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Abstract

The nuclear lamina is the structural scaffold of the nuclear envelope and is well known for its central role in nuclear
organization and maintaining nuclear stability and shape. In the past, a number of severe human disorders have been
identified to be associated with mutations in lamins. Extensive research on this topic has provided novel important clues
about nuclear lamina function. These studies have contributed to the knowledge that the lamina constitutes a complex
multifunctional platform combining both structural and regulatory functions. Here, we report that, in addition to the
previously demonstrated significance for somatic cell differentiation and maintenance, the nuclear lamina is also an
essential determinant for germ cell development. Both male and female mice lacking the short meiosis-specific A-type lamin
C2 have a severely defective meiosis, which at least in the male results in infertility. Detailed analysis revealed that lamin C2
is required for telomere-driven dynamic repositioning of meiotic chromosomes. Loss of lamin C2 affects precise synapsis of
the homologs and interferes with meiotic double-strand break repair. Taken together, our data explain how the nuclear
lamina contributes to meiotic chromosome behaviour and accurate genome haploidization on a mechanistic level.
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Introduction

Correct segregation of the chromosomes during meiosis

depends on accurate prearrangement of the homologs that

culminates in their precise and unambiguous pairing. Recent

studies established that the nuclear envelope (NE) plays an

important role during these processes. It functions as a platform

for telomere driven chromosome rearrangement, which is essential

for chromosome pairing and synapsis [1]. This special role

requires a general reorganization of the NE which also involves the

nuclear lamina, a structural protein network underlying the inner

nuclear membrane (INM). Through its multiple interactions with a

variety of proteins, the lamina functions in nuclear organization

and maintenance as well as regulation of transcription [2]. Because

of the many regulatory and structural roles, impaired lamina

function is responsible for numerous severe human diseases,

collectively termed laminopathies, which are often caused by

mutations within the LMNA gene that codes for the A-type lamin

proteins [3,4].

Mammalian meiotic cells are distinguished by the absence of

three of the four lamin isoforms that are typically expressed in

differentiated somatic cells [5]. Instead, they express, together with

lamin B1, a unique lamin, lamin C2, which is a short meiosis-

specific A-type lamin isoform encoded by the LMNA gene [6,7].

Compared to its somatic counterparts, meiotic lamin C2 is an N-

terminally truncated version which lacks the complete N-terminal

head including a substantial part of the rod domain. As a

consequence the structure differs from that typically observed in

somatic lamins [8,9]. This N-terminal truncation is quite

remarkable, as it concerns protein domains, which have been

shown to be crucial for the assembly into higher order structures

[10,11]. Thus, lamin C2 resembles a ‘‘natural deletion mutant’’

that features unique properties and, consistent with this, shows

altered polymerization and higher mobility compared to other A-

type lamin isoforms [12]. Strikingly, the distribution of lamin C2

in meiotic cells differs significantly from the typical patterns shown

for lamins in somatic cells. While somatic lamins usually distribute

evenly along the NE, lamin C2 forms distinct domains within the

nuclear lamina of meiocytes [13]. In early prophase I, telomeres

attach to and subsequently move along the inner nuclear

membrane [14]. During these movements, attached telomeres

are permanently embedded within the lamin C2 enriched
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domains. Therefore, it was suggested that lamin C2 locally

modulates the NE to allow proper telomere attachment and/or

movement [13].

A first indication for such a role came from a previous study

investigating spermatogenesis in Lmna2/2 mice that were supposed to

lack all A-type lamin isoforms [15,16]. In that study, A-type lamins

emerged to be essential for male fertility. Furthermore, the obtained

results indicated that the general integrity of A-type lamin expression is

critical for correct synapsis of homologous chromosomes in male

meiocytes [16]. However, Lmna2/2 mice actually lack expression of

both meiosis-specific lamin C2 and somatic A-type lamins A and C

and, as a consequence, show a strong somatic disease phenotype. This

matter sets obvious limitations to the interpretation of the results

obtained in the Lmna2/2 genetic background. For example, in the

given genetic background one cannot exclude possible side effects that

might arise from defective somatic cells of the male gonad. Therefore, it

is not clear whether the observed meiotic phenotype is caused by the

absence of meiotic lamin C2 or is rather a result of a more general

lamin A/C dependent somatic cell dysfunction [16]. It should be

noted, that we recently demonstrated that the Lmna2/2 mice

aberrantly express an, as yet unrecognized, short progerin-like A-type

lamin, a matter which further complicates the interpretation of the

former results obtained in the Lmna2/2 background [17]. So far, no

additional, detailed analysis of the role of A-type lamins for meiotic

homologous pairing and recombination in females has been carried

out. Hence, the molecular mechanism by which lamins could

contribute to homologous pairing and promote normal meiotic

progression has remained elusive.

To address these issues, we for the present study decided to

generate a lamin C2 isoform specific knockout model that, hence

in a clear-cut genetic background, allows analysing the direct

impact of lamin C2 on meiotic events.

Results/Discussion

We created a targeting construct to selectively eliminate the

lamin C2 specific exon 1a, while all other regions of the Lmna gene

were left intact to ensure regular expression of the somatic A-type

lamin isoforms (Figure 1; see also [18]). Successful targeting was

verified through various approaches (Figure 1). Correct deletion of

the lamin C2 specific exon 1a in heterozygous and homozygous

animals was confirmed by Southern blot analysis (Figure 1B). As

expected, subsequent RT-PCR and Western blot analysis dem-

onstrated that both lamin C2 mRNA and protein are present in

the testes of wildtype males, but are clearly absent from the testes

of lamin C22/2 mice. Further immunohistochemical approaches

using anti-A-type lamin antibodies confirmed that lamin C22/2

male meiocytes fail to express any A-type lamin. Co-testing for

somatic A-type lamin isoforms revealed that somatic lamin A/C

expression is virtually not affected by the deletion of the lamin C2

specific exon 1a as in wildtype, heterozygous and lamin C22/2

mice comparable amounts of lamins A and C could be detected in

liver cells as well as in somatic cells of the testes (Figure 1C). These

results are fully consistent with previous reports demonstrating that

lamin C2 is the only A-type lamin expressed in meiocytes [7].

