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The 3MC syndromes are a group of rare autosomal recessive

disorderswhere themain clinical features are cleft lip and palate,

hypertelorism, highly arched eyebrows, caudal appendage, post-

natal growth deficiency, and genitourinary tract anomalies.

Ophthalmological abnormalities, most notably anterior cham-

ber defects may also be seen. We describe the clinical and

molecular findings in 13 individuals with suspected 3MC syn-

drome from 12 previously unreported families. The exclusion of

theMASP1 and COLEC11 Loci in two individuals from different

consanguineous families and the absence of mutations in four

further individuals sequenced for both genes raises the possi-

bility that that there is further genetic heterogeneity of 3MC

syndrome. � 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The 3MC syndromes [Titomanlio et al., 2005] are a group of rare

autosomal recessive disorders in which hypertelorism, ptosis, and

high arched eyebrows are associated with orofacial clefting. In addi-

tion to clefting and hypertelorism, the 3MC syndromes are particu-

larly characterized by the presence of an unusual caudal cyst or

appendage, genitourinary abnormalities and intellectual disability.

Some patients have also been reported with skeletal anomalies and

hearing losswith vestibular anomalies [Mingarelli et al., 1996; Sirmaci
2016 Wiley Periodicals, Inc.
et al., 2010]. This group of conditionswas originally described as four

separate disorders: Malpuech syndrome, Carnevale syndrome,

Michels syndrome, and Mingarelli syndrome [Michels et al., 1978;

Malpuech et al., 1983; Carnevale et al., 1989; Mingarelli et al., 1996].

The presence of cleft lip and palate, which is often bilateral, is

thought of as a key feature in individuals with Malpuech syndrome
1216
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[Malpuech et al., 1983] whereas Carnevale syndrome patients were

initially ascertained through recognition of their distinctive facial

appearance with marked ptosis, hypertelorism, downslanting pal-

pebral fissures and synophrys [Carnevale et al., 1989]. In the patients

described byMichels et al. [1978] anterior segment dysgenesis was a

prominent feature and in those reported by Mingarelli et al.

[1996] skeletal findings including radio-ulnar synostosis were iden-

tified as distinctive features along with hearing deficits due to

abnormalities of the vestibule and semi-circular canals.

There is considerable overlap between all of the above pheno-

types [Titomanlio et al., 2005; Leal et al., 2008], which have

similarities in facial appearance, leading to the suggestion that

they should all be considered part of the same phenotypic spectrum

known as 3MC syndrome. This clinical overlap has since been

confirmed by the finding of mutations within the COLEC11 and

MASP1 genes, which encode proteinswithin the lectin complement

pathway, in individuals with all of these disorders [Sirmaci et al.,

2010; Rooryck et al., 2011].

The number of 3MC patients with known mutations in

COLEC11 or MASP1 reported so far remains small. Sirmaci

et al. [2010] reported two families withMASP1mutations. Rooryck

et al. [2011] reported a further 11 3MC families of which 4 had

mutations in MASP1 (two families had the same mutation) and 7

hadCOLEC11mutations.More recently Atik et al. [2015] reported

six patients with MASP1 mutations. Here we report the clinical

findings and results of genetic analysis of a further 13 patients from

12 families who were referred initially with a clinical diagnosis of

Malpuech syndrome.

METHODS

Ascertainment and Clinical Features
Thirteen individuals with a clinical diagnosis of Malpuech syn-

drome were ascertained through clinical geneticists as part of a

broader, ethically approved research study which aimed to identify

the genetic basis of rare autosomal recessive disorders. Ethical

approval for this study was obtained from the North Manchester

Research Ethics Committee (REC ref: 06/Q1406/52).

Family and medical histories, clinical features, growth param-

eters, and details of intellectual development were recorded in all

cases. Photographs of each patient were reviewed.
Genetic Studies
DNA was extracted from lymphocytes using standard techniques.

Genome-Wide SNP analysis using the Affymetrix Genome-Wide

SNP6.0 microarray was carried out in six individuals where there

was a family history of consanguinity to enable the identification of

areas of homozygosity (individuals 1–4, 8, and 12). Genotypes were

generated using the Birdseed v2 algorithm with a confidence

threshold of 0.01 within the Affymetrix Genotyping console.

