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MORNS5 (MORN repeat containing 5) is encoded by a locus posithed on chromosome
17 in the chicken genome. The MORN motif is found in multipleapies in several proteins
including junctophilins or phosphatidylinositol phosphi kinase family and the MORN
proteins themselves are found across the animal and plant kigdoms. MORNS5 protein
has a characteristic punctate pattern in the cytoplasm in irmuno uorescence imaging.
Previously, MORN5 was found among differentially expressed genes in a microeay
pro ling experiment of the chicken embryo head. Here, we preided in situ hybridization
to analyse, in detail, the MORNS expression in chick craniofacial structures. The
expression of MORN5 was rst observed at stage HH17-18 (E2.5).MORND5 expression
gradually appeared on either side of the primitive oral cayj within the maxillary region.
At stage HH20 (E3), prominent expression was localized in ¢hmandibular prominences
lateral to the midline. From stage HH20 up to HH29 (E6), theneas strong expression in
restricted regions of the maxillary and mandibular promimees. The frontonasal mass (in
the midline of the face) expressed MORNS5, starting at HH27 @ The expression was
concentrated in the corners or globular processes, which i ultimately fuse with the
cranial edges of the maxillary prominencesMORNS expression was maintained in the
fusion zone up to stage HH29. In sectionsVlORN5 expression was localized preferentially
in the mesenchyme. Previously, we examined signals that redate MORNS5 expression in
the face based on a previous microarray study. Here, we valated the array results withn
situ hybridization and QPCR.MORNS5 was downregulated 24 h after Noggin and/or RA
treatment. We also determined that BMP pathway genes are donstream of MORNS
following siRNA knockdown. Based on these results, we concide that MORNS5 is both
regulated by and required for BMP signaling. The restrictedxpression of MORNS5in the
lip fusion zone shown here supports the human genetic data ivhich MORNS variants
were associated with increased risk of non-syndromic cleflip with or without cleft palate.
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INTRODUCTION in the parasiteToxoplasma gondiand other Apicomplexan
protists where it plays role during cell divisionF€rguson
The vertebrate face is formed very early in development fromat al., 2008; Lorestani et al., 2)1MHuman MORN2 was
the paired maxillary and mandibular prominences and thefound to facilitate phagocytosis-mediated restriction of som
single frontonasal mass surrounding the oral cavity. THas®l bacteria in macrophagesAlfnave et al., 20)4 Expression
prominences arise during early embryogenesis from intéast of MORN3 was detected in mouse testis, where it regulates
between neural crest derived mesenchyme and head ectodergpermatogenesighang et al., 20)5Finally, MORN4promotes
The frontonasal mass grows out, contacts and fuses togethgkonal degeneration in mouse sensory axditss(tacharya et al.,
with the maxillary prominences to form the upper jaw. The2013_
midline facial skeleton consisting of the nasal septum, psaha | chicken, theMORNS5gene is located on the forward strand
cartilage and premaxilla are all derived from the frontoasagf chromosome 17. On the reverse strahNDUFA8and LHX6
mass Richman and Lee, 20p3Craniofacial development is genes are nearby to tHdORN5gene. The size of thiIORNS
complex process coordinated by a network of transcriptiorgene is 13.5kb and there are 6 exons (only 5 exons are coding)
factors and signaling moleculesi(rray and Schutte, 2004; Chai with four splice variants. Th&/ORN5gene encodes a protein
and Maxson, 2006; Jiang et al., 2006; Brunskill et al., 201¢f 172 amino acids, which contains a histone H3 K4-speci c
Kurosaka, 2015; Marcucio et al., 2015; Nimmagadda et di5 20 methyltransferase SET7/9 N-terminal domain (SSF82188) an
Disruption of this tightly controlled cascade can result iefts  three MORN motifs Figure ).
where the facial prominenCeS fail to meet and fUBeS{ie and Asthe gene expression pattern or possib|e functio®RN5
Marazita, 201B during development had not been investigated in any animal
Cleft lip and/or cleft palate are the most common craniofaciamodel, we aim to analyzed chickeMlORNS5 expression in
