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1 |  INTRODUCTION

Craniofacial microsomia (CFM, OMIM: 164210), also 
known as the oculo-auriculo-vertebral spectrum, hemifacial 
microsomia, or Goldenhar syndrome, is typically character-
ized by uni- or bilateral microtia and mandibular hypopla-
sia in addition to ocular, vertebral, and renal abnormalities 

(Gorlin, Cohen, & Hennekam, 2001; Heike & Hing, 2009). 
CFM, like other complex diseases, usually occurs sporadi-
cally. In multiplex families, the transmission is usually auto-
somal dominant, often with incomplete penetrance, although 
autosomal recessive inheritance has also been postulated 
for some families (Rollnick & Kaye,  1983; Vendramini-
Pittoli & Kokitsu-Nakata,  2009). It is associated with high 
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Abstract
Background: Craniofacial microsomia (CFM), also known as the oculo-auriculo-
vertebral spectrum, comprises a variable phenotype with the most common features 
including microtia and mandibular hypoplasia on one or both sides, in addition to 
lateral oral clefts, epibulbar dermoids, cardiac, vertebral, and renal abnormalities. 
The etiology of CFM is largely unknown. The MYT1 gene has been reported as a can-
didate based in mutations found in three unrelated individuals. Additional patients 
with mutations in this gene are required to establish its causality. We present two in-
dividuals with CFM that have rare variants in MYT1 contributing to better understand 
the genotype and phenotype associated with mutations in this gene.
Methods/Results: We conducted genetic analysis using whole-exome and -genome 
sequencing in 128 trios with CFM. Two novel MYT1 mutations were identified in 
two participants. Sanger sequencing was used to confirm these mutations.
Conclusion: We identified two additional individuals with CFM who carry rare 
variants in MYT1, further supporting the presumptive role of this gene in the CFM 
spectrum.
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inter- and intrafamilial phenotypic variability. Although 
there is no consensus on the minimum criteria for diagno-
sis, microtia is generally accepted as the minimum criterion 
for diagnosis (Beleza-Meireles, Clayton-Smith, Saraiva, 
& Tassabehji,  2014; Keogh, Troulis, Monroy, Eavey, & 
Kaban, 2007). The etiology remains largely unknown, how-
ever, reports of familial cases as well as the presence of CFM 
features in individuals with chromosomal aberrations and ge-
nomic imbalances suggest that CFM has a genetic basis.

Recently, heterozygous variants in MYT1 (myelin tran-
scription factor 1, OMIM * 600379) were reported in three 
unrelated individuals; this is the first gene implicated in CFM 
(Berenguer et al., 2017; Lopez et al., 2016). Two individu-
als had de novo variants while one had an inherited mutation 
from a unaffected father. We present two additional individ-
uals with rare disrupting variants in MYT1 identified through 
exome and genome sequencing of 128 trios with CFM. We 
discuss how our cases contribute to the phenotype asso-
ciated with this gene and how our findings further support 
the hypothesis that isolated microtia can be part of the CFM 
spectrum.

2 |  METHODS

2.1 | Clinical assessment

We recruited 360 families with a diagnosis of CFM from a 
network of 10 sites in the US, Colombia, and Peru during mul-
tiple NIH-funded studies (RC1 DE 020270, R00 DC011282, 
R01 DE022438). Our eligibility criteria were based on the 
presence of at least one of the following phenotypic findings: 
microtia; mandibular hypoplasia and preauricular tag(s); 
mandibular hypoplasia and facial tag(s); mandibular hypo-
plasia and epibulbar dermoid; mandibular hypoplasia and 
lateral oral cleft (i.e. macrostomia); preauricular tag and epi-
bulbar dermoid; preauricular tag and lateral oral cleft; facial 
tag and epibulbar dermoid; lateral oral cleft and epibulbar 
dermoid. Exclusion criteria included diagnosis of a syn-
drome, abnormal chromosome studies, and/or mandibular 
hypoplasia due to deformational plagiocephaly or torticollis.

