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RESEARCH PAPER

mir152 hypomethylation as a mechanism for non-syndromic cleft lip and palate
Lucas Alvizi, Luciano Abreu Brito, Gerson Shigeru Kobayashi, Bárbara Bischain, Camila Bassi Fernandes da Silva, 
Sofia Ligia Guimaraes Ramos, Jaqueline Wang, and Maria Rita Passos-Bueno

Centro de Pesquisas sobre o Genoma Humano e Células Tronco, Universidade de São Paulo, Brasil

ABSTRACT
Non-syndromic cleft lip with or without cleft palate (NSCLP), the most common human craniofa
cial malformation, is a complex disorder given its genetic heterogeneity and multifactorial 
component revealed by genetic, epidemiological, and epigenetic findings. Epigenetic variations 
associated with NSCLP have been identified; however, functional investigation has been limited. 
Here, we combined a reanalysis of NSCLP methylome data with genetic analysis and used both 
in vitro and in vivo approaches to dissect the functional effects of epigenetic changes. We found 
a region in mir152 that is frequently hypomethylated in NSCLP cohorts (21–26%), leading to 
mir152 overexpression. mir152 overexpression in human neural crest cells led to downregulation 
of spliceosomal, ribosomal, and adherens junction genes. In vivo analysis using zebrafish embryos 
revealed that mir152 upregulation leads to craniofacial cartilage impairment. Also, we suggest that 
zebrafish embryonic hypoxia leads to mir152 upregulation combined with mir152 hypomethyla
tion and also analogous palatal alterations. We therefore propose that mir152 hypomethylation, 
potentially induced by hypoxia in early development, is a novel and frequent predisposing factor 
to NSCLP.
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Introduction

Non-syndromic cleft lip with or without cleft 
palate (NSCLP) is the most common craniofacial 
congenital malformation in humans, affecting 1– 
7 per 1000 live-births worldwide, and follows 
a multifactorial model of inheritance [1]. Genetic 
contribution to NSCLP has long been supported 
by several independent studies, which has shown 
heritability estimates as high as 78–91% in Asian, 
European, and Brazilian populations [2–4]. 
Genomic analyses have successfully revealed sev
eral at-risk common genetic variants, in distinct 
populations. Nevertheless, they confer a small risk 
and explain 10–30% of the disease’s heritability 
[5,6]. In addition, an increasing number of rare 
pathogenic variants have been identified in 
families segregating NSCLP, although the extent 
of their contribution in overall NSCLP cases is 
uncertain. Importantly, no shared prevalent 
genetic basis has been observed for these variants 
[7–12], except for mutations in the cadherin/cate
nin genes, which have been suggested to be 
responsible for 2–14% of familial NSCLP cases 

[13]. Given the lack of a common mechanism 
underlying a large proportion of cases, projections 
for strategies of prevention and development of 
predictive diagnostic tests in at-risk couples have 
been hindered.

In parallel with genetic studies, epidemiological 
studies have suggested the influence of several 
environmental factors predisposing to NSCLP 
[14–20]. In this sense, recent progress on uncover
ing the epigenetic contribution to NSCLP has been 
made [21–23]. Epigenetic variations (or epivaria
tions) are dynamic, functional, and heritable cova
lent changes in DNA and/or chromatin-associated 
proteins which do not alter DNA sequence, yet 
they can affect gene expression and contribute to 
phenotypic variability and disease [24–26]. Also, 
commonly considered an epigenetic mechanism of 
gene regulation, microRNAs have been associated 
with NSCLP by a range of studies mostly involving 
gene-network analysis in human samples and ani
mal models [27–29]. Association of genomic epi
variations to phenotypes, so-called Epigenome- 
Wide Association Studies (EWAS), has been 
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expanding the knowledge on phenotypic variabil
ity and molecular disease mechanisms for the past 
years [30–33]. More recently, individual-specific 
methylome analysis has shed light on epigenetic 
variation relevant to disease, demonstrating how 
this approach can uncover molecular alteration for 
complex traits [34]. Here, we identified both 
group- and individual-specific methylation 
changes using previously published methylome 
data on NSCLP. We identified individual methyla
tion changes in known NSCLP candidate regions 
and also hypomethylation of miRNA mir152 in 
26% of our discovery cohort. This result was repli
cated in an independent cohort and validated 
through functional in vitro and in vivo assays. 
Finally, we suggest how hypoxia, a known envir
onmental risk factor for NSCLP, can modulate 
such changes.

Results

mir152 is a frequent differentially methylated 
region in a previously published Brazilian NSCLP 
cohort

We conducted differential methylation analysis at 
the gene level based on RnBeads RefSeq anno
tated regions using the whole Brazilian NSCLP 
450 K dataset (66 NSCLP vs 59 controls [21]), 
and looked for the top five DMRs (differentially 
methylated regions) ranked by RnBeads, which 
combines adjusted p-value to mean methylation 
difference and methylation difference quotient. 
Additionally, we calculated methylation odds 
ratio (methOR) for the selected DMRs. The top 
DMRs were, in order of ranking: 1, an intronic 
region of CROCC at 1p36.13 (adjusted 
p-value = 2.96E-07, mean methylation differ
ence = 0.05, methOR = 1.54); 2, an intronic 
region of FAM49B at 8q24.21 (adjusted 
p-value = 9.50E-08, mean methylation differ
ence = −0.13, methOR = 1.75); 3, an intronic 
region of NLK at 17q11.2 (adjusted 
p-value = 5.66E-05, mean methylation differ
ence = −0.13, methOR = 1.75); 4, a non-coding 
region comprising mir152 at 17q21.32 (adjusted 
p-value = 8.20E-06, mean methylation differ
ence = −0.04, methOR = 1.32); and 5, an exonic 
region of PRAC2 and comprising mir3185 also at 

17q21.32 (adjusted p-value = 1.30E-05, mean 
methylation difference = 0.05, methOR = 1.29) 
(Figure 1(a); Table S1). Among those DMR com
prising genes, mir152 was the only one with 
changes in expression during palatal embryogen
esis in humans and mice, according to the Sysface 
(Systems tool for craniofacial expression-based 
gene discovery) online tool (Figure 1(c)- https:// 
bioinformatics.udel.edu/research/sysface/). 
Moreover, mir152 has already been identified as 
a DMR during normal murine palatal develop
ment [35] and suggested as a central regulator of 
downstream mRNAs encoding proteins known to 
play pivotal roles in orofacial development [36]. 
However, there is no direct evidence associating 
mir152 with NSCLP. Concurrently, we also con
ducted a differential methylation analysis at the 
gene level by comparing each one of the 66 
NSCLP samples individually versus all 59 con
trols, looking for NSCLP sample-specific epivar
iations. We found a total of 6620 gene DMRs 
(average = 100.3 DMRs per sample) in all 
NSCLP samples with >5% methylation difference 
and adjusted p-value <0.05 (Table S2). mir152 
was the most frequent DMR (n = 17 NSCLP 
samples; ~26%) with ~6% of average hypomethy
lation difference (beta-value reduction) in com
parison to controls. Furthermore, mir152 was not 
present in previously published data on common 
epivariation [34].

