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Abstract

The presence of close to 100  large-headed multi-tailed spermatozoa in the ejaculate has been described as a rare phenotype of male%
infertility with a very poor prognosis. We demonstrated previously that most cases were caused by a homozygous mutation

(c.144delC) in the Aurora Kinase C gene ( leading to the absence or the production of a nonfunctional protein. AURKC) AURKC 

deficiency in these patients blocked meiosis and resulted in the production of tetraploid spermatozoa unsuitable for fertilization. We

describe here the study of two brothers presenting with large-headed spermatozoa. Molecular analysis of the gene wasAURKC 

carried out in two brothers presenting with a typical large headed spermatozoa phenotype. Both affected brothers were heterozygous

for the c.144delC mutation. After complete sequencing of the gene a new heterozygous variant, c.436-2A>G, was identified in both

patients. This mutation is located in the acceptor consensus splice site of exon 5. transcripts were extracted from one of theAURKC 

patient s leukocytes and Reverse Transcription Polymerase Chain Reaction (RT-PCR) could be realised showing the presence of a’
truncated transcript indicating that c.436-2A>G leads to the skipping of exon 5.

These results indicate that molecular analysis of patients with large-headed spermatozoa should not be stopped in theAURKC 

absence of a homozygous recurrent mutation on exon 3 but complete sequence analysis should be performed. This diagnosis is

important as the identification of mutations in patients indicates that all spermatozoa will be chromosomally abnormal andAURKC 

that ICSI should not be attempted.
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INTRODUCTION

Infertility concerns a minimum of 70 million couples worldwide. An important proportion of cases is believed to have a genetic

component, yet few causal genes have been identified so far. Patients with large-headed multiflagellar spermatozoa or macrozoospermia“ ”
present with a majority of large-headed, multiflagellar polyploid spermatozoa in the ejaculate. This syndrome was first described in 1977 (

) and cases have been described regularly ever since ( ; ; ; Nistal et al., 1977 Benzacken et al., 2001 Devillard et al., 2002 Escalier, 1983 In t’
; ; ), these studies highlighting a highly abnormal chromosomal contempt in theseVeld et al., 1997 Mateu et al., 2006 Pieters et al., 1998 

patient s spermatozoa. In 2007 we demonstrated that a homozygous mutation (c.144delC) in the ( gene was’ AURORA KINASE C AURKC) 

found in a large majority of macrozoocephalic patients ( ). A carrier frequency of 1/50 was established fromDieterich et al., 2007 

individuals from the Maghrebian general population, comparable to that of Y-microdeletions, thus far the only known recurrent genetic

event altering spermatogenesis. We then could demonstrate that large-headed spermatozoa from deficient patients were tetraploidAURKC 

indicating that without a functional AURKC protein, meiosis could not be completed ( ).Dieterich et al., 2009 

A few other genes have been linked with other infertility phenotypes and in particular globozoospermia, a phenotype characterized by

the production of small round spermatozoa devoid of acrosome. We recently showed that three quarters of patients tested presenting with

type I (pure) globozoospermia were homozygously deleted for the gene ( ). is almost exclusivelyDPY19L2 Harbuz et al., 2011 DPY19L2 

expressed in the testes and is involved in sperm elongation and acrosome formation. Overall, these findings strengthen the importance of

gene defects in the etiology of male non-obstructive infertility and let foresee that many more yet undiscovered genes are likely liked to

other dysfunctions of spermatogenesis.
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Here we studied two brothers who presented with typical macrozoospermia with a few non-megaloheaded spermatozoa. In total eleven

ICSI had been unsuccessful attempted. Molecular analysis revealed the presence of an unknown mutation. Transcript analysisAURKC 

confirmed the pathogenicity of the newly identified mutation, showing that the encoded protein would lack one of its seven exons.

Furthermore, this strengthens the prognostic value of genotyping for patients with large headed spermatozoa, reinforcing the factAURKC 

that ICSI should not be attempted for mutated patients.AURKC 

MATERIALS AND METHODS
Patients and control subjects

Both patients (II.1, II.2) are brothers ( ) from Tunisian descent and were treated for infertility at the CPSR les Jasmins inFigure 1 

Tunis. They were diagnosed with macrozoospermia following routine sperm analysis. Both had close to 100  large headed spermatozoa%
with a sperm count <1 M/ml ( ). After centrifugation and careful examination, a few normal looking spermatozoa which could fitTable 1 

into an injection pipette could be identified for each patient. Six and 5 ICSI were carried out for patient 1 and 2 respectively between 1999

and 2005 ( ).Table 2 

Both patient s wives had normal reproductive parameters. A conventional GnRH-agonist (Lupron) long-protocol, was carried out for’
ovarian hyperstimulation. Final oocyte maturation and the induction of ovulation were performed with 10,000 IU hCG (Ferring

Arzneimittel GmbH) upon observation of at least three follicles >17 mm. Thirty-six hours after hCG injection, oocyte retrieval took place

using transvaginal ultrasound guided follicle aspiration.

