despite unprecedented intellectual and technological strides in the biomedical
sciences, including sequencing of the human genome and advances in prenatal care/
diagnostics, the underlying causes of nearly 70 percent of all birth defects and
developmental disabilities remain unknown. Isolated oral-facial clefts are among the most
common birth defects in this country. Failure of proper fusion between the maxillary and
nasal processes results in cleft lip. While there have been significant advancements in
indentifying genes important for secondary palate development, similar studies, specifically
focused on cleft lip, are few in number.

Exploration of the epigenome—the epigenetic variability in cells (epimutations)—holds the
hope for precise diagnosis of disease and congenital anomalies such as cleft lip. While
multiple molecular mechanisms underlie epigenetic regulatory networks, one of the most
actively investigated to date is the action of miRNAs. MiRNAs regulate expression of genes
post-transcriptionally by binding to, and then inhibiting the translation of (Djuranovic et al.,
2012, Bazzini et al., 2012), and/or destabilizing, their target MRNAs (Bartel, 2009). While
their role in embryonic development is well documented and now widely accepted (Fjose &
Zhao, 2010, Ivey & Srivastava, 2010), their role in development of the midface, particularly
the upper lip, is virtually unknown and results of scientific inquiry in this area have only
recently begun to emerge (Radhakrishna, 2012, I1zzo et al., 2013, Wang et al., 2013). Indeed,
the importance of mMiRNAs for craniofacial development in general, is supported by the
severe craniofacial malformations seen in mouse embryos with a conditional deletion of
Dicer in Wht-1 expressing neural crest cells (Zehir et al., 2010). Loss of Dicer expression in
Pax2-expressing cells also leads to craniofacial defects, including cleft palate and midfacial
hypoplasia (Barritt et al., 2012). We have thus conducted the current study to identify
miRNAs that are expressed in the facial processes that contribute to the formation of the
upper lip. This represents the first systematic analysis of the temporal expression of
miRNAs in this tissue.

Among the 10 miRNAs exhibiting the largest increase in expression in both the MNP and
MxP from GD10.0 to GD11.5 were five members of the Let-7i family. The Let-7 miRNA
precursor was initially identified in C. elegans (Rougvie, 2001) and later shown to be part of
a much larger class of non-coding RNAs (Ambros, 2001). As such, the Let family of
miRNAs is among the oldest known miRNAs and thus has been amongst the most intensely
studied. Let-7i family members impact a wide variety of developmental processes including
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stem cell differentiation (Melton et al.), developmental timing (Reinhart et al., 2000), cell
motility (Hu et al., 2013) and proliferation (Johnson et al., 2007), all of which have been
implicated in orofacial development.

The expression of miR-203 was also among the miRNAs with significant increases in
expression in both the MNP and MxP. As with Let-7i, miR-203 has been shown to regulate
proliferation (Chen et al., 2013) and stem cell differentiation (Nissan et al., 2011). In
addition, miR-203 has been shown to be involved in epithelial-mesenchymal
transdifferentiation (Ding et al., 2013), a process thought to be critical for fusion of the
facial processes (Jiang et al., 2006). Interestingly, of the 10 miRNAs exhibiting the largest
fold-decrease in expression during upper lip development were 4 (MNP) and all 5 (MxP)
members of the miR-302/367 family. Of particular interest, and perhaps relevance to known
causes of cleft lip, at least in mouse models, is the fact that miR-203 and members of the
miR-302/367 family target different isoforms of the p63 transcription factor. p63, a
homologue of the p53 tumor suppressor, is transcribed from two different promoters, one
leading to expression of the transactivating form (TA-p63, a target of miR-302/267) and the
other missing the transactivating domain (AN-p63, a target of miR-203), each with
significantly different activities (Yang et al., 1998). In both the MNP and MxP, the
expression of miR-203 increased and that for miR-302/367 decreased. These data allow the
suggestion that the regulated expression of p63 isoforms is critical to normal development of
the upper lip. This notion draws support from the observation that complete loss of p63
expression leads to cleft lip and palate (Thomason et al., 2008). The importance of precise
control of p63 expression is further emphasized by the demonstration that Wnts and BMP-4,
both critical for proper midfacial morphogenesis and/or lip fusion (Jiang et al., 2006), are
capable of regulating p63 expression (Ferretti et al., 2011; Medawar et al., 2008). Moreover,
the expression patterns for p63 and miR-203 overlap, demonstrating one criterion for
functional interaction (Thomason et al., 2008). Irf6, another gene linked to lip development,
has been shown to be regulated by ANp63, but not by TA-p63 (Moretti et al., 2010). The
expression of p63 is thus critical for craniofacial, and in particular lip and palate,
development and we hypothesize that miR203 and miR302/367 coordinate to tightly control
the expression of both ANp63 and TA-p63.