birth defects in humansﬂeté-SaIvia and Stanier, 2014; Watkin%mbryos and its integration into signa]ing pathways_
et al.,, 2011 The majority of clefts appear as isolated or
non-syndromic clefts, because they occur in isolation fronMATERIALS AND METHODS
other developmental abnormalities. The causes of cleftieg a
thought to be multifactorial, including an interaction be¢en Embryonic Material
genes and the environmental factor§cputte and Murray, Fertilized chicken eggs (ISA brown) were obtained from thmfa
1999; Dixon et al., 2011; Leslie and Marazita, 2013; Setintegra ( abcice, Czech Republic). Eggs were incubated in a
Salvia and Stanier, 2014; Watkins et al., 301denti cation  humidi ed forced air incubator at 37.8C. Embryos were staged
of genes contributing to clefts formation is important not and morphological characteristic were described according
only for our understanding of facial development, but alsoHamburger and Hamilton (1951All procedures were conducted
for improved prevention and treatment of a ected individuals. following a protocol approved by the Laboratory Animal Science
The chicken embryo is a valuable experimental model to studgommittee of the Institute of Animal Physiology and Genstic
the signals that control lip fusion. The avian primary palate(Libechov, Czech Republic).
closely resembles the primary palate in mammalsrémyan
et al., 201% Moreover, the face can be accessed directly in th&ection In situ Hybridization (ISH)
living embryo through a window in the shell. The disruption ChickenMORN5was obtained as chicken EST clone CHEST ID
of FGF Gzabo-Rogers et al., 200BMP (Ashique et al., 2002 543 F09 (Biovalley, France), where the probe sequence wasiclon
SHH (Hu et al., 201} and WNT signaling Geetha-Loganathan into pBluescript Il K& vector. The entire region containing
et al., 201)icauses a cleft lip in chickens that resembles that ahe probe sequence anked by T3 and T7 RNA polymerase
humans. sites was ampli ed using M13 primers (forward primer 5
Previously, a microarray study was performed to pro le gené5TA AAA CGA CGG CCA G-§ reverse primer: 5CAG GAA
expression in individual chicken facial prominences in staglhCA GCT ATG AC-3). Then, the amplicon was isolated via gel
18 embryos Buchtova et al., 20)0From the list of genes purication (QIAquick Gell Extraction Kit, Qiagen, Germany)
that were signi cantly more highly expressed in the maxiflar and this linearized DNA fragment was used in RNA polymerase
prominence, we selecteMORNS5 (also known as C9orfl13, reactions. DIG labeled antisense riboprobe was synthesiitbd w
C9orf18 or FLJ46909) for further studies because it wasitbescr T3 RNA polymerase (antisense) or with T7 polymerase (sense
as a cleft susceptibility genéefra et al., 2000 Microarray  controls).
analysis revealed 24 times higher expressioMORN5In the Embryos were xed in 4% paraformaldehyde (PFA), processed
maxillary prominence compared to expression in the frontohasathrough ethanol and xylene into para n, and sectioned for ISH
mass at stage 18, while mandibular prominence showed 10 timefybridization was performed with RNA probe at 80 overnight
higher expression than the frontonasal massi¢htova et al., as described previouslylland et al., 1996 Anti-digoxigenin
2010Q. sheep antibody conjugated with alkaline phosphatase (1:2000,
Members of the MORN family were named for the presence oRoche, USA) was applied overnight atC} Visualization was
multiple MORN motifs (Membrane Occupation and Recognition achieved by incubation with substrates for alkaline phospgeata
Nexus). There are ve paralogous genes in thORN (BM Purple AP, Roche, Germany) for several days. Slides were
family (MORN1-5). Limited functional information is availtd then counterstained with eosin. ISH was carried out on attleas
for a subset of MORN genedMORNL1 has been identied three embryos for each stage.
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FIGURE 1 | Gene characteristics of chicken ~ MORNS5 and domain analysis. MORNS gene is located on chromosome 17 of the chicken genome and itdength is
13.5kb. The gene is composed of 6 exons where the last one is ne-coding. The open reading frame codes for a protein 172 amia acids in length. The gene
contains SSF82185 domain and three MORN motifs.