Autozygosity analysis was carried out using AutoSNPa (http://

dna.leeds.ac.uk/autosnpa/) [Carr et al., 2006]. All co-ordinates

given are based on hg19.

ForSanger sequencingprimersweredesigned for individual exons

and intron boundaries to two isoforms ofCOLEC11 (NM_199235.1

andNM_024027.3)andall three isoformsofMASP1 (NM_001879.5,
NM_139125.3 and NM_001031849.2) with Primer3 (http://frodo.

wi.mit.edu/). PCR was performed on genomic DNA with Abgene

ReddyMix PCR Mastermix and sequencing was performed with

BigDye terminator cycle sequencer system v3.1 (primer sequences

and experimental conditions available on request).

Whole Exome sequencing was carried out using the SureSelect

Human All Exon Kit v5 (Agilent, Santa Clara, CA) for the Illumina

HiSeq 2500 system (San Diego, CA). Sequence data were mapped

to the hg19 reference human genome using the Burrows–Wheeler

aligner software (version 0.6.2; http://bio-bwa.sourceforge.net).

Genome Analysis Tool Kit software (version 2.4.7; https://www.

broadinstitute.org/gatk) was used for recalibration of base quality

score and for indel realignment before using the unified genotyper

(https://www.broadinstitute.org/gatk) for variant calling. Exonic

copy number variation (CNV) was assessed using ExomeDepth

software (version 1.1.6; Plagnol et al., 2012).
RESULTS

Clinical Details
The clinical features of the 13 study patients are shown in Tables I

and II. All had initially been suspected to have Malpuech or 3MC

syndrome by their referring clinical geneticist. In 10 individuals the

presence of cleft lip and palate had led to this suspected clinical

diagnosis. In the remaining patients the diagnosis was based on

other features including hypertelorism, ptosis, and an abnormal

sacrum with a caudal appendage (8), or sacral pit (2) or other

unusual appearance (1). Developmental problems were common

to all patients but ranged from mild to severe. In review of the

clinical features, and when further follow-up information was

obtained, patients 9, 10, 12, and13 were considered less typical

of 3MC syndrome but were included in molecular analysis to

explore the breadth of the phenotypic spectrum of this disorder.

Photographs of patients 4–7 and 11 are shown in Figure 1.
SNP Array Analysis
Autozygosity mapping was carried out for individuals 1–4, 8, and

12 whowere known to be from consanguineous families using SNP

array data. This demonstrated that siblings 1 and 2 were homozy-

gous for the COLEC11 Locus at 2p25 between markers rs4854277

and rs270837 (769,886–7,786,679). In addition individuals 3 and 4

were homozygous for theMASP1 Locus at chromosome 3q27. For

individual the regionwas betweenmarkers rs2981027 and rs383443

(128,184,416–196,974,318) and for individual 4 the region was

between rs4389455 and rs17423976 (184,468,768–189,060,510).

Individuals 8 and 12 were not homozygous for either the

MASP1 or the COLLEC11 Loci but demonstrated 23 and 21 other

regions of homozygosity greater than 2Mb, respectively (data not

shown). Between these two individuals there was one region of

overlap at chr3: 125,875,312–132,543,775.
Sanger Sequencing Analysis
Based on the results of the autozygosity mapping sequencing of

COLEC11was carried out for individuals 1 and 2 and sequencing of

MASP1 was carried out for individuals 3 and 4. In addition both

http://dna.leeds.ac.uk/autosnpa/
http://dna.leeds.ac.uk/autosnpa/
http://frodo.wi.mit.edu/
http://frodo.wi.mit.edu/
http://bio-bwa.sourceforge.net
https://www.broadinstitute.org/gatk
https://www.broadinstitute.org/gatk
https://www.broadinstitute.org/gatk
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FIG. 1. (a) Facial photographs of patients (L-R) 4–7 who all have MASP1 mutations. Note characteristic facial appearance with repaired cleft

lip and palate, hypertelorism and superiorly placed, arched eyebrows. (b) Sacral photographs for patients 6 (L) and 7 (R) showing caudal

appendage and unusual sacrum, respectively. (c) Photographs of patient 11, who screened negative for COLEC11 and MASP1 mutations

despite having suggestive facies, repaired cleft lip and palate and caudal abnormality.
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genes were Sanger sequenced in individuals 5–7 and 9–13. As

exome sequencing was available for individual 8 this was analyzed

for changes in both genes with an average coverage of 91% at 10�
across both genes.