Several previous studies, most using an avian model system, have provided characterization
of miRNA expression patterns in midfacial development. Darnell et al. performed a large-
scale in situ hybridization screen for the expression of 135 miRNAs expressed during
chicken development (Darnell et al., 2006). Of these, 13 were found to be expressed in the
craniofacial region. We also identified several of these in our screen, including miRs-125b,
-135b, and -217 in the medial nasal process and miRs-125b, -184, -205, and -218 in the
maxillary process. These results suggest conserved function in these two species. miR-140
was also detected in the facial processes (Darnell et al., 2006). In zebrafish miR-140 has
been implicated in development of the structure equivalent of the secondary palate through
regulation of Pdgf expression (Eberhart et al., 2008). Powder et al. analyzed the expression
of miRNAs expressed in the frontonasal process in three avian species by deep sequencing
(Powder et al., 2012). In all three studies, the expression of several members of the miR-302
family were significantly down-regulated and members of the Let-7 family upregulated,
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consistent with the results in the current study, suggesting critical functions for these two
groups of miRNASs (as described above). Sheehy et al. reported that miR-452 was enriched
in neural crest cells and important for the regulation of a SHH-FGF8-DL X2 signaling axis
during development of the first branchial arch (Sheehy et al., 2010). We did not, however,
detect the expression of miR-452 in our screen, suggesting that its expression was down-
regulated before the earliest developmental time point we examined.

In order to develop hypotheses on the mechanisms of epigenetic regulation of gene
expression in the developing upper lip, based upon the expression profiles of the miRNAs
detected in the current study, it is necessary to have a complete understanding of the
proteome. However, there are no current datasets of the proteome in the developing facial
processes. There have been a few studies systematically analyzing the expression of mMRNAs
in the developing mouse face (Feng et al., 2009). However, one must be careful in merging
miRNA expression and mRNA expression profiles because the mechanism of miRNA
silencing of MRNA expression involves not only mRNA destabilization, but also inhibition
of trandation (Djuranovic et al., 2012). Therefore, there may not be a direct correlation
between miRNA expression and target mRNA expression. Furthermore, it must be
demonstrated that the miRNA and mRNA are present in the same cell at the same time. By
focusing on a limited number of miRNAs with experimentally validated targets using the
Tarbase 6.0 database (Vergoulis et al., 2012), we can propose that mRNASs previously
identified in the facial processes, and predicted to be important for mid-facial development,
are regulated by miRNAs identified in the current study. For example, the expression of
Zeb?2 (a regulator of epithelial to mesenchymal transdifferentiation), Dkk1 (a Wnt inhibitor),
and Mylip (myosin light chain interacting protein) were all increased in the maxillary
process on GD11.5 when compared to the expression level of GD10.5 (Feng et al., 2009).
These mRNAs are known to be targeted by miR-200c (Zeb2), miRs-292-3p and 291a-3p
(Dkk1), and miRs-92a and -20b (Mylip). While the expression of miR-200c is constant
across the GD10.0-GD11.5 window, the expression of miRs 292-3p, 291a-3p, 92a, and 20b
are all decreased, consistent with the regulation of the above mRNAs during upper lip
development.