Validation of mir152 methylation in additional 
cohorts

To validate the previous findings, we investigated 
mir152, 8q24.21, and 1p36.13 DMRs in an inde
pendent Brazilian cohort of 57 NSCLP samples 
and 130 control samples (Table S3), using 
a different method for DNA methylation quantifi
cation (bisulfite amplicon sequencing – BSAS). 
8q24.21 and 1p36.13 DMRs were included in the 
validation step as both regions have been asso
ciated with NSCLP through GWAS and candidate 
SNP association studies, including Brazilian popu
lation [6,37–39]. We observed no correlation of 
potential confounding factors (bisulfite conversion 
batch, PCR batch, age, sex, or origin) with BSAS 
methylation data; besides, principal component 
analysis (PCA) did not reveal any evidence of 
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sample stratification which could bias methylation 
variation in our cohort (Figure S1).

We found no significant methylation differences 
at either 8q24.21 (mean methylation con
trols = 0.9792; NSCLP = 0.9725; p = 0.41, Mann– 
Whitney’s test, methOR = 1) and 1p36.13 (mean 
methylation controls = 0.1279; NSCLP = 0.1225, 
p = 0.08, Mann–Whitney’s test, methOR = 1) 
DMRs in the replication cohort. However, we 
found that the mean methylation levels at the 
mir152 DMR (comprising CpGs 3, 4, 5 and 6) 
were significantly reduced in NSCLP in compar
ison to controls (mean methylation con
trols = 0.013, NSCLP = 0.017, p = 0.005, Mann– 
Whitney’s test, methOR = 1.31; Figure 1(b)), cor
roborating our initial findings on mir152 hypo
methylation. We next compared the number of 
samples harbouring complete hypomethylation 
(beta-value = 0) to investigate the extent of 
mir152 hypomethylation in individual samples in 
this independent cohort. For that, we computed 
those samples with complete hypomethylation 
(average beta-values at CpG sites 3, 4, 5, and 

6 = 0) (Table S3). Considering the mir152 DMR, 
the frequency of complete hypomethylation is sig
nificantly higher in NSCLP samples (n = 16, 28%) 
in comparison to controls (n = 17, 13%), which 
represents an enrichment of 15% of more hypo
methylated samples in NSCLP (p = 0.02, Fisher’s 
exact test) with OR = 2.60. Correlation analysis of 
methylation levels from all nine mir152 CpGs 
revealed a hypomethylation trend shared by 
CpGs 4, 5, 6, and 7 and mild correlation values 
(Figure S2), which could be indicative of a more 
cohesive methylation block at those sites. Taken 
together, our results corroborate mir152 hypo
methylation in both NSCLP cohorts.

To evaluate the contribution of mir152 methy
lation to NSCLP in an additional, independent 
population, we looked for other available NSCLP 
methWAS data. Using summary statistics data 
from an available NSCLP case–control methWAS 
performed on 182 hispanic and non-hispanic sam
ples (94 NSCLP and 88 controls [22]), we did not 
find significant differences at the mir152 DMR. 
However, we found a CpG site at the mir152 

Figure 1. mir152 is differentially methylated in NSCLP cohorts. (a) Volcano plot of differentially methylated regions (DMRs) in the 
450 K cohort. Light blue spots are the best ranked DMRs by a p-value, methylation difference and quotient of difference by RnBeads. 
Arrows indicate DMRs at 8q24.21, 1p36.13, and mir152. (b) mir152 is significantly hypomethylated in the BSAS cohort. Boxplots with 
central lines as medians. p-Value = 0.005 (Mann–Whitney’s test). (c) mir152 expression changes are detected in developing 
craniofacial structures as revealed at the database Sysface. Higher signals for mir152 expression are detected in developing murine 
palate (E14.5) in red and also frontonasal prominences E10.5 and E11 (grey).
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promoter hypermethylated in NSCLP in this 
cohort (cg06598332, p = 0.04), which is located 
~200 bp upstream to the mir152 DMR.

Epivariation is not mediated by genetic variation 
at proximal mir152 region in the independent 
cohort

Because genetic variation can influence nearby 
epivariation [40,41], we looked for single nucleo
tide variants (SNV) within the mir152 DMR. The 
only polymorphism revealed by Sanger sequen
cing, rs12940701 (C > T), was present in 30.39% 
of NSCLP and 41.46% of control samples, with no 
significant difference between groups (Fisher’s 
exact test = 0.08). rs12940701 coincides with 
CpG site 8 at mir152 DMR, which displays low 
methylation levels in both NSCLP and control 
samples (NSCLP average beta-value = 0.0178, con
trols average beta-value = 0.0121). Even though 
rs12940701 has been suggested as a potential var
iant diminishing methylation levels at mir152 
region [42], we observed no significant genotype 
vs. methylation correlation in our replication 
cohort (p = 0.1843, Fig. S2). Also, we found no 
linkage disequilibrium (LD) between this SNV and 
rs1838105, an SNV previously associated with 
NSCLP and located 1.3Mb from rs12940701 at 
17q21.32 [6] (Fig. S2). Rare variants (minor allele 
frequency <0.5%) in the mir152 gene were not 
analysed in this cohort .

Hypomethylation of the mir152 DMR leads to 
mir152 overexpression

We next verified whether methylation variation 
within the mir152 DMR interferes with mir152 
expression. We carried out a CRISPR-Cas9-based 
approach for targeted demethylation, in which 
dCas9 was fused to TET1 (pPlatTET-GFP) in 
order to demethylate specific genomic targets 
[43]. Among the three tested sgRNAs targeting 
the mir152 DMR in both HEK293T and iPSC- 
derived neural crest cells (iNCCs), sgRNA-3 effi
ciently reduced methylation levels at mir152 DMR 
(Figures 2(a) and S3(a)). In non-transfected con
ditions, or when transfected with the empty vector 
(pPlatTET-NC) or sgRNAs-1 and 2, iNCCs do not 
express mir152 at detectable levels. Consistent with 

those methylation changes, we observed a marked 
upregulation of mir152 levels when sgRNA-3 
transfections were carried out (Figures 2(b) and 
S3(b). Notably, methylation changes at the mir152 
region induced by dCas9-TET + sgRNA3 were 
higher at site 6, which belongs to the mir152 
DMR here associated with NSCLP.