Detailed phenotypic data were ascertained from all co-
horts by a standardized series of two-dimensional photo-
graphs, and parental interview about the participant's medical 
history. Physical examination was performed by a medical 
geneticist or physician in the cohorts from Colombia and 
Peru. Prenatal and family history was collected to account for 
exposure to known teratogens and to assess recurrence of the 
phenotype in the family. Phenotypic and clinical data were 
reviewed at the coordination center by a medical geneticist 
and a craniofacial pediatrician. Blood or saliva samples were 
collected from the proband and available parents. DNA was 
extracted from blood and saliva using standard procedures.

All human studies were reviewed and approved by the 
institutional review board (IRB) of the Seattle Children's 
Hospital and at the local institutions IRB’s. An informed con-
sent form was signed by all participants.

2.2 | Genetic analysis

Sequencing was performed in DNA from 128 trios (exome 
sequencing in 44 trios and whole genome sequencing in 84 
trios) using standard procedures.

Paired end reads were mapping to the human genome 
(hg19 for exomes and hg38 for genomes) using BWA-MEM 
with default parameters. The Genome Analysis Toolkit 
(GATK) realigned reads around known indels and recal-
ibrated quality scores to reduce artifacts caused by the se-
quencing chemistry, and Picard was used to mark duplicate 
reads. For the exome's variants, the haplotype callers from 
GATK and Freebayes were used and the variants on the in-
tersection of the two variant callers were reported. For the 
genomes GATK haplotype caller was used to call variants.

Variants are annotated with SnpEff and loaded into a 
database using the GEMINI framework, with additional 
annotations added by annovar. Annotations included pre-
dicted functional effect (e.g., splice-site, nonsense, mis-
sense), protein position, known clinical associations (OMIM, 
CLINVAR, COSMIC), conservation score (PhastCons, 
GERP), and effects protein function (PolyPhen), CADD 
scores, and population allele frequencies (ExAC, gnomAD).

Tools within GEMINI were used to identify variants con-
firming to a number of disease models. We identify variants 
that are rare in the population (Maximum allele frequency 
(MAF) <0.01 or <0.05), are predicted to have a high impact 
on the gene and are de novo or transmitted in an autoso-
mal recessive, compound heterozygote or X-linked manner. 
Bidirectional Sanger sequencing was performed to confirm 
MYT1 variants.

3 |  RESULTS

3.1 | Clinical report

The first proband (PM1) was a boy, born at term without 
complications to a nonconsanguineous couple with two 
healthy children. His birth weight was 2.93 kg (18th centile) 
with a length of 49 cm (32nd centile). During pregnancy, the 
mother was treated with cephalexin for a urinary tract infec-
tion in the first trimester and folic acid in first and second 
trimesters. The child was 12 years old at the time of clinical 
assessment for the study and presented with bilateral microtia 
(grade II/III), bilateral aural atresia and bilateral clinodactyly 
of fifth fingers; his neurodevelopment was age appropriate. 
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The audiometry demonstrated bilateral severe conductive 
hearing loss. Computed tomography revealed normal middle 
and inner ear structures; no other images were performed. He 
used bilateral bone anchored hearing aids.

The second proband (PM2) was a girl, born at term with-
out complications to a nonconsanguineous couple, with two 
healthy children. Her birth weight was 2.5 kg (fourth centile), 
unknown length; she was discharged from the hospital on her 
second day of life. During pregnancy, the mother used iron 
supplements during all trimesters and developed a fever during 
the second trimester. The child was 1-year-old at time of clini-
cal assessment for the study and presented with right microtia 
grade II and ipsilateral aural atresia, microphthalmia, and left 
chorioretinal coloboma; her neurodevelopment was age-appro-
priate. An auditory brainstem response test demonstrated se-
vere mixed (conductive and neurosensorial) hearing loss on her 
right ear. Abdominal ultrasound and karyotype were normal.

The probands are unrelated and the families (parents and 
grandparents) are from different regions of Colombia, PM1 
family is from Cundinamarca department and PM2 family is 
from Valle del Cauca and Nariño. Family history of birth de-
fects, and hearing loss was negative in both families.