Several members of the miR-17-92 cluster were found to be expressed in the MNP and
MxP, some differentially-expressed (miR-92a in the MNP and miRs-19a, -19b, and -92a in
the MxP) and other constitutively expressed (miRs-17 and -20a in the MNP and miRs-18a
and -20a in the MxP). The miR-17-92 cluster is located in an area of human chromosome
13, that, when deleted, leads to craniofacial abnormalities, a phenotype that can be modeled
in the mouse (de Pontual et al., 2011). This miRNA cluster has been been previously shown
to be regulated by BMP2 and BMP4 (Wang et al., 2010). Indeed, mice lacking miR-17-92
expression have cleft palate and bilateral cleft lip, possibly through dysregulation of direct
targets, Thx3, Osrl, Fgf10, and Shox2 (Wang et al., 2013).

Forty-five miRNAs were differentially regulated and common to both the MNP and MxP
(Additional file 1, Table S1). Using Tarbase 6.0 to identify validated mRNA targets of these
miRNAs, it was revealed that three target Runx1 (miR-27b, miR-27a, and miR199b). Runx1
has been previously shown to be important for the fusion of the primary and secondary
palates (Charoenchaikorn et al., 2009). The BMP-regulated Smads were also targeted by
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more than one miRNA expressed in both tissues (miR-27b targets Smad-3 and -5; miR-199b
targets Smadl). Five miRNAs that were differentially expressed in the MNP but not the
MxP targeted both Zebl and Zeb2 mRNA (miRs-429-3p, -200a, -200b, -200c, and -141-3p).
Zebl and Zeb?2 have been shown regulate epithelial-mesenchymal transdifferentiation in a
number of systems, including fusion of the secondary palate, however, there have been no
studies to examine its potential role in fusion of the facial prominences (Liu et al., 2008).
Two miRNAs (miR195¢-3p and miR16-5p) target the pro-apoptotic gene, Bcl-2. MiR-16-5p
also targets Wnt-3a, a Wnt isoform that has been linked to human cases of non-syndromic
cleft lip (Chiquet et al., 2008). MiR-363-3p regulates the expression of Hand2 and Thx3,
both previously shown to be important for development of the secondary palate, but their
role in upper lip development is not known (Zirzow et al., 2009, Xiong et al., 2009). Of the
miRNAs differentially expressed in the MxP, none targets any previously identified gene
important for craniofacial development. Some of the targets, however, include CD69, the
Whnt receptor Fzd4, MAP kinase 14, the transcription factor Stat3, and the Notch signaling
inhibitor, Atxnl. Further pathway analyses using Ingenuity pathway analysis (Ingenuity
Systems, Redwood City, CA) demonstrated that a broad array of cellular processes are
predicted to be regulated by the miRNAs identified in the current study (and in the MNP and
MxP), including the cell cycle, cell death, cell movement, BMP, FGF, sonic hedgehog, and
Whnt signaling.

The results presented here are the first systematic analysis of the expression of miRNAs in
the developing upper lip in the mouse and provide a framework from which to further
investigate the role of individual miRNAs and miRNA families during lip development. In
addition to identifying many miRNAs that were differentially regulated, we have also
identified two miRNAs with opposing expression patterns and that regulate the expression
of different isoforms of p63 (miR-203 and the miR-302/367 family), previously shown to be
critical for both palate and lip development. Furthermore, miRNAs were identified that
potentially regulate many of the signaling pathways known to be essential for normal lip
development. A complete understanding of the regulation of expression of all genes
necessary for normal upper lip development will require the integration of mMiRNA
expression profiles with other datasets. These include the transcriptome, proteome,
methylome, and histone modifications. How these varied regulatory mechanisms lead to the
coordinated morphogenetic processes necessary for normal upper lip development is a
prerequisite for developing strategies for the treatment or prevention of orofacial clefts.
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Figure 1. Facial prominences dissected for miRNA expression analysis
Shown is a GD11.5 mouse fetus that has been incubated with DAPI and photographed under

