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SUMMARY

Prior to the pairing and recombination between
homologous chromosomes during meiosis,
telomeres attach to the nuclear envelope and
form a transient cluster. However, the protein
factors mediating meiotic telomere attachment
to the nuclear envelope and the requirement of
this attachment for homolog pairing and synap-
sis have not been determined in animals. Here
we show that the inner nuclear membrane pro-
tein SUN1 specifically associates with telo-
meres between the leptotene and diplotene
stages during meiotic prophase I. Disruption
of Sun1 in mice prevents telomere attachment
to the nuclear envelope, efficient homolog pair-
ing, and synapsis formation in meiosis. Massive
apoptotic events are induced in the mutant go-
nads, leading to the abolishment of both sper-
matogenesis and oogenesis. This study pro-
vides genetic evidence that SUN1-telomere
interaction is essential for telomere dynamic
movement and is required for efficient homolo-
gous chromosome pairing/synapsis during
mammalian gametogenesis.

INTRODUCTION

During prophase of meiosis, homologous chromosomes

recognize and pair with each other, then synapse along

their entire length to facilitate recombination events be-

tween them. Prior to pairing, the ends of the chromo-

somes, telomeres, attach to the nuclear envelope (NE),

and then transiently cluster within a limited region of the

NE to form a characteristic ‘‘bouquet’’ arrangement

(Harper et al., 2004; Scherthan, 2001) that is associated

with the onset of pairing (Scherthan et al., 1996). After ho-

mologous pairing, telomeres disperse from the clustering

region and redistribute over the nuclear periphery. Thus,

telomere positions undergo dynamic changes during mei-

otic prophase. Telomere clustering is a widespread phe-
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nomenon among eukaryotes and is speculated to facili-

tate homologous chromosome pairing by positioning

the ends of chromosomes in close proximity and promot-

ing alignment between homologs (Harper et al., 2004;

Scherthan, 2001). Extensive genetic analyses in both bud-

ding and fission yeast have led to the identification of

a number of proteins that are involved in telomere cluster-

ing (Chikashige et al., 2006; Scherthan, 2006). Although

spermatogenesis has been extensively analyzed in ani-

mals (Cooke and Saunders, 2002; Russell et al., 1990),

studies on the physiological functions of telomere dynam-

ics during meiosis have been limited largely due to the

lack of suitable genetic models, and proteins that play

critical roles in telomere attachment to the NE have not

been identified (Scherthan, 2003). Because missegrega-

tion of meiotic chromosomes is a cause of human

miscarriage and some developmental defects, study of

the mechanisms of chromosome movements during

meiosis is of important medical relevance (Hassold and

Hunt, 2001).

SUN1 and SUN2 are the first two mammalian SUN

proteins identified as homologs of UNC-84, an NE-local-

ized protein required for docking the KASH domain pro-

teins UNC-83 and ANC-1 for nuclear migration and an-

chorage (Malone et al., 1999; Starr and Han, 2002;

Starr et al., 2001). Analyses using tissue culture cells

have suggested that the N terminus of both SUN1 and

SUN2 localizes inside the nucleoplasm, while the C ter-

minus including the SUN domain is inserted into the peri-

nuclear space between the inner and outer nuclear mem-

branes (Crisp et al., 2006; Haque et al., 2006; Hodzic

et al., 2004; Padmakumar et al., 2005). Consistent with

results of genetic studies of unc-84 in Caenorhabditis

elegans, recent cell-culture studies have indicated that

SUN1 and SUN2 are required for the NE anchorage of

Syne2/NUANCE/Nesprin-2 (Crisp et al., 2006; Padmaku-

mar et al., 2005). Syne2 is a large KASH domain protein

that may act to connect the nucleus to the actin cyto-

skeleton (Apel et al., 2000; Starr and Han, 2002; Zhang

et al., 2005, 2007; Zhen et al., 2002). SUN1 appears to

be expressed in multiple tissues in mice (Crisp et al.,

2006). However, the physiological functions of SUN1

remain obscure.
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Figure 1. Targeted Disruption of the

Mouse Sun1 Gene

(A) Schematic illustrations of the mouse Sun1

wild-type allele, targeting vector, and mutant

allele. The probe used for Southern blot analy-

sis and sizes of the restriction fragments are

indicated. P, PvuII.

(B) Southern blot analysis of tail DNA from

Sun1+/+, Sun1+/�, and Sun1�/� mice using

the probe indicated in (A). Genomic DNA was

digested with PvuII.

(C) RT-PCR of testis and muscle samples using

primers specific to Sun1 cDNA as indicated.

GAPDH was used as an internal control.

(D and E) Antibody staining of SUN1 (green) in

muscle fibers from adults. Nuclei were stained

with DAPI (blue). The scale bar represents

10 mm.
RESULTS

Targeted Disruption of the Sun1 Gene

We generated SUN1-deficient mice by homologous re-

combination in embryonic stem (ES) cells. Exons coding

all three putative transmembrane domains of SUN1 were

replaced by the neomycin resistance cassette (Figure 1A).

