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alterations disrupt the function of the N-terminal BRCT do-
main of the protein. Interestingly, both residues are strictly 
conserved in BRCT domains of BRCA1. ClustalW alignments 
show that the residue p.Ser72 of microcephalin corresponds 
to p.Ser1715 of the N-terminal BRCT domain of BRCA1, while 
the microcephalin residue p.Trp75 is analogous to p.Trp1718 
in the N-terminal BRCT and to p.Trp1837 in C-terminal BRCT 
domains of BRCA1. Missense alterations for all 3 correspond-
ing  BRCA1  residues were described and are predicted to be 
deleterious resulting in the destabilization of the BRCA1 pro-
tein. Our data on the 2 MCPH1 missense alterations provide 
further evidence for the functional significance of these res-
idues in BRCT domains. 

 

Copyright © 2012 S. Karger AG, Basel 

 Autosomal recessive primary microcephaly (MCPH) 
displays genetic heterogeneity (MCPH1–MCPH7) with 7 
loci mapped to date [Jackson et al., 1998; Jamieson et al., 
1999, 2000; Roberts et al., 1999; Moynihan et al., 2000; 
Pattison et al., 2000; Leal et al., 2003; Kumar et al., 2009]. 
Clinically, patients with mutations at any of the loci are 
indistinguishable, presenting with congenital micro-
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 Abstract 

 Primary microcephaly MCPH1 is an extremely rare autoso-
mal recessive disorder associated with congenital micro-
cephaly, mental retardation and a distinctive cellular phe-
notype of misregulated chromosome condensation. The 
 MCPH1  gene encodes an 835-amino acid protein, micro-
cephalin, which contains 1 N-terminal and 2 C-terminal BRCT 
( BRCA1  C-terminus) domains. BRCT domains are predomi-
nantly found in proteins involved in cell cycle control and 
DNA repair. Here we describe 1 novel and 1 previously re-
ported  MCPH1  missense mutation, p.Trp75Arg and p.Ser-
72Leu, respectively, in the N-terminal BRCT domain of micro-
cephalin associated with severe congenital microcephaly. 
Both residues are entirely conserved in the  MCPH1  orthologs 
of all vertebrate species and  Drosophila . Proliferating lym-
phocytes of the patients with p.Trp75Arg and p.Ser72Leu 
show the unique cellular MCPH1 phenotype of misregulated 
chromosome condensation, indicating that these missense 
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cephaly and mental retardation in absence of other severe 
congenital malformations or significant neurological 
deficits [Woods et al., 2005]. All underlying genes have 
been identified:  MCPH1  encoding microcephalin [Jack-
son et al., 2002],  MCPH2  encoding WDR62 [Nicholas et 
al., 2010],  MCPH3  encoding CDK5RAP2 [Bond et al., 
2005],  MCPH4  encoding CEP152 [Guernsey et al., 2010], 
 MCPH5  encoding  ASPM  [Bond et al., 2002],  MCPH6  en-
coding CENPJ [Bond et al., 2005], and  MCPH7  encoding 
STIL [Kumar et al., 2009]. It has been shown that all 7 
proteins localize to the centrosome, suggesting that a 
centrosomal mechanism is responsible for controlling 
the neuron number in the developing human brain [Bond 
et al., 2005; Zhong et al., 2005, 2006; Kumar et al., 2009; 
Guernsey et al., 2010].

  The  MCPH1  gene encodes an 835 amino acid protein, 
microcephalin, which contains 1 N-terminal and 2 C-ter-
minal BRCT domains ( BRCA1  C-terminus). BRCT do-
mains are predominantly found in many proteins which 
are involved in cell cycle regulation and DNA repair. The 
hallmark of mutations in the  MCPH1  gene is the unique 
cellular phenotype with a high proportion of cells with 
prophase-like chromosomes due to premature chromo-
some condensation in the early G2 phase of the cell cycle 
(hence, ‘premature chromosome condensation’ syn-
drome) and delayed decondensation postmitosis [Neitzel 
et al., 2002; Trimborn et al., 2004]. Furthermore, patients 
with  MCPH1  deficiency show an extremely poor meta-
phase resolution of approximately 250–300 bands per 
haploid genome in routine chromosome preparations 
even after synchronization techniques.