epi-fluorescence according to the method detailed in (Sandell et al., 2012). Panel A, frontal
view and panel B, lateral view. The medial nasal processes are indicated in red and the
maxillary processes in blue. MN, medial nasal process; LN, lateral nasal process; Mx,
maxillary process of the first branchial arch; OP, olfactory pit; Md, mandibular process of
first branchial arch; BA2, second branchial arch.

Dev Growth Differ. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Warner et al.

Page 15

MNP MxP

142 45 66

Figure 2. Venn diagram illustrating the number of miRNAs differentially regulated
There were 143 and 67 miRNAs differentially regulated in the MNP (blue) and MxP

(yellow), respectively. Of those, 46 miRNAs were common to both facial processes.
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Graphical Representation of Differentially-Expressed miRNAs
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Figure 3. Longitudinal profiles of differentially-expressed miRNAs
Differentially-expressed miRNAs in MNP (left panel) or MxP (right panel) tissue were

categorized by their initial ACt values (those on GD10) as low, mid, or high expressers, as
indicated in each panel. Each line represents the ACt value for a specific miRNA on
GD10.0-GD11.5. For clarity, only a selected few miRNAs are shown on each category.
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Figure 4. Expression of miR-199a-3p, miR-203, and Let-7i in GD11.5 fetuses
Mouse fetuses were dissected on GD11.5 and fixed overnight in 4% paraformaldehyde and

then processed for in situ hybridization as described in the Methods section. Fetuses were
incubated with locked nucleic acid (LNA)-modified DNA probes (Exigon) targeting
miR-199a-3p (panels A, E, and 1), miR-203 (panels B, F, and J), Let-7i (panels C and G), or
a scrambled sequence control probe (Control, panels D and H). Images shown in panels A-H
were taken under identical lighting conditions and exposure time. Panels A-D and 1-J are
lateral views and Panels E-F are the corresponding frontal views. Panels | and J are higher
magnification images of the same fetuses shown in A and B, respectively. There was
variable trapping of the LNA probes in the ventricles of the brain, however, there was no
non-specific binding detected in the medial and lateral nasal processes or the maxillary and
mandibular processes of the first branchial arch (Panels D and H). miR-199a-3p was
expressed in both the medial and lateral nasal processes and in the maxillary process (Panels
A and E). In contrast, the expression of miR-203 was more restricted (arrows in Panels B
and F) and appeared to be mutually exclusive with miR-199a-3p. The expression of Let-7i
was ubiquitous (Panels C and G). Scales bars are 0.5 mm.
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Figure 5. Expression of miR-199a-3p, miR-203, and Let-7i in GD11.5 mouse facial processes
To determine the specific cellular expression pattern of each miR analyzed, the fetuses

shown in Figure 3 were equilibrated in 30% sucrose/PBS, embedded and frozen in OCT

medium, and sectioned at a thickness of 16 um. Panel A shows the expression of

miR-199a-3p in the mesenchyme of the MNP and LNP (arrows) and in the MxP (Panel B,
arrows). Panels C and D reveal epithelium-specific expression of miR-203 in the MNP and

LNP and MxP, respectively (arrows). Expression was also noted in the MdP (panel D,
arrow). The expression of Let-7i was more uniform and widespread than that for
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miR-199a-3p and miR-203 (panels E and F). The negative control probe is shown in panels
G and H. MNP, medial nasal process; LNP, lateral nasal process; MxP, maxillary and MdB,
mandibular aspect of the first branchial arch; NP, nasal pit. All images were taken at 200X
magnification.
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TABLE 1

Staging of mouse fetuses

Gestation Day | Theiler Stage | Tail Somites | Total Somites
10.0 16 2-6 30-34
10.5 17 7-11 35-39
11.0 18 12-16 40-44
115 19 17-19 45-47