Three independent targeted ES clones were used to gen-

erate chimeric mice, and heterozygous and homozygous

mutant progeny were identified by PCR and Southern

blot analysis (Figure 1B). RT-PCR was performed to con-

firm that normal mRNA transcripts were absent in the ho-

mozygous Sun1 targeting mice (Figure 1C). When muscle

fibers derived from homozygous mice were analyzed by

immunofluorescence with a rabbit polyclonal antibody

raised against the coiled-coil domain of SUN1 protein

(see Figure S2 in the Supplemental Data available with

this article online), we detected SUN1 protein in samples

derived from wild-type or heterozygous Sun1 knockout

(Sun1+/�) mice but not samples from homozygous mutant

(Sun1�/�) mice (Figures 1D and 1E). These results indicate

that the targeted mutation mostly likely eliminated Sun1

function.

Heterozygous Sun1+/� mice are normal, and inter-

breeding of Sun1+/�mice yielded a Mendelian distribution

of viable Sun1+/+, Sun1+/�, and Sun1�/� offspring

(92:201:96), suggesting that the zygotic Sun1 gene prod-

uct is not essential for normal embryonic development.

SUN1 Is Required for Gametogenesis

Both male and female Sun1�/� mice developed normally

into adults and lived more than 1 year with no obvious dif-

ference in general physical appearance compared to their

littermates. However, both male and female Sun1�/�mice

were sterile. The testes of adult Sun1�/�males were much

smaller than those of Sun1+/+ or Sun1+/� littermates

(Figure 2A). Histological examination of testes of

Sun1�/� males indicated that germ cells were largely de-

pleted in seminiferous tubules (Figures 2B and 2C). More

specifically, spermatids and spermatozoa were com-

pletely absent and only abnormal spermatocyte-like cells
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were accumulated in some tubules (Figures 2D–2G). Fur-

thermore, a TUNEL assay revealed many prominent pos-

itive signals in Sun1�/� seminiferous tubules compared

with very few signals in Sun1+/� mice (Figures 2I and

2H), indicating the occurrence of massive apoptotic

events that likely account for the absence of spermatids

and spermatozoa in Sun1�/� testes. Consequently, there

was no mature sperm in either the caput or cauda epidid-

ymal lumen of Sun1�/�males (Figures 2J–2M). Further ex-

aminations confirmed that spermatogenesis in Sun1�/�

mice was arrested in meiotic prophase (Figure S1).

SUN1 Colocalizes with Telomeres from Leptotene

to Diplotene Stages

Immunofluorescence analysis with the anti-SUN1 anti-

body could ubiquitously detect specific signals in both so-

matic and germ cells from wild-type or Sun1+/� mice, but

no signals in Sun1�/� cells (Figures 1D, 1E, and 3A–3F). In

somatic cells, such as leydig cells and mouse embryonic

fibroblast (MEF) cells, SUN1 distributed evenly around

the NE (Figures 3A, 3B, and 3D). SUN1 protein was also

abundant in spermatids, and the distribution pattern

changed in different developmental stages (Figures 3B

and 3G and data not shown). Most strikingly, in primary

spermatocytes, SUN1 distributed as foci scattered over

the nuclear periphery (Figures 3A and 3B). Such a pattern

is similar to the NE localization of telomeres in some

stages of primary spermatocytes (Scherthan et al., 1996).

The above results indicated an intriguing role of SUN1 in

meiosis and its potential interaction with telomeres. We

then simultaneously applied fluorescence in situ hybrid-

ization (FISH) analysis of telomeres (Tel-FISH) and SUN1

immunostaining to MEF cells and cryosections of adult

testes. In somatic cells, anti-SUN1 signals were distrib-

uted all around the NE, while Tel-FISH signals were ob-

served inside the nucleoplasm (Figures 3D–3F). In primary

spermatocytes, in which telomeres are attached to the in-

ner nuclear membrane (INM), Tel-FISH signals coincided

with those of anti-SUN1, indicating that SUN1 colocalized

with telomeres in these cells (Figures 3G–3I). The colocal-

ization was no longer observed in round spermatids. We
r Inc.
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Figure 2. Spermatogenesis Is Disrupted in Sun1�/� Mice

(A) Testes from 12-week-old Sun1+/� and Sun1�/� mice.

(B–G) Hematoxylin and eosin-stained histological cross-sections of testes from adults.

(D–G) Enlarged images of regions in (B) and (C). Arrowheads in (C) and (E) indicate abnormal spermatocyte-like cells in Sun1�/� mice. Arrows in (C)

and (F) point to hematoxylin-stained pyknotic nuclei indicating apoptotic events. Asterisks in (C) and (G) show vacuolated seminiferous tubules in

which both spermatozoa and spermatids are absent.