  To date, 12 different homozygous mutations in 15 con-
sanguineous families have been reported in  MCPH1 . 
Eight of them are predicted to result in protein trunca-
tion: 2 nonsense mutations c.74G 1 C, Ser25X, in exon 2 
[Jackson et al., 2002] and c.302C 1 G, p.Ser101X, in exon 
4 [Farooq et al., 2010]; 2 insertions of 1 base, c.427_428insA 
in exon 5 and c.566_567insA in exon 6 [Trimborn et al., 
2004; Darvish et al., 2010]; 1 splice site mutation c.436 + 
1G 1 T [Darvish et al., 2010]; and 3 gross deletions [Gar-
shasbi et al., 2006; Darvish et al., 2010]. Only 4 missense 
mutations in  MCPH1  have been reported: c.80C 1 G, 
p.Thr27Arg [Trimborn et al., 2005], c.147C 1 G, 
p.His49 1 Gln [Darvish et al., 2010], c.149T 1 G, p.Val50Gly 
[Leung et al., 2011], and c.215C 1 T, p.Ser72 1 Leu [Darvish 
et al., 2010; this report]. The characterization of missense 
mutations associated with loss of function is important 
in delineating protein regions with particular functional 
relevance.

  We report here on 2 missense alterations in micro-
cephalin: 1 alteration that was recently described but not 
characterized on the cellular level and 1 novel mutation. 
Both missense mutations affect residues in the N-termi-
nal BRCT domain of microcephalin which are strictly 
conserved from  Drosophila  to human. Moreover, both 
residues are also strictly conserved in the BRCT domains 
of BRCA1 and other BRCT domain containing proteins. 
Clinically, both alterations were associated with severe 
microcephaly and at the cellular level with misregulated 
chromosome condensation.

  Materials and Methods 

 Cytogenetics 
 Conventional cytogenetic analyses of cultured T-lymphocytes 

and lymphoblastoid cell lines (LCLs) were performed using stan-
dard techniques. LCLs were established as described elsewhere. 
At least 1,000 nuclei were counted and the percentage of prophase/
prophase-like and metaphase nuclei was calculated among total 
nuclei.

  Mutation Analysis and Bioinformatics 
 For mutation detection all 14 exons and exon-intron boundar-

ies of the  MCPH1  gene were PCR-amplified (primers and condi-
tions are available upon request). The PCR products were cycle-
sequenced using the Big Dye Terminator Ready Reaction Mix 
(Applied Biosystems) and analyzed on ABI 3730 DNA analyzer 
(Applied Biosystems). Sequences were compared with a reference 
cDNA sequence (GenBank accession: NM_024596). Primer se-
quences for the amplification of exon 3 were: MCPH1-Exon3F: 
TTCTGTCCTCTTTATCCTTGCAG and MCPH1-Exon3R: CC-
CCCTAGGCAGAGTTAGGTATT.

  An alignment of MCPH1 proteins from multiple species ( ta-
ble 1 ) was prepared using ClustalX. The alignment of 18 human 
protein BCRT modules was prepared by extracting the corre-
sponding protein sequences from the PFAM seed alignment for 
the BCRT family. The sequence log was generated using TEX-
shade [Beitz, 2000]. To predict the potential effect of the amino 
acid changes we used MutationTaster [Schwarz et al., 2010], SIFT 
[Ng and Henikoff, 2003] and PolyPhen [Ramensky et al., 2002]. 
The predictions are based on sequence annotations, alignments 
and structural information.