Mouse fetuses were staged according to the number of tail somites and are divided into four developmental time points (GD10.0-GD11.5). For
comparison, the total number of somites and the corresponding Theiler stage is also provided.
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Differential expression of miRNAs in the medial nasal processes from GD10.0-GD11.5 mouse fetuses

TABLE 2

Adjusted
mMiRNA GD 105 | GD11.0 | GD 115 P-value
Increased Expression vs. GD10.0

miR-24 1.78 3.16 5.58 <0.001
let-7i 2.68 10.06 12.22 <0.001
miR-203 2.47 6.58 7.64 <0.001
let-7c 2.65 4.78 8.16 <0.001
miR-199a-3p 2.80 5.19 5.93 <0.001
let-7g 2.48 6.06 6.46 <0.001
miR-429 2.35 3.17 4.62 <0.001
miR-200a 1.74 217 2.52 <0.001
miR-27b 2.42 4.77 4.83 <0.001
let-7e 3.62 5.62 6.96 <0.001
miR-145 1.95 3.13 3.75 <0.001
miR-200b 1.96 2.52 3.12 <0.001
miR-27a 2.45 3.34 4.42 <0.001
let-7d 1.39 3.49 391 <0.001
let-7a 4.41 8.99 10.19 <0.001
miR-199a-5p 2.11 4.52 4.20 <0.001
miR-140 1.43 1.78 2.94 <0.001
miR-26a 1.40 1.97 1.91 <0.001
miR-182 1.80 2.35 3.19 <0.001
miR-141 1.91 2.89 3.38 <0.001
miR-205 2.08 4.01 391 <0.001
miR-708 1.65 1.95 2.68 <0.001
miR-322 1.76 2.60 2.56 <0.001
miR-30e 117 1.40 1.74 <0.001
miR-143 1.98 3.40 2.84 <0.001
miR-183 2.27 3.06 3.59 <0.001
miR-23b 0.94 2.25 3.48 <0.001
miR-200c 1.55 177 2.49 <0.001
miR-152 1.46 1.88 2.03 <0.001
miR-199b 3.78 5.72 6.17 <0.001
miR-24-2* 1.57 3.47 451 <0.001
miR-125b-5p 1.32 2.49 2.96 <0.001
miR-322* 2.76 3.27 5.26 <0.001
let-7f 1.28 2.29 3.42 0.001

miR-301a 1.55 1.99 1.89 0.001
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Adjusted
miRNA GD 105 | GD11.0 | GD 115 P-value
miR-301b 1.37 1.72 1.75 0.002
miR-148a 2.06 2.44 2.40 0.002
miR-224 1.54 2.38 3.55 0.002
miR-532-5p 1.44 1.56 1.62 0.003
miR-1839-5p 1.59 2.20 243 0.003
miR-214 1.29 2.03 291 0.003
miR-676 1.14 1.90 2.30 0.004
miR-21 2.75 4.58 3.26 0.004
miR-195 1.19 1.71 1.75 0.008
miR-138 1.52 2.00 2.57 0.008
miR-31* 1.48 2.25 2.38 0.009
miR-1839-3p 1.22 1.73 2.15 0.014
miR-30c 1.28 1.30 1.72 0.014
miR-7b 271 3.20 2.72 0.015
miR-16 1.21 1.30 1.54 0.015
miR-30b 1.23 1.52 1.48 0.015
miR-872* 1.21 1.65 1.93 0.016
miR-96 1.42 3.43 3.29 0.017
miR-28 1.70 1.73 1.73 0.017
miR-133a 1.88 1.97 2.75 0.022
miR-28* 1.45 1.53 2.49 0.023
miR-503* 1.84 1.97 2.36 0.026
miR-181c 1.10 2.00 2.05 0.029
miR-872 1.64 1.76 1.70 0.031
miR-340-3p 1.45 1.48 1.70 0.035
miR-25 1.73 1.75 1.81 0.041
miR-669I 2.68 3.10 3.22 0.046