(H and I) TUNEL-stained cryosections of testes from adult Sun1+/� and Sun1�/� mice. Many TUNEL-positive cells are observed in Sun1�/� testes.

Nuclei were stained with DAPI (blue).

(J–M) Caput epididymis (J and K) and cauda epididymis (L and M) from Sun1+/� and Sun1�/� adults. There is no sperm in the epididymis from Sun1�/�

mice.

sp, sperm. The scale bars represent 50 mm.
also analyzed the dynamics of SUN1 and telomeres during

meiotic prophase by examining the localization of SUN1

and telomeres in testes sections from 8.5 dpp (days post-

partum), 10.5 dpp, and 12.5 dpp mice. At these ages, the

germ cells from gonia to pachytene stages can easily be

identified (Scherthan et al., 1996). We observed that be-

fore telomeres attached to the INM, SUN1 foci were dis-

tributed evenly around the NE. Later, SUN1 foci aggre-

gated to form larger and fewer dots and became

colocalized with telomeres at the NE. Henceforth, SUN1

accompanied telomeres throughout the clustering-disso-

lution process (Figures 4A–4L; Figure S3). We also ana-

lyzed the dynamic distribution of SUN1 during meiotic

prophase by coimmunostaining with anti-SYCP3, anti-

SYCP1, and anti-SUN1 antibodies in spermatocyte

spreads. SYCP3 is one of the lateral elements of the syn-

aptonemal complex (SC) and has been used to mark both

paired and unpaired chromosome regions (Lammers

et al., 1994). SYCP1 is a major component of the trans-

verse filaments of the SC and has been used to mark

the synapsed regions of chromosomes (Meuwissen

et al., 1992). SUN1 signal was visible at the chromosome

ends in early leptotene stage through diplotene stage, in-
Develo
cluding the homolog pairing, synapsis, and desynapsis

processes (Figures 4M–4P). The absence of the anti-

SUN1 spots at diakinesis stage suggests that SUN1 is de-

tached from the telomeres at that stage (Figure 4Q). These

results are consistent with the dynamic behavior of telo-

mere-NE attachment/detachment during meiotic pro-

phase (Scherthan, 2001).

Telomere NE Attachment Is Disrupted

in Sun1�/� Mice

The colocalization of SUN1 and telomeres at the NE dur-

ing meiotic prophase suggested the possibility that

SUN1 anchors telomeres to the INM. This hypothesis

was strongly supported by Tel-FISH analysis of testes

sections of Sun1�/� mice. Judging from the results of

anti-SYCP3 staining of 18.5 dpp Sun1+/+ or Sun1+/� testes

sections, most (90.8%; Table S1A) of the spermatocytes

from the first wave of spermatogenesis had reached the

pachytene stage, at which telomeres had inserted into

the NE marked by anti-LaminB staining (Figure 5A)

(Moss et al., 1993). In contrast, nearly all cells (96.2%; Ta-

ble S1B) in Sun1�/� littermates displayed a zygotene-like

SYCP3 staining pattern, and the telomeres localized
pmental Cell 12, 863–872, June 2007 ª2007 Elsevier Inc. 865
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Figure 3. Distribution Pattern of SUN1 in

Somatic and Germ Cells

(A–C) Fluorescent images (projections of Z

stacks) of seminiferous tubules from Sun1+/�

([A and B], at stage VIII) and Sun1�/� (C) adult

mice stained with anti-SUN1, and counter-

stained with anti-Laminin to mark the basal

lamina of seminiferous tubules. (B) shows

a higher-magnification image of the framed

section in (A). Arrowheads indicate an NE local-

ization of SUN1 in leydig cells. In spermatids

(St), SUN1 is also highly expressed. In (B), the

punctate SUN1 signals are scattered over the

nuclear periphery inprimary spermatocytes (Sc).

(D–F) Single-layer images showing telomeres

(red) and anti-SUN1 (green) staining in wild-

type mouse embryonic fibroblast (MEF) cells.

SUN1 is distributed all around the NE, while

telomeres are located inside the nucleoplasm

of MEFs.

(G–I) Fluorescent images (projections of Z

stacks) showing that the anti-SUN1 antibody

signals (green in [G]) and the telomere FISH

signals (red in [H]) are colocalized (yellow in [I])

in spermatocytes (Sc) but not in spermatids (St).

Nuclei were stained with DAPI (blue). The scale

bars represent 20 mm.
predominantly inside the nucleoplasm (Figure 5B), indicat-

ing that SUN1 is required for the docking of telomeres at

the NE. We also examined the distribution of telomeres

in the Sun1�/� spermatocytes of 12.5 dpp and 15.5 dpp

juveniles as well as adult mice, and never observed normal

NE attachment and clustering of telomeres (data not

shown). These results strongly support a conclusion that

the INM protein SUN1 is required for telomere attachment

to the NE in primary spermatocytes. Our analysis also in-

dicated that the associations of TRF1 and Rap1, two

known telomere-binding proteins, with the telomeres

were not disrupted in Sun1�/� mutants (Figure S4).