  Results 

 Clinical Description 
 Patient 1, a girl, was born after 42 weeks of an unevent-

ful pregnancy to consanguineous Iraqi parents (first 
cousins). Her birth weight was 3,960 g (1 SD), length 50 
cm (–1.5 SD) and head circumference 31 cm (–3.5 SD). 
The Apgar scores were 7/9/10. Early milestones were nor-
mal (sitting at 6 months, walking at 12 months, first 
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words at 18 months). At the age of 5 years and 2 months 
she presented with a mild developmental delay, in par-
ticular affecting her fine motor skills. She has a mild mus-
cular hypotonia. Her height was 98 cm (–2.9 SD), weight 
14 kg (–2 SD) and head circumference 42.5 cm (–6.2 SD). 
MRI scan of the brain at the age of 6 months showed 
small frontal lobes and mild ventriculomegaly ( fig.  1 ). 
EEG was normal.

  Patient 2, a boy, was referred for diagnostic evaluation 
at the age of 6 years and 9 months because of severe mi-
crocephaly and developmental delay. He is the second 
child of consanguineous Turkish parents (first cousins). 
He was born at 40 weeks of gestation with a birth weight 
of 2,990 g (–2.2 SD), length of 52 cm (–0.7 SD) and head 
circumference 30.5 cm (–5.7 SD). The Apgar scores were 

6/9/9. Early milestones were in the normal range. At the 
age of 6 years and 9 months he presented with a height of 
117 cm (10th percentile) and a head circumference of 46 
cm (–4.8 SD). Both children are remarkably pleasant with 
good social skills.

  Sequencing Data 
 Sequencing genomic DNA of patient 1 showed a ho-

mozygous missense mutation c.215C 1 T in exon 3 of the 
 MCPH1  gene causing a serine-to-leucine substitution, 
p.Ser72Leu, which is a non-conservative change leading 
to an alteration in the polarity of the amino acid. The 
c.215C 1 T alteration was absent from 180 alleles of Turk-
ish and 180 alleles of German control subjects.

Table 1.  Cross species alignment of MCPH1

Species Amino acid sequence Reference

Patient 1 TWDKAQKRGVKLVLVLWVEKCRTAGAHIDESLFPA this report
Patient 2 TWDKAQKRGVKLVSVLRVEKCRTAGAHIDESLFPA this report
All apes TWDKAQKRGVKLVSVLWVEKCRTAGAHIDESLFPA XP_519587.1
Canis familiaris TWDKAQKRGVKLVSVLWVEKCRTAGAHIDESLFPA AAS92242
Felis catus TWDKAQKRGVKLVSVLWVEKCRTAGVHXDESLFPA NP_001009348.1
Bos taurus TWEKAQKRGVKLVSVLWVDKCRVAGVHIDESLFPA XP_593902.2
Mus musculus TWDKAQKTGAKLVSVLWVEKCRMAGALVDESLFPA BAE28292.1
Rattus norvegicus TWDKAQKIRAKLVSVLWVEKCRMAGARVDESLFPA XP_225006.3
Gallus gallus TWRKAQDAGVKTVSVLWVEKCRETGVRVDESLFPA BX932053.
Xenopus laevis TWDKAVKAGVKLVSVLWVEKCREAAAHIDESEFPA BC070756.
Danio rerio TWKKAQKIGVKIVSVHWVARCKETNQHINEELFPA AAH91882.1
Drosophila TYKKATEWNIPVVSILWIEACKVQLKICDPKQFPI EF587234.1

ClustalW alignment of amino acid residues 59–93 of the human microcephalin with the orthologs of differ-
ent species. The substitutions of the patients at position Ser72 and Trp75 are given in italics. The amino acids 
of the partial N-terminal BRCT domain, which are conserved in all vertebrate model species listed, are under-
lined; those conserved in vertebrates and Drosophila are given in bold. The p.Trp75Arg alteration affects the 
Trp-X-X-X-Cys/Ser motif which is highly conserved in microcephalin and BRCT domains of various other 
BRCT containing proteins