The patients sisters II:3 and II:4 are single and have not yet tried to have children.

DNA was extracted from saliva samples from the two brothers and their first degree relatives. Control DNAs were extracted from

blood from French anonymous fertile donors originating from North Africa (Algeria, Morocco or Tunisia). All patients, family members

and anonymous donors gave their written informed consent, all national laws and regulations were respected.

Molecular analyses

DNA Genomic DNA was extracted from peripheral blood leucocytes using a guanidium chloride extraction procedure. Patients and

family member s DNA was extracted from saliva using Oragene DNA Self-Collection Kit (DNAgenotech, Canada) using the manufacturer’
s recommendations.’

The seven exons and intronic boundaries were amplified as described previously ( ). All analyses wereAURKC Dieterich et al., 2007 

carried out using the BigDye Terminator v3.1 sequencing kit and an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster

City, CA, USA). Primers and protocols are as published previously ( ).Dieterich et al., 2007 

RNA was extracted from nucleated cells isolated from the whole blood using Ficoll 400 by Sigma-Aldrich Corporation (St. Louis,

MO, USA) following the manufacturer s protocol. RNA extraction was carried out on isolated white blood cells using Macherey Nagel’
NucleoSpin microRNA II columns (Macherey Nagel, Hoerdt, France) using the manufacturer s protocol. Reverse transcription (RT) was’
carried out with 5 L of extracted RNA (approximately 500 ng). Hybridization of the oligo (dT) was realized by incubating for 5 min at 65μ
C the following mix: 5 L of RNA, 3 L of poly T oligo primers (dT)12 18 (10 mM, Pharmacia), 3 L of the four dNTPs (0.5 mM,° μ μ – μ

Rochediagnostics) and 2.2 L of H O followed by ice quenching. RT was then carried out during 30 min at 55 C after the addition of 4 μ 2 ° μ

L of 5X buffer, 0.5 L RNase inhibitor and 0.5 L of Transcriptor Reverse Transcriptase (Roche Diagnostics). Five L of the obtainedμ μ μ
cDNA mix was used for the subsequent polymerase chain reaction (PCR).

Primers were designed to amplify exons 4-6 from cDNA to characterize the consequences of the c.436-2A>G mutation. The 5  primer′
was located on exon 4 (CAATATCCTGCGCCTGTATAACT) and the 3  primer on exon 6 (TCATTTCTGGCGGCAAGT). Two′
microliters of the reversed transcribed RNA was amplified with these primers (40 cycles) at an elongation temperature of 58 C.°

High resolution melting (HRM) analysis was performed with the LightCycler 480 (Roche), using the LightCycler 480 HRM master

kit. Results were analyzed with the Gene scanning software (Roche) as described in ( ).Harbuz et al., 2010 

RESULTS

Both patients (II.1, II.2) were treated for infertility at the Clinique des Jasmin in Tunis between 1999 and 2005. They were diagnosed

with macrozoospermia following routine sperm analysis. Both had 100  large headed spermatozoa with a sperm count <1 M/ml (% Table 1 

). However, after centrifugation and careful examination, a few smaller, normal looking  spermatozoa which could fit into an injection“ ”
pipette were identified in all semen samples analysed from each patients. Six and five ICSI cycles were attempted for patients 1 and 2

respectively ( ) before the characterization of the role of in macrozoospermia ( ) and the identificationTable 2 AURKC Dieterich et al., 2007 

of the two mutations in the patients. There was no major difference observed in the ICSI results obtained from both brothers (AURKC 
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), we therefore comment on the figures obtained from data averaged from the 11 ICSI cycles. Transfers were realised on D2 unlessTable 2 

D2 was a Sunday in which case transfer was carried the next day on D3. There was one attempt of blastocyst transfer on D5 but none of

the 6 embryos developed to the blastocyst stage, so there were no embryos transferred ( attempt P2.5). The average number ofTable 2 

cumulus oocyte complexes (COCs) retrieved and of M2 oocytes obtained was good, with an average of 14.4 and 8 respectively. The–
overall fertilization rate (59 ) was lower than what was achieved with testicular sperm for azoospermic patients (around 70 , (% % De Croo et

)). After fertilisation most zygotes cleaved and reached the four cell-stage (96 ) with 65  of grade 1 or 2 embryos ( ).al., 2000 % % table 2 

One to four embryos were transferred, and in cycle P2.2 ( ) an additional transfer of thawed embryos was carried out. There wereTable 2 

no pregnancies initiated from any of these cycles.