More importantly, they also confirm that the applied exon specific

targeting strategy selectively disrupted the expression of meiosis

specific lamin C2, but not of somatic lamins A and C.

Detailed analysis of the phenotype revealed that, in clear

contrast to the previously described Lmna2/2 mice which show

severe laminopathy-associated somatic tissue dysfunction [15,16],

mice deficient for lamin C2 were fully viable and of normal size

and weight. Repeated mating attempts of lamin C22/2 males with

wildtype females never produced offspring implying that lamin

C22/2 males were completely infertile. Lamin C2-deficient

females, however, produced offspring when mated with wildtype

males, indicating a sexual dimorphic impact of lamin C2 on

fertility (see below). These results are consistent with the

histological appearance of the gonads. As in the wildtype, ovaries

from 11 days postpartum (dpp) and 28 dpp lamin C2-deficient

females contained growing diplotene oocytes (data not shown).

Lamin C22/2 males, however, had significantly smaller testes

compared to wildtype controls (Figure 1D). Detailed histological

analyses of testes from adult lamin C22/2 mice revealed that post-

meiotic stages were completely absent from the seminiferous

tubules (Figure 1D). Consequently, also no sperm were found

within the epididymis (Figure S1). TUNEL assay on lamin C22/2

testes sections revealed a high frequency of cell death in regions of

the seminiferous tubules, where prophase I stages predominated

(Figure S1), indicating that mutant spermatocytes are unable to

complete meiosis and are removed by apoptosis.

To investigate the actual function of lamin C2 during

gametogenesis in closer detail, we analysed the consequences of

its absence on meiotic progression. A key feature of meiosis and an

indispensable requirement for correct genome haploidization is

the precise and unambiguous pairing of the homologs and their

subsequent physical linkage (synapsis) mediated by the synapto-

nemal complex. Chromosome spread preparations of lamin C22/2

pachytene meiocytes revealed frequent defects in synaptic pairing

of the homologs in both sexes, although sex-specific differences

were observed (Figure 2A–2C). In males, quantification of pairing

defects (Figure 2D) showed that virtually none (,1%) of the lamin

C22/2 spermatocytes showed normal meiotic progression, while

in wildtype controls .98% of pachytene spermatocytes appeared

normal. Univalent chromosomes were clearly the most frequent

defect observed, as 96% of mutant spermatocytes showed varying

numbers of unsynapsed chromosomes in cells, where fully

synapsed homologs were also present (Figure 2A0). Prominently,

the sex chromosomes, where synapsis is reduced to the

pseudoautosomal region, remained univalent in 86% of lamin

C22/2 spermatocytes (Figure 2A90). Further frequently observed

Author Summary

Diploid germ line cells have to undergo meiosis to
produce haploid gametes. Haploidization involves pairing
and recombination of homologous chromosomes as a
prerequisite for their proper segregation. Pairing of
homologous chromosomes requires their active reposi-
tioning within meiotic nuclei, which depends on the
interaction of telomeres with the nuclear envelope. This
dynamic association is vital for a faithful meiosis and thus
crucial for fertility. However, very little is known about the
relationship between telomeres and nuclear envelope
components. Here, we have investigated the role of the
nuclear lamina, a structural scaffold that is intimately
associated with the inner nuclear membrane. In somatic
cells, the lamina is a key player in chromatin organization
and fulfils various functions such as nuclear structure
maintenance and regulation of transcription. In order to
understand its role in meiosis, we investigated lamin C2,
the only A-type lamin isoform expressed in mammalian
meiotic cells. We demonstrate that lamin C2 is essential for
timely repositioning of meiotic telomeres. In its absence,
synapsis of homologous chromosomes and double-strand
break repair are severely affected. These multiple meiotic
defects lead to infertility in males. We conclude that the
nuclear lamina contributes directly to fertility through
facilitating meiotic chromosome movements.

The Nuclear Lamina Is Essential for Meiosis
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Figure 1. Generation and characterization of a lamin C2-deficient mouse line. (A) Murine somatic lamins A and C are composed of exons 1
through 12 and 1 through 10 of the Lmna gene, respectively, both excluding exon 1a. Lamin C2 is encoded by exons 1a through 10 with exon 1a
serving as an alternative starting exon specific for lamin C2 [18]. Exon 1a was targeted for construction of a knockout mouse model deficient for lamin
C2. SmaI restriction sites and the probe used for southern blot analyses are indicated. (B) Southern blot analyses of genomic mouse DNA digested by
SmaI distinguishing wildtype, heterozygous and homozygous lamin C2-deficient animals. (C, C9) RT-PCR and immunoblot analyses showing presence
of lamin C2 in the testes of wildtype and heterozygous mice, but absence in lamin C22/2 testes: expression of lamin A/C remained unaffected in all
three genetic backgrounds. (C0, C90) Immunohistochemical analyses using anti-A-type lamin antibodies on liver and testis tissues showing unaffected
expression of A-type lamins in somatic cells, while in meiotic cells of lamin C22/2 testes A-type lamins are completely absent. (D) Histological sections
of wildtype and lamin C22/2 testes demonstrating the absence of post-meiotic cells in lamin C22/2 tissue. Scale bars 100 mm. As shown in the insets,
testes size of lamin C22/2 males is significantly reduced. Scale bars 1 mm. S somatic cells, Sg spermatogonia, Sc spermatocytes, Sp spermatids.
doi:10.1371/journal.pgen.1003261.g001

