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Cohesin is a protein complex originally identified for its
role in sister chromatid cohesion, although increasing
evidence portrays it also as a major organizer of interphase
chromatin. Vertebrate cohesin consists of Smcl, Smc3,
Rad21/Sccl and either stromal antigen 1 (SA1) or SA2. To
explore the functional specificity of these two versions of
cohesin and their relevance for embryonic development
and cancer, we generated a mouse model deficient for SA1.
Complete ablation of SA1 results in embryonic lethality,
while heterozygous animals have shorter lifespan and
earlier onset of tumourigenesis. SA1-null mouse embryo-
nic fibroblasts show decreased proliferation and increased
aneuploidy as a result of chromosome segregation defects.
These defects are not caused by impaired centromeric
cohesion, which depends on cohesin-SA2. Instead, they
arise from defective telomere replication, which requires
cohesion mediated specifically by cohesin-SA1. We propose
a novel mechanism for aneuploidy generation that involves
impaired telomere replication upon loss of cohesin-SAl,
with clear implications in tumourigenesis.
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Introduction

Cohesin was originally identified as a mediator of sister chro-
matid cohesion (Guacci et al, 1997; Michaelis et al, 1997;
Losada et al, 1998). Its cohesive function is essential for

*Corresponding author. Chromosome Dynamics Group, Molecular
Oncology Programme, Spanish National Cancer Research Centre
(CNIO), Melchor Ferndndez Almagro 3, 28029 Madrid, Spain.
Tel.: + 34 917328000/ext. 3470; Fax: + 34 917328033;

E-mail: alosada@cnio.es

Received: 12 September 2011; accepted: 9 January 2012; published
online: 13 March 2012

RIGHTS 1,VOL31|N09|2012

accurate chromosome segregation and for homologous recom-
bination (HR)-mediated DNA repair in G2 (Nasmyth and
Haering, 2009). More recent evidence suggests that cohesin
acts as a chromatin loop organizer in the interphase nucleus
and thereby contributes to regulate gene expression, at least of
certain loci (Hadjur et al, 2009; Mishiro et al, 2009; Nativio et al,
2009; Kagey et al, 2010; Seitan et al, 2011). It also participates in
the spatial organization of DNA replication factories, which in
turn determines origin activation and thus the efficiency of the
duplication process (Guillou et al, 2010). Cohesin is composed
of a heterodimer of Smcl and Smc3, the kleisin subunit Rad21
(also known as Sccl/Mcdl) and a protein called Scc3 in yeast
and stromal antigen (SA) in vertebrates, that form a ring-like
structure that embraces the chromatin fibre(s) (Anderson et al,
2002; Haering et al, 2008). Two additional proteins named Pds5
and Wapl interact closely with cohesin to modulate its binding
to chromatin and are sometimes considered cohesin subunits
(Losada et al, 2005; Gandhi et al, 2006; Kueng et al, 2006; Gause
et al, 2010). Another cohesion factor named Sororin associates
with and stabilizes the cohesin rings embracing two sister
chromatids after DNA replication (Lafont et al, 2010;
Nishiyama et al, 2010).

In somatic vertebrate cells, there are two versions of the Scc3/
SA subunit, SA1 and SA2 (Carramolino et al, 1997; Losada et al,
2000; Sumara et al, 2000). They are ~1250 amino acid long
proteins with >75% sequence identity along their central core,
which contains two long regions of a-rod repeats (Palidwor et al,
2009). The N-terminal and C-terminal domains are more diver-
gent. Cohesin-SA2 (i.e., cohesin containing the SA2 subunit) is
3-10 times more abundant than cohesin-SA1 in human (HeLa)
and Xenopus somatic cells, whereas Xenopus eggs contain 10
times more cohesin-SA1 than cohesin-SA2 (Losada et al, 2000;
Holzmann et al, 2010). The functional differences between the
two complexes are yet to be clarified. Immunofluorescent
staining indicates that SA1 and SA2 distribute throughout inter-
phase chromatin in an indistinguishable manner (Losada et al,
2000; Sumara et al, 2000). Genome-wide analyses using chro-
matin immunoprecipitation (ChIP) techniques also suggest that
there are no significant differences between the distribution of a
common cohesin subunit like Rad21 and either SA2 (Wendt
et al, 2008) or SAl (Rubio et al, 2008). Both cohesins are
released in prophase and only a small fraction is left by
metaphase to ensure chromosome alignment (Vagnarelli et al,
2004; Toyoda and Yanagida, 2006). SA1 and SA2 can be detected
at the centromeres of mitotic chromosomes from Xenopus egg
extracts and human cells, respectively (Losada et al, 2000; Hauf
et al, 2005) and Sgol-PP2A, the protector of centromeric
cohesin, can reverse the phosphorylation of both SA subunits
by Polo, at least in vitro (Rivera and Losada, 2009). However,
downregulation of SA1 or SA2 in HeLa cells by siRNA has led to
suggest that cohesin-SA2 is specifically required for centromeric
cohesion whereas cohesin-SA1 is responsible for arm and
telomere cohesion (Canudas and Smith, 2009).
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To gain insight into the functional specificity of SA1 and
SA2-containing cohesin complexes and their importance for
cell viability, we have generated mouse embryos deficient for
SA1. This approach ensures a complete absence of the protein
and gives us the opportunity to transcend the cellular level in
our studies and address the relevance of SA1 functions in
embryonic development. This is particularly important in view
of the existence of a human developmental disorder affecting 1
in 10000 newborns, known as Cornelia de Lange syndrome
(CdLS), caused by heterozygous mutations in the gene encod-
ing the cohesin loader Nipbl/Scc2 (Liu and Krantz, 2009).
Moreover, inactivation of SA2 has been very recently proposed
to drive aneuploidy in human cancer (Solomon et al, 2011).
Here, we show that SA1 deficiency results in delayed embryo
development and lethality, which demonstrates that the func-
tions of cohesin-SA1 and cohesin-SA2 are not redundant. We
report for the first time that defects in cohesin-SA1 function
generate aneuploidy and result in increased incidence and
earlier onset of tumourigenesis. Unlike cohesin-SA2, lack of
cohesin-SA1 leads to aneuploidy in the absence of precocious
separation of sister chromatids (PSSC) in metaphase. Instead,
chromosome segregation defects are caused by defective telo-
mere replication in the absence of telomere cohesion, which is
mediated exclusively by cohesin-SA1.