Importantly, the induced hypomethylation of 
mir152 does not seem to disturb the expression 
of its host gene COPZ2 or other neighbouring 
genes, nor of unrelated miRNAs (Figure S3(c,d). 
Taken together, the results indicate that epivaria
tion at sites within the mir152 DMR are func
tional, resulting in mir152 expression changes.

mir152 hypomethylation leads to 
downregulation of spliceosome, ribosome, and 
adherens junction genes

We next performed RNAseq on iNCCs to verify 
the downstream effects of mir152 hypomethylation 
and overexpression. We found 3265 differentially 
expressed genes (DEGs) at the level of significance 
p < 1E-7 which were exclusive to mir152- 
hypomethylated iNCCs (Figure 2(c), Table S4). 
Pathway analysis revealed a significant enrichment 
in KEGG terms as Splicesome, Ribosome, and 
Adherens Junctions among others (Figure 2(c), 
Table S5). Downregulated spliceosome genes com
prised 61 genes, including U1-6 subunits, pre- 
mRNA processing factors (PRPF40A, PRPF3, 
PRPF4, PRPF6, PRPF8, PRPF19), RNA helicases 
DHX16, DHX38, and DHX15, and core Exon- 
Junction Complex (EJC) genes such as EIF4A3 
and MAGOH. Also, 41 ribosomal DEGs were 
found, comprising both ribosomal RNAs and ribo
somal proteins (Table S5). Adherens junction 
genes included a total of 23 DEGs, including 
alpha and beta catenins (CTNNA1 and CTNNB1, 
respectively), SMAD3, RHOA and actins ACTB, 
ACTN4, and ACTG1 (Table S5). Protein–protein 
interaction analysis revealed a highly connected 
network among DEGs belonging to Spliceosome, 
Cell Cycle, Adherens Junctions, Regulation of 
Actin Cytoskeleton, Protein processing in endo
plasmic reticulum, Ubiquitin mediated proteolysis, 
DNA replication, and mRNA surveillance pathway 
(Figure S4). Next, we searched in our data for 
those genes predicted to be mir152 targets 
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according to miRBase and found 172 DEGs (Table 
S6). To identify putative mir152 targets among our 
DEGs which could lead to downregulation of 
genes in the enriched KEGG terms, we performed 
a subnet analysis using the FANTOM4 database 
and identified UHRF1 and SMAD3 as potential 
mir152 targets regulating expression of 
Spliceosome and Adherens junctions genes 
(Figure S5).

mir152 mimics results in craniofacial 
malformations in zebrafish

Next, we investigated whether mir152 could influ
ence craniofacial development. We first character
ized mir152 gene expression in zebrafish embryos 
at different developmental stages. In situ hybridi
zation (ISH) analysis confirmed expression of 
mir152 during neural crest migration and later 
stages (15 hpf – 72 hpf; Figure S6). We then 

injected a mir152 inhibitor and/or mimic in one- 
cell stage zebrafish embryos and observed their 
development at 5 d post-fertilization (dpf). 
Injection of mir152 inhibitor did not lead to any 
visible developmental impairment (Figure 3(a)). 
Conversely, when injected with the mir152 mimic 
(25 μM), zebrafish embryos showed several cra
niofacial defects at 5 dpf, including malformation 
of Meckel’s cartilage, palatoquadrate, ceratobran
chial, and the ethmoidal plate, which is often 
reported as being analogous to the mammalian 
palate. In total, 70% of the embryos were affected. 
Those were subclassified as mildly affected 
(28.5%), comprising those with size and shape 
defects in the ethmoidal plate, and severely 
affected (41.5%), characterized by a typical cleft 
in the ethmoidal plate (Figures 3(a,b) and S7). In 
contrast, co-injection of both the mir152 mimic 
and inhibitor led to non-affected embryos 
(n = 65). To further investigate subtle phenotypes 
and to test the dosage effect of mir152 mimic, we 

Figure 2. DNA methylation changes at mir152 DMRs results in mir152 expression changes and affects Spliceosomal, Ribosomal, and 
Adherens Junctions pathways. (a) A Cas9-based approach for target demethylation using the vector pPlatTET and mir152 specific 
single-guide RNA sequences (sgRNA3) for mir152 DMR in iNCC. sgRNA-3 efficiently reduces mir152 methylation in comparison to the 
empty vector transfection (pPlatTET) and non-transfected cells (control). Total percentage of methylation is represented with values 
at the right. (b) Targeted mir152 DNA hypomethylation by pPlatTET-sgRNA-3 (modified Cas9 coupled with the catalytic domain of 
TET1) induces significant mir152 overexpression in induced neural crest cells (iNCCs) revealed by RT-qPCR. Relative expression to 
endogenous control RNU44. Mann–Whitney’s test. (c) Enriched KEGG pathways found in RNA-seq analysis in mir152 demethylated 
iNCCs (pPlatTET-sgRNA3), overexpressing mir152. Higher fold enrichments are observed in Spliceosome and Adherens Junctions 
DEGs.
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measured ethmoidal plates’ sizes in additional 150 
zebrafish larvae which were injected with increas
ing doses of mir152 mimic (6 μM, n = 50; 12.5 μM, 
n = 17; and 25 μM, n = 41). We observed a dose- 
dependent effect of mir152 mimic on ethmoidal 
plates’ sizes when compared to controls (n = 23), 
in which higher concentrations of mir152 mimics 
(25 μM) resulted in more larvae with smaller eth
moidal plates (Figure 3(c)). 25 μM mir152 mimics 
+ inhibitor (n = 19) injections were also able to 
rescue ethmoidal plate size, which showed no dif
ferences compared to controls (Figure 3(c)). Mild 
and severe phenotypes were also observed in the 

dosage effect test of mir152 mimic, with higher 
fractions of mildly and severely affected ethmoidal 
plates at 25 μM mir152 mimic, replicating the 
previous observations (Figure S7). Non-ethmoidal 
plate defects were also observed, especially invol
ving the Meckel’s and ceratobranchial cartilages 
(Table S7). Finally, RT-qPCR assays on five hpf 
embryos injected with the mir152 mimic, inhibi
tor, or mimic+inhibitor revealed variable tp53 
expression across conditions, with little differences 
(up to 1.6-fold) in comparison to controls [44], 
indicating that tp53-related microinjection- 
induced apoptosis may not overtly contribute to 