The Nuclear Lamina Is Essential for Meiosis
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Figure 2. Defective synapsis of the homologous chromosomes in lamin C22/2 meiocytes. Representative chromosome spreads of
spermatocytes (A) and oocytes (17.5 dpf) (B) labelled with anti-SYCP3 and anti-SYCP1 antibodies. Heterologous associations (red box in A9) are observed
in lamin C22/2 spermatocytes only. Incomplete pairing of homologs (white boxes in A9 and B9) as well as univalent chromosomes (arrowheads in A0,A90
and B0) occur in both lamin C22/2 spermatocytes and oocytes. Lamin C22/2 spermatocytes also display cells with X and Y chromosomes as the only
univalents (arrowheads in A90) or with linear telomere-telomere associations between non-homologous chromosomes (arrow in A00). Scale bars 10 mm.
(C) Quantification of meiocytes with defective synapsis in lamin C22/2 males and females. For both sexes, differences between mutants and controls are
highly significant (Pearson’s Chi2 test p-value,0.0001 each) (D) Synaptic pairing defects in males were further categorised and quantified. Interestingly,
sex chromosomes were univalent in the vast majority of mutant spermatocytes. See text for further discussion.
doi:10.1371/journal.pgen.1003261.g002

The Nuclear Lamina Is Essential for Meiosis
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phenomena in knockout spermatocytes were heterologous associ-

ations between non-homologous chromosomes and associations

between telomeres (in 45% and 52%, respectively; Figure 2A9,

2A00). Analysis of lamin C2-deficient females disclosed that

synapsis of the homologs was also affected in oocytes, though in

a less dramatic manner. While most wildtype mid-pachytene

oocytes isolated from 17.5 days post fertilisation (dpf) embryos

achieved full synapsis (91%), a significant portion (32%) of lamin

C2-deficient oocytes showed defective synapsis that, in contrast to

the situation in males, most frequently manifested as pairs of

homologs that initiated, but did not complete synapsis (Figure 2B9).

In order to exclude a simple delay in synapsis formation at mid-

pachytene stage, we also analysed synapsis defects in late-

pachytene oocytes (19.5 dpf). In the absence of lamin C2 we

found a significantly increased number of late-pachytene oocytes

having overt synaptic defects (wt: 13.33%, n = 75; lamin C22/2:

27.38%, n = 84; Pearson’s Chi2 test p-value 0.033) which is similar

to the situation found in mid-pachynema. However, consistent

with the pronounced differences in phenotypes of males and

females, we found an increased average number of chromosomes

affected by synaptic defects per cell in males compared to females

(Figure S2). Overall, these results demonstrate that loss of lamin

C2 significantly interferes with chromosome synapsis in mamma-

lian meiocytes of both genders with sex-specific differences

regarding the severity of meiotic complications.

Telomere driven formation and release of the meiotic bouquet

at the leptotene/zygotene stage is a well-conserved phenomenon

that has been shown to be essential for preparing later events of

meiosis [1,14,19–23]. Current models suggest that bouquet

formation enhances homologous pairing by increasing proximity

of homologous chromosomes. Furthermore, the release of the

bouquet conformation may be a means of preventing incorrect

associations of non-homologous chromosomes [19]. In recent

years, it has been established that meiotic tethering and moving of

telomeres within the nuclear envelope (NE) depend on SUN- and

KASH-proteins [24,25] and that this is broadly conserved. These

form LINC-complexes, thereby creating a connection between

nuclear and cytoskeletal components [26]. For mammals, an

involvement of SUN1 and SUN2 in NE attachment of meiotic

telomeres has been reported [27,28]. Moreover, impairment of

telomere attachment has repeatedly been shown to cause

chromosome synapsis defects and thus interferes with correct

progression of mammalian meiosis [28–30]. Nonetheless, the

mechanisms by which meiotic telomeres are attached and

repositioned have remained largely unclear. Particularly, direct

functional evidence for an involvement of nuclear lamins in these

processes is missing.

Since lamin C2 is enriched at the sites of telomere attachment

[13], an obvious reason for synaptic defects and meiotic disruption

as seen in lamin C22/2 males could be impairment of telomere

attachment. To address this issue, we used SUN1, an NE protein

known to tether meiotic telomeres [28,29], in co-localisation

experiments with fluorescently labelled telomeres to quantify

telomere attachment in lamin C22/2 spermatocytes [30]

(Figure 3A). Quantifying co-localised and non-co-localised telo-

mere and SUN1 signals revealed no statistically significant

difference between wildtype and knockout spermatocytes

(Figure 3B, p-value: 0.799 using Pearson’s Chi2 test). Consistent

with this, virtually all telomeres were located at the nuclear

periphery in 3D reconstructed nuclei of mutant spermatocytes

(Video S1). Furthermore, chromosome spreads of pachytene-like

lamin C22/2 spermatocytes demonstrated that, in fact, all

telomeres were connected to SUN1 as all chromosome axes had

SUN1 foci on both ends (Figure 3C, 3D). This clearly shows that,

even though telomeres are embedded within lamin C2 enriched

domains, lamin C2 is dispensable for telomere attachment to the

NE.

As telomere-driven meiotic chromosome rearrangement, which

lead to bouquet conformation and its subsequent release, are

prerequisites for intact synapsis formation [31], we asked whether

lamin C2 has a role in movement rather than in attachment of

telomeres. In order to address this question, we analysed the

temporal behaviour of telomere movements during bouquet

formation and release over the first wave of spermatogenesis.

Quantification of 3D reconstructed spermatocytes from testes

tissue of sequential ages (10 to 14 dpp) with regard to their state of

telomere clustering (Figure 4, Video S2) revealed a distinct

bouquet resolution phenotype caused by lamin C2 deficiency. In

the wildtype, at 10 dpp, when most cells synchronously reach

leptotene/zygotene transition [32], 74.2% of spermatocytes were

in the bouquet stage showing a typically clustered telomere pattern

(Figure 4A, 4C). Compared to the wildtype situation, at 10 dpp

lamin C22/2 mice showed no significant alterations in bouquet

frequency (77.6%). Similarly, at 11 dpp there was no difference in

bouquet frequency between wildtype and knockout siblings, both

showing 57.8% of spermatocytes with clustered telomere patterns.