Results

Ablation of SA1 results in late embryonic lethality

We obtained from the German Gene Trap Consortium an
embryonic stem (ES) cell line in which a rFIpROSA-geo
cassette containing a splicing acceptor site and a polyadeny-
lation sequence was inserted between exons 3 and 4 of the
murine Stagl gene encoding the SAl-cohesin subunit
(Figure 1A). The insertion creates a null allele and mouse
embryos carrying this allele turn blue upon incubation in
X-gal (Figure 1B). Heterozygous mice are viable and fertile
but they do not produce homozygous progeny, indicating
that SA1 function is essential for viability (Supplementary
Table S1). Homozygous mutant embryos can be found at
Mendelian ratios by day 11.5 of gestation (E11.5), allowing us
to obtain mouse embryonic fibroblasts (MEFs) lacking SA1
mRNA (Figure 1C) or protein (Figure 1D). SA1 transcripts are
1-3 times more abundant than those of SA2 in MEFs, ES cells
and in cells from different mouse tissues (Supplementary
Figure S1A and B) whereas SA2 protein levels are three times
higher than SA1 in MEFs (Supplementary Figure S1C). The
levels of SA2 mRNA and SA2 protein remain virtually un-
changed in the SAl-null MEFs (Figure 1C and D, respec-
tively), suggesting that no compensatory upregulation of the
other SA subunit occurs. SA1-null MEFs show clear prolifera-
tion defects (Figure 1E) that cannot be attributed to an
obvious cell-cycle arrest or to senescence (Figure 1F and
data not shown), and are highly aneuploid even in very
early passages (Figure 1G). Importantly, in cells obtained
from fetal livers at E14.5, without any passage in culture,
aneuploidy is also higher in the SAl-null liver cells
(Figure 1H). Viability of SA1-null embryos strongly decreases
by E12.5 but some embryos that survive to E18.5 are much
smaller than their wild-type littermates (Figure 1I) and show
a substantial reduction of BrdU incorporation in most em-
bryonic tissues (Figure 1J). They present a clear develop-
mental delay and additional features that are reminiscent of
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CdLS, such as impaired lipid metabolism and delayed ossifi-
cation (Remeseiro et al, 2012). Thus, some functions of
cohesin-SA1 that cannot be performed by cohesin-SA2
are essential for cell proliferation and, thereby, to fulfil
embryonic development.

SA1 heterozygous animals have increased risk of cancer
but are protected against acute tumourigenesis