3.2 | Genetic analysis

The genetic analysis on DNA from blood from the parents 
and probands (trios) demonstrated that both individuals had 
maternally inherited heterozygous missense variants in MYT1 
(NM_004535.2:c.232C>A and NM_004535.2:c.2780G>A). 
The mother of PM2 had a small cleft in the lobe of the right 
ear (Figure 1), compatible with an autosomal dominant pat-
tern of inheritance with incomplete penetrance. These vari-
ants were confirmed by Sanger sequencing in the probands 
and carrier mothers and were absent in the fathers. No other 
de novo, homozygous or compound heterozygous variants of 
interest were observed.

For the variant NM_004535.2:c.232C>A, two Latino in-
dividuals were reported as heterozygous in gnomAD (http://
gnomad.broad insti tute.org/), with an allele frequency of 

0.000008. The other variant, NM_004535.2:c.2780G>A 
(p.Gly927Glu), has not been reported, but in the same codon 
two other missense heterozygous variants have been re-
ported; each one in one individual resulting in: p.Gly927Arg 
(European) and pGly927Val (South Asian), both were con-
sidered as “probably damaging” by Polyphen.

We compared the phenotype and genomic characteristics 
of the probands described here and the three described in pre-
vious studies (Tables 1 and 2).

4 |  DISCUSSION

The published evidence on the association between MYT1 
and CFM is insufficient, and clinical reports on additional 
individuals’ patients with mutations in this gene are required 
to establish causality. We identified two additional indi-
viduals with CFM who carry rare variants in MYT1, further 
supporting the presumptive role of this gene in CFM. One 
child presented with microtia only, potentially expanding the 
phenotype associated with variants in this gene to microtia 
without other associated birth defects; and the other child 
presented with eye anomalies that were different than those 
previously described in individuals with CFM with MYT1 
variants. In a recent study in which MYT1 was sequenced in 
73 individuals with CFM, no pathogenic variants were found 
(Zamariolli et al., 2019). Of the 128 individuals with CFM 
sequenced in this study, only two individuals were identified 
with variants in this gene, and there were no overlapping var-
iants with the three previously reported mutations, support-
ing the genetic heterogeneity suspected for this condition.

The protein encoded by this gene is known to play a role 
in the developing nervous system and to bind to the prote-
olipid proteins of the central nervous system. However, 
MYT1 is widely expressed in the mouse and human embryo 
and there is evidence for gene expression in the 1st and 2nd 
pharyngeal arches, which give rise to most of CFM involved 
tissues, during mouse development at embryonic days 10.5, 
11.0, and 12.5 (Donaldson et al., 2012). Furthermore, func-
tional studies of MYT1 have shown that it regulates genes 

F I G U R E  1  Photos of individuals identified with MYT1 variants. (a) PM1 presented with bilateral microtia. (b) PM2 presented with right 
microtia. (c) Mother of PM2 presented with an ear lobe cleft on the right ear

http://gnomad.broadinstitute.org/
http://gnomad.broadinstitute.org/
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involved in the retinoic acid pathway (RARA,RARB, RARG, 
CYP26A1) and that variants affecting its function could dis-
rupt retinoic acid signaling and thus cause CFM (Berenguer 
et al., 2017; Lopez et al., 2016). There is also evidence sup-
porting a direct regulation by Myt1 binding active regulatory 
regions of Rara repressing its expression in neural progenitor 
cells (Vasconcelos et al., 2016).

Discriminating pathogenic from rare, non-disease-caus-
ing variants is a challenge. There is still justification to con-
sider the association between CFM and MYT1 provisional 
until further cases are described. Evidence that points against 
a causal relationship include: (a) according to gnomAD data, 
MYT1 is an intolerant gene for loss of function mutations, 
with the ratio of observed/expected (o/e) variant of 0.18 (90% 
CI 0.11–0.3), however, it seems to be more tolerant for mis-
sense variation o/e: 0.72 (90% CI 0.67–0.78); (b) although 
two of the variants described are de novo, the other three vari-
ants were inherited from nonaffected parents with a negative 
family history for CFM; (c) considering the prevalence of 
CFM as 1 in 3,000–5,000, incomplete penetrance, and high 
genetic heterogeneity, the expected maximum allelic count 
is one to three, however for two of the variants previously 