Hence, spermatocytes lacking lamin C2 appear to have no

problem in attaining bouquet stage. With progression of

spermatogenesis bouquet configuration is resolved. Accordingly,

in wildtype testes we found gradually decreasing numbers of

bouquet stages with 45.4%, 28.7% and 20.5% at 12, 13 and 14

dpp, respectively. In corresponding lamin C22/2 littermates,

however, numbers of spermatocytes in bouquet stage remained

significantly elevated. In particular, knockout animals showed

51.8%, 45.4% and 43.9% of spermatocytes with clustered

telomeres at ages of 12, 13 and 14 dpp, respectively. Compared

to their wildtype siblings at 13 and 14 dpp, knockout mice roughly

showed the 1.5 fold and 2.5 fold amount of bouquet stages,

resulting in statistically highly significant differences at these ages

(mean p-values for 13 and 14 dpp,0.01 using Pearson’s Chi2 test;

Figure 4C). Nonetheless, wildtype and knockout animals reached

comparable sub-stages of prophase I at 14 dpp as judged by

progression of synaptonemal complex assembly (Figure 4D). Thus,

our results demonstrate that while NE attachment per se is not

affected, the movement of telomeres during bouquet release is

significantly delayed in male mice lacking lamin C2. Since release

of the bouquet is thought to promote resolution of incorrect

chromosomal associations [31], impairment of timely bouquet

resolution appears to be the basic mechanism responsible for the

meiotic defects observed in lamin C2-deficient mice, i.e. defective

synapsis formation.

Consistent with the findings reported by other groups, our

observations suggest a similar dependency of efficient homologous

pairing on telomere clustering and movement in mammals as has

been previously described for yeast. In fission yeast it has been

shown, that telomere clustering and repositioning is required for

efficient chromosome alignment and subsequent association

[33,34]. Within this line of argument, studies in budding yeast

have discussed the roles of Ndj1 and Csm4 in meiotic telomere

dynamics [35,36]. In csm4 mutants, where meiotic telomeres are

still associated with the NE, the absence of telomere-led

chromosome movements, rather than altered DSB repair, serves

as an explanation for the observed homolog non-disjunction.

Because of the previously determined molecular properties of

lamin C2 and its ability to alter NE integrity [12], we conclude

that lamin C2 locally modulates NE properties at the sites of

telomere attachment to allow efficient directed telomere move-

ment and thus promotes homologous chromosome synapsis. Lack

The Nuclear Lamina Is Essential for Meiosis
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of lamin C2 in turn could reduce local NE flexibility and, by this

means, interfere with regular movement of attached telomeres as

found here in the lamin C2-deficient background.

Since chromosome synapsis, homologous recombination and

bouquet formation and release are closely interdependent

processes during mammalian meiosis [37,38], we then asked

whether loss of lamin C2 has a direct effect on recombination as

well. To assess lamin C2 function in recombination we next

examined selected markers of DSB repair. In early meiotic

prophase, sites of DSBs, introduced by SPO11, become strongly

labelled by cH2AX, a phosphorylated H2A histone variant

associated with unrepaired DSBs. During leptonema and

zygonema it is found in large domains around the DSBs. As

meiotic prophase I progresses, cH2AX labelling successively

disappears from the autosomes and, in the male, becomes

restricted to the sex chromosomes [39] (Figure 5A). In pachy-

tene-like lamin C22/2 spermatocytes, however, cH2AX remained

associated with most of the chromosomes in a cloud-like manner,

indicating that meiotic DSBs are formed, but are not efficiently

repaired. Interestingly, sex chromosomes, although they often

failed to synapse in knockout spermatocytes, showed strongly

cH2AX labelled chromatin (Figure 5A9). Further analysis of later

stages of DSB processing revealed that in lamin C2-deficient

pachytene-like spermatocytes numerous RAD51 and RPA signals,

which mark early and intermediate stages of DSB repair [37],

aberrantly persist along both paired and unpaired axes (Figure 5B9,

5C9). In wildtype late pachytene spermatocytes MLH1, a

component of late recombination nodules and a marker of

presumed crossing overs [40], appeared with at least one distinct

MLH1 focus per pair of synapsed homologs. These foci were

consistently absent from paired and unpaired chromosome axes of

lamin C22/2 spermatocytes (Figure 5D, 5D9). Overall, this

indicates that recombination events are initiated in lamin C2-

deficient spermatocytes, but repair is not efficient or complete

and functional crossing overs do not form. Nonetheless, the

formation of sex body specific chromatin does occur even if

synapsis between sex chromosomes is defective. This affirms that

lamin C22/2 spermatocytes initiate, but fail to complete, pachy-

nema, a phenomenon observed in numerous knockout models of

meiosis-specific proteins [41]. Inducing apoptosis during mid-

pachynema of spermatocytes carrying defects, such as incomplete

synapsis, points to an activation of a pachytene-checkpoint

mechanism preventing defective germ cells from further matura-

tion [42].

Figure 3. Loss of lamin C2 has no effect on meiotic telomere attachment. (A) 3D-preserved swab preparations showing wildtype (A) and
knockout (A9) spermatocytes simultaneously labelled with anti-TRF1 and SUN1 antibodies. As in the wildtype, in lamin C22/2 spermatocytes virtual all
telomeres appear to be attached to the NE as indicated by co-localisation of TRF1 and SUN1 signals. Scale bars 5 mm. (B) Quantifications of co-
localised and non-co-localised TRF1/SUN1 signals (see A) revealed that ratios of co-localised to non-co-localised spots comparing wildtype and
knockout spermatocytes show no significant difference (wildtype n = 33; lamin C22/2 n = 45; Pearson’s Chi2 test p-value: 0.799). (C,D) Chromosome
spread preparations of pachytene-like lamin C22/2 spermatocytes showing that all telomeres are associated with SUN1. In (C) TeloFISH and in (D)
anti-SUN1 staining in co-localisation with SYCP3. Scale bars 10 mm.
doi:10.1371/journal.pgen.1003261.g003

The Nuclear Lamina Is Essential for Meiosis
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Aberrant persistence of RAD51 and RPA on chromosome axes

and the observed lack of MLH1 in lamin C2-deficient spermato-

cytes might be a consequence of the activation of the male

pachytene-checkpoint and the subsequent elimination by apoptosis

in mid-pachynema rather than a direct effect of lamin C2-

deficiency on maturation and completion of homologous recom-

bination per se. Mammalian oogenesis apparently lacks a stringent

checkpoint operating at mid-pachytene stage and, thus, allows for

analysis of recombination in late stages of meiotic prophase I [43].