Saliva samples were collected from both patients II:1 and II:2 and family members for analysis. Sequencing of the AURKC AURKC 

exon 3 containing the c.144delC mutation revealed a single copy of the recurrent deletion in both brothers ( ). The other exonsFigure 2 

were sequenced and the c.436-2A>G variant was identified in both brothers ( ). This substitution takes place two nucleotides priorFigure 2 

to exon 5 and alters a AG consensus acceptor splice signal likely to be crucial for adequate splicing. Both splice-prediction programs 

and indicated that the substitution wouldhttp://www.fruitfly.org/seqtools/splice.html http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi 

obliterate the acceptor site and that the splicing machinery would skip exon 5. To verify this hypothesis we performed RT-PCR on cDNA

obtained from controls and patient II:1. Amplification of a sequence ranging from cDNA exon 4-6 yielded a normal band of 329 bp in

controls whereas a single smaller band of 179bp was obtained from II:1 cDNA ( ). Sequence analysis of the amplified productsFigure 3A 

confirmed that the mRNA from patient II:1 was indeed devoid of exon 5 ( ) as shown in diagram .Figure 3B 3C 

Furthermore, to exclude the possibility that c.436-2A>G may be a common variant in the population studied we analysed AURKC 

exon 5 from 100 individuals of North African descent. The analysis was carried out by High Resolution Melting (HRM) which highlights

the presence of variants in amplified fragments. Three c.436-2A>G heterozygous individuals (II:1,2,4) were tested by HRM and showed a

characteristic red profile clearly different from that of all the tested control individuals giving a flat profile in blue ( ). ThisFigure 4 

indicated that none of the 100 North African controls tested had any nucleotide variant in exon 5 or in its bordering intronic sequences.

DISCUSSION

We have demonstrated previously that all patients with a typical macrozoospermia phenotype carried an mutation. In a seriesAURKC 

of 32 typical macrozoocephalic patients 31 were homozygous for the c.144delC mutation and one was a compound heterozygote carrying

the recurrent mutation and a missense mutation in exon 6, p.Cys229Tyr ( ). Here we characterized two brothersDieterich et al., 2009 

carrying the recurrent mutation and the new c.436-2A>G variant. This mutation is located on a consensus acceptor splice site signal

predicted to be necessary for adequate splicing of mRNA. We demonstrate that a normal mRNA could be consistently amplifiedAURKC 

from control subjects whereas only a truncated transcript devoid of exon 5 could be amplified by RT-PCR from patient II:1. This confirms

the results predicted by the splice site prediction softwares tested which predicted the abrogation of the acceptor site leading the

prolongation of intron 5 until the following acceptor site preceding exon 6 ( ). Sequence analysis of exon 5 truncated productFigure 3C 

indicates that there is no disruption of the reading frame caused by this splicing mutation. The mutant protein will lack the 50 amino acid

coded by exon 5 but there will be no premature stop codon introduced in the coding frame. Amino acid 146-195 will be missing from the

protein. They are localised in the middle of the catalytic domain and their absence is therefore very likely to severely hamper the

functionality of the protein.

We could also observe that there was no band of normal size corresponding to the c.144del allele. This indicates that the c.144del

mutation induced non-sense mRNA decay, at least in leukocytes. Nonsense-mediated mRNA decay (NMD) is a cellular surveillance

mechanism that results in the degradation of transcripts containing premature translation termination codons. It also influences the

expression of certain wild-type transcripts (for review see ( )). This mechanism is important to limit the presence of truncatedMaquat, 2004 

protein which could have a dominant negative effect and are likely to be much more damageable to the cell and the organism than a half

amount of gene product expected in heterozygotes. In our previous work we had demonstrated that the surrexpression of a c.144delC

mutant protein in Hela cells lead to the production of a 71aa truncated protein stopped by the first stop codon read after the frame-shift

deletion. In the Hela cells the mRNA concentration was however approximately 50 times greater in cells transfected with the normal 

sequence than with the c.114del mutated clone, indicating the presence of a strong mRNA decay of the c.144delC allele in HelaAURKC 

cells ( ). Here, this mRNA decay is confirmed in vivo on blood leukocytes. This suggests that c.144delC homozygousDieterich et al., 2007 

patients (the vast majority of macrozoocephalic patients yet described) do not have any protein. As stated previously the newAURKC 

mutation described here does not create any non-sense signal/stop codon in the mRNA sequence and logically we did not observe any

non-sense mRNA decay of the mutant allele.