published, the allelic counts are higher than known at the time 
of publication and potentially “too common” to be causative; 
(d) the functional validation of the variants were primarily 
in the up and down regulation effect of the MYT1 variants 
in the cellular expression of CYP26A1, RARA, RARB, and 
RARG (Berenguer et al., 2017; Lopez et al., 2016); these tests 
showing an effect of a candidate mutation at the protein level 
do not necessarily dictate that this effect is responsible for 
the disease; and (e) the Myt1 knock-out homozygous mouse 
model presents with pancreatic and diaphragmatic abnor-
malities and neonatal mortality, but no CFM-related birth 
defects (Hudson, Romm, Berndt, & Nielsen,  2011; Wang 
et  al.,  2007). However, it is not uncommon for human and 
mouse craniofacial phenotypes to differ. Reasons for this 
include the effect that the genetic background can have on 
the observed phenotype, such as seen in Tcof−/− mice (Dixon 
& Dixon, 2004); in addition, the functional significance of 
mutations (gain- or loss-of-function) can also heavily affect 
modeling of the disease phenotype, such as in the earlier 
knockout of Plcb4 in mice (Smits et al., 2005).

Overall, and following the ClinGen clinical validity of 
gene-disease associations framework, we believe that there 

T A B L E  1  Phenotype of individuals reported here and in the literature with MYT1 variants

Individual Microtia
Preauricular 
tags

Mandibular 
hypoplasia

Lateral 
oral cleft Eye anomalies Skeletal anomalies

Other 
anomalies

PM1 Bilateral — — — — —

PM2 Unilateral R — — — R microphthalmia
L chorioretinal 
coloboma

—

F1 (Lopez, 2016) Unilateral R Unilateral R Unilateral R — R Epibulbar 
dermoid

Hemivertebrae Middle ear
VSD

F2 (Lopez, 2016) — Unilateral L Unilateral L Unilateral L — Lumbar dysraphism

P1 (Berenguer et al., 2017) Bilateral Unilateral R Unilateral R — — Cervical fusion ASD, VSD

Abbreviations: ASD, atrial septum defect; L, left; R, right; VSD, ventricular septal defect.

T A B L E  2  MYT1 variants genomic characteristics and in-silico predictions

Individual Mutation Polyphen/SIFT GERP
CADD 
phred

Allele Freq 
(gnomAD v2.1) Inheritance

PM1 c.232C>A (p.Pro78Thr) benign/deleterious 5.6 22 2a /251,216 Inherited (mat)

PM2 c.2780G>A (p.Gly927Glu) deleterious 5.0 31 0 Inherited (mat)

F1 (Lopez 2016) c.25C>T (p.Arg9*) — 5.3 36 0 de novo

F2 (Lopez 2016) c.314C>T (p.Ser105Leu) benign/tolerated 5.6 22 4b /251,066 Inherited (pat)

P1 (Berenguer 
et al., 2017)

c.323C>T (p.Ser108Leu) benign/deleterious 5.6 25 8c /251,082 de novo

Abbreviations: CADD: Combined Annotation Dependent Depletion (http://genet ics.bwh.harva rd.edu.offca mpus.lib.washi ngton.edu/pph2/); GERP: Genomic 
Evolutionary Rate Profiling (http://mendel.stanf ord.edu/Sidow Lab/downl oads/gerp/index.html); gnomAD: Genome Aggregation Database (https://gnomad.broad insti 
tute.org/); SIFT: Sorting Intolerant From Tolerant (http://sift-dna.org).
aTwo Latino individuals. 
bTwo African, one European, and one “other” individual. 
cThree Latino, four European, and one South Asian individual. 

http://genetics.bwh.harvard.edu.offcampus.lib.washington.edu/pph2/
http://mendel.stanford.edu/SidowLab/downloads/gerp/index.html
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://sift-dna.org
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is “moderate evidence” to support a causal role for MYT1 in 
CFM based on qualitative description: at least three unrelated 
probands harboring variants with sufficient supporting evi-
dence for disease causality and moderate experimental data 
supporting the gene-disease association (semi-quantitative 
assessment of evidence score: 10.6). Additional sequenc-
ing data on CFM cohorts, such as the one presented here, 
will help us gather more evidence to better understand the 
involvement of this gene in this condition, for which the eti-
ology remains largely unknown.
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