Decreased expression vs. GD 10.0
miR-323-3p 131 2.54 2.92 <0.001
miR-367 2.61 6.09 13.02 <0.001
miR-292-3p 1.57 311 6.96 <0.001
miR-409-3p 1.76 2.93 2.83 <0.001
miR-302d 141 3.36 8.55 <0.001
miR-335-3p 1.28 217 3.22 <0.001
miR-376b 1.46 2.89 3.68 <0.001
miR-494 1.60 2.49 4.03 <0.001
miR-376a 1.48 2.20 2.90 <0.001
miR-495 1.21 2.06 2.82 <0.001
miR-370 1.26 2.23 2.52 <0.001
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Adjusted
miRNA GD 105 | GD11.0 | GD 115 P-value
miR-410 1.54 2.30 2.83 <0.001
miR-431 1.38 2.09 2.26 <0.001
miR-9 1.75 4.28 6.48 <0.001
miR-543 1.20 2.02 3.18 <0.001
miR-302b 1.91 3.57 10.99 <0.001
miR-302a 1.24 3.88 4.01 <0.001
miR-127 1.38 1.74 194 <0.001
miR-434-3p 1.37 2.27 2.19 <0.001
miR-129-3p 2.84 4.54 8.20 <0.001
miR-667 1.86 2.66 3.37 <0.001
miR-135b 141 2.22 3.43 <0.001
miR-433 2.07 3.59 2.92 <0.001
miR-302c 1.51 4.32 7.34 <0.001
miR-221 1.43 2.16 3.36 <0.001
miR-20b 1.25 1.93 2.24 <0.001
miR-485-3p 1.33 2.42 2.99 <0.001
miR-135a 1.32 3.23 5.55 0.001
miR-539 141 2.06 2.03 0.001
miR-411 1.22 1.61 1.60 0.001
miR-487b 1.24 1.69 212 0.002
miR-291a-3p 1.30 1.62 2.78 0.002
miR-293 1.47 2.29 3.39 0.002
miR-132 2.06 1.96 2.42 0.002
miR-509-3p 2.28 2.96 4.05 0.002
miR-376¢ 1.08 1.73 1.85 0.002
miR-337-5p 1.38 1.92 217 0.003
miR-540-3p 1.71 2.13 2.44 0.004
miR-380-5p 1.04 1.75 1.73 0.004
miR-134 1.36 1.87 1.89 0.005
miR-382 112 1.30 1.75 0.005
miR-369-5p 2.19 2.64 3.29 0.005
miR-222 1.29 212 2.04 0.005
miR-92a 1.26 1.71 1.63 0.006
miR-363 1.47 2.64 3.87 0.007
miR-1905 1.71 2.03 3.85 0.008
miR-712 0.86 2.35 2.78 0.008
miR-434-5p 1.28 157 2.14 0.008
miR-2135 1.39 1.98 2.74 0.009
miR-696 1.78 2.93 2.24 0.01
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Adjusted
miRNA GD 105 | GD11.0 | GD 115 P-value
miR-665 2.56 3.98 3.00 0.011
miR-331-5p 1.55 2.86 211 0.013
miR-376a* 1.03 1.96 2.26 0.014
miR-1193 0.95 1.40 2.43 0.016
miR-295 0.82 2.85 2.70 0.019
miR-493 1.07 2.82 2.69 0.019
miR-337-3p 131 1.93 1.99 0.019
miR-544 1.54 2.28 3.75 0.02
miR-486 1.82 2.85 2.63 0.02
miR-380-3p 1.60 1.74 2.05 0.025
miR-383 2.27 5.40 297 0.025
miR-217 1.25 2.04 2.19 0.025
miR-1897-5p 1.72 2.20 243 0.025
miR-465c-5p 2.50 3.66 4.45 0.026
miR-2182 0.97 1.45 2.35 0.03
miR-1971 1.80 2.09 2.01 0.033
miR-412 1.04 1.43 2.37 0.033
miR-1896 2.00 1.66 2.33 0.033
miR-18a* 1.53 2.07 1.97 0.033
miR-669n 1.62 2.38 7.85 0.036
miR-124 1.36 2.90 2.59 0.037
miR-379 1.19 1.37 1.42 0.038
miR-1960 1.54 1.93 2.01 0.04
miR-216b 1.22 1.74 2.18 0.041
miR-694 1.81 1.83 2.37 0.043
miR-18b 1.39 2.75 2.06 0.044
miR-298 1.21 1.32 1.48 0.044
miR-1191 0.85 1.84 1.70 0.045
miR-335-5p 1.07 1.19 1.65 0.048
miR-692 1.00 1.35 3.12 0.048
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The bilateral medial nasal processes from three independent litters of GD10.0, 10.5, 11.0, and 11.5 mouse fetuses were dissected, RNA purified,
cDNAs synthesized, and analyzed by real-time PCR for the expression of 641 miRs unique to mouse. Values are fold-change relative to the level of
expression on GD10.0. P-values indicate the p-value for overall linear trend as determined using general linear regression modelling in the limma