Aurora kinases ( and ) are cell cycle regulatory serine/threonine kinases essential to the successful execution of mitoticAURK A, B C 

cell division by ensuring the formation of a bipolar spindle and accurate chromosome segregation ( ). , sharesBischoff et al., 2002 AURKC 

a high amino-acid sequence identity with but its expression is almost testis specific ( ; )AURKB Bernard et al., 1998 Tang et al., 2001 

where it is involved in chromatin condensation and proper attachment of homologous chromosomes during the first meiotic division (Tang
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). Abnormal cell division was observed in vitro upon depletion of as well as upon overexpression of and et al., 2006 AURKB AURKB 

mutant proteins ( ; ). In each case large multinucleated cells accumulated, reminiscent ofAURKC Honda et al., 2003 Tatsuka et al., 1998 

the large-headed spermatozoa observed in macrozoospermia. could rescue the -silenced multinucleation phenotype,AURKC AURKB 

suggesting that its function can overlap with and complement during mitosis ( ). Aurora C knockout mice areAURKB Sasai et al., 2004 

viable and males have normal testis weights, but reduced litter size, with some males being sterile. Homozygous male have a higher rate of

morphologically abnormal spermatozoa (21 ) compared to normal controls (5 ) ( ). Abnormalities include% % Kimmins et al., 2007 

heterogeneous chromatin condensation, loose acrosomes and blunted heads. Original work suggested that there might be several AURKC 

copies in the mouse genome ( ) and this could explain the mild phenotype observed in /  mice (Avo Santos et al.;Hu et al., 2000 AURKC − −
Yang et al.). Careful search of the updated mouse genome however does not support this information. We therefore believe that the milder

phenotype observed in mouse compared to human is likely due to a greater overlap of AURB and C functions in mice spermatogenesis

compared to human, allowing for to compensate the absence of only in mice. is also described to be present inAURKB AURKC AURKC 

both human and mice oocytes. The fecundity of /  female mice was not discussed ( ), presumably because itAurkc − − Kimmins et al., 2007 

was not affected, which is what was observed in human ( ). Recent work however indicates that microinjection of aDieterich et al., 2009 

kinase-deficient mRNA into mouse oocytes led to the production of cytokinesis failure in meiosis I, resulting inAurora-C (AurC-KD) 

producing large polyploid oocytes, a pattern similar to Aurora-C deficiency human spermatozoa ( ). The authors concludeYang et al., 2010 

that but not plays an essential role in mouse oogenesis. One can however wonder whether the injected deficient mRNA andAurkc Aurkb 

the protein it subsequently produces would not interfere with both and , potentially by saturating the physiological localization ofAurkc b 

both native proteins. The observed phenotype would therefore be equivalent of oocyte specific and double mutant, thusAurk b c 

explaining the effect on oogenesis. Whether the action is necessary for oogenesis therefore remains to be clarified. Interestingly AURKC 

has also been described to be highly expressed in early human preimplantation embryos ( ). The authorsAURKC Avo Santos et al., 2011 

logically suggest that is likely involved in chromosome segregation in the first few embryonic divisions and speculate that it couldAURKC 

be linked with the high aneuploidy rate observed in preimplantation embryos ( ). Overall these data confirms theAvo Santos et al., 2011 

implication of AURKC in gametogenesis and early human reproduction. The question that now need to be addressed is what is the

specificity of compared to in male meiosis ?AURKC AURKB 

The brothers studied here have a typical macrozoocephalic phenotype but with a low sperm concentration (<1M/ml) whereas the

average sperm concentration measured in a series of 32 c.144delC homozygous men was 7.2M/ml. This could indicate that the presence of

the abnormal protein  with a truncation of exon 5  has an effect on cell concentration. On the other hand a few normal looking– –
spermatozoa could be observed and selected for each ICSI attempts. Such spermatozoa were seldom observed in c.144delC homozygous

patients indicating that the truncated protein might preserve a small functionality permitting a few spermatozoa to pass meiosis. Careful

selection by Motile Sperm Organelle Morphology Examination (MSOME) has previously been applied to select the more normal looking

spermatozoa in c.144delC deleted patients ( ). In that study only 6 normal looking spermatozoa were selectedAURKC Chelli et al., 2010 

and FISH analysis was carried out on these spermatozoa. All six were aneuploid confirming that ICSI should not be attempted for AURKC 

mutated patients even after a very thorough morphological selection ( ). Here, in the course of 11 ICSI attempts a total ofChelli et al., 2010 

88 normal looking spermatozoa could be used for ICSI. Sperm morphology was assessed by standard light microscopy. As almost all

spermatozoa were abnormal, the main criteria for selection and injection was whether the spermatozoa could fit into the ICSI pipette.