SA1 heterozygous mice have increased incidence of sponta-
neous tumours, shorter lifespan than their wild-type litter-
mates and some features of premature ageing such as acute
kyphosis (Figure 2A and B; Supplementary Figure S2A,
respectively). Monoallelic inactivation of SA1 accelerates
the onset of tumourigenesis and changes the spectrum of
tumours from that observed in wild-type mice. Increased
incidence of hepatocellular carcinomas and some other car-
cinomas, as well as vascular tumours, is observed in SAl
heterozygous mice. Most remarkable is the early appearance
of cystic papillary neoplasm (labelled as ‘pancreas’ in
Figure 2A), which resembles human pancreatic intraductal
papillary mucinous neoplasm and is extremely infrequent in
mice (Supplementary Figure S2B, top panel). Tumours of
mesenchymal origin, such as haematopoietic tumours (lym-
phomas and histiocytic sarcomas), are common in ageing
wild-type mice of this genetic background, but appear earlier
in the SAl heterozygous animals (see examples in
Supplementary Figure S2B). To further address the contribu-
tion of SA1 haploinsufficiency to tumourigenesis, we induced
tumour formation both genetically and chemically. In terms
of survival and tumour incidence, we did not observe sig-
nificant differences between wild-type and SA1 heterozygous
mice in p53-null and PTEN heterozygous backgrounds, prob-
ably due to the dominant effect that the loss of function
of these tumour suppressors has in tumourigenesis
(Supplementary Figure S2C). Strikingly, young SA1 hetero-
zygous mice showed clear resistance to carcinogenesis
upon treatment with 3-methyl-colanthrene (3-MC) and
diethyl-nitrosamine (DEN) to induce fibrosarcomas and
liver tumours, respectively (Figure 2C and E). Increased
DNA damage signalling (yH2AX staining) and lower
proliferation rates (Ki67 staining) could be observed in
fibrosarcoma samples from SAl heterozygous mice
(Figure 2D; Supplementary Figure S2D). DEN-induced liver
tumours from these animals also showed reduced number of
Ki67-positive cells (Figure 2F). Thus, we suspect that the
reduced proliferative capacity of SA1-deficient cells delays the
growth of acute induced tumours in the young animals.
However, SA1 haploinsufficiency increases susceptibility to
spontaneous tumours and accelerates death in ageing mice
by promoting aneuploidy.

Telomere-specific cohesion defects in SA1-null cells

Metaphase spreads from SA1-null cells present chromosomes
with normally paired centromeres (Figure 3A), suggesting
that cohesin-SA1 is not essential to maintain centromere
cohesion in mouse chromosomes. Treatment of the mouse
C2C12 cell line with siRNAs against SA1, SA2, both SA1 and
SA2 or SMCI further confirmed this result (Figure 3B; wes-
tern blot analysis in Supplementary Figure S3A). The lack of
only SA1 does not affect centromere cohesion, whereas the
absence of SA2 does. Double depletion of SA1 and SA2, or
depletion of SMC1 increases by almost four-fold the percen-
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tage of metaphases with more than four chromosomes show-
ing clear centromere cohesion defects (Figure 3B). This result
suggests that both cohesin-SA1 and cohesin-SA2 contribute to
arm cohesion so that in the absence of both separation of the
sister centromeres becomes more evident. Since arm and
telomere cohesion are difficult to assess in metaphase
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ance of doublets, are significantly increased in the SAl-null
MEFs for the subtelomeric probes, but not for the arm probes,
suggesting that SA1 has a specific role in telomere cohesion in
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mouse cells (Figure 3C). Downregulation of SA1 or SA2 in
MEFs by siRNA also showed that telomere cohesion specifi-
cally depends on SA1 whereas arm cohesion in the loci
examined was only affected by the absence of SA2
(Figure 3D). Taken all together, our results indicate that
centromeric cohesion relies on cohesin-SA2 whereas cohesin-
SA1 plays a unique role in telomere cohesion in mouse cells.

Aberrant telomeres in cells lacking SA1

We next looked at sister chromatid exchange at telomeres
(T-SCE), an event that needs cohesion, by means of a FISH
technique involving the use of telomeric probes specific for
the lagging and the leading strands, chromosome orientation
FISH or CO-FISH (Bailey et al, 2004). Consistent with the loss
of cohesion, we found a two-fold decrease in T-SCE in cells
lacking SA1 (Figure 4A). Telomere length was similar in wild-
type and SA1-null MEFs (Figure 4B), whereas the number of
telomere fusions was higher in the absence of SA1 (1.2 fusion
events per 100 chromosomes compared with 0.17 in wild-
type cells, n=2 clones per genotype, at least 1100 chromo-
somes counted). More striking was the high incidence of
aberrant telomere structures in SAl-null mitotic chromo-
somes, as judged by the appearance of an irregularly shaped,
not round but elongated or split telomeric FISH signal (Figure
4C and D). SA1 heterozygous MEFs showed an intermediate
phenotype (Figure 4D, grey bar). These aberrant structures,
known as fragile telomeres, have been described in mouse
cells deficient for components of the shelterin complex that
binds the TTAGGG repeats and safeguards the ends of mam-
malian chromosomes (Munoz et al, 2005; Palm and de Lange,
2008; Martinez et al, 2009; Sfeir et al, 2009). They receive this
name for their resemblance to common fragile sites, chromo-
somal regions that challenge the replication machinery and
are often visualized as breaks or gaps in metaphase chromo-
somes upon partial inhibition of DNA synthesis (Durkin and
Glover, 2007). Indeed, treatment of wild-type MEFs with low
doses of the DNA replication inhibitor aphidicolin increases
significantly the frequency of fragile telomeres in control cells
and even in SAl heterozygous cells (Figure 4E, white and
grey bars, respectively). However, this is not the case for SA1-
null cells, maybe because a further increase in the already
high incidence of fragile telomeres prevents progression to
mitosis (Figure 4E, black bars). Telomere fragility in SA1-null
cells does not result from impaired recruitment of shelterin to
telomeres, as shown by both chromatin fractionation and
ChIP-dot blot assays (Figure 4F and G). Importantly, expres-
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sion of full-length SA1 in SAl-null MEFs rescues telomere
fragility almost completely (Supplementary Figure S4), con-
firming that the telomere defect is due to impaired cohesin-
SA1 function.