Hence, we performed a detailed examination of recombination in

lamin C22/2 oocytes at 19.5 dpf. Consistent with the above

described findings, lamin C2-deficient oocytes of 19.5 dpf embryos

reached late pachynema despite the persistence of synaptic defects

(Figure 5F0). Additionally, temporal progression through meiotic

prophase I stages per se appeared normal as, when compared to the

wildtype, the ratio of pachytene to diplotene oocytes was not

significantly altered in lamin C22/2 ovaries (n.50 each; Pearson’s

Chi2 test p = 0.5478). As in the males, cH2AX staining persisted

until mid-pachytene stage, thereby surrounding incompletely

synapsed chromosomes in lamin C22/2 oocytes from 17.5 dpf

embryos (Figure 5E, 5G). In contrast to males however, lamin C2-

deficient oocytes from 19.5 dpf embryos were able to recruit

MLH1 onto chromosome axes at late pachynema (Figure 5F).

Strikingly, quantification of MLH1, revealed a significant reduc-

tion of MLH1 foci in lamin C22/2 females, indicating a reduced

rate of meiotic recombination (Figure 5H). Moreover, while 80%

of wildtype late pachytene oocytes had at least one obligate MLH1

focus on each bivalent, 46% of lamin C2-deficient oocytes

completely failed to recruit MLH1 at least on one pair of

homologs, regardless whether or not they exhibited synaptic

defects (Figure 5I). Absence of MLH1-marked recombination

nodules indicates the lack of cross over recombination on the

affected chromosomes that, in the female, may account for

increased chromosome segregation defects at later stages of

meiosis [40,44,45]. Notably, as shown here, lamin C22/2 females

are fertile despite the fact that lamin C22/2 oocytes revealed overt

defects in homologous recombination and chiasmata formation.

To some extent this matter resembles the situation described for

Sycp32/2 mice that show a severely disrupted synapsis and

reduced chiasmata formation. Similar to the lamin C22/2 mice

presented here, males deficient for SYCP3 are completely infertile.

In female Sycp32/2 mice, by contrast, oocytes form chiasmata, but

at a lower level than in the wildtype, which results in a reduction,

but not a complete loss, of fertility [46].

Regardless of the sexual dimorphic impact on fertility, our

analyses clearly demonstrated that the meiotic nuclear lamina has

Figure 4. Bouquet release is significantly delayed in lamin C22/2 spermatocytes. (A) Representative wildtype and knockout spermatocytes
from testes of 10 to 14 day old mice labelled for SYCP3 and SUN1 with clusters of telomeres indicated by asterisks. Scale bars 5 mm. (B) Z-projections
of entire nuclei from wildtype and knockout littermates, labelled again for SYCP3 and SUN1, demonstrating the distinguishable difference between
clustered and non-clustered telomere patterns; asterisks indicate telomere clusters. Scale bar 5 mm. (C) Quantitative evaluation of spermatocytes
showing clustered telomeres in wildtype and knockout littermates aged 10 to 14 dpp. Note the highly significant differences at ages 13 and 14 dpp.
Values represent means (6 s.d.) of data from three littermate pairs of wildtype and knockout animals each, separately analysed using Pearson’s Chi2

tests: d10 p = 0.28 (wt, n = 517; lamin C22/2, n = 580); d11 p = 0.15 (wt, n = 677; lamin C22/2, n = 703); d12 p = 0.29 (wt, n = 736; lamin C22/2, n = 780);
d13 p = 6.5 x1023 (wt, n = 639; lamin C22/2, n = 648); d14 p = 7.6 x1027 (wt, n = 700; lamin C22/2, n = 682). ***p,0.01 (D) Representative wildtype and
lamin C22/2 spermatocytes from day 14 aged mice showing comparable stages of synaptonemal complex assembly as indicated by SYCP1 labelling.
Arrowheads denote homologous pairing defects in the absence of lamin C2; the asterisks indicate telomere clustering. Scale bar 5 mm.
doi:10.1371/journal.pgen.1003261.g004
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Figure 5. Alterations of meiotic DNA double-strand break (DSB) repair and inefficient homologous recombination caused by lamin
C2 deficiency. Chromosome spread preparations were double-stained using anti-SYCP3 antibodies in combination with anti-cH2AX (A,E), anti-
RAD51 (B), anti-RPA (C) or anti-MLH1 (D,F) antibodies. (A–D) In males, lamin C22/2 spermatocytes show incomplete repair of induced DSB as
demonstrated by the increased persistence of cH2AX (A9), RAD51 (B9) and RPA (C9) and they lack crossing over events indicated by the complete
absence of MLH1 (D9). (E) In females, efficient DSB repair is also affected in lamin C2-deficient pachytene oocytes (17.5 dpf) as revealed by intensive
cH2AX staining surrounding incompletely synapsed chromatin (asterisk in E9). (F) In contrast to males, lamin C22/2 females are able to recruit MLH1
onto chromosome axes in 19.5 dpf late-pachytene oocytes. However, the MLH1 foci number was lowered and a significant portion of cells lacked at
least one obligate MLH1 focus indicating the absence of cross over recombination on the affected chromosomes (arrowheads in F9 and F0). This
phenomenon was likewise seen in oocytes with (asterisk in F0) or without (F9) obvious synaptic defects. Scale bars 10 mm. (G) Quantification of
pachytene oocytes with persistence of cH2AX in wildtype and knockout littermates reveals inefficient DSB repair in lamin C2-deficient cells (Pearson’s
Chi2 test p-value = 0.0323). (H) Whisker box plot showing the number of MLH1 foci per cell in late pachytene oocytes of lamin C22/2 and control
(lamin C2+/+ and lamin C2+2/) animals. Two pairs of littermates were analysed. Knockout oocytes show a significant reduction of MLH1 foci number,
indicating a lowered rate of homologous recombination (median foci numbers: control, 29; lamin C22/2, 25.5; Mann-Whitney U-test p-
value = 0.00025). (I) The number of late pachytene oocytes lacking one or more obligate MLH1 foci is significantly elevated in lamin C22/2 animals
compared to the controls (lamin C2+/+ and lamin C2+/2). As above, two pairs of littermates were analysed (Pearson’s Chi2 test p-value = 0.0005).
doi:10.1371/journal.pgen.1003261.g005
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a central role in regulating chromosome bouquet dynamics and is