Efficient Homologous Chromosome Pairing,

Synapsis, and Recombination Are Severely

Impaired in Sun1�/� Spermatocytes

Sun1�/� mice thus provided an animal model devoid of

telomere attachment and clustering, suitable to investi-

gate the function of these cellular processes in mammals.

To determine whether SUN1 is essential for homologous

chromosome synapsis, we quantified the extent of synap-

sis in spermatocytes undergoing the first wave of sper-

matogenesis, which are approximately synchronized.

From 18.5 dpp mice testes, 90.8% of the Sun1+/� sper-

matocytes (n = 2249) were at pachytene stage, at which

all chromosomes are fully synapsed with their partners ex-

cept the partial synapsis between X and Y chromosomes

(Table S1A). However, none of the Sun1�/� spermato-

cytes showed normal homologous pairing and synapsis

(n = 1785). In addition, less than 1% of the Sun1�/� sper-

matocytes contained more than ten partially or fully syn-

apsed chromosomes (Table S1B), indicating that synapsis
866 Developmental Cell 12, 863–872, June 2007 ª2007 Elsevie
was severely impaired in mutant spermatocytes. This is

further supported by analyzing the frequency of the num-

bers of synapsed chromosomes in individual spermato-

cyte spreads from adults (Figure S5).

To determine whether the remaining synapsis observed

in Sun1�/� spermatocytes was between homologous

chromosomes, we monitored the pairing of individual

chromosomes by applying chromosome painting to sper-

matocyte spreads. Consistent with the severe defects in

overall chromosome pairing, the frequencies of pairing

of chromosomes 8 and 19 were dramatically reduced (Fig-

ures 5C–5G). However, nonhomologous pairing involving

chromosomes 8 or 19 was not detected in mutant sper-

matocytes, indicating that the mechanism for homolog

recognition and for the prevention of pairing between non-

homologs is still functional in the mutant. Among the

paired chromosomes 8 and 19, we found that the percent-

age of homologs with partial synapsis was dramatically in-

creased in the mutants (Figure 5H), suggesting that telo-

mere attachment to the NE and chromosomal bouquet

formation may also be required for the process of extend-

ing short synapsed regions to full-length SCs. Given the

recent finding that telomere attachment to the NE was de-

pendent on functional telomere repeats which localize to

attachment plates (Liebe et al., 2004; Liu et al., 2004),

our result is consistent with the previous observation

that shortened telomeres and lack of perinuclear distribu-

tion of telomeres in G4 TR�/�meiocytes contribute to im-

paired assembly of SCs (Liu et al., 2004).

Recent work has indicated that, in mouse, the initiation

of synapsis depends on the occurrence of programmed

double-strand breaks (DSB) in the genome and the
r Inc.
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Figure 4. Dynamics of SUN1-Telomere Interaction during

Meiotic Prophase

(A–L) Dynamics of SUN1 and telomere colocalization during meiotic

prophase I. Anti-SUN1, telomere FISH, and merged images (projec-

tions of Z stacks) at spermatogonial (A–C), leptotene (D–F), lepto-

tene-to-zygotene (G–I), and zygotene (J–L) stages are shown. Colocal-

ization of SUN1 and telomeres occurred after telomere NE attachment

during the leptotene stage. Asterisks in (H) and (I) indicate the cluster-

ing of telomeres. Nuclei were stained with DAPI (blue).

(M–Q) Merged images of anti-SUN1, anti-SYCP3, and anti-SYCP1 at

early leptotene (M), zygotene (N), pachytene (O), diplotene (P), and dia-

kinesis (Q) stages in spermatocyte spreads. SUN1 resides at both
Develo
initiation of their repair (Gerton and Hawley, 2005; Zickler,

2006). Because synapsis is severely impaired in Sun1�/�

mutants, we examined the potential defects in DSB forma-

tion and the subsequent development of reciprocal

exchanges (crossovers) between homologous chromo-

somes by staining using anti-RAD51 and anti-MLH1 anti-

bodies, respectively. RAD51 is a DSB repair protein and is

involved in earlier steps of meiotic recombination (Moens

et al., 1998, 2002), whereas MLH1 marks the sites of

crossovers (Anderson et al., 1999; Moens et al., 2002).