Some spermatozoa with a slight defect in head or flagella morphology were therefore sometimes selected. Fertilization could be achieved

by 47 of these gametes but no pregnancy was obtained after 8 embryo transfer. We can speculate that these embryos were most likely

carrying some gross chromosomal abnormalities which prevented sustained embryo development. Our results therefore reinforce our view

that ICSI should not be attempted for mutated men.AURKC 

We identified here a third mutation in the gene causing macrozoospermia opening the door for yet more allelic variants of thisAURKC 

gene. We demonstrate again that there can be no hope of autologous fertilization for deficient men who can only be directedAURKC 

towards gamete donation or adoption. Other groups propose a rapid screening of exon 3 only to detect the presence of the recurrent

c.144delC mutation in patients with macrozoospermia ( ). Our findings indicate that the molecular analysis should notEl Kerch et al., 2011 

be stopped after a negative screening of exon 3 and that it is important to sequence the whole of coding sequence for men withAURKC 

macrozoospemia to assure that no rarer genetic variants will be missed and to avoid unnecessary ICSI cycles for these patients and their

spouses. The prognosis for non-mutated men - normally with milder forms of the pathology - is more open. To better assess the

reproductive potential of these patients a FISH analysis should be performed on spermatozoa. Depending on the results, ICSI, potentially

accompanied by Preimplantation Genetic Diagnosis (PGD) could be proposed as mentioned and realised previously (Kahraman et al.,

).2004 
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Figure 1
Family tree
II:1 and II:2 and II:4 are compound heterozygous carrying c.144delC and c.436-2A>G

Figure 2
Electropherogram of AURKC exon 3 and 6
Electropherogram showing the presence of heterozygous mutations c.144delC and c.436-2A>G in individuals I:1, II:1,2,4 and in I:1, II:1,2,4

respectively.
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Figure 3
Transcript analysis from control subjects from the general population (C1-C3) and patient II:1, c.436-2A>G, c.144delC[ ]
A) Electrophoresis showing the RT-PCR amplification of AURKC exon 4-6. Controls C1-C3 yield a normal fragment of 329bp and patient

II:1 a shortened fragment of 180bp devoid of exon 5. B) Electropherogram showing the exons boundaries of the bands showed in pannel A.

Sequence analysis indicates that exons 4-6 are present in control C1 whereas exon 5 is removed from II:1 transcript. C) Illustrates the exon 5

skipping as observed in patient II:1.

Figure 4
High Resolution Melting (HRM) analysis of exon 5 on subjects from the North African general population (blue) and c.436-2A>GAURKC 

heterozygotes (II:1,2,4) (red).
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Table 1
Sperm parameters (average of 4 separate analyses for each patient).

Patients: II:1 II:2

Sperm volume (ml) 3 3
Nb spz (  10 per ml)× 6 0.9 0.8

Round cells ( 10 cells)× 6 12 1

Motility A B, 1 h ( )+ % 8 7

Vitality ( )% 35 48

Large-headed ( )% 100 100

Multiflagellar ( )% 28 52

Multiple Anomalies Index 3.52 3.6

Table 2
Details of the 11 ICSI realised (Cumulus-oocyte complexes (COCs)).

P1.1 P1. 2 P1.3 P1. 4 P1.5 P1.6 P2.1 P2. 2 P2.3 P2. 4 P2.5 Av.

COCs collected 14 8 10 8 2 6 34 28 18 9 21 14,4
M2 oocytes 8 6 6 3 0 6 13 20 13 5 8 8
2pn 3 4 6 1 / 5 5 7 7 3 6 4,7
grade 1/2 D2 2 2 3 0 / 3 4 5 5 2 4 3
grade 3 D2 1 2 3 1 / 1 1 2 2 1 2 1,6
Transf. D2/3 3 4 3 1 / 3 4 3* 3 2 0** 2,9

 * Two additional embryos were transferred after thawing.
 ** A blastocyst transfer was planned but none of the 6 embryos reached that stage.