Figure 3. Mir152 mimics injected in zebrafish embryos causes ethmoidal plate defects analogue to clefts. (a) ethmoidal plates 
dissected from 5 dpf zebrafish larvae injected with mir152 mimics (superior) and mir152 inhibitor, mir152 mimics + inhibitor and non 
injected controls (inferior). mir152 mimics injections resulted in 30% of larvae with non-affected ethmoid plate (left), 28.5% of larvae 
with mildly affected ethmoid plate (central) and 41,5% of larvae with severe affected structures, including a cleft ethmoid plate 
(right). mir152 mimics injected embryos, n = 49. Both mir152 inhibitor injections and mimics + inhibitor combined injections resulted 
in no altered craniofacial structures with 100% of larvae with normal ethmoid plates. mir152 inhibitor injected embryos, n = 40; 
mimics + inhibitor injected embryos, n = 65. Control embryos, n = 107. b) Dorsal view of anterior portions of zebrafish larvae 
exemplifying non-affected, mildly affected, and severely affected phenotypes. White-dashed lines are positioned around the 
ethmoidal plates. eth: ethmoidal plate; mk: Meckel’s cartilage; pc: parachordal cartilage. c) Ethmoidal plate’s sizes in control (c) 
and injected conditions 6 μM, 12.5 μM, 25 μM mir152 mimics and 25 μM mir152 mimics + 25 μM mir152 inhibitor). Trapezoids 
indicate means. Significant differences were found in comparison to controls in 6, 12.5, and 25 μM mir152 mimics injections 
(p < 0.0001; ANOVA, Bonferroni).
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the observed mir152 phenotypes (Figure S8). We 
did not analyse however other apoptotic markers 
in this assay.

Hypoxia is associated with mir152 
hypomethylation and expression changes during 
development and affects craniofacial development

Upregulation of mir152 has been reported in cells 
subjected to hypoxia [45], which reportedly 
induces orofacial clefts in mice and ethmoid plate 
defects in zebrafish [46,47]. We then hypothesized 
hypoxia as an environmental factor leading to 
mir152 hypomethylation and mir152 upregulation, 
resulting in the observed craniofacial defects in 
zebrafish. We first exposed iNCCs to hypoxia (1% 
O2) for 48 h and observed an increase of mir152 

expression as well as mir152 hypomethylation in 
this in vitro model (Figure 4(a)). Next, we exposed 
one-cell stage zebrafish embryos (n = 34) to 
hypoxia (1% O2) for 48 h and obtained 5 dpf 
embryos with reduced ethmoid plate size 
(Figure 4(b)). To verify if hypoxia was driving 
generalized developmental arrest, we measured 5 
dpf larvae’s standard length (anterior-to-posterior 
axis length) and observed no differences between 
embryos from normoxia and hypoxia conditions 
(Figure 4(c)). Notably, 48 h of hypoxia in zebrafish 
resulted in a significant upregulation of mir152 in 
comparison to normoxia (~20-fold, Figure 4(d)), 
corroborating the findings in iNCCs; these obser
vations were associated with reduction of mir152 
methylation levels from ~80% in normoxia condi
tions to ~66% in hypoxia in the zebrafish embryo 

Figure 4. Hypoxia induces mir152 overexpression in human cells and zebrafish embryos and craniofacial defects in zebrafish larvae. 
(a) Scheme of hypoxia in induced neural crest cells (iNCCs). (b) RT-qPCR of mir152 expression in iNCCs in both control and hypoxia 
conditions for 48 h, showing increased expression of mir152 and reduced mir152 DNA methylation in hypoxia (p < 0.05). Units in 
mir152 expression values refer to relative expression normalized by RNU44; units in mir152 methylation refer to methylation indexes 
varying from 0 to 1. (c) Scheme of exposure to hypoxia in zebrafish embryos. (d) mir152 expression significantly increases under 
hypoxia for 48 h, accompanied by mir152 DNA methylation reduction and ethmoidal plate reduction. (*p < 0.05; **p < 0.005, 
****p < 0.00005 Mann–Whitney’s test). Relative units at y-axis for mir152 expression refers to relative expression normalized by 
RNU6; units in mir152 methylation refer to methylation indexes varying from 0 to 1; units in ethmoidal plate length are in 
millimetres, as well as for standard length.
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(Figure 4(d)). This suggests that hypoxia during 
early development could induce mir152 hypo
methylation, leading to mir152 overexpression 
and reduction of ethmoidal plate size in zebrafish.

Discussion

Studies, especially via methylome analysis, addres
sing the contribution of epivariation to diseases 
have been growing in number in the past 6 
y [21–23,30,34]. In the case of NSCLP, 
methWASs have demonstrated the association of 
methylation changes in genes belonging to epithe
lial-to-mesenchymal transition (EMT) pathway 
and also methylation changes associated with 
cleft subtypes [21,48]. Whether such epigenetic 
changes are associated with genetic variation and/ 
or environment is still an open question which we 
addressed in this work. Since the environment 
significantly impacts epigenetic variation [49], 
those findings suggest that, in spite of the high 
genetic contribution to those phenotypes, the 
environment plays an important role in their 
aetiology.

By reanalysing previously published data, we 
identified microRNA mir152 as a new NSCLP 
candidate gene. The importance of microRNAs 
in craniofacial development has been enlightened 
by both neural crest and ectoderm Dicer condi
tional knockouts in mice, leading to defects such 
as cleft palate [50]. Also, the association of specific 
microRNAs with NSCLP has been previously sug
gested by network-based studies using NSCLP 
GWAS genes, revealing mir-27b, mir-374a, and 
mir-497 as putative candidates [51]. Association 
studies have also pointed out SNVs at mir-140 
linked to NSCLP [52] and mir-140 overexpression 
in zebrafish has been demonstrated to result in 
cleft palate [53], again corroborating the impor
tance of microRNAs in NSCLP aetiology. In this 
study, we found a DMR in mir152 in up to 26% of 
NSCLP samples displaying mir152 hypomethyla
tion. We also confirmed mir152 hypomethylation 
in an independent Brazilian cohort. These results 
corroborate our initial findings and suggest 
a common epivariation at mir152 in association 
with NSCLP in the Brazilian population. We also 
found significant mir152 promoter methylation 

differences using methWAS data from a different 
population [22], which suggest that not only epi
variation at the mir152 gene body could be asso
ciated with NSCLP but also epivariation at the 
promoter region. We could not replicate, however, 
8q24.21 or 1p36.13 DMRs in this independent 
cohort. Methylation differences at 8q24.23 (at 
HEATR7A) in NSCLP have been previously 
reported [22], although in a different region to 
the 8q24.21 DMR observed in our cohort (~14 
Mb apart). Therefore, we do not know whether 
such methylation changes at 8q24 are dependent 
on each of the studied populations or their effects 
are smaller for detection in our independent 
cohort due to the sample size. Methylation differ
ences evaluated in the association part of this 
study were of small magnitude (0.005 for mir152, 
for example). While we understand that such small 
differences are unlikely biologically functional, we 
believe that, once validated and explored in differ
ent cohorts as in this study. It is possible that these 
differences represent proxies in adult tissues 
(blood or saliva) for past developmental events 
and would not reflect the actual differences during 
development. If this is true, environmental insults 
during development would also leave an epigenetic 
trace that could be assessed postnatally and vali
dated by using different cohorts and functional 
assays, as proposed in this study.