Our statistical data showed that in both wild-type and

Sun1�/� spermatocytes, the RAD51 foci were detectable

at the leptotene stage and the foci numbers reached the

maximum at the leptotene/zygotene-like stage (Figures

5I and 5J; Table S3) (Barlow et al., 1997; Moens et al.,

1997). The maximal foci numbers were 240 in Sun1�/�

cells and 235 in wild-type. However, in 48% of zygo-

tene-like Sun1�/� spermatocytes (n = 406), compared to

3% of wild-type spermatocytes (n = 173), numerous

(81%n%240) RAD51 foci were observed, indicating that

the RAD51 foci failed to be efficiently eliminated in

Sun1�/� cells (Table S3). The MLH1 foci, normally de-

tected in wild-type pachynema, were not found in

Sun1�/� meiotic cells (Figures 5K and 5L), suggesting

the failure of the development of crossovers. These obser-

vations indicate that in Sun1�/� spermatocytes, pairing

and synapsis can be initiated following the formation of

DSBs, but the progression and completion of pairing, syn-

apsis, and recombination are seriously hampered by the

disruption of telomere attachment and formation of the

chromosomal bouquet in the mutant mice. The defective

synapsis and recombination in the Sun1�/�mice are sim-

ilar to, but more severe than, those reported in G4 TR�/�

mice (Liu et al., 2004).

Homologous Synapsis during Oogenesis

Is Also Impaired in Sun1�/� Mice

Previous studies suggest that oogenesis in mammals is

more tolerant of meiotic defects. Mutations which lead

to meiotic defects in spermatogenesis frequently escape

meiotic failure during oogenesis (Hunt and Hassold,

2002; Kolas et al., 2005). We thus further analyzed oogen-

esis in Sun1�/� mice. We observed that in adult Sun1�/�

females, the ovaries were also much smaller than those

of their littermates (data not shown), and that the oocytes

and ovarian follicles were completely absent (Figures 6A

and 6B). Furthermore, there are no oocytes detected in

day 5 neonatal Sun1�/� ovaries (Figures 6C and 6D). A

TUNEL assay showed that there were dramatically in-

creased positive signals in the ovaries of Sun1�/� E17.5

embryos compared to Sun1+/� ovaries (Figures 6E and

6F). Tel-FISH analysis combined with anti-SUN1

ends of the chromosomes before diakinesis. Examples of SUN1 local-

ization at different stages (small frames in [M]–[P]) were enlarged in the

insets. Arrowheads point to the SUN1 signals associated with the ends

of chromosomes.

The scale bars represent 10 mm.
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Figure 5. Telomere Attachment to the NE and Homologous Chromosome Pairing/Synapsis Formation Are Severely Impaired in

Sun1�/� Mice
(A and B) Single-layer images showing telomere (red), anti-SYCP3 (green), and anti-LaminB (purple) staining in sections of testes from 18.5 dpp mice.

Telomeres are attached to the NE in Sun1+/� spermatocytes (A), but not in Sun1�/� spermatocytes (B).

(C–F) Fluorescent images of spermatocyte spreads simultaneously labeled with anti-SYCP1 (red), anti-SYCP3 (green), and chromosome 8 painting

(purple). Synapsis formation, indicated by anti-SYCP1 staining, is severely reduced in Sun1�/� spermatocytes, consistent with the drastic increase in

the number of chromosomes that are marked by anti-SYCP3. Chromosome 8 axes were embedded in the FISH painting signals. Insets are enlarged

figures showing SYCP1/SYCP3 staining alone of the framed regions. The insets in (C) and (F) show fully synapsed chromosome 8. (D) and (E) show

unpaired and partially synapsed chromosome 8, respectively. The images for chromosome 19 are similar (not shown).

(G) Pairing frequencies of chromosomes 8 and 19 in wild-type (n = 154 and 124, respectively) and Sun1�/� (n = 117 and 157, respectively) primary

spermatocytes.

(H) Frequencies of synapsis formation of paired chromosomes 8 and 19 in wild-type (n = 149 and 121, respectively) and Sun1�/� (n = 26 and 40,

respectively) primary spermatocytes. Because the synapsed bivalents begin to desynapse and separate from the diplotene stage, the wild-type

diplotene and diakinesis spermatocytes are not included in the statistics (G and H).
868 Developmental Cell 12, 863–872, June 2007 ª2007 Elsevier Inc.



Developmental Cell

SUN1 in Telomere NE Attachment and Gametogenesis
Figure 6. Oogenesis Is Blocked in

Sun1�/� Females

(A–D) Hematoxylin and eosin-stained histolog-

ical cross-sections of ovaries in 12-week-old

and 5 dpp females. Arrows in (A) and (C) indi-

cate oocytes and growing follicles that are

not detected in Sun1�/� ovaries (B and D).

(E and F) TUNEL-stained cryosections of ova-

ries from E17.5 embryos. Many TUNEL-posi-

tive cells are detected in the Sun1�/� ovary

compared to that in the Sun1+/� ovary, indicat-

ing a dramatic increase in apoptotic events in

the mutants.

(G–I) Anti-SUN1 (green in [G]), telomere FISH

(red in [H]), and merged (yellow in [I]) immuno-

fluorescent images (projections of Z stacks)

of ovary cryosections from E17.5 embryos.

SUN1 is colocalized with telomeres in primary

oocytes.