This sequencing identified a homozygous frameshift mutation,

c.637_638delGC; p. (Ala213Leufs�5), within the last exon of

COLEC11 (variant numbering according to NM_024027.3) in

siblings 1 and 2 (Fig. 2; Table I).

In addition homozygous MASP1 mutations were identified in

individuals 3–7 (all numbered according to NM_139125.3) (Fig. 3;

Table I). Further exploration of family history subsequently discov-

ered that individuals 6 and 7 were also born to consanguineous

parents. Three of themutations identifiedwere nonsense changes; the

same change at c.760A>T; p. (Leu254�) was identified in two

unrelated individuals (5 and 6) and a c.9G>A; p. (Trp3�) was

identified in individual 4. The remaining two changes were missense

alterations; the first of these was c.1987G>T; p. (Asp663Tyr) in

individual 3. This occurred in the same exon asmost of the previously

reportedmutationsand iswithinaconservedresidue.Thisaminoacid

change was predicted to be deleterious by SIFT [Ng and Henikoff,

2001], disease causing by Mutation taster [Schwarz et al., 2010] and

probably damaging by Polyphen [Adzhubei et al., 2010]. The other

missense change was c.547G>T; p. (Val183Leu) in individual 7. This

change occurs in the last base of exon 4 and is predicted by Human

Splicing Finder to remove the 50 splice site [Desmet et al., 2009]. No

point mutations in eitherCOLEC11 orMASP1were identified in the

remaining six individuals, including patients 8 and 11 who are

considered to have a typical 3MC phenotype.
CNV Analysis
Exome sequencing was carried out for individuals 8–13 who did

not have point mutations in either COLEC11 or MASP1. An

analysis of this data for potential deletion/duplication events,

which would not have been detected by Sanger sequencing,

revealed no potential changes in these six individuals.
Exome Sequence Analysis

For individuals 8 and 12, for whom SNP arrays were available,

the exome sequencing was also analyzed to look for potential

homozygous changes which may be causative of a 3MC phe-

notype. In all cases data were filtered to remove those variants

with a frequency greater than 0.1% within the Exome Variant

Server (�6,500 individuals), Exome Aggregation Consortium

(>60,000 individuals), 1,000 Genome databases or those seen

previously within an in house dataset of over 500 individuals

before any further analysis. Within the one region of shared

homozygosity between these two individuals there were no

genes with variants in common after the data had been filtered

as given above.

Gene prioritizationwas carried out for the separate homozygous

regions identified in individuals 8 and 12 using Endeavor based on

COLEC11 and MASP1 as training genes [Aerts et al., 2006]. An

analysis of the exome data from both individuals based on the top

10 genes given by this prioritization revealed no changes after the

data had been filtered as given above.



FIG. 2. Mutation analysis of COLEC11. (a) Representation of the COLEC11 gene with positions of mutations identified in the current study

(above) and those previously identified (below). Black boxes represent the collagen triple helix domain; gray boxes represent the c-type lectin

domain. (b) Sanger sequencing of patient 1 (left) and WT sequence (right). Arrows mark the position of the c.637_638delGC mutation. [Color

figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/ajmga].
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DISCUSSION

It has been suggested that Malpuech syndrome should be con-

sidered as part of a wider disease spectrum known as 3MC

syndrome along with Carnevale syndrome, Michels syndrome,

and Mingarelli syndrome [Titomanlio et al., 2005, Leal et al.,

2008]. This finding had been given further support by the

identification of mutations within COLEC11 and MASP1 in

individuals representing all four diagnoses [Sirmaci et al.,

2010; Rooryck et al., 2011]. We report here the clinical and

molecular findings in a further 13 individuals who have been

suggested to have a diagnosis of Malpuech syndrome but all of

which have features within the 3MC spectrum.