Deficient telomere replication in SA1-null cells

In order to assess telomere replication, we performed single-
molecule analysis of replicated DNA (SMARD) on telomeric
regions (Norio and Schildkraut, 2001; Sfeir et al, 2009) in
primary wild-type and SAl-null MEFs. By counting the
number of telomeric molecules containing a labelled nucleo-
tide (IdU and/or CldU), we observed a highly significant
reduction in the fraction of replicating telomeres in the SA1-
null MEFs (P<0.0001; Figure 5A and B). Among the labelled
telomeres, twice as many molecules were doubly labelled in
the sample from SA1-null cells (13.9%) compared with wild-
type cells (6.6 %), which also reflects slower replication. Cell-
cycle profiles of the two populations and BrdU incorporation
at the time point studied were identical (Supplementary
Figure S5), suggesting that there is not a general defect in
S-phase progression. The specificity of this defect at telo-
meres is further supported by the SMARD analysis of the IgH
locus as a control, which showed no evidence for altered
replication dynamics in the absence of SA1 (P=0.78; Figure
5B and C). Thus, SA1l is specifically required for proper
replication of telomeres.

Cohesion mediated by cohesin-SA1 contributes to
efficient replication of telomeres

We next asked what is the mechanistic contribution of
cohesin-SA1 to telomere replication. On one hand, cohesin
affects origin activation most likely by promoting the proper
organization of replication factories by intra-chromatid loop-
ing (Guillou et al, 2010). On the other, cohesion mediated by
cohesin could contribute to HR required to restart stalled
forks frequently found at telomeres (Sfeir et al, 2009; Badie
et al, 2010). To distinguish between these two possibilities,
we checked the effect of Sororin on telomere fragility. Sororin
is a cohesin-interacting factor required for sister chromatid
cohesion but not for origin activation (Guillou et al, 2010;
Nishiyama et al, 2010). As in MEFs, telomere fragility oc-
curred specifically upon treatment of C2C12 cells with
siRNAs against SA1, but not SA2 (Figure 5D, grey bars), or
upon addition of aphidicolin (Figure 5D, black bars).
Importantly, cells with reduced Sororin showed a significant
increase in telomere fragility (see Supplementary Figure S3B
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Figure 1 A knockout mouse model for cohesin-SA1 subunit. (A) Schematic representation of the Stagl-knockout (KO) allele used in this study.
The murine Stagl locus encoding SA1 contains 34 exons. The precise location of the gene trap cassette is indicated as well as the position of the
primers used for genotyping. LTR, long terminal repeat; SA, splice acceptor; fgeo, -galactosidase/neomycin phosphotransferase fusion gene;
PA, polyadenylation sequence; triangles represent target sites for FLPe and Cre recombinases (Schnutgen et al, 2005). (B) X-gal staining of
whole embryos carrying the KO allele in heterozygosis (left) and homozygosis (right), and PCR analysis of DNA purified from cells of the
indicated genotypes. (C) Quantitative RT-PCR analysis to evaluate the mRNA levels of SA1 and SA2 in the indicated MEFs. Values are given as
picograms per 2 pg of total RNA. (D) Western blot analysis of whole-cell extracts prepared from MEFs. Tubulin is used as loading control. (E)
Growth curves of primary MEFs of the indicated genotypes (left) and representative images of the cultures by day 6 after plating the same
number of cells. (F) DNA content profile of asynchronous wild-type and SA1-null primary MEFs. Percentage of cells in each phase of the cell
cycle is shown. (G) Graph showing the distribution in the number of chromosomes of at least 100 metaphases from two clones of wild-type,
two clones of heterozygous and six clones of SAl-null primary MEFs. (H) Same analysis carried out in cells from fetal livers. At least 150
metaphases from three wild-type and three SA1-null embryos were examined. (I) E18.5 embryos from the same litter were photographed and
genotyped. Notice the reduced size of the SA1-null embryos. (J) BrdU staining of skin and kidney sections from E17.5 embryos of the indicated
genotypes. Arrowheads point to proliferative areas, such as hair follicles in the skin (top panels) and the outer layer of the kidney (bottom
panels). Automated quantification of the relative BrdU-positive area in whole embryo sections with Definiens Software shows a clear reduction
of 23.4+£0.7% in SAl-null embryos with respect to wild-type (n =4 wild-type embryos and n=35 SAl-null E17.5 embryos were analysed).
Scale bars, 200 pm (top) and 100 pm (bottom).
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Figure 2 Reduced lifespan and increased incidence of spontaneous tumours in SAl heterozygous mice, but higher resistance against
chemically induced tumours. (A) Tumour incidence in wild-type (n=25) and SA1 heterozygous mice (n=37) relative to animal age in
weeks. Note that SA1 heterozygous mice present higher tumour incidence and earlier onset of tumourigenesis. Haematopoietic tumours,
fibrosarcomas, lung, liver, vascular and pancreas tumours are represented; the category ‘others’ includes osteomas, papillomas and mammary
gland tumours. (B) Kaplan-Meier survival curves for wild-type (blue) and SA1 heterozygous mice (red) (n=25 and 37, respectively).
(C) Kaplan-Meier curves showing tumour-free survival for wild-type and SA1 heterozygous mice injected with 3-MC to induce fibrosarcomas
(n=15 animals per genotype). (D) Quantification of cells showing positive staining for Ki67 and yH2AX on tissue sections from fibrosarcomas
like those shown in Supplementary Figure S2D. Five fields were counted per mouse of a total of four mice of each genotype. (E) Wild-type and
SA1 heterozygous 15-day-old male mice (n=4 each) were injected with DEN and appearance of liver tumours was assessed by computed
tomography (CT) at the indicated times after injection. (F) Quantification of Ki67-positive cells (left) in tissue sections of the liver tumours
induced by DEN (right). Five fields were counted per mouse of a total of four mice of each genotype. Scale bars, 50 pm.