mir152 is a member of the mir148/mir152 
family and is located within an intron of COPZ2 
at chromosome 17q21.32, a genomic region pre
viously associated with NSCLP by GWAS, how
ever with WNT9B as the principal candidate gene 
[6]. To assess if mir152 variation could add to the 
NSCLP GWAS signals at 17q21.32, and because 
GWAS regions could be prone to epigenetic 
changes [22], we also looked at linkage disequili
brium (LD) data from 1000 Genomes and found 
that both COPZ2 and WNT9B are not in LD. 
Therefore, mir152 epigenetic changes might be 
rather independent from 17q21.32 association 
with NSCLP. Because genetic variation can mod
ulate DNA methylation within a region [40,54,55], 
we investigated whether common genetic variation 
could modulate methylation changes at mir152. 
Despite our results showing no significant correla
tion for a common variant (rs12940701) at mir152 
region with mir152 epivariation, a trend of 
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hypomethylation is observed towards TT genotype 
and the absence of significance could still be 
a statistical power issue due to the sample size. 
Therefore, we cannot discard rs12940701 as 
a methylation QTL (meQTL) in a larger cohort. 
In fact, mir152 processed sequence is highly con
served and identical from fish to mammals [56], 
indicating that either its function has been con
served during evolutionary diversification and/or 
genetic variation at that region is not tolerated. We 
cannot rule out that genetic variation in the pro
moter region of mir152 or out of the analysed 
region, which is not covered in our Sanger sequen
cing and exome analysis, could lead to expression 
variability. Furthermore, we cannot exclude that 
tissues other than those studied here could display 
a meQTL status for rs12940701.

To determine the functional effects of mir152 
hypomethylation in gene expression, we induced 
a Cas9-mediated demethylation of mir152 in 
iNCC and HEK293T cells, and showed that 
mir152 hypomethylation leads to mir152 upregu
lation in human cells. Because we did not perform 
a genomic approach to look for methylation off- 
target effects in our demethylation assay, we can
not rule out the potential effects of methylation 
differences at other loci. However, the effects 
reported here demonstrating mir152 demethyla
tion leading to mir152 upregulation in two cell 
types (iNCCs and HEK293T) are robust, and 
therefore the findings on mir152 hypomethylation 
in both 450 K and independent cohorts are likely 
functional. Functional studies have demonstrated 
mir152 as an important modulator of EMT in 
epithelial cells, in which mir152 overexpression is 
known to inhibit TGFbeta [57]. TGFbeta and EMT 
pathways have been extensively associated with 
both syndromic and nonsyndromic forms of oral 
clefting. Indeed, gene pathways associated with 
NSCLP seem to converge around the process of 
EMT, either via loss-of-function variants in EMT 
genes or misregulation of such genes by regulatory 
polymorphisms, which has been further investi
gated with animal models [58–62]. It has also 
been shown that upregulation of mir152 targets 
DNMT1, which in turn controls CDH1 expression 
via DNA methylation affecting E-cadherin levels 
and EMT in breast cancer cells [63,64]. 
Interestingly, loss-of-function mutations in 

cadherin/catenin complex have been found in 
both syndromic and nonsyndromic clefting forms 
and CDH1 promoter hypermethylation has been 
previously associated with cleft penetrance in 
NSCLP families [9,21,65]. Our RNA-seq analysis 
on hypomethylated mir152 iNCCs revealed that 
the upregulation of mir152 led to downregulation 
of adherens junction genes, comprising cadherin/ 
atenin complex genes as CTNNA1 (alpha-catenin), 
CTNNB1 (beta-catenin), and CDH2 (N-cadherin). 
Dysregulation of such genes has been reported to 
disrupt neural crest development and migration 
[66–69]. Indeed, both CTNNA1 and CTNNB1 
play pivotal roles during EMT and their regulation 
are associated with EMT induction as well as cell 
proliferation and cell migration [70–73]. In the 
same manner, CDH2 downregulation in the neural 
crest reduces cell migration as previously demon
strated in Xenopus [67]. Other important genes for 
neural crest migration found in the downregulated 
Adherens Junction pathway are actins ACTB, 
ACTN4, ACTG1, and RHOA, responsible for cell 
motility and contractility [74–76]. We also found 
that mir152 upregulation led to downregulation of 
ribosomal and spliceosomal genes. 
Ribosomopathies, which are characterized by loss- 
of-function mutations in ribosomal genes, are 
known to mainly affect craniofacial structures by 
impairing neural crest progression [77,78]. The 
same is true for spliceosomal genes, in which 
mutation has also been linked to craniofacial dis
orders, including EIF4A3, which encodes for 
a core protein in the spliceosome machinery, and 
hypomorphic mutations lead to a craniofacial syn
drome [79–81]. We also found among the mir152 
upregulation-related DEGs predicted mir152 tar
gets as DNMT1, SMAD3, and UHRF1, which were 
connected to the mentioned down-regulated path
ways; however, further investigation is needed to 
demonstrate how DNMT1, SMAD3, or UHRF1 
may orchestrate the regulation of such pathways. 
We believe therefore that mir152 dysregulation in 
the neural crest lineage affects neural crest devel
opment by compromising essential pathways as 
adherens junctions, ribosomal and spliceosomal 
machineries, which could ultimately lead to cra
niofacial phenotypes such as orofacial clefts.