package.
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Differential expression of miRNAs in the maxillary processes from GD10.0-GD11.5 mouse fetuses

TABLE 3

Adjusted
mMiRNA GD 105 | GD11.0 | GD 115 P-value
Increased expression vs. GD 10.0
let-7i 1.67 6.69 11.72 <0.001
let-7d 1.87 6.44 9.27 <0.001
let-7g 1.96 413 5.61 <0.001
miR-203 2.08 4.29 451 <0.001
let-7¢ 1.74 3.23 4.58 <0.001
miR-218 1.35 2.25 2.79 <0.001
miR-27b 1.52 2.82 3.54 <0.001
miR-125b-5p 1.39 3.23 4.13 <0.001
miR-145 1.13 2.05 2.59 <0.001
let-7a 1.79 6.11 6.73 <0.001
let-7e 1.56 2,77 3.60 <0.001
miR-181a 151 2.19 3.15 <0.001
miR-143 1.12 2.03 2.59 0.002
miR-199a-3p 1.20 2.04 2.33 0.003
miR-181c 1.70 213 3.90 0.003
miR-24 1.29 1.80 1.80 0.003
miR-1839-5p 1.67 2.26 2.75 0.003
miR-184 1.19 3.43 7.13 0.004
miR-322* 1.80 3.72 3.74 0.004
miR-199b 171 3.31 4.03 0.005
miR-214 1.52 2.24 3.06 0.006
miR-148a 1.16 1.94 2.01 0.007
miR-672 1.22 1.70 2.65 0.007
miR-26a 1.08 1.44 1.50 0.008
miR-205 1.60 2.88 2.50 0.008
miR-23b 1.63 2.67 2.70 0.01
miR-24-2* 2.37 2.61 3.70 0.013
miR-27a 1.20 1.90 1.98 0.015
miR-322 1.12 2.50 3.12 0.017
let-7f 0.66 1.55 2.20 0.02
miR-301a 1.14 1.55 1.52 0.03
miR-362-5p 177 2.35 2.68 0.033
miR-872* 1.26 1.80 1.88 0.037
miR-450B-3P 0.61 2.32 2.45 0.038
miR-497 1.08 1.57 1.84 0.038
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Adjusted
miRNA GD 105 | GD11.0 | GD 115 P-value
miR-301b 1.15 1.46 1.45 0.039
miR-224 0.66 1.67 2.03 0.041
miR-676* 1.74 2.62 3.27 0.046