Embryo Manipulations cat. No. A-21207) was applied for 30 min at RT. Sections were
Embryos were treated with beads soaked in All-trans retinoievashed in PBS and coverslipped with Prolong Gold anti-fade
acid (RA), Noggin protein, Tris or Dimethyl Sulfoxide (DMSO) reagent containing DAPI (cat. No. P36935, Invitrogen, USA).

as describedLe et al., 2001Since DMSO was the solvent for L

RA, we used DMSO bead as a control for RA treatment an&uantitative RT-PCR

Tris as a control for Noggin treatment. AG1-X2 beads (Bio-Gene expression dflORN5was analyzed on tissues isolated
Rad Laboratories, Hercules, Canada) of tfi© in diameter from normal chicken prominences at stage 15, 18, 20, and
were soaked in RA (cat. No. R2625 Sigma) at a concentratictp- Moreover, Noggin or RA treated maxillary prominences
of 1mg/ml for 1h as previously describedee et al., 2001; were dissected 24 h following bead implantation at stage 15.
Nimmagadda et al., 20)5Noggin proteins were soaked into Prominences were pooled from at least 15 embryos to produce
A gel blue beads (Bio-Rad Laboratories, Hercules, Cananfa) ©one sample and 4 biological replicates were analyzed. Total RNA
200mm diameter for a minimum of 1h at a concentration of Was extracted using the Mini RNeasy Kit (Qiagen, Germany)
1mg/m| (Cat. No. 1967-NG, R&D Systemsy Minneapo“sy USA)@CCOI’ding to the manufacturer's instructions. The total RNA
Control beads were soaked with DMSO or Tris. Two bead§oncentration and purity of each sample were assessed by
were implanted into the maxillary region on the right side of Spectrophotometry using a NanoDrop1000 (Thermo Scienti c,
chicken embryo at stage HH15. For ISH and QPCR, samples weYéaltham, USA). First-strand cDNA was synthesized using
collected 24 h post-bead implantation, embedded into para nthe SuperScript Vilo cDNA synthesis Kit (cat. No. 11754050,

and processed for ISH. Thermo Fisher, USA). The gPCR was performed inml0O
] nal reaction volumes containing the one-step master mix
Immuno uorescence on Slides (no AmpErase UNG, cat. No. 4324018, Applied Biosystems,

Embryos were collected at stage HH24 for MORNS5 proteirCarlsbad, USA) mixed witiORNS5 (TagMan Assays, Assay
detection. Chicken duodenum was used as a control accordin®: AJKAKYYV, context sequence: TTCCTGAGAAATGCAGAC
to the manufacturer's instruction. Samples were xed in 4%GATGAGG, FAM-MGB, Applied Biosystems, Austin, USA) on
PFA and processed into para n. Following depara nization and LightCycler® 96 (Roche, Manheim, Germany) with preheating at
rehydration, antigen retrieval was carried out using ¢iégrbu er 95 C/10 min, followed by 40 cycles of 96/15 s and 60C/1 min.

for 1 min at 97 C. Polyclonal antibody to MORNS (1:50, cat. No. Gene expression levels were calculated usIn@€T method with
NBP1-91230, Novus Biologicals, USA) was applied overnight abrmalization against thélPRT1level (TagMan Assays, Assay
4 C. The secondary anti-rabbit antibody (1:200, Alexa Flu#t,5 ID: Gg033338900_m1, context sequence: TTGAATCATATC
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TGTGTGATCAGTG, FAM-MGB, Applied Biosystems, Austin, LightCycler® 96 (Roche, Manheim, Germany) with preheating
USA), which was used as the housekeeping gene. Means af95 C/30 min, followed by 45 cycles of 95/5 s, 60C/20 s and

3 technical replicates were generated for each of 3 biologicaR C/15s. Data were statistically evaluated1dy CT method
replicates and these values were used for statistical amalysvith normalization againsHPRT1levels. In each PCR array
All procedures were repeated in at least three independemiate, there were three technical replicates for 24 genes2and
experiments. technical replicates for an additional 13 genes.