Once we found mir152 hypomethylation to pro
mote mir152 upregulation, we mimetized mir152 
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upregulation in zebrafish development by mir152- 
mimic injections. mir152 upregulation led to several 
defects mainly affecting craniofacial cartilages. It is 
important to note that such observed phenotypes 
were specific to the mir152-mimic injections, com
patible with a mir152 upregulation scenario, once 
both inhibitor and the mimic + inhibitor injections 
resulted in no affected embryos. Besides, we demon
strated a dose-dependent effect of mir152 upregula
tion on zebrafish ethmoidal plate’ sizes and 
malformation. Such results suggest a specific effect 
of mir152 in controlling zebrafish cranial structures 
development, particularly of the ethmoidal plate. 
Because injections were performed at the one-cell 
stage, mimic/inhibitor oligonucleotides may persist 
until later development and we cannot rule out that 
the mir152 mimic is affecting general craniofacial 
chondrogenesis rather than earlier stages compris
ing neural crest development. Ethmoidal plate 
defects in zebrafish are often described as an analo
gous model for human palatal clefting, and indeed 
expression regulation during development of the 
ethmoidal plate is comparable to that of the mam
malian palate [82–84]. However, it is still possible 
that other cellular types and molecular mechanisms 
could be involved in the zebrafish clefting model 
here reported. We also observed non-ethmoidal 
plate craniofacial defects in the zebrafish, mainly 
affecting the Meckel’s cartilage and ceratobranchial. 
Although the size of these structures was not mea
sured, we suggest that mir152 plays a role in cra
niofacial cartilage development in general. We did 
not address, however, which are the mir152 targets 
leading to such developmental alterations and, 
based on our iNCC RNAseq data, further experi
mentation is needed to assess whether specific adhe
rens junction, EMT, spliceosome or ribosome genes 
are downregulated under mir152 upregulation. 
Therefore, the precise mechanism of action of 
mir152 during craniofacial development remains 
to be addressed.

While the vast majority of studies on NSCLP aetiol
ogy states the multifactorial scenario for NSCLP, 
knowledge on how the NSCLP-associated environ
mental factors influence the genome and epigenome 
behaviour is scarce. Here, we hypothesized that such 
hypomethylation and consequently upregulation of 
mir152 could be caused by embryonic hypoxia. 
Hypoxia is a normal condition during several steps 

of mammalian development required for proper cell 
differentiation and progression [85], however abnor
mal oxygen levels below the foetal hypoxia limits can 
lead to malformations and disease [86–88]. Regarding 
oral clefts and craniofacial development, hypoxia has 
been demonstrated for a long time to be a strong risk 
environmental factor in mice, rat, and chicken models 
[47,89–91] and also hypoxia-related environmental 
factors are epidemiologically associated with NSCLP 
[16,17,92,93]. More recently, a hypoxia induced cleft
ing model in zebrafish has been demonstrated [46] 
reinforcing the effect of hypoxia on craniofacial devel
opment and supporting our model. In agreement with 
this study, our hypoxia exposure in zebrafish embryos 
also resulted in aberrant ethmoid plate sizes and in 
increased mir152 expression accompanied by mir152 
hypomethylation at 48 h of hypoxia. In light of the 
main results found here, our work links an epigenetic 
alteration in NSCLP to a potential environmental 
factor, contributing to the multifactorial model pro
posed to this malformation.

In summary, we demonstrated how individual 
methylome analysis in NSCLP can bring forward 
individual-specific methylation changes potentially 
relevant to phenotype. We found mir152 hypo
methylated in 26% of our cohort and replicated 
this finding in 28% of the cases on an independent 
NSCLP cohort. Methylation changes at mir152 
result in expression changes and mir152 upregula
tion during development leads to impairment of 
craniofacial development and maternal/foetal 
hypoxia might be the environmental link leading 
to mir152 epivariation. We suggest therefore 
mir152 as a novel candidate locus for NSCLP, 
expanding the current knowledge on NSCLP 
aetiology and molecular mechanisms.

Methods

Ethics statement

This study was approved by both the Ethics 
Committee of the Instituto de Biociências 
Universidade de São Paulo, Brazil (Protocol 353/ 
2019). In the case of human samples, biological sam
ples were collected after signed informed consent by 
the parents or legal guardians. All experiments were 
performed in accordance with relevant guidelines and 
regulations.
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Affected individuals and control samples

For methylome analysis, we used previously pub
lished and public data [21], which briefly consisted 
of Illumina Infinium HumanMethylation 450 K 
data of blood-derived DNA from 66 cases from 
non-familial NSCLP individuals and 59 age- and 
sex-matched controls from healthy individuals 
(hereafter named as ‘450 K cohort’). Our replica
tion cohort consisted of 57 non-familial NSCLP 
and 130 control samples which were ascertained 
either at the Hospital das Clínicas of Universidade 
de São Paulo (São Paulo, Brazil), Centro de 
Pesquisas Sobre o Genoma Humano e Células- 
Tronco of Universidade de São Paulo (São Paulo, 
Brazil) or during missions of Operation Smile 
Brazil (Supplementary File 3). Samples from the 
replication cohort were saliva-derived DNA col
lected with Oragene (DNA Genotek) and genomic 
DNA extracted as recommended by the fabricant. 
Cleft palate only was not included in this study.

450 K methylome analysis

To identify differentially methylated regions 
(DMRs) at the gene level in NSCLP samples, we 
first compared all 66 NSCLP samples versus all 59 
controls (450 K cohort) using the RnBeads pipe
line, which comprises filtering, normalization and 
differential methylation steps [94]. We filtered out 
probes affected by SNPs, on sex chromosomes, 
probes with a p-value detection >0.05 
(Greedycut) and probes with non-CpG methyla
tion pattern. Data were normalized using the 
SWAN method. Principal component analysis 
(PCA) was also performed using R packages in 
order to identify obvious confounding effects in 
the 450 K cohort. Differential methylation analysis 
was performed using the RefFreeEWAS method, 
which corrects p-values for blood cellular contri
butions, accounting for gene regions. We also used 
sex, age, and probe markers of batch effects as 
covariates for differential methylation analysis 
p-value correction as previously described [21]. 
We analysed DMRs at the gene level as defined 
by RnBeads, which computes methylation differ
ences within annotated RefSeq Genes. We used as 
selection criteria the five top ranked DMRs listed 
by RnBeads, which rank DMRs combining 

adjusted p-values, methylation difference, and 
quotient of difference. As a second step to identify 
individual contributions to the selected DMRs, we 
individually compared each NSCLP sample versus 
all 59 controls using the same parameters 
described above. At this point, we selected as 
DMRs those regions with p-value <0.05 after FDR 
and covariate adjustment and with at least 5% 
beta-value difference. We also compared those 
DMRs with previously published data of frequent 
and common DMRs [34]. DMRs were listed by 
NSCLP sample and we checked for DMRs co- 
occurring in different NSCLP samples.