A B C

  Fig. 1.  Photograph of patient 1 at the age of 
5 years and 2 months ( A ). She shows only 
mild facial dsymorphism with upslanting 
palpebral fissures and broad tip of the 
nose. MRI scan of the brain at the age of 6 
months shows small frontal lobes and mild 
ventriculomegaly, while the sizes of brain 
stem and cerebellum were normal ( B ,  C ). 
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  Sequencing genomic DNA of patient 2 detected a ho-
mozygous missense mutation c.223T 1 C in exon 3 of the 
 MCPH1  gene. The resulting amino acid substitution 
tryptophan to arginine (p.Trp75Arg) changes a highly li-
pophilic, non-polar residue to a positively charged, polar 
residue, located in a critical  � 3-helix of the N-terminal 
BRCT domain. The nucleotide alteration was heterozy-
gous in both parents. The c.223T 1 C alteration was absent 
from 180 alleles of ethnically matched controls indicating 
that this is also not a common sequence polymorphism. 
Both the residues Ser72 and Trp75 are strictly conserved 
in microcephalin from  Drosophila  to human ( table 1 ).

  The program MutationTaster predicts both variants as 
disease causing (99.54% each) and SIFT classifies them as 
variants affecting the protein function. By PolyPhen the 
effect of p.Ser72Leu and p.Trp75Arg mutations was pre-
dicted as possibly (PSIC score 1.998) and probably dam-
aging (PSIC score 3.757), respectively (score  1 1.7 is con-
sidered as damaging).

  Cytogenetic Analysis 
 Chromosome preparations from patient 1 (p.Ser-

72Leu) showed an enhanced fraction of prophase-like 
cells (PLCs) in lymphocyte cultures. The percentage of 
5.6% PLCs ( fig. 2 ) was clearly less marked than that seen 
in patients with truncating mutations (8–18% PLCs) but 
significantly increased from that in normal controls (0.5–
1% prophases). In chromosome preparations from lym-
phoblastoid cells of patient 2 (p.Trp75Arg), we observed 
an extremely elevated fraction of 8% PLCs comparable to 
that of patients with truncating mutations. As already 
demonstrated for patients with  MCPH1  truncating muta-
tions, chromosome preparations of both patients revealed 
the characteristic poor metaphase resolution of not more 
than 300 bands per haploid genome in routine chromo-
some preparations.

  Discussion 

 The majority of mutations described so far in the 
 MCPH1  gene is predicted to result in protein truncation 
[Jackson et al., 2002; Trimborn et al., 2004; Garshasbi et 
al., 2006; Farooq et al., 2010]. The first reported MCPH1 
missense mutation c.80C 1 G, p.Thr27Arg, has only a mild 
effect on chromosome condensation with 3–4% PLCs in 
lymphocytes. Clinically, the affected boy had a head cir-
cumference of –2.4 SD at birth and a very mild mental 
retardation with predominantly delayed motor skills but 
normal verbal IQ attainment [Trimborn et al., 2005]. 

Leung et al. [2011] reported aberrant chromosome con-
densation in a 6-month-old patient with primary micro-
cephaly and antenatally detected cystic hygroma. The 
child of non-consanguineous parents carried the homo-
zygous missense mutations c.149T 1 G and c.151A 1 G, 
 resulting in amino acid substitutions p.Val50Gly and
p.Ile51Val [Leung et al., 2011]. The 2 missense muta-
tions c.147C 1 G, p.His49 1 Gln, and c.215C 1 T, p.Ser72
 1 Leu, described by Darvish et al. [2010] were not charac-
terized at the cellular level.

  Here, we describe 2 missense mutations in MCPH1 
patients leading to a severe cellular phenotype of misreg-
ulated chromosome condensation. Chromosome prepa-
rations of both patients exhibit an elevated fraction of 
PLCs and an extremely poor metaphase resolution which 
is unique to MCPH1 microcephaly and microcephalin 
gene mutations. Both patients show a severe congenital 
microcephaly with head circumferences of –3.5 and –5.7 
SD present at birth, respectively, in absence of other se-
vere congenital malformations or significant neurologi-
cal deficits. They present with developmental delay but 
with a pleasant personality and good social adaptation 
which is seemingly a characteristic of MCPH1 patients. 
Both amino acid substitutions, p.Ser72Leu and
p.Trp75Arg, are localized in the N-terminal BRCT do-
main of the  MCPH1  encoded protein microcephalin. 
Multiple sequence alignments of the microcephalin or-
thologs from diverse species indicate that both amino ac-
ids, Ser72 and Trp75, are entirely conserved in the ortho-
logs of all vertebrate species listed and  Drosophila  ( ta-
ble  1 ). In addition, by the programs MutationTaster, 
PolyPhen and SIFT both amino acid substitutions p.Ser-
72Leu and p.Arg75Trp are predicted to be pathogenic.