therefore essential for correct progression of meiotic homologous

recombination in both male and female mice. Such interdepen-

dencies between bouquet stage resolution and DSB repair and

homologous recombination have been described earlier. Mice that

are unable to induce meiotic DSBs due to the absence of SPO11

and those showing defects in late recombination events, as is the

case in the Mlh12/2 background, also show elevated bouquet

frequencies. However, in mice with altered early recombination

phenotypes, caused by the lack of recombination proteins DMC1

or HOP2, no significant increase in bouquet stages could be

observed [38]. This suggests, that whilst defects in the formation of

DSBs during leptonema or alterations of late recombination events

during late pachynema may influence bouquet duration, the

intermediate steps of DSB repair and early recombination do not.

In lamin C22/2 spermatocytes DSBs are definitely induced but the

stages when late recombination events normally occur are not

reached due to checkpoint induced apoptosis during mid-

pachynema. Therefore, neither altered early DSB repair nor

defective late recombination is able to explain the observed delay

in bouquet stage release in lamin C22/2 spermatocytes. Since

defects in earlier DSB repair and recombination do not influence

bouquet stage frequencies, inefficient DSB repair in lamin C22/2

meiocytes is likely to be a consequence of the delay in bouquet

stage release, rather than the converse. Consistent with this, loss of

telomere-led dynamics also affects recombination and crossing

over in budding yeast meiosis [35]. Though to some respect the

effects of altered meiotic chromosome movements on crossing over

events differ between the budding yeast mutants and our lamin

C2-deficient mouse, the significance of directed telomere-led

chromosome dynamics per se for homolog recombination and

disjunction seem to be as widely conserved as the bouquet

formation itself.

Materials and Methods

Ethics statement
All animal care and experiments were conducted in accordance

with the guidelines provided by the German Animal Welfare Act

(German Ministry of Agriculture, Health and Economic Cooper-

ation). Mouse generation, housing, breeding and experimental

protocols at the CNIO, Madrid, were performed in accordance

with protocols revised and approved by the Institutional Ethics

Committees of the CNIO and following the European Regulation

(2010/63/UE of September 22, 2010). Animal housing and

breeding at the University of Wuerzburg was approved by the

regulatory agency of the city of Würzburg (Reference ABD/OA/

Tr; according to 111/1 No. 1 of the German Animal Welfare

Act). All aspects of the mouse work were carried out following

strict guidelines to insure careful, consistent and ethical handling of

mice.

Generation of lamin C2 knockout mice
To generate a lamin C2 specific knockout mouse line, in which

the expression of other A-type lamins is left intact, a replacement

vector was constructed to selectively eliminate lamin C2 specific

exon 1a and the flanking putative upstream promoter elements.

Therefore, a 4 kb genomic region including exon 1a was replaced

by a neomycin cassette in reverse orientation using a modified

pKSloxPNT vector [47,48]. The vector for homologous recom-

bination was designed as follows (see also Figure 1A): a 1.9 kb

genomic fragment located 1.5 kb upstream of exon 1a (amplified

from mouse genomic DNA by PCR; oligonucleotides Table S1)

was cloned into the SalI/KpnI restriction sites downstream of the

neomycin cassette and a corresponding 5 kb fragment 2.5 kb

downstream of exon 1a (oligonucleotides Table S1) was ligated

into the EcoRI restriction site between the thymidine kinase and

neomycin cassette. The replacement vector, linearized with KpnI,

was electroporated into mouse R1 ES cells and recombinant

clones were selected in the presence of G418 and gancyclovir as

previously described [47]. Positively targeted ES clones were

identified by PCR using external primers (oligonucleotide

sequence for genotyping: Table S1) and correct targeting was

confirmed by Southern blot. For Southern blot analysis 15 mg NsiI

(not shown) or SmaI digested DNA derived from ES cells (or tail

tips of lamin C2+/+, lamin C2+/2 and lamin C22/2 mice) was

separated on a 0.8% agarose gel, subsequently transferred to a

nylon membrane and correct targeting was tested with both

external (see Figure 1A) and neomycin probes. Blastocyst injection

of one of the positive ES clones gave rise to germline transmitting

chimeras that were mated to produce heterozygous founder mice.

Intercrossing of lamin C2+/2 founder mice produced offspring with

all genotypes in mendelian ratio. To confirm the genotypes we

performed RT-PCR, Southern blot and immunofluorescence

analysis as described below.

Tissue preparations
Gonads from wildtype, heterozygous and lamin C22/2 mice

were either fixed and embedded in paraffin wax for sectioning,

frozen in 2-methylbutane for swab preparations or freshly used for

chromosome spreads. Gonads for paraffin embedding were fixed

in either 1% PBS-buffered formaldehyde (pH 7.4) for 3 hours or

in 4% overnight. Tissues were then dehydrated in an increasing

ethanol series and infiltrated with paraffin at 58uC overnight.