Transfection with MORNS5 Plasmids in Cell Statistical Analysis

Cultures i . . All results were expressed as mearstandard deviations (SD) of
The expression vector containing C-terminally FLAG-taggeqnee samples for each treatment and were compared by unpaired

human MORNS was obtained from OriGene (Rockville, MD). g tajled Students-test for gPCR and PCR Array. Di erences
HEK293T cells were obtained from ATCC (Manassas, VA)/vere considered to be signi cant pt< 0.05.

and propagated in DMEM media (Sigma-Aldrich, St. Louis,
MO) with 10% fetal bovine serum, 1% Pen/Strep and 1% I-
glutamin (Invitrogen, Carlsbad, CA). Cells were transfdcte RESULTS
using FUGENESG reagent according to manufacturer's protocol . .
(Promega). Spatiotemporal Gene Expression Pattern

HEK293T cells grown on glass coverslips were xed wittof MORNDS in Facial Prominences
4% PFA (RT/15min), permeabilized with 0.1%Triton-X100 inFirst, we analyzed spatiotemporal expression pattetfd©ORN5
PBS (RT/5min), and incubated with the following antibodiesin individual prominences of chicken face. Facial prominence
at 4 C overnight: MORNS5 (1:100, cat. No. NBP1-91230, Novubkegin to form during early embryonic developmentn
Biologicals), FLAG (1:200, cat. No. F1804, Sigma-Aldrithg  situ hybridization showed no expression in chicken face at
secondary antibody AlexaFluor 488 (1:500; cat. No. A21466, Hamburger-Hamilton (HH) stage 15 (50-55h of incubation,
Technologies) or AlexaFluor 594 (1:500; cat. No. A212(8, LiFigures 2A-Q which is shortly after neural crest cells have
Technologies) were used. Coverslips were mounted into DAPEntered the face. Later at stage HH17 (52-64 h of incubation,
containing Mowiol. Images were taken on an LSM700 laseFigures 2D-F, MORN5expression appeared in the caudal part
scanning microscope with acquisition done using ZEN Black
2012 software (Zeiss, Jenna, Germany).

SiRNA Targeting gMORNS in Chicken AHH15 D ;‘,1: G HH18

Embryos .
Silencer Select custom designed siRNA (JMORN5, cat. Np. (=
4399666, Ambion, Austin, USA) was mixed with FUGENE .
6 (Roche, Mannheim, Germany), and then was injected int
the maxillary prominence of chicken embryos. Negative siRNA
(Silencer select negative control No.1 siRNA, cat. No. 48308
Ambion, Austin, USA) was used as a control. The rst injection
of siRNA was performed at stage HH20 and the second one aft
24 h about stage HH24. One day later after the second injectio
embryos had reached stage HH28 and maxillary prominence
were dissected for RNA isolation. Tissues were dissectet 5ro

embryos to form one sample and three biological samples we
used for treated embryos (MORNS siRNA) as well as for contrg
(Silencer select negative control No.1 siRNA) embryos.

PCR Arrays
Total RNA was extracted from siRNA treated maxillary,
prominences using the Mini RNeasy Kit (Qiagen, Germany
according to the manufacturer's instructions. First-stdleccDNA e
was synthesized using the SuperScript Vilo cDNA synthesis Kit . . A
(cat. No. 11754050, Thermo Fisher, USA). Downregulation gf T'GURE 2| Gene expression of MORNS in early chicken face. (A-C)
MORN ! it .. . ’ d . Frontal sections of chicken face at stage HH15(D—F) Frontal sections of
O S expression after |nJ.ect|0n was rst con rmg USING | chicken face at stage 17.(D,E) In the ventral part of maxillary and mandibular
gPCR before further processing for PCR Array analysis. prominences, there was no expression(F) MORNS expression gradually
Custom made Chick-bone plates (KRD, Czech Republic)appeared dorsally in caudal part of maxillary regior(G-I) Frontal sections of
were used for analysis of BMP pathway genes. The PCR arra\&hicken face at stage HH18.MORNS5 expression was strong in maxilla and
were performed in 11 nal reaction volumes containin also in central part of each mandibular prominencg¢G). MdP, mandibular
SYBRpPremix Ex Taq I (cat No RRO821A. Takara Japar?) nprominence; MxP, maxillary prominence. Scale bar® 100 mm.
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of the presumptive maxillary mesenchyme close to the maxillomaxillary prominences Kigures 3A—Q. In the mandibular
mandibular cleft. At stage HH18, the bulge of the maxillaryprominences, there was expression in the cranial mesenchyme
prominence contained high levels MORNb5 transcripts (65— on either side of the midline grooverigures 3A-Q with the