Our strategy for further investigation of the role ofCOLEC11 and

MASP1 in 3MCsyndromewas to carry out sequencing of both genes

in those individualswhere autozygositymapping suggested a role for

either gene or those individuals in whommapping information was

not available. We identified a single mutation within COLEC11 in

two siblings. Thiswas a c.627_628delGC; p. (Ala213Leufs�5) change
within exon 8 and so it is likely that no functional CL-K1 protein is

present in these individuals. The reportof thesemutationsbrings the

total number of COLEC11mutations identified in 3MC syndrome

to sevenwithineight families (Fig. 2). Fourof these are likely to result

in no functional protein beingproduced either due to the removal of

the first three exons or due to a frameshift leading to premature

termination of the protein. The remaining threemutations reported

byRooryck et al. [2011] are eithermissensemutationsor an in frame

deletion within the carbohydrate recognition domain which would

also be assumed to result in the loss of function of this domain. The

studies of Bayarri-Olmos et al. [2015] offered further confirmation

that COLEC11 mutations affect serum levels of proteins in the

complement pathway.
In addition we identified four novel mutations within MASP1

bringing the total number ofMASP1mutations identified in 3MC

syndrome to 14 in 17 families (Fig. 3). MASP1 is alternatively

spliced, with the three isoforms, MASP-1 (NM_001879.5), MASP-

3 (NM_139125.3), and Map44 (NM_001031849.2) sharing exons

1–8 but differing in their carboxy terminals which contain different

serine protease domains [Degn et al., 2009]. Exon 12 is unique to

MASP-3 and is solely responsible for coding the serine protease

domain of theMASP-3 isoform [Dahl et al., 2001]. Previouslymost

3MC mutations have been found within this exon and all are

predicted to alter the activity of the serine protease domain either

through disruption of the catalytic triad of the domain or through a

disruption to the structure of the active site [Sirmaci et al., 2010;

Yongqing et al., 2013]. The missense alteration, p. (Asp663Tyr),

identified in the current study is the same as one reported by Atik

et al. [2015]. It is the amino acid next to one of the catalytic triad

(S664) and so it is likely that this change alters the enzymatic

activity of this domain.

Interestingly the three other MASP1 mutations identified in the

current study, two nonsense and one splice site change, would likely

result in nonsensemediated decay and so none of the three isoforms

encodedbyMASP1wouldbeproduced.Therehasbeenoneprevious

report of a nonsense mutation within MASP1 in an individual

described as having Carnevale syndrome [Sirmaci et al.,

2010] and a further two splice mutations in three individuals

with 3MC syndrome [Atik et al., 2015]. Whilst these mutations

would remove the serine protease domain ofMASP-3 thought to be

important in craniofacial development it would also remove the

MASP-1 andMap44 isoformswhich so far only have a known role in

the complement pathway. We were unable to test complement

function in these individuals but on specific questioning, none

are known to have an immunological phenotype which would be

http://wileyonlinelibrary.com/journal/ajmga


FIG. 3. Mutation analysis of MASP1. (a) Representation of all three isoforms of MASP1 with positions of mutations identified in the current

study (above) and those previously identified (below). Black boxes represent the CUB domains; dark grey boxes represent the EGF-like

calcium binding domain; horizontal stripes represent the Sushi/CCP domains; light grey boxes represent the serine protease domain. (b)

Sanger sequencing traces for mutations identified in MASP1. (i) Patient 4 (top) and WT (bottom). Arrows mark the position of the c.9G>A

mutation. (ii) Patient 7 (top) and WT (bottom). Arrows mark the position of the c.547G>T mutation. (iii) Patient 5 (top) and WT (bottom).

Arrows mark the position of the c.760A>T mutation. (iv) Patient 3 (top) and WT (bottom). Arrows mark the position of the c.1987G>T

mutation. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/ajmga].
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consistent with impairment of the complement pathway suggesting

that there is some functional redundancy in MASP-1/Map44

function.

We have therefore been able to identify the probable genetic

cause of 3MC syndrome within 7 out of the 13 individuals studied,

and 7 out of 9 considered to have a typical clinical phenotype. This

is contrary to the other studies of mutations in COLEC11 and

MASP1 where mutations were identified in all individuals studied

[Sirmaci et al., 2010; Rooryck et al., 2011; Atik et al., 2015]. A more

likely alternative explanation is that those patients lacking identi-

fiable mutations have a different, but overlapping condition. An

analysis of the clinical features in those patients in our cohort who

were mutation positive demonstrated they had more striking

hypertelorism than the mutation negative patients and all had

distinctive highly arched eyebrows with ptosis. This striking facial

phenotypewas also seen in themutation positive patients described

by Rooryck et al. [2011] and we therefore consider this as a key

diagnostic feature for the condition. We found that a caudal

appendage, usually taking the form of a cystic lesion over the

sacrum was a good indicator for mutation positive individuals.