  BRCT domains, first described in the  BRCA1  gene 
[Bork et al., 1997], are evolutionarily conserved modules 
of 85–95 amino acids which are found in a large number 
of cell cycle checkpoint proteins. BRCT repeats exist as 
either single modules or multiple tandem repeats sepa-
rated by variable linker regions [Huyton et al., 2000]. The 
MCPH1 residue Trp75 corresponds to an almost invari-
able Trp residue of the Trp-X-X-X-Cys/Ser motif, which 
is localized within the helix- � 3 near the C-terminus of 
various BRCT domains. The Trp-X-X-X-Cys/Ser motif, 
where the 2 variable residues after Trp are generally small 
hydrophobics, is highly conserved in the vast majority of 
BRCT domain containing proteins [Huyton et al., 2000] 
such as breast cancer 1 BRCA1, topoisomerase II binding 
protein TOPBP1, DNA ligase LIG4, X-ray repair comple-
menting defective repair in Chinese hamster cells 1 
XRCC1, and the human pescadillo homolog PESC ( fig. 3 ). 
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However, it is significantly divergent in PARP4 as well as 
in bacterial NAD + -dependent DNA ligases. We show 
here that the Trp-X-X-X-Cys/Ser motif is also strictly con-
served in the N-terminal BRCT domain of all investigat-
ed microcephalin orthologs from  Drosophila  to human 
( table 1 ). In contrast, the residue Ser72, although strictly 
conserved in MCPH1/microcephalin, shows less conser-
vation in BRCT domains of other proteins except for the 

C-terminal BRCT domain of BRCA1 and one of the 
BRCT domains of TOPBP1.

  ClustalW alignments of BRCT domains for MCPH1 
and BRCA1 show that the highly conserved MCPH1 
Trp75 residue is analogous to Trp1718 in the N-terminal 
and Trp1837 in the C-terminal BRCT domain of BRCA1. 
Both Trp1718 and Trp1837 are residues in BRCA1 Trp-X-
X-X-Cys/Ser motifs. The MCPH1 residue Ser72 corre-
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  Fig. 2.  Percentage of PLCs and metaphases in LCLs of the patients with the missense alterations p.Ser72Leu and 
p.Trp75Arg compared to 1 patient with the truncating mutation Thr143AsnfsX5, 1 patient with the missense 
alteration p.Thr27Arg and 2 control subjects ( A ). Chromosome preparation from LCLs of the MCPH1 patient 2 
displaying a high number of PLCs and highly condensed metaphase chromosomes ( B ). 
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sponds to Ser1715 of the N-terminal BRCT domain of 
BRCA1 ( fig. 3 ). For all 3 corresponding BRCA1 residues 
missense alterations have been described in the Breast 
Cancer Information Core Database (BIC) where several 
entries are listed for missense alterations of Ser1715 in 
BRCA1 (Ser1715Arg, Ser1715Cys, Ser1715Asn), 2 for 
Trp1718 (Trp1718Ser, Trp1718Cys), and 9 for Trp1837 
(Trp1837Arg, Trp1837Gly, Trp1837Cys). BIC reports all 
these alterations as variants of unknown clinical signifi-
cance. Contrarily, Abkevich et al. [2004] classified mis-
sense alterations of all 3 residues as deleterious on the 
basis of the chemical difference between the amino acids 
present at individual residues in combination with their 
evolutionary conservation in their vertebrate orthologs. 
Further evidence for their deleterious nature comes from 
segregation and functional studies as well as from com-
putational methods applying specific algorithms. Fur-
thermore, the Trp1837Arg mutation has been found in a 