Bisulfite amplicon sequencing of mir152 in the 
replication cohort

To quantify methylation levels at mir152, 8q24.21, 
and 1p26.13 DMRs in the replication cohort, we 
used the Bisulfite amplicon sequencing (BSAS) 
method as previously described [21]. In summary, 
BSAS relies on bisulfite PCR, library preparation, 
and DNA sequencing with a NGS sequencer 
[95,96]. We designed bisulfite-specificPCR primers 
for those DMRs using the online tool MethPrimer 
(http://www.urogene.org/methprimer/) with 
reported recommendations to avoid bisulfite PCR 
amplification bias [97]. The predicted amplicons 
in GRCh37/hg19 build for those DMRs are: 
mir152 at chr17:46114502–46114660,8q24.21 at 
chr8:130876990–130877116 and 1p36.13 at 
chr1:17231171 − 17,231,307. Primer sequences 
are available in Supplementary File 8. Samples 
from the replication cohort DNAs were submitted 
for bisulfite conversion using 1 μg of DNA in the 
e EZ-96 Methylation Kit (Zymo Research). 
Converted DNA was used as a template for bisul
fite-specific PCR with the HotStartTaq Plus 
(QIAGen) standard protocol and amplicons were 
checked by agarose gel electrophoresis and by 
Bioanalyzer HiSensitivity DNA prior to library 
preparation. During the library preparation 
indexes were added in one PCR step for sample 
(Access Array Barcode Library, Fluidigm). 
Libraries were purified by Ampure XP Beads in 
a magnetic column and checked again in the 
Bioanalyzer HiSensitivity DNA for peak shift 
visualization. Finally, libraries were submitted for 
sequencing with the MiSeq Reagent V3 Kit 150 bp 
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single-ended run on a MiSeq Sequencer 
(Illumina). We performed de-multiplexing of 
sequences using the FASTX Barcode Splitter pro
gram in the FastX Toolkit R package (http://han 
nonlab.cshl.edu/fastx_toolkit/). Following this, we 
filtered out reads of low quality, selecting only 
reads with at least 50% of bases with Q > 30 
using the FASTQ Quality Filter program, also 
part of the FastX Toolkit R package. Next, 
FASTQ files were converted to FASTA files using 
the FASTQ-to-FASTA program in the same pack
age. For the quantification of methylation levels at 
the mir152 region we used the BiQAnalyzer HT 
software [98], in which we applied quality filters as 
follows: minimal reference sequence identity to 
90%, minimal bisulfite conversion rate of 90%, 
maximum of 10% gaps allowed in CpG sites and 
minimal of 10 reads of coverage. Following these 
parameters, we obtained average mir152 region 
methylation level per sample and also site methy
lation level within mir152 region. To investigate 
hypomethylation, we calculated the controls’ 10th 
percentile and computed NSCLP samples below 
this threshold. Frequencies were tested by Chi- 
square test. Graphs were generated using the 
R package ggplot2.

Independent population NSCLP methylome data

We used summary statistics data publicly available 
from an independent NSCLP case–control methy
lome study performed on 182 hispanic and non- 
hispanic individuals [22]. We looked for significant 
(p > 0.05) probes overlapping mir152 region 
(cg02742085, cg05096161, cg05850656, cg06598332, 
cg09111258, cg10382221, cg10472567, cg21384971, 
cg24389730).

Sequencing genetic variation analysis at mir152 
region

For sanger sequencing, we PCR amplified mir152 
region in replication cohort samples using Platinum 
Taq Polymerase Supermix and specific primers 
(Supplementary File 8). Amplicons were treated 
with ExoProStar (GE Healthcare Life Sciences) and 
then submitted to Sanger sequencing using the 
BigDye Terminator v3.1 Sequencing standard kit 
(Applied Biosystems). Next, sequencing products 

were purified using Sephadex G-50 (GE 
Healthcare Life Sciences) with MultiScreen 
Column Plates (Merck-Millipore) and finally sub
mitted to capillary electrophoresis at the ABI 3730 
DNA Analyser (Applied Biosystems). All reactions 
were performed following the manufacturer’s 
recommendations.

Cell lines

For the functional investigation of mir152 hypo
methylation we used both HEK293T and induced 
neural crest (iNCCs) cells derived from human- 
induced pluripotent stem cells. Cells were tested 
for mycoplasma using PCR and gel electrophor
esis. iNCCs from healthy individuals were gener
ated and characterized elsewhere [81].

Site-specific demethylation

To functionally investigate the role of methylation 
variation at the mir152 DMR, we used a CRISPR- 
Cas9-based approach in which a plasmid expressing 
a modified and catalytically inactive Cas9 (dCas9) 
were fused to the catalytic domain of TET1 with 
a co-expression system for sgRNA, allowing target 
specific demethylation [43]. We obtained plasmid 
pPlatTET-gRNA2 (#82559) from Addgene. mir152- 
specific sgRNAs were designed with CRISPRdirect 
(https://crispr.dbcls.jp/), named as sgRNA-1, 
sgRNA-2, and sgRNA-3 (Supplementary File 8). 
sgRNAs were cloned to plasmids as previously pub
lished [43]. All the three plasmid-sgRNA combina
tions plus empty plasmids were transfected to 
HEK293T cells. iNCCs were transfected with either 
pPlatTET (empty plasmid) or pPlatTET-sgRNA3. 
All transfections were performed using SuperFect 
(QIAgen) following the fabricant’s protocol. After 
48 h post transfection, cells were checked by fluor
escent microscopy to visualize GFP expression and 
GFP-positive cells were sorted with the BD FACS 
Aria II and BD FACS Diva software and then pel
leted to simultaneously extract DNA and RNA using 
TriPrep kit (Macherey-Nagel).

cDNA synthesis and real-time quantitative PCRs

RNA samples were submitted to cDNA synthesis for 
miRNA using the NCode miRNA First-Strand cDNA 
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Synthesis kit (Thermo Fisher) and recommended 
protocols. RT-qPCR were performed using Fast 
SYBRGreen MasterMix (Thermo Fisher) and 
mir152 specific primers with NCode miRNA First- 
Strand cDNA Synthesis qPCR Universal Primer in 
a fast mode SYBRGreen reaction at the QuantStudio 
5 (Thermo Fisher). We used RNU6B and RNU44 as 
endogenous controls. Relative expression values were 
calculated as previously reported [99]. For mRNA 
cDNA synthesis, we used the same total RNA (1 μg) 
as inputs for the SuperScript IV First-Strand Synthesis 
System (ThermoFisher) and specific primers for 
COPZ2, NFE2L1, CBX1, CDK5RAP3, and TBP and 
HPRT1 as endogenous controls, in a SYBRGreen 
reaction at the QuantStudio 5 (Thermo Fisher) or 
conventional PCR. For zebrafish tp53, we used eif1a 
as the endogenous control. For zebrafish mir152 
quantification, we used TaqMan microRNA assay 
and probes for dre-mir152 and rnu6, following the 
manufacturer’s recommendations (Thermo Fisher). 
Oligonucleotide sequences are depicted in Table S8.