All of our patients had severe clefting of the lip and palate, though

this was not seen in 11 of the previously reported cases with either

COLEC11 or MASP1 mutations and so should not be seen as a
prerequisite for the clinical diagnosis of 3MC syndrome [Sirmaci

et al., 2010;Rooryck et al., 2011;Atiket al., 2015].Fourofourpatients

withmutations had heights less than 3SD below themean but not all

had severe growth deficiency, and this was not a consistent feature in

thepreviously reportedpatients. Similarlymicrocephaly isnotalways

present. In addition craniosynostosis was seen in 7/16 patients by

Rooryck et al andhadbeen suggested tobemore common inpatients

with COLEC11 mutations but was not present in our patients

although some abnormalities of skull shape were seen [Rooryck

et al., 2011; Atik et al., 2015]. It is possible that these differences in

phenotypebetween the various studies, particularly thedifferences in

the amount of facial clefting, are due to the ascertainment bias when

recruiting patients as all the individuals in the current study were

initially referred as having Malpuech syndrome, where orofacial

clefting is a key feature, and craniosynostosis is not common, rather

than the broader 3MC syndrome. The abnormal skull shapes ob-

served may also represent undiagnosed, but mild, craniosynostosis.

The degree of developmental delay/intellectual disability

observed in mutation positive patients in the current study is

mild rather than severe and Rooryck et al. [2011] reported some

patients without cognitive impairment. Thus, severe intellectual

disability would appear to argue against the diagnosis in 3MC

syndrome. A rarer finding was laryngeal atresia in one of the

http://wileyonlinelibrary.com/journal/ajmga
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affected siblings (individual 2) who did not survive. One of our

patients had radioulnar synostosis, confirming the association of

this feature with the condition. As with the families described by

Rooryck et al. [2011] we did not find specific phenotypic differ-

ences between those with COLEC11 and MASP1 mutations,

though numbers remain small.

We were able to carry out autozygosity mapping on two patients

(8 and 12) from consanguineous families who did not have

mutations in eitherMASP1 or COLEC11. Within these individuals

there are a total of 43 regions greater than 2Mb including one

region in common between the two individuals. An analysis of

exome sequencing data did not reveal any potential pathogenic

variants within a shared gene within this common region. The

Endeavor gene prioritization uses data from various sources to

predict those genes most likely to be involved in a disease process

based on a set of training genes [Aerts et al., 2006]. UsingCOLEC11

andMASP1 as training genes the top ten genes within both sets of

homozygous regions were identified for patients 8 and 12. An

analysis of these genes within the exome data from both individuals

did not reveal any variants whichwere not seen at a frequency of less

than 0.1% within various variant databases. Further analysis of the

exome data from all individuals in the current study without

MASP1 and COLEC11 mutations is required as it remains likely

that there is at least one further gene mutated within 3MC

syndrome.

Patients 9 and 10 when reviewed subsequently have both had a

severe clinical course and as their facies have evolved over time

they look less like those of 3MC syndrome. Therefore their

diagnoses most likely lie elsewhere. Patient 12 is atypical in

that she had an extremely low birth weight and much more

severe postnatal growth failure than in other patients. Patient 13

has the unusual finding of bilateral radial aplasia and therefore

Juberg-Hayward syndrome [Kantaputra and Mongkolchaisup,

1999], a further condition where overlap with the 3MC syn-

dromes has been noted [Reardon et al., 2001], is being considered

as an alternative diagnosis in this child. If these four cases are now

considered not to be 3MC syndrome this would mean that

mutations in either MASP1 or COLEC11 have been identified

in 25 out of 27 families reported so far.

In summary, our findings confirm MASP1 and COLEC11

mutations as a common cause of 3MC and pick out some key

clinical diagnostic features but demonstrate that this phenotype

is heterogeneous and that it is possible that other genes, perhaps

also involving the lectin complement pathway, will be

discovered.
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