for western blot analysis). Thus, the cohesive function of contribute to cohesion and prevent fragile site breakage along
cohesin-SALl is required for efficient fork progression through chromosome arms, while only cohesin-SA1 can perform this
subtelomere/telomere regions. In addition, we observed that function at telomeres.

depletion of SA1 or SA2 alone did not increase the percentage

of chromosomes with breaks upon aphidicolin treatment Defective chromosome segregation in SA1-null cells
compared with control cells, whereas simultaneous depletion leads to aneuploidy

of both or depletion of Sororin did (Figure SE, black bars). To explore the mechanism that generates aneuploidy, we
This result indicates that both cohesin-SA1 and cohesin-SA2 followed progression through mitosis of wild-type and
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Figure 3 A specific role of SA1 in telomere cohesion. (A) Metaphase spreads from wild-type and SA1-null MEFs showing proper centromere
cohesion. Scale bars, 10 um. (B) Metaphase spreads from mouse C2C12 cells treated with control (top panel) and siRNA against SA2 (bottom
panel) are shown as examples of proper and defective centromere cohesion, respectively. Scale bars, 10 pm. On the right, bar graph with the
quantification of metaphase cells showing none, 1-3 or >4 chromosomes with split centromeres after treatment with the indicated siRNAs
(n>200 metaphases per condition from two independent experiments). (C) FISH analysis of wild-type or SA1-null primary MEFs in interphase
with probes from the subtelomeric regions of chromosome 8 and 10 (Telo 8 and Telo 10) and arm regions of the same chromosomes (Arm 8 and
Arm 10). n>100 cells per clone from two independent clones per genotype. Scale bars, 5 pm. (D) FISH analysis performed as in (C) in wild-type
primary MEFs untransfected or transfected with siRNAs against SA1 (siSA1) or SA2 (siSA2). n>100 cells per condition.

SAl-null MEFs by live-cell imaging. Previous results in
human cells had shown that depletion of cohesin causes a
Mad2-dependent metaphase arrest triggered by the lack of
tension in the absence of proper centromeric cohesion
(Toyoda and Yanagida, 2006). In contrast, the time that
cells spend in mitosis before starting anaphase is similar in
wild-type and SAl-null MEFs (median is 40 and 45min,
respectively; Figure 6A, blue lines), consistent with the
finding of robust centromeric cohesion in these cells.
However, almost 30% of mitotic cells lacking SA1 fail to
complete mitosis appropriately and either are unable to
complete cytokinesis and end up as binucleated cells
(Figure 6A, green lines; Figure 6B, middle), or start ana-
phase but then collapse into one single tetraploid nucleus
(Figure 6A, yellow lines), or die in mitosis before deconden-