69 h of incubationFigures 2G-). Expression was also detectedexceptions of mesenchymal condensations of Meckel's cartilag
in the dorsal (oral side) part of the mandibular prominences(Figures 3B,3. At stage HH24 (4 days of incubation), maxillary
close to the maxillo-mandibular cleftFigures 2G,H. At prominence enlarged and stroddORN5expression was present
stage HH20 (70-72h of incubation), there continued to behroughout the mesenchyme Figures 3E-G. Mandibular
restricted expression in caudal and medial domains withia th expression was similar to stage HH2Bigures 2E-G. Thus,

HH20  HH24 HH27  HH29

FNM

antisense probe antisense probe antisense probe

sense probe

FIGURE 3 | Gene expression of MORNS in later stages of chicken embryo. (A—C)  ISH analysis in frontal sections of chicken head at stage HH2O here was
strong expression in the maxillary prominence. The expregsn appeared in the cranial part in each mandibular prominere and it continued in dorsal direction.(B) No
expression was observed in mesenchymal condensations andlose to the fusion region of mandibular prominences(E—G) MORNS expression in frontal section of
chicken head at stage HH24.MORNS5 expression was strong in the mesenchyme of maxillary proméances. MORNS5 expression was localized in the dorsal part of
mandibular prominence, but not in mesenchymal condensatio and close to the midline.(I-K) Frontal sections of chicken head at stage HH27 showed promient
expression in the maxillary prominence. There was weak exgssion in the globular process. Prominent expression was aterved in rostral part of maxillary
prominence and also in the mandibular prominence with the eveption of midline.(M—0O) Frontal sections of chicken head at stage 29 where beak is edent. MORN5
expression was localized in rostral part of maxilla and in $ion region. In the mandibular prominence, there was strong»ression but not in the midline(D,H,L,P) ISH
analysis using sense probe. FNM, frontonasal mass; GP, glaftar process; mc, mesenchymal condensation; MdP, mandibair prominence; MxP, maxillary
prominence. Scale barsD 100 mm.
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MORNS5 is expressed in a restricted pattern in neural crestf

derived mesenchyme but not in epithelium. Sense probe did not HH29 frontal HH29 horizontal
show signal in the maxillary prominenc€igures 3D,H,L,B. A DIEs SR o o

MORNS Expression in the Lip Fusion Zone 9.
at Later Stages i N
The next critical phase of facial morphogenesis is the fusio A
of the lip. Between stage HH27-29, the cranial-medial edfes
the maxillary prominences meet the lateral corners of media
nasal prominences (globular processes) and fuseramyan
et al.,, 201p At stage HH27 (5 days of incubationfJORN5
expression was observed for the rst time in the corners of th¢
frontonasal mass (globular processegyures 31,J. Expression
in the maxillary prominences was high in the rostral-medial
corner just where fusion with the globular processes will tak
place. There continued to be expression in the mandibula
prominences similar to stage 2Eigures 31-K). At stage HH29
(6 days of incubation)MORNS5 expression was located in the
region of lip fusion Figures 3M,N as well as in the mandible.
This is the rst stage where expression dORN5in Meckel's
cartilage was detected-igure 3M). Further con rmation of
the restricted expression in the lip fusion zone is shown in
other embryos cut in the frontalRigures 4A-Q or transverse
plane at stage HH29F{gures 4A-H. Note that mesenchymal
bridging has taken place by stage HH29, unifying the domain
of expression oMORNS5In the globular processes and maxillary
prominencesfigures 4B,Q.

To quantify the relative levels of expression between th
stages of development, we performed QPCR for evaluation
MORNS5 expression level in each prominence at four di erent
stages (HH15, 18, 20, 26). Since stage HH15, we did not abse
any expression oMORNS by ISH, this level of expression
was chosen as the reference value fdr Ct analySiS for FIGURE 4 | MORNS expression in the fusion region at stage 29. (A—-C)
individual prominences. In the maxillary prominencelORN5S Frontal sections of chicken head showed strong expressiomithe maxilla and
expression gradually increased during development with thein the area where edges of the maxillary prominences grow tagher with
peak level seen at stage HHZEQ(UI’G 5A). In the mandibular med.ial nasal Prominence.(l?—F) Horizontal sectic.)ns of chicken head(E) '