(J and K) Single-layer images showing telo-

mere (red), anti-SYCP3 (green), and anti-Lam-

inB (white) staining in sections of ovary from

E17.5 embryos. Telomeres are attached to

the NE in Sun1+/� oocytes (J), but not in

Sun1�/�oocytes (K).

(L and M) Merged immunofluorescent images

(projections of Z stacks) of ovary sections

from E17.5 embryos stained with anti-SYCP3,

anti-SYCP1, and DAPI. The arrow in (M) indi-

cates a very rare normal-looking synapsed

oocyte (0.1%, n = 880).

Nuclei were stained with DAPI (blue) (E–I, L,

and M). The scale bars in (A)–(F) represent

50 mm, in (G)–(M), 10 mm.
immunostaining on cryosectioned ovaries from wild-type

E17.5 embryos indicated that SUN1 colocalized with telo-

meres in oocytes (Figures 6G–6I). As in spermatocytes,

telomere attachment to the NE was also disrupted in

Sun1�/� oocytes (Figures 6J and 6K). We also investi-

gated pairing and synapsis processes in E17.5 ovaries

by colabeling with anti-SYCP3 and anti-SYCP1 anti-

bodies. At E17.5, 90.5% (n = 737) Sun1+/� oocytes

reached pachytene stage, with all homologous chromo-

somes synapsed and coated with both SYCP3 and

SYCP1 (Figure 6L; Table S2A). Similar to the situation in

males, chromosomes from Sun1�/� E17.5 oocytes were

normally coated by SYCP3, but the number of chromo-

somes was much higher than that of the control, which

was accompanied by a severe reduction in synapsed

chromosomes marked with SYCP1 (Figure 6M; Table
Deve
S2). Only very rare oocytes (0.1%, n = 880) showed

a pachytene-like synapsis.

These results indicate that SUN1 plays a critical role in

anchoring telomeres at the NE for telomere clustering,

which is required for proper homologous chromosome

pairing and synapsis formation during both spermatogen-

esis and oogenesis in mammals. The depletion of gam-

etes in mutant mice is likely the consequence of massive

apoptotic events that are trigged by the failure of SC for-

mation (Handel, 1998; Roeder and Bailis, 2000).

DISCUSSION

To our knowledge, the Sun1�/� mouse is the first genetic

model to provide functional insight into telomere NE at-

tachment during meiosis in mammals. The results
(I and J) Fluorescent images of spermatocyte spreads simultaneously labeled with anti-RAD51 (red) and anti-SYCP3 (green). Rad51 foci located to

both the wild-type (I) and Sun1�/� (J) chromosomes.

(K and L) Fluorescent images of spermatocyte spreads simultaneously labeled with anti-MLH1 (red) and anti-SYCP3 (green). There are no MLH1 foci

located to Sun1�/� (L) chromosomes as in wild-type (K).

The scale bars represent 10 mm. (Contingency tables and chi-square; *p = 0.0016; **p < 0.0001.)
lopmental Cell 12, 863–872, June 2007 ª2007 Elsevier Inc. 869
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described here are comparable to those from studies in

the yeast Saccharomyces cerevisiae, where defects in

chromosome synapsis, recombination, and segregation

are associated with mutations in the meiosis-specific telo-

meric protein Ndj1 that disrupts the attachment of telo-

meres to the NE (Conrad et al., 1997; Wu and Burgess,

2006). It is not clear at this point how SUN1 interacts

with telomeres. A recent study in the yeast S. pombe

has shown that a protein complex containing Bqt1 and

Bqt2 mediates the interaction between Sad1 and the telo-

mere complex (Chikashige et al., 2006). However, the sig-

nificant differences between S. pombe and animal meiosis

suggest that the mechanisms by which SUN proteins in-

teract with telomeres may be different. For example,

S. pombe does not have the typical synapsis formation

seen in animal cells during meiosis and its nucleus has

the unique ‘‘horsetail’’ movement which plays a role in

meiotic pairing and recombination (Gerton and Hawley,

2005). Furthermore, the N-terminal sequences of Sad1

and SUN1 are very diverse, and we failed to identify mam-

malian homologs of Bqt1 and Bqt2. It is possible that one

or more unknown meiosis-specific proteins mediate the

interaction between SUN1 and telomeres. On the other

hand, the possibility of a direct interaction between

SUN1 and chromatin may not be excluded, particularly

as the SUN1 N terminus contains a zinc-finger domain

(Padmakumar et al., 2005).

Telomere attachment to the NE is followed by telomere

clustering. During the transition, SUN1-telomere pairs

move along the NE surface from a dispersed position to

sites near the centrosome. The driving force behind

such movement in mammals is not known. Previous stud-

ies found that, in mammals, telomere attachment to the

NE involves filaments spanning the NE and emanating

into the cytoplasm (Liebe et al., 2004). SUN1 could be

a critical component of these elements. In animals, SUN

proteins are known to interact and anchor KASH do-

main-containing proteins that are proposed to localize at

the outer nuclear membrane (Crisp et al., 2006; Haque

et al., 2006; Malone et al., 2003; McGee et al., 2006; Pad-

makumar et al., 2005; Starr and Han, 2002; Starr et al.,

2001). As Syne/ANC-1/MSP-300 family proteins are

thought to connect the NE to the actin cytoskeleton (Starr

and Fischer, 2005; Yu et al., 2006; Zhang et al., 2007), the

possibility that one of the three known mammalian KASH

proteins is involved in linking SUN1 to the cytoskeletal

system remains to be investigated.