W q}olecular Biology Organization

sing their chromosomes (mitotic catastrophe; Figure 6A,
black lines; Figure 6B, bottom). Thus, cells in the two
former categories become tetraploid after traversing
mitosis. Staining of fixed cells also showed a five-fold
increase in the number of binucleated cells among SA1-
null cells compared with wild-type cells (Supplementary
Figure S6). We have observed increased frequency of both
lagging chromosomes and chromatin bridges among the
SAl-null cells (Figure 6C, black bars). The presence of
these structures could account for the observed cleavage
furrow regression that results in either mitotic catastrophe
or tetraploidization. While the former phenotype may con-
tribute to the decreased proliferation rates of SA1-null cells,
the latter is a reported initiator of aneuploidy (Ganem et al,
2007). We also found increased frequency of defective
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anaphases in SA1 heterozygous cells, both ex vivo (in MEFs; the idea that aneuploidy resulting from faulty chromosome
Figure 6C, grey bars) and in vivo (in tissue sections; segregation promotes tumourigenesis in SA1 heterozygous
Supplementary Figure S7). This finding further supports animals.
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Telomere replication defects cause chromosome Immunostaining of SAl-null MEFs going through anaphase
missegregation in SA1-null cells reveals that out of 21 anaphases displaying chromatin bridges
We next tested whether replicative stress could lead to none showed centromere (ACA) staining at the bridge,
chromosome segregation defects in MEFs. Indeed, wild-type whereas telomere (TRF1) signals could be detected in 13 of
MEFs treated with low doses of aphidicolin show high in- them (Figure 7B, top and middle panels). The lack of TRF1
cidence of both lagging chromosomes and anaphases bridges staining in the other eight anaphases could reflect loss of the
(Figure 7A). Since SAl-deficient cells present replication shelterin upon chromatin stretching. This result supports the
defects specifically at telomeres, it is reasonable to propose hypothesis that unresolved replication intermediates from
that the chromosome segregation defects described in the subtelomere/telomere regions interfere with chromosome
previous paragraph result from impaired telomere replication. segregation and lead to the formation of anaphase bridges.
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Figure 5 SMARD analysis of telomeric DNA reveals defective replication in SA1-null MEFs upon loss of telomere cohesion. (A) Examples of
stretched telomeric DNA molecules of variable lengths (50-150kb), identified by FISH with a telomeric probe (blue), that incorporated IdU
(red) and/or CldU (green) during the time of the pulses. (B) Results of the SMARD analysis for telomeres (top) and molecules containing the
IgH locus as control (bottom) from wild-type and SAl-null MEFs. (C) Examples of IdU/CldU (red/green) incorporation patterns in Swal-
digested fragments (180 kb) corresponding to the IgH locus, as identified by FISH with the indicated probes (blue). (D) Quantification of fragile
telomeres in mouse C2C12 cells treated with no siRNA (mock) or siRNAs against SA1 (siSA1), SA2 (siSA2) or both (siSA1 + SA2) or Sororin
(siSororin), either in the absence (grey bars) or in the presence of aphidicolin (black bars) as in Figure 4E. (E) Quantification of breaks along
the chromosome arms in the indicated cells either untreated (grey bars) or treated with aphidicolin (black bars). The images on the right show
examples of the broken chromosomes.

Figure 4 Telomere fragility in the absence of SA1. (A) T-SCE measured by CO-FISH (chromosome orientation FISH) in the telomeres of primary
MEFs. The drawing on the left explains how T-SCE are visualized. The images on the middle show an example in which the telomeres indicated
by arrowheads have undergone exchange since they are labelled by both the leading and the lagging strand-specific telomeric probes (green
and red, respectively). Quantification of exchange events is shown in the bar graph on the right. (B) Telomere length measured by Q-FISH
(quantitative FISH) for telomeres from wild-type and SA1-null MEFs (12 metaphase cells from two clones for each genotype). (C) Metaphase
chromosomes from wild-type and SAl-null MEFs stained with a telomeric repeat probe (red) and DAPI (blue). Arrowheads point to fragile
telomeres. (D) Quantification of fragile telomeres in chromosomes from two clones each of wild-type, SA1 (+/—) and SAl-null MEFs. (E)
Telomere fragility measured in wild-type, SA1 (+ /—) and SA1-null MEFs either untreated (—) or treated (+ ) with 0.5 uM aphidicolin for 24 h.
In all cases two clones of each genotype were used. (F) ChIP-dot blot analysis of two clones each of wild-type and SAl-null MEFs with
preimmune serum as negative control (PI), anti-TRF1 and anti-H3K9m3 as positive control. The chromatin obtained was transferred to a
membrane and hybridized with a telomeric probe and a centromeric probe (major satellite) as control. TRF1 is present only at telomeres and its
abundance is not affected by the lack of SAl. (G) Chromatin fractionation followed by immunoblotting with antibodies against cohesin
subunits and shelterin proteins in wild-type and SAl-null cells. Mek2 cytoplasmatic kinase and histone H3 are used as control for the
fractionation procedure. WCE, whole-cell extract; Cyt, cytoplasm; Np, nucleoplasm; Chr, chromatin fraction. The amount of TRF1 and Rapl1 in
chromatin does not depend on SA1 (lanes 4 and 8).
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Figure 6 Chromosome segregation defects in SAl-null cells. (A) Graphical summary of the fates of mitotic cells from wild-type (n =88) and
SAl-null MEFs (n=86) observed by live-cell imaging. Each line represents the progression through mitosis of a single cell and it is coloured
according to the legend shown below the graph. (B) Examples of wild-type and SA1-null MEFs progressing through mitosis after transfection
with H2B-mCherry (red) to label chromatin. The time after NEBD for each frame is indicated. Examples of a normal mitosis (top), a mitosis that
leads to the formation of a binucleated cell (middle) and a mitosis that ends up in cell death (bottom) are shown. (C) Aberrant anaphases in
SA1 (+ /-) and SAl-null MEFs. Examples of a proper anaphase (top), an anaphase with a lagging chromosome (middle) and an anaphase with
a chromatin bridge (bottom) are shown (12>50 cells per clone from two independent clones per genotype).