. LN . . | Region of fusion had prominentMORNS5 expression. (F) More caudal section
prominence, we observed signicantly increased expression s sample). Scale bard 100 mm.
at stage HH20 and 26 compared to stage HH15 embry
(Figure 5B). In the frontonasal massiMORNS expression is

very low except of the globular processes we were surpriseglio, with the most prominent expression in individual cells
to see a statistically signicant increase in expression of, the maxillary and mandibular prominencefigures 6A-H).
stage HH20 embryosHgure 5Q). In the section ofin Situ 1,5 only a subset of cells expresI@RNSRNA expresses the
experiments, we could not detedORNS at stage HH20 ,otein. In positive control (adult chicken intestine), theveas
(data not shown) therefore sensitivity of QPCR is greatepypected signal in Goblet cells, in the apical parts of enterscyte
than in situ hybridization. By stage HH27, there is expression,nqin broblasts of the lamina propriaigures 61-L).

of MORNS in the in situ experiments; however, QPCR data e gpeci city of the MORNS antibody was also con rmed
did not pick up a signi cant expression level in stage HH26;, LEK293T cells transfected with a MORNS-FLAG plasmid
embryos Figure 5G. Some of the variability may be due 0 (rigyres 7A-Q. The staining of MORNS and FLAG antibodies
the dissection process and whether the globular process WeSerlapped Figures 7A-Q. Similar to tissue section data,

included in all the samples. We did not compare eXpreSSio'éxogenous MORNS protein was found in the cytoplasm in a
levels between the facial prominences due to the experimentabnctate patternfigures 7D,B.

design.

MORNS Protein Expression in the Face Downregulation of MORNS after Noggin a

To correlate MORNS5 protein distribution withMORN5  Retinoic Acid Treatment

gene expression, we performed immuno uorescence stainingur study uncovered high levels dMIORNS expression in
MORNS5 protein was localized in developing chicken face at stagermal chicken embryos, however a previous study from

(7]

Frontiers in Physiology | www.frontiersin.org 6 August 2016 | Volume 7 | Article 378


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Cela et al. MORNS5 in Craniofacial Development

after RA-Tris treatment) {limmagadda et al., 20).5Ve wanted
s o MxP ; to follow up this ndings since it appeared that the RA and
w00 * BMP pathways were upstream regulatorsM®RN5and that
possiblyMORN5was one of a set of genes mediating the beak
20 ** duplication phenotype. First, we validated the array resustag
200 QPCR on maxillary tissues collected from treated and cdntro
- embryos. We found a signi cant downregulation &ORN5
o after Nogin-RA and Noggin-DMSO treatment compared to Tris-
100 DMSO controls Figure 8A). Next, we asked whether there were
50 l any spatial di erences inTMORNS expression induced by the
6 bead implants usingn situ hybridization. Control embryos
HH15 HH18 HH20 HH26 implanted with beads soaked in DMSO-Tris showed strong
B MdP expression in the maxillary region and maxillo-mandibularfcle
300 4 ik (Figure 8B). In contrast, no expression was observed in the
9l 5 ok maxillary prominence of Noggin-RA or Noggin-DMSO treated
§ embryos. Interestingly, there was residual expressiodiORN5
g observed in embryos treated with RA-Tris located just undher t
o 150 | epithelium of maxilla-mandibular cleffHigure 8B).
=z
[
s Downregulation of MORNS5 by siRNA
2 "] Altered Gene Expression of BMP and TGF b
o Pathways Members
HH15 HH18 HH20 HH26 . .. .
We had discovered that BMP activity was required S6©@RN5
c FMN expression but next wanted to investigate the genes thattrbigh
30 downstream oMORNS As the rst group of potential targets, we
250 studied genes that are known to be in the BMP pathwé@RN5
expression in the maxillary prominence was downregulated to
= 75% of control levels following transfection with SiRNA (2 nuls
150 * of transfection: at stage 20 and Hgure 9A). We used a PCR
array that included 34 genes speci c for the BMP pathway with
100 HPRTlacting as the reference control gene (Table S1).
50 Eight genes showed a statistically signi cant increase @irth
expression caused by partiMORNS5 silencing Figure 9B).
° viis Silii — - These includecENG (Endoglin), Gdf2 (Growth di erentiation
factor 2, also BMP9PLAU (plasminogen activator, urokinase)
FIGURE 5 | QPCR analysis of MORNS5 expression during face FST (Follistatin), Runx1 (Runt-related transcription factor 1)
development. (A) In the maxillary prominence, there was most prominent ID1 (Inhibitor of DNA binding 1), TGFoR2 (Transforming
expression at stage HH20. All analyzed stages showed statiigally signi cant growth factor beta receptor 2) an@iGFo3 (Figure QB). The
overexpression in compatrison to stage HH15(8) In the mandibular most striking increase was seen WBDF2(increased 3.5-fold).
prominence, we observec-| signi cant expres;non at stage HH2Gand 26. (C) Statistically signi cant downregulation was observedyoinlthe
Very low MORNS expression was detected in the frontonasal mass at stage
HH15 and 18, but at stage HH20 wasMORNS5 expression signi cantly case oBMP5(Figure 9B). Itis interesting thaMORN5normally
increased. FNM, frontonasal mass; MdP, mandibular prominece; MxP, represselD1, a transcription factor that positively regulates BMP
maxillary prominencet-test; ***p < 0.001, **0.001 < p < 0.01, *p < 0.05. signaling. Although levels dD1 were increased, which should