RNA sequencing on iNCCs

Three replicates of pPlatTET-sgRNA3 and pPlatTET 
transfected iNCCs as well as non-transfected iNCCs 
(controls) had total RNA isolation as previously men
tioned. RNA quality was checked by electrophoresis 
on agarose gel and BioAnalyzer. Libraries for RNA- 
seq were then generated using TruSeq RNA Library 
Prep Kit v2, and were checked and quantified via 
Bioanalyzer (Agilent) and RT-qPCR using the 
NEBNext Library Quant kit (NEB). Sequencing of 
libraries was performed in a HiSeq 2500 (Illumina). 
For differential gene expression amAnd And analysis 
fastq files were used on RNASeqR pipeline [100], 
which accounts for trimming of low quality reads 
and performs alignment and quantification of reads. 
DeSeq was used on RNASeqR as a method for differ
entially expressed gene (DEG) selection. We per
formed group comparisons of pPlatTET-sgRNA3 vs 
pPlatTET, pPlatTET-sgRNA3 vs controls and 
pPlatTET vs controls. DEGs presented in the 
pPlatTET vs controls were then excluded and we 
used a p-value cut-off of E-07 as a genomic level of 
significance. DEGs were manually analysed and also 

submitted to the PathfindR tool for KEGG pathways 
enrichment analysis.

Bisulfite sequencing on HEK293T-transfected 
cells

For mir152 methylation analysis after pPlatTET1-GFP 
plasmid transfections in iNCCs and HEK293T cells, 
we applied traditional bisulfite sequencing method, 
consisted of bisulfite conversion of 1ug of genomic 
DNA and PCR amplification of mir152 region using 
the method described above. PCR products cloning 
into a pGEM-T-easy vector system (Promega). We 
Sanger sequenced 10 colonies per sample using M13 
primers using the above described method and results 
were analysed with BISMA online tool (Bisulfite 
Sequencing DNA Methylation Analysis – http://ser 
vices.ibc.uni-stuttgart.de/BDPC/BISMA/) [101] with 
default parameters.

Injection of mir152 mimic and inhibitor in 
zebrafish embryos and hypoxia tests

We performed crossings using AB zebrafish 
lineages and embryos were collected in E3 med
ium. Specific microRNA mimic and inhibitor for 
zebrafish mir152 were purchased from Thermo 
Fisher Scientific. Briefly, mirVana mimics are dou
ble-stranded chemically modified RNAs with the 
same sequence as the target miRNA, while 
mirVana inhibitors are single-stranded chemically 
modified DNA complementary to the target 
miRNA (ThermoFisher Scientific). Embryos at 
the one-cell stage were injected with 2 nL of either 
25, 12.5, or 6 μM dre-mir152 mimic, 25 μM dre- 
mir152 inhibitor or a co-injection of dre-mimic + 
inhibitor (both at final concentration of 25 μM in 
a single solution). TE 1X was injected as a control. 
Injected embryos were then raised for up to 5 d in 
E3 medium at 29°C and 12 h/12 h light/dark cycle. 
Larvae at 5 dpf were collected and fixed in 4% PFA 
followed by alcian blue staining for craniofacial 
cartilages phenotyping using previously published 
protocols [79]. To study the effects of hypoxia on 
zebrafish embryos, we exposed 34 one-cell stage 
zebrafish embryos for 48 h in a 1% O2 incubator 
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(Hera Cell – Thermo Fisher) and compared to 55 
control embryos.

In situ hybridization

mir152 in situ hybridization (ISH) was per
formed using locked-nucleic acid (LNA) probe 
(mirCURY-LNA, QIAGEN) specific for the 
zebrafish mir152 sequence (probe sequence: 5’- 
UCAGUGCAUGACAGAACUUUGG-3’) or 
mirCURY-LNA control probe. ISH was con
ducted following a previously published proto
col [102]. In summary, embryos at the 
mentioned stages were fixed on 4% PFA over
night at 4°C and then post-fixed on 0.16 M 
EDC for 2 h at room temperature and over
night at 4°C. After fixation, embryos were 
washed three times on PBS-T and dehydrated 
in increasing concentrations of methanol (25– 
100%). Then, embryos were re-hydrated in 
decreasing concentrations of methanol (100– 
0%) diluted in PBS-T. After rehydration, pro
teinase K digestion was used for permeabiliza
tion (10 µgl/ml, 3 min at 37°C) and then re- 
fixed in 4% PFA for 10 min. Next, embryos 
were primed with hybridization buffer (50% 
deionized formamide, 5× saline sodium citrate 
(SSC), 0.1% Tween-20, 9.2 mM citric acid, 
supplemented with 50 µg/ml Heparin and 
0.5 mg/ml tRNA) at 60°C for 10 min at room 
temperature and 3 hours at 54°C. The solution 
was replaced by hybridization buffer containing 
the probe (50 nM) and incubated overnight at 
54°C. After hybridization, samples were washed 
with hybridization buffer- 2X-SSC-T with 
decreasing concentration of hybridization buf
fer (75–25%) for 10 min each wash at 54°C. 
Embryos were then washed three times in PBS- 
T and blocked for 1 h at room temperature 
with Roche Blocking Reagent 4% in PBS-T. 
Next, samples were incubated with anti- 
digoxigenin (Roche, 1:5000) in blocking solu
tion overnight at 4°C. Three washes in PBS-T 
were used prior to staining, followed by incu
bation in AP buffer (0.1 M Tris-HCl pH 9.5, 
50 mM Mg2Cl, 0.1 M NaCl, 0.01% Tween-20) 
for 15 min at room temperature. Finally, sam
ples were stained in AP Buffer added with NBT 
(Roche, 1:200) and BCIP (Roche, 1:270) at RT 

for 30 min and fixed with 4% PFA after 
developing.

Statistical analysis

Methylome and RNAseq statistical analyses were 
performed as implemented in the previously men
tioned packages, with FDR as a multiple testing 
correction in both cases. Bisulfite amplicon sequen
cing data used for validation was submitted to 
ANOVA with Bonferroni correction. qPCRs were 
submitted to either Wilcoxon–Mann–Whitney or 
t-test depending on data distribution. ANOVA was 
used for ethmoidal plate measurements in multiple 
groups. Data were considered statistically significant 
when p < 0.05 after multiple testing corrections.
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