We also examined anaphases with lagging chromosomes and
found that in all cases (20 out of 20) the lagging chromosome
consisted of two paired chromatids (Figure 7B, bottom
panels). In this case, we speculate that unreplicated regions
in the short arm telomere, which is next to the centromere,
prevent the separation of sister centromeres.

Taken all together, we show that the absence of telomere
cohesion in cells lacking SA1 results in defective telomere
replication. This generates fragile telomeres and is the cause
of chromosome missegregation leading to mitotic catastrophe
and aneuploidy.

Discussion

A mouse model to address cohesin functions in vivo

The importance of cohesin function in cell proliferation and
differentiation is expanding rapidly (Merkenschlager, 2010;
Dorsett, 2011). Mouse models appear as appropriate tools to

RIGHTS LI M K4y VOL31|NO9|2012

unravel these different functions and their regulation both
temporally (during embryo development and adult ageing)
and spatially (in different tissues and organs). To date, mice
deficient for genes encoding components of the cohesin
complex have been generated for three meiosis-specific sub-
units, Smcl B (Revenkova et al, 2004), Rec8 (Xu et al, 2005)
and Rad21L (Herran et al, 2011) and also recently for Rad21
(Xu et al, 2010). The first three are viable but sterile whereas
biallelic inactivation of Rad21 results in early embryonic
lethality and only the radiosensitivity of Rad21 heterozygous
animals was reported. A mouse with a conditional allele of
the Rad2l locus has also been generated and used for
depleting cohesin specifically in non-cycling thymocytes
(Seitan et al, 2011). Thus, our study presents the first thor-
ough characterization of a mouse model of a ubiquitously
expressed cohesin subunit, SA1, for embryonic development
and cancer. SAl-null embryos are embryonic lethal, which
demonstrates that cohesin-SA1 performs a function that

©2012 European Molecular Biology Organization
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Figure 7 Defective telomere replication causes chromosome mis-
segregation. (A) Frequency of anaphase bridges and lagging chro-
mosomes in wild-type MEFs untreated (-Aph) or treated (+ Aph)
with low doses of aphidicolin (0.5uM 24 h). Examples of chromo-
some segregation defects induced by global inhibition of replication
are shown on the right. (B) Examples of SAl-null anaphase cells
with chromosome segregation problems stained with antibodies
against TRF1 (red) and ACA (green). Cells were pre-extracted with
detergent before fixation. The top and middle panels show the
presence of telomeres but no centromeres at the chromatin bridges.
The bottom panel shows a lagging chromosome containing two
sister chromatids. Confocal microscopy was used to ensure that
TRF1 signals were in the same focal plane as the DNA.

cannot be accomplished by cohesin-SA2. Inactivation of SA1
permits embryos to survive at least to E12.5 and, in some
cases, even to E18.5. Decreased proliferation rates of the SA1-
null cells due to metabolic stress resulting from aneuploidy
(Williams et al, 2008), to reduced cell survival upon passage
through mitosis (this study) or to transcriptional dysregula-
tion of pro-proliferation genes like myc (Rubio et al, 2008;
Rhodes et al, 2010; Remeseiro et al, 2012) likely contribute to
the lethality of SA1-null embryos.

Cohesin-SA1 is required for efficient telomere
replication

Cohesin complexes carrying SA1 and SA2 subunits are not
functionally redundant. We have shown that cohesin-SA2 is
more critical for centromeric cohesion and cohesin-SA1 has a
specific role in telomere cohesion, consistent with previous
results in HeLa cells (Canudas and Smith, 2009). Whereas
both contribute to cohesion and prevent fragile site formation
along chromosome arms, only cohesin-SA1 can perform this
role at telomeres. We show mechanistic evidence of the

-1folecular Biology Organization
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deleterious effects of cohesion loss for efficient replication
of telomeres, since downregulation of Sororin, a cohesin-
interacting factor specifically required for cohesin to become
cohesive, results also in telomere fragility. The repeated
nature of telomeric sequences, the propensity of their
G-rich strand to form G4 DNA structures, and the presence
of the t-loop hinder the passage of replication forks (Gilson
and Geli, 2007). Furthermore, stalled forks occurring at
chromosome ends cannot be rescued by forks progressing in
the opposite direction. Recent reports shed light on how the
cell deals with this problem (Sfeir et al, 2009; Badie et al, 2010;
Ye et al, 2010). Replicative stress specifically at telomeres
increases dramatically in the absence of SA1, as evidenced
by the high incidence of fragile telomeres and confirmed by
the results of the single-molecule analyses (SMARD). We
propose that cohesion mediated by cohesin-SA1 is an impor-
tant component of the pathway that stabilizes arrested forks
at telomeres and facilitates their restart and/or promotes
HR-mediated repair of breaks generated upon fork collapse.