imply higher BMP signaling, there is also decreased exprestion o
the BMP5ligand. It is likely that cytoplasmiMORNSindirectly

our group discovered thaMORN5 was downregulated in an _regulates the expre_ssion Of these genes anq that further work
experimental paradigm involving beads implanted into thelS need_ed tc_J determine the intermediate mediators of BMP and
chicken face limmagadda et al., 20)5Beads soaked in the TGRosignaling a ected bMORNS

bone morphogenetic protein antagonist, Noggin and retinoic

acid (RA) synergistically induced transformation of thexitiary DISCUSSION

prominence into the frontonasal mas&ee et al., 2001 The

tissues from embryos induced to form this duplicated beakdere, we found spatially and temporally restricted expression
were pro led using microarrays. A signi cant downregulatio of MORNS in the face area during embryonic development
of MORN5expression was observed in all the treatment groupsuggesting its role in patterning of the maxillary prominences
compared to controls treated with DMSO-Tris beads (-3.77Moreover, there was expression in the globular processes of
fold Noggin-DMSO treatment, -3.68-fold Noggin-RA, -2-fold frontonasal mass just before their fusion with the maxillary
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DAPI/MORNS]L

intestine

FIGURE 6 | MORNS protein detected by immuno uorescent labelin g. (B,D) MORNS protein was localized in the maxillary prominences atage HH24. (F,H) In
the mandibular prominence, there is very low signal in the nsenchyme. MORNS5 expression showed dispersed pattern of disibution. (A,C,E,G) DAPI staining.(I-L)
Chicken intestine was used as a positive control with strongositivity in Goblet cells (gc), in the apical parts of entecytes and also spotted expression in broblasts
(fb). MdP, mandibular prominence; MxP, maxillary prominee.

prominences. Previously, a human genetics study found thair by candidate gene mapping. The BMP signaling pathway
MORNS was associated with non-syndromic cleft lip with or regulates many cellular processes of craniofacial develdpmen
without cleft palate (NSCLP)LEtra et al., 2000 We are the and it is necessary for mesenchymal outgrowth of facial
rst to document expression oMORNSn the relevant parts prominences. The expression of BMPs in chicken face was
of the face undergoing lip fusion. In addition, there is stgp found at the time prior and during lip fusion Ashique
expression on the medial sides of the maxillary prominendes, t et al., 200p. BMP4transcripts were previously detected in the
sites where palatal shelves will arise. While the chickenahasepithelium of the globular processes of frontonasal mass and
naturally cleft palate, it is interesting thMORNbSis expressed MORNS expression underlays the same area however entirely
in the intermediate stages of palatal shelf formation. Based in the mesenchyme. Also in the maxillary and mandibular
previous microarray studies carried out on the chicken facegrominences, epitheliaBMP4 expression was described in
MORNS5 came up twice, once as a maxillary enriched genparallel areas to mesenchym®lORNS Furthermore, BMP2
(Buchtova et al., 20)@nd second as a di erentially expressedand BMP7 were previously detected in the mesenchyme of
gene following Noggin and RA bead implantsiilmagadda both facial prominences. Maxillary and mandibular prominesc
et al., 201p Taken together, the human genetic and chicken dataxpress also several downstream target of BMP signaling.
suggest thaMORNS5is an important maxillary patterning and MSX1is strongly expressed in the maxillary prominence but
possibly lip fusion gene. Thus, it would be worthwhile tanggt in slightly dierent pattern than MORNS5 in the mandible
MORNS5using mouse models and to include this gene in humar(Shigetani et al., 2000; Fuchs et al., 20There are additional
NSLCP studies. transcription factors that appear to overlap witMORN5
Complex signaling interactions coordinate the outgrowth ofspeci cally in the frontonasal mass globular processes and
facial prominences to form the adult face. Some of factorg hawmaxillary prominencesTBX22 DLX5, and MSX2 (Higashihori
been previously identi ed by whole genome expression screers al., 201)) These transcription factors may regulate expression
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FIGURE 7 | Cytosolic spotted pattern of MORNS5 expression in