Tissue samples for swab preparations [49] were placed in 2-

methylbutane at 270uC immediately after dissection. Procedures

for chromosome spreads were adapted from de Boer et al. [50].

For this, fresh tissue samples were incubated in hypotonic buffer

(30 mM TrisHCl, 17 mM Na-citrate, 5 mM EDTA, 50 mM

sucrose, 5 mM DTT; pH 8.2). For spermatocyte spreads, testes

tubules taken from the hypotonic buffer were resuspended in 20 ml

of sucrose solution (100 mM) and transferred to a slide covered

with 1% formaldehyde solution (1% formaldehyde, 0.15%

Triton X-100; adjusted with NaOH to pH 9.2). Slides were

incubated in closed moisture chambers for 2 h, followed by

30 min incubation with the lid left ajar; finally slides were

dried in the opened chambers. For oocyte spreads, ovaries were

transferred from hypotonic buffer to a small droplet of sucrose

solution (50 ml) placed on a slide. Ovaries were then decapsulated,

fragmented with forceps and incubated with gentle shaking for

10 min to elute oocytes. Debris was removed from the slides and

an equal amount (50 ml) of 2% formaldehyde solution (2%

formaldehyde, 0.15% Triton X-100; adjusted with NaOH to

pH 9.0) was added to the droplet of sucrose containing the

oocytes. Slides were then incubated in closed moisture chambers

for 1 h, followed by a 30 min incubation with opened chambers at

room temperature. Finally, slides were dried at 37uC for

approximately 2 h.

Histology
Standard histology was performed on 5 mm sections of paraffin-

embedded tissues fixed overnight in 4% formaldehyde as

described previously [16]. To visualize and identify apoptotic

cells, TUNEL assays were carried out on 10 mm sections of

paraffin embedded testes using the ApopTag Fluorescein In Situ

Apoptosis Detection Kit (Millipore, Schwalbach, Germany)

according to the manufacturer’s protocol.
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Expression analysis by RT–PCR
To show absence of lamin C2 expression in lamin C22/2 mice

and to verify that expression of somatic lamins A/C is not affected

by lamin C2 isoform specific targeting, we performed RT-PCR

analysis on wildtype, heterozygous and knockout mice. Total RNA

was isolated from testes suspensions or liver tissues of six week old

littermates. RNA isolation was performed using TriFASTTM

(Peqlab, Erlangen, Germany) according to the manufacturer’s

manual. 1 mg of total RNA was used for reverse transcription using

oligo(dT) primer and M-MLV reverse transcriptase (Promega,

Mannheim, Germany). Using 1 ml of RT-reaction we performed

PCRs specifically amplifying either lamins A/C or lamin C2

transcripts. In case of lamins A/C, transcripts were amplified using

a 59 primer corresponding to the ATG region of the lamin A/C

specific exon 1, whereas for lamin C2 we used a 59 primer

selectively binding to the ATG region of the lamin C2 specific

exon 1a. For both transcripts the same 39 primer was chosen from

a region shared by both the lamins A/C and the lamin C2

transcripts (see Table S1 for oligonucleotide sequences).

Antibodies
Primary antibodies used in this study were: rabbit anti-lamin A/

C (H-110; Santa Cruz, Heidelberg, Germany), rabbit anti-SYCP3

(anti-Scp3; Novus biologicals, Littleton, CO), guinea pig anti-

SYCP3, rabbit anti-SYCP1, guinea pig anti-SYCP1 [51], rabbit

anti-TRF1 (TRF12-A; Alpha diagnostics, San Antonio, TX),

mouse anti-cH2AX (Millipore), mouse anti-RPA (clone RPA34-

20; Calbiochem, Darmstadt, Germany), mouse anti-MLH1 (clone

G168-15; BD Biosciences, Heidelberg, Germany), rabbit anti-

RAD51 (Calbiochem, Darmstadt, Germany) and guinea pig anti-

SUN1 [52]. The corresponding secondary antibodies conjugated

to Cy2, Texas red, Alexa647 (immunofluorescence) or peroxidase

(immunoblot) were obtained from Dianova (Hamburg, Germany).

Additionally, for FISH analysis a monoclonal mouse anti-

digoxigenin and an anti-digoxigenin fluorescein conjugated fab

fragment (Roche, Mannheim, Germany) were used according to

the manufacturer’s protocol.

Expression analysis by SDS-PAGE and Western blotting
To assess the efficient disruption of lamin C2 and unaffected

expression of lamins A/C in lamin C22/2 mice on the protein

level, western blots using cell suspensions from whole testes

preparations and from liver tissue (as a somatic control) of six week

old wildtype, heterozygous and lamin C22/2 littermates were

performed. Tissues or cells were resuspended in 26 SDS sample

buffer (120 mM Tris/HCl, 10% SDS, 20% glycerine, 20% 2-

mercaptoethanol; pH 6.8) and denatured at 95uC for 15 min

before applying 56105 cells for each tissue onto a 12% SDS

PAGE. After separation of the proteins with SDS-PAGE, proteins

were transferred to a nitrocellulose membrane. Membranes were

blocked overnight in TBST (10 mM Tris/HCl, 150 mM NaCl,

0.1%Tween 20) containing 10% milk powder. Anti-lamin A/C

primary antibodies were diluted (1:2000) in blocking solution and

membranes were incubated for 60 min at room temperature with

subsequent washing in TBST. Peroxidase-conjugated secondary

antibodies were applied as specified by the manufacturer. Bound

antibodies were detected using the Western Lightning Plus-ECL

Enhanced Chemiluminescence Substrate (Perkin Elmer, Rodgau,

Germany).

Immunohistochemistry
Immunofluorescence analysis was carried out on chromosome

spreads, swab preparations from frozen tissue or paraffin sections.