woman with early onset breast cancer whose father also 
had breast cancer and the mutation was found to segre-
gate with the disease [Montagna et al., 1996]. By using a 
functional transcription assay, Phelan et al. [2005] have 
shown that Trp1837Arg markedly interfered with the 
function of BRCA1 in transcriptional activation. More-
over, the substitution Trp1837Arg is known to be highly 
destabilizing resulting in aberrant folding of the BRCT 
repeat [Williams et al., 2003] and altered binding activity 
of p53 [Quaresima et al., 2006]. The pathogenic character 
of the BRCA1 Trp1837Arg mutation is further supported 
by the PolyPhen program, which predicted that the muta-
tion is probably damaging with a PSIC score difference
of 3.902. Applying computational prediction methods 
Karchin et al. [2007] have demonstrated that the residue 
Ser1715 forms hydrogen bonds in the normal BRCA1 
structure with residue Trp1718, the invariable trypto-
phan in the Trp-X-X-X-Cys/Ser motif. Therefore, altera-
tions of Ser1715 were judged to be destabilizing for the 
protein [Karchin et al., 2007].

  In contrast to missense variants at the  BRCA1  gene lo-
cus, which need to be biochemically assayed and classi-
fied by segregation analyses and sophisticated computa-
tional methods, clinically relevant alterations in MCPH1 
can directly be assessed by the unique cellular phenotype 
that has not been described in any other human disorder. 
The severe cellular phenotype of both MCPH1 patients 
reported here demonstrates that alterations of the Trp-X-
X-X-Cys/Ser (Trp75) motif and of the residue Ser72, 
which probably interacts with this motif, are deleterious 
mutations.

  With respect to the aberrant chromosome condensa-
tion phenotype, it is of special interest that both missense 
mutations are not localized in the condensin II binding 
domain of microcephalin. In 2006, we reported that the 
misregulated chromosome condensation in MCPH1 is 
mediated by condensin II. In MCPH1 patient cells, 
 siRNA-mediated depletions of condensin II subunits lead 
to a pronounced reduction of cells with the condensation 
defects in both G1 and G2 phases of the cell cycle [Trim-
born et al., 2006]. Recently, Wood et al. [2008] have dem-
onstrated that microcephalin and condensin II interact 
in vivo, mediated by the CAP-G2 subunit of condensin II 
binding to a region (residues 376–485) within the inter-
BRCT-domain of microcephalin. By transfection experi-
ments with various deletion mutants of  MCPH1  into 
 MCPH1  –/–  cells, Wood et al. [2008] showed that the re-
gion which is important for condensin II binding is not 
required for the rescue of the chromosome condensation 
defect. Considering that condensin II participates in an 

  Fig. 3.  ClustalW alignments of BRCT domains for microcephalin, 
BRCA1 and various other BRCT domain containing proteins. The 
nomenclature of the proteins is according to the output file of 
PFAM (TOPB1 = TOPBP1; DNL4 = LIG4; PAXI1 = PAXIP1).     
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early stage of prophase chromosome condensation with-
in the nucleus [Ono et al., 2004], this result is indeed sur-
prising as especially the early chromosome condensation 
is severely disturbed in  MCPH1  deficient cells. Further 
data of Wood et al. [2008] substantiate that deletion of the 
N-terminal BRCT domain alone failed to correct the 
chromosome condensation defect indicating that the N-
terminal BRCT domain is required for rescue of the cel-
lular PLC phenotype. This is in agreement with our re-
sults of the 2 missense mutations reported here. Both mu-
tations affect highly conserved residues of the N-terminal 
BRCT domain of microcephalin leading to a severe chro-
mosome condensation defect comparable to those previ-

ously described with premature truncating mutations of 
 MCPH1 , probably by aberrant folding of the BRCT do-
main. However, further studies will be necessary for the 
elucidation of the exact molecular interactions regulating 
chromosome condensation via the N-terminal BRCT do-
main of microcephalin.
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