Although SUN1 is widely expressed in many somatic

tissues, we did not detect any telomeric dysfunction in

Sun1�/� somatic cells. Simultaneous SUN1 immunostain-

ing and Tel-FISH on both the mitotic cells in tissue sec-

tions and cultured MEF cells showed that SUN1 did not

colocalize with telomeres (Figure S4) and that there was

also no abnormality in proliferation of MEF cells from

Sun1�/�mice (data not shown). Sun1�/�mice also devel-

oped normally and were healthy. These results are consis-

tent with those that SUN1 is not essential for normal telo-

meric functions in somatic cells. However, genetic

analysis of SUN proteins in C. elegans (Malone et al.,
870 Developmental Cell 12, 863–872, June 2007 ª2007 Elsevie
1999, 2003; Starr and Han, 2002; Starr et al., 2001) indi-

cated that they interact with KASH domain proteins for im-

portant cellular functions in somatic cells. Supporting the

proposed functions of SUN proteins in somatic cells, stud-

ies in tissue culture cells also indicate that SUN1 interacts

with nuclear lamin and KASH domain proteins (Crisp et al.,

2006; Haque et al., 2006; Padmakumar et al., 2005). In

mammals, SUN2 shares similar protein structure with

SUN1, and both show ubiquitous gene expression profil-

ing in mouse and human in microarray analyses (http://

symatlas.gnf.org/SymAtlas/). Recent studies demon-

strated that both SUN1 and SUN2 contribute to Syne2

NE anchorage in somatic cells (Crisp et al., 2006). These

findings hint at the redundant roles of SUN1 and SUN2

in somatic cells. SUN2 was not found to express in meiotic

cells (data not shown), which might be a reason why there

is no redundancy associated with SUN1 function in telo-

mere attachment to the NE.

In summary, our results reveal that the inner nuclear

membrane protein SUN1 is required for telomere attach-

ment to the nuclear envelope during meiotic prophase I

and demonstrate that telomere attachment to the NE is

essential for the efficient pairing/synapsis of homologous

chromosomes and gametogenesis in mammals.

EXPERIMENTAL PROCEDURES

Generation of SUN1-Deficient Mice

Genomic DNA fragments from an Sv129 strain BAC clone (538A12, In-

vitrogen) were used to construct the Sun1 gene targeting vector. The

1.8 kb fragment containing exon 14 and exon 15 was PCR amplified

from the DNA derived from the BAC clone with primer pair prDX077/

prDX078 (see primer list in Supplemental Data). After sequencing ver-

ification, this fragment was inserted into the XhoI site of the pPNT vec-

tor as the short arm. For the long arm, an 11.5 kb EcoRI fragment within

the Sun1 gene obtained from the above BAC DNA was ligated into the

EcoRI site of the short arm-containing pPNT plasmid.

The linearized Sun1 targeting vector was electroporated into W4/

129S6 ES cells. After double selection, ES cell clones were screened

by PCR (primer pair prDX100/prDX101) and confirmed by Southern

blot analysis. Three targeted ES clones were injected into C57BL/6J

blastocysts and the status of the targeted Sun1 allele in mice was con-

firmed by both PCR and Southern blot analysis. Because Sun1�/�

mice from three independent ES lines displayed the same phenotypes,

one line was used in further studies.

RT-PCR

Total mRNAs were isolated from the tibialis anterior muscles or testes

of adult mice using TRIzol reagent (Invitrogen). cDNAs were produced

using an RNA PCR kit (TAKARA) following the manufacturer’s instruc-

tions. Three primer pairs prDX177/prDX178, prDX142/prDX143, and

prDX140/prDX141 were used, respectively, to amplify the coding re-

gions located upstream, within, and downstream of the deletion in

the targeted allele. Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) served as an internal control.

Generation of Anti-SUN1 Antibody

The DNA fragment coding for 171 amino acids of the SUN1 coiled-coil

domain was PCR amplified from the DNA derived from the Sun1 cDNA

clone (8571051, ATCC) with primers prDX055 and prDX056, and then

cloned into pET28 (Novagen) for standard protein expression and pu-

rification. Polyclonal antibodies were raised by immunizing rabbits with

the purified fusion proteins and were affinity purified with Hitrap NHS-

activated HP columns (Amersham Biosciences). Some affinity-purified
r Inc.

http://symatlas.gnf.org/SymAtlas/
http://symatlas.gnf.org/SymAtlas/


Developmental Cell

SUN1 in Telomere NE Attachment and Gametogenesis
antibodies were further labeled with biotin using a protein labeling kit

(AnaTag).