Immunofluorescence staining of chromosome spreads were

performed according to procedures adapted from de Boer et al.

[50]. Blocking of cell spreads was performed with the supernatant

of centrifuged (16.000 g, 30 min) blocking solution (5% milk, 5%

FCS, 1 mM PMSF in DMSO; pH 7.4 in PBS). For double-label

immunofluorescence, spreads were then incubated with the first

primary antibody followed by washing in PBS before blocking

again in blocking solution and incubating with the first secondary

antibody. After another blocking step, slides were incubated with

the second primary antibody followed by washing, reblocking and

incubation with the second secondary antibody. For immunoflu-

orescences on swab preparations, cells were fixed in PBS

containing 1% formaldehyde for 10 min followed by permeabi-

lisation in PBS/0.05% Triton X-100 for another 10 minutes. After

washing and blocking in blocking solution, slides were incubated

with both primary antibodies. Following this, slides were washed

and blocked again and subjected to both secondary antibodies. To

prepare paraffin sections for immunofluorescence, antigen retriev-

al and removal of paraffin was conducted as described before [53].

After washing the sections in PBS, sections were blocked with PBT

(0.15% BSA, 0.1% Tween 20 in PBS, pH 7.4) prior to the

incubation with both primary antibodies. After washing in PBS,

sections were subjected to corresponding secondary antibodies.

For all preparations DNA was counterstained using Hoechst

33258 (Sigma-Aldrich, Munich, Germany).

Telomere fluorescence in situ hybridisation (TeloFISH)
To directly label telomeres, we performed fluorescence in situ

hybridisation using digoxigenin-labelled (TTAGGG)7/(CCCTAA)7
oligomeres. After initial immunofluorescence staining (see above),

spreads were subsequently briefly refixed for 20 min using 4%

formaldehyde in PBS and washed in PBS. After rinsing slides in 26
SSC (0.3 M NaCl, 0.03 Na-citrate; pH 7.4) for 5 min, spreads were

incubated in RNase A (100 mg/ml in 26 SSC) at 37uC for 1 hour.

After rinsing in 26SSC, cells were denatured for 20 min at 95uC in

the presence of 10 pmol of each labelled probe in 40 ml of hybridisation

solution (30% formamid, 10% dextrane sulphate, 250 mg/ml E.coli

DNA in 26 SSC). Hybridisation was performed overnight at 37uC.

After washing twice in 26 SSC at 37uC for 10 min, samples were

blocked using 0.5% blocking-reagent (Roche) in TBS (150 mM NaCl,

10 mM Tris/HCl; pH 7.4). Probes were incubated for 1 h with anti-

digoxigenin antibodies (Roche). After washing slides in TBST (TBS,

0.05% Tween 20; pH 7.4) primary antibodies were detected using

Cy2-conjugated anti-mouse secondary antibodies (Dianova).

Microscopy and data analysis
Fluorescence images were recorded using a Leica TCS-SP2 AOBS

confocal laser scanning microscope (Leica Microsystems, Mannheim,

Germany), equipped with a 636/1.40 HCX PL APO oil-immersion

objective, or an iMIC microscope with 1006/1.40 NA oil-immersion

objective (Till Photonics, Munich, Germany). Confocal images shown

are calculated maximum projections of sequential single sections

processed in Adobe Photoshop (Adobe Systems). Images for the

quantification of telomere clustering were taken using the iMIC and

the Live Acquisition software package. 3D reconstruction, analysis and

quantification of telomere attachment and clustering were conducted

using the three-dimensional reconstruction tool of ImageJ (version

1.42q; http://rsbweb.nih.gov/ij).

Statistical analysis
All statistics shown were calculated using R (version 2.10.1;

http://www.r-project.org), Microsoft Office Excel 2007 or StatSoft

STATISTICA 10. P-values were generated using Pearson’s Chi2

test or Mann-Whitney U-test with the significance level set ,0.05.
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Supporting Information

Figure S1 Mature sperm are absent in the lamin C2-deficient

strain. (A) Histological sections of epididymis from wildtype and

lamin C2-deficient mice showing the complete absence of mature

sperm in the knockout. Scale bar 100 mm. (B) In situ labelling of

apoptotic cells in testis sections from wild-type and lamin C22/2

animals using the TUNEL revealed significantly increased cell

death in lamin C2-deficient mice. Scale bar 50 mm.

(TIF)

Figure S2 Male germ cells deficient for lamin C2 are more

severely affected by synaptic defects than female cells when

compared on single cell level. The number of affected chromo-

somes per cell is plotted on the x-axis. The portion of cells

displaying defects is plotted on the y-axis. While the number of

chromosomes that show incomplete synapsis is rarely more than

three chromosomes per cell in lamin C2-deficient females (grey

bars, n = 56), lamin C22/2 males frequently have up to ten

chromosomes per spermatocyte affected by defective synapsis

(black bars; n = 81).

(TIF)

Table S1 Primer list.

(DOC)

Video S1 Representative three-dimensional reconstruction of a

lamin C22/2 spermatocyte. Immunofluorescence staining using an

anti-SUN1 antibody in co-localisation with TeloFISH labelled

telomeres on structurally preserved nuclei from lamin C22/2 testis.

Three-dimensional reconstructions show peripheral localisation of

telomeres coinciding with SUN1 signals demonstrating intact

telomere attachment even in the absence of lamin C2. Scale bar

5 mm.

(MOV)

Video S2 Representative three-dimensional reconstructions of d

14 pp spermatocytes. Three-dimensional reconstructions of

structurally preserved spermatocytes from 14 day old wildtype

and lamin C22/2 mice stained with anti-SYCP3 and anti-SUN1.

Note that at day 14 pp a significant number of lamin C22/2

spermatocytes show characteristically clustered telomeres, while in

the wildtype most telomeres are evenly dispersed at the NE. Scale

bars 5 mm.

(MOV)
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