Decreased expression vs. GD10.0

miR-20b 1.64 4.29 6.89 <0.001
miR-302a 1.74 4.26 11.06 <0.001
miR-367 1.99 11.57 10.71 <0.001
miR-292-3p 2.21 6.09 6.79 <0.001
miR-302d 1.81 4.01 8.96 <0.001
miR-302b 2.21 6.87 9.43 <0.001
miR-106a 1.25 1.74 221 <0.001
miR-302c 2.28 7.46 10.12 <0.001
miR-295 2.17 5.94 8.79 <0.001
miR-335-3p 1.06 1.53 2.46 <0.001
miR-293 2.05 321 478 <0.001
miR-291a-3p 1.16 231 2.96 <0.001
miR-296-3p 1.46 2.57 2.75 <0.001
miR-375 1.27 3.44 3.57 <0.001
miR-17 1.19 1.37 1.80 0.002
miR-19b 1.07 1.48 1.65 0.003
miR-687 2.42 6.40 5.36 0.005
miR-139-5p 0.89 1.72 212 0.005
miR-19a 1.06 1.43 1.73 0.007
miR-493 1.03 3.50 3.50 0.007
miR-685 1.78 2.79 2.80 0.007
miR-294 2.25 2.10 4.29 0.009
miR-92a 1.23 1.60 1.68 0.009
miR-696 1.44 2.18 231 0.022
miR-216b 0.67 1.74 2.20 0.024
miR-546 1.32 1.70 391 0.038
miR-449b 1.01 1.40 177 0.05

miR-449a 0.78 2.02 3.05 0.05
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The maxillary processes from three independent litters of GD10.0, 10.5, 11.0, and 11.5 mouse fetuses were dissected, RNA purified, cDNAs
synthesized, and then assayed for the expression of 641 miRs unique to mouse by real-time PCR. The data are presented as fold-change (increase
or decrease) relative to the level expessed on GD10.0. P-values indicate the p-value for overall linear trend as determined using general linear
regression modelling in the limma package.
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TABLE 4

Validation of PCR array results by independent Tagman assay (medial nasal processes)

miRNA GD10.5 GD11.0 GD11.5

203 39+03 16.3+0.8 151+05

Let-7i 57+11 10.2+0.7 20.1+£1.0

367 -18+06 | -6.0+08 -83+%25

302a -32+02 | -43+0.1 -72+06

20b 10+10 | -61.4+0.1 | -89.9+4.7

199a-3p | 5.1+0.1 39+0.2 65+0.1

200b 19+03 2303 3.0+0.3

292-3p | -26+04 | -3.6+x04 -49+05

140 16+0.2 1.7+02 28+0.2

127 -24+02 | -18+03 -31+04

Total RNA was purified from the paired medial nasal processes of GD10.0, GD10.5, GD11.0, and GD11.5 mouse fetuses and cDNAs prepared as
detailed in the Materials and Methods section. The expression of individual miRNAs was determined by real-time PCR and normalized to the
expression of SNoRNA135. The data are presented as fold-change + S.D. (n=3) relative to the level on GD10.0. Positive values are fold-increase
and negative values are fold-decrease.
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TABLE 5

Validation of PCR array results by independent Tagman assay (maxillary processes)
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miRNA GD10.5 GD11.0 GD11.5
203 26+03 77+04 83+04
Let-7i 55+14 13.6+18 23.1+0.1
367 -31+05 | -109+14 -175+11
302a -22+04 -3.6+05 -7.3+£0.7
20b 1.0+£10 | -1046+3.9 | -254.2+6.4
199a-3p | 1.6+13 19+03 21+05
200b 1.3+06 1.8+05 1.8+04
292-3p | -1.6%0.2 -2.7+0.2 -3.3+0.2
143 26+04 3.6+04 54+04

Total RNA was purified from the maxillary processes of GD10.0, GD10.5, GD11.0, and GD11.5 mouse fetuses and analyzed as detailed in the
Materials and Methods section and in the legend to Table 4. Positive values fold-increase and negative, fold-decrease.
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