HEK293T cells. (A—C) HEK293T cells were transfected with FLAG-tagged
MORNS5-expressing vector and immunostained using both FLA@nd MORN5
antibodies. Cells expressing transgenic MORNS were also MRN5-positive
pointing to the speci city of the antibody. (D,E) In addition, a cytosolic spotted
pattern of MORNS expression was present in non-transfectedells. Scale bars
D 100 mm.

of MORNS Interestingly, in the microarray study on beak
duplicated embryosTBX22was upregulated following Noggin-
RA treatment andTBX22 acts as a transcriptional repressor.
It will be necessary to analyze whettdORNS5is a target of
TBX22which is a known clefting gene in humankgntaputra
et al., 201)L It is interesting to note that the geneHX6 which

is located 8to MORN5o0n the opposite strand was reported to
be highly expressed in the chicken fagéashbourne and Cox,
2006. Expression ofLHX6 begins in the maxillo-mandibular
cleft at stage 18 similar tdORN5(Washbourne and Cox, 2006
There is also striking similarity of expression bHX6 in the
globular processes and medial maxillary prominences at sta
27. This suggests that the two genes may share some comm
enhancers that drive expression in particular regions of th
face.

MORNS5 knockdown revealed indirect roles for this gene
in controlling the expression of BMP and TGFB signaling
pathways. Since we have shown MORNS5 is a cytoplasm
protein it is unlikely that it is directly involved in reguliag
gene transcription. Further biochemical studies are neetded
determine the exact function of MORNS in the cell. Neverthgles
the RNA changes we observed suggest a subset of genes
dependent onMORNS5for their expression. We did not study
the TGFB pathway in our bead implantation studies; therefore

ge
on

11%

FIGURE 8 | QPCR analysis and ISH of MORNS5 expression after bead

idmplantation. (A) QPCR analysis showed 1.68 times downregulation after
RA-Tris, 3.03 after Noggin-DMSO and 2.59 after Noggin-RA &atment in
comparison to control DMSO-Tris.(B) Control embryos implanted with beads
soaked in DMSO-Tris had strong expression in maxillary remi and
maxilla-mandibular cleft. In RA-Tris treated embryos was vg weak MORN5S
apression. After Noggin-DMSO treatment, expression wasapidly decreased.
No expression of MORNS5 was observed after Noggin-RA treatn&. Nog,
Noggin; RA, Retinoic acid; TD, Tris-DMSO. Scale bar® 100 nm. t-test;

'*p < 0.05.

the PCR array data extended our original ndings MORNS5
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FIGURE 9 | BMP pathway gene expression after MORNS5 downregulation. (A) Downregulation of MORNS5 expression after siRNA treatment(B) MORN5
downregulation caused signi cant increase inGDF2, ENG, TGFBR2, TGFB3, PLAU, FST, RUNXand ID1 expression. Statistically signi cant downregulation was
observed only in case ofBMP5. t-test; **0.001 < p < 0.01, *p < 0.05.
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maxillary identity and to regulate lip fusion that warrantrther
study in animal models.

function. The most highly upregulated ger@DF2,is known to
associate with EndoglirCastonguay et al., 20)La glycoprotein
located on cell surfaces that serves as a co-receptor for grsmb
of the Transforming growth factob- superfamily Cheifetz et al.,
199). This suggests that activity of TBFamily is normally
repressed by MORNS. Other changes such as the increastB, JR, and PC conceived the study. PC, MH, KF, MK conducted
in the antagonistFST (Follistatin)may indicate that MORN5 the experiments. PK provided intellectual contribution. PC,
operates in another way to regulate TGF signaling. MORN5 mayR, and MB wrote the manuscript. All authors reviewed and
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