Histological Analysis

Frozen sections: after the animals were exterminated by cervical dislo-

cation, tissues of interest were dissected out and embedded in OCT.

Samples were then quickly frozen in liquid nitrogen-cooled isopen-

tane, and 8 mm slices were collected. Paraffin sections: adult mice

were anaesthetized and perfused with 3.7% formaldehyde in PBS

(pH 7.4). Tissues were postfixed with the same fixative and processed

for paraffin embedding and sectioning at 5 mm. Sections were stained

with hematoxylin and eosin. TUNEL assays were performed following

a protocol described previously (Tornusciolo et al., 1995).

Spermatocyte Spreading

Detergent spreading of spermatocytes was performed as described in

Scherthan et al. (2000).

Immunofluorescence Staining, Telomere FISH, Chromosome

Painting, and Microscopy

Immunofluorescence was carried out following a protocol described

previously (Scherthan et al., 2000). Primary antibodies used were

rabbit anti-SUN1 (1:40), rabbit anti-SYCP3 (1:500; a gift from Norio

Nakatsuji), goat anti-SYCP3 (1:400; a gift from Terry Ashley), rabbit

anti-SYCP1 (1:400; Novus Biologicals), rabbit anti-Laminin (1:300;

Sigma), goat anti-LaminB (1:100; Santa Cruz Biotechnology), anti-

RAD51 (1:30; H-92, Santa Cruz Biotechnology), and MLH1 (1:30;

G168-15, Abcam). Secondary antibodies were goat anti-rabbit IgG-

FITC (Sigma), goat anti-rabbit IgG-TRITC (Sigma), and horse anti-

mouse IgG-biotin (Vector Labs). When SUN1, SYCP1, and SYCP3

were visualized simultaneously, SYCP1 and SYCP3 were first visualized

consecutively. The preparations were then fixed in a 1% formaldehyde/

13 PBS solution for 1 min followed by incubation with the biotin-

labeled antibodies against SUN1 and detection with streptavidin-Cy5

(Zymed).

Combinatorial immunostaining and telomere FISH were carried out

following the protocol described in Scherthan et al. (2000) with minor

modifications. Briefly, SUN1 or LaminB was first immunostained as

described above, except that biotinylated goat anti-rabbit (1:400; Vec-

tor Labs) or biotinylated bovine anti-goat antibody (1:200; Santa Cruz

Biotechnology) was used as the secondary antibody. Slices were then

thoroughly washed with PBS at room temperature and denatured at

85�C for 5 min in the presence of digoxigenin-labeled (CCCTAA)7 oligo

probes (Scherthan et al., 1996). Hybridization was then carried out at

37�C for 12 hr. After thoroughly washing in 0.053 SSC at 37�C, signals

were detected by staining with anti-digoxigenin rhodamine (Roche

Diagnostics) or streptavidin-FITC (Roche Diagnostics). In some cases,

SYCP3 was counterstained and visualized by Cy5-conjugated goat

anti-rabbit antibody (CHEMICON). Preparations were finally counter-

stained with DAPI (0.3 mg/ml) and embedded in mounting medium

(Vector Shield).

Chromosome painting was carried out on spermatocyte spreads

prepared as described above. Slides were denatured at 85�C for 10

min in the presence of biotin-labeled mouse chromosome 8 or 19 paint

probes (ID Labs) and hybridized for 72 hr at 37�C. Preparations were

then washed by incubating sequentially in 50% formamide/0.53

SSC (twice) and 13 SSC (twice) at 42�C for 5 min each time. After

the preparations were colabeled by staining with anti-SYCP1 and

anti-SYCP3 antibodies as described above, they were treated with

streptavidin-Cy5 for visualizing the chromosome painting results.

Preparations were finally counterstained with DAPI (0.3 mg/ml) and em-

bedded in mounting medium (Vector Shield). For unpaired homologs,

two distinct chromosomal axial cores, visualized by anti-SYCP3 stain-

ing, were associated with two separate FISH painting signals. In con-

trast, the paired chromosome cores were surrounded by the single

FISH signal in one cell. The synapsis formation was further judged

by the SYCP1/SYCP3 signals.
Develo
Photographs were taken by either a Leica DM RXA2 or DM IRE2 sys-

tem equipped with A, GFP, N21, TX2, and Cy5 filters and recorded by

a Leica DC350F or DFC300 CCD camera. Three-dimensional decon-

volution on 0.2 mm spaced image stacks was carried out by Leica

Deblur software. Images were manipulated with Leica FW4000 and

Adobe Photoshop software.

Supplemental Data

Supplemental Data include five figures and three tables and are avail-

able at http://www.developmentalcell.com/cgi/content/full/12/6/863/

DC1/.
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