A new mechanism to generate aneuploidy when
cohesin function is impaired

We have shown that SAl-null cells, despite their robust
centromere cohesion, have defects in chromosome segrega-
tion that most likely arise from defective telomere replication
(see model in Figure 8). Aberrant telomere structures result-
ing from incomplete replication might hinder proper orienta-
tion of the sister kinetochores in the acrocentric mouse
chromosomes, thus increasing the chance of merotely (i.e.,
a single kinetochore attached to both spindle poles), which
generates lagging chromatids in anaphase (Cimini et al, 2001;
Salmon et al, 2005). A close analysis of defective anaphases
in SA1-null cells shows that lagging chromosomes consist of
two paired sister chromatids, not just one. We therefore
favour the alternative possibility that unreplicated regions
in subtelomere/telomere regions of the short arm prevent the
separation of sister centromeres. If the unresolved replication
intermediate happened in the long arm, it would generate
instead a chromatin bridge containing telomere sequences,
and we show evidence for these as well. Our hypothesis is
consistent with recent reports showing that incompletely
replicated regions or unresolved replication intermediates,
or disruption of homology-directed repair, give rise to chro-
matin bridges and lagging chromosomes in anaphase (Torres-
Rosell et al, 2007; Chan et al, 2009; Naim and Rosselli, 2009;
Kawabata et al, 2011; Laulier et al, 2011; Lukas et al, 2011).
The presence of these structures prevents proper cytokinesis
and results in either mitotic catastrophe or tetraploidization,
and the latter could drive aneuploidy in SAl-deficient cells.
Ablation of telomere proteins can also lead to aneuploidy by
additional mechanisms involving either chromosome fusion-
breakage-bridge cycles following telomere de-protection
(Smogorzewska et al, 2002) or bypass of mitosis upon
persistent damage signalling in the uncapped telomeres
(Davoli et al, 2010).

Importantly, SA1 heterozygosity also leads to telomere
fragility, chromosome segregation defects and aneuploidy.
This aneuploidy is likely to contribute to tumourigenesis, as
we show that SA1 heterozygous mice develop spontaneous
tumours earlier than their wild-type littermates and with a
distinct tumour spectrum. Until recently, little was known of
the involvement of cohesin mutations in human cancer (Xu
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Figure 8 The role of cohesin-SA1l in telomere cohesion and replication is essential for accurate chromosome segregation and to prevent

aneuploidy. See text for details on the model.

et al, 2011). Inactivation of SA2 has now been found in a
diverse range of tumour types and it has been proposed that
lack of SA2 function leads to aneuploidy due to PSSC in
metaphase (Solomon et al, 2011), in agreement with previous
reports (McGuinness et al, 2005; Canudas and Smith, 2009).
We propose that inactivation of SA1 also generates aneuploi-
dy, but through a completely different mechanism involving
impaired telomere replication.

Materials and methods

Generation of SA1-knockout mouse model, MEFs isolation
and cell culture

An ES cell line containing a SA1-Gene Trap allele (PO99A04) was
obtained from the German Gene Trap Consortium (Schnutgen et al,
2005). Chimeric mice were generated by microinjection of ES clones
into S129V host blastocysts, which were then implanted into
pseudopregnant C57Bl/6J females, and germline transmission was
assessed. Mice were housed in a pathogen-free animal facility
following the animal care standards of the institution. The following
primers were used for genotyping by PCR: F, 5-GTGCTAGGATG
ACTCTGAAACTG-3; B32, 5-CAAGGCGATTAAGTTGGGTAA CG-3'; R
5’-TGTGCTAGGCAGACAGTCTCC-3. Primary MEFs were isolated
from E12.5 embryos resulting from intercrosses of SA1 hetero-
zygous mice and cultured in DMEM/10% FBS.

Q-FISH, CO-FISH and interphase FISH

Metaphases for Q-FISH were prepared and hybridized as previously
described (Martinez et al, 2009). Images were captured using Leica
Q-FISH software and quantification of telomere intensities to
determine telomere length was performed with TFL-Telo software.
In the indicated cases, cells were cultured in 0.5 uM aphidicolin for
24h. For CO-FISH, MEFs were cultured in the presence of 10 uM
BrdU for 24 h to ensure complete replication and then CO-FISH was
performed using first a fluorescein-labelled (TTAGGG); probe and
then a Cy3-labelled (CCCTAA); probe (Applied Biosystems). FISH
on interphase cells was done according to standard protocols, using
probes from subtelomere and arm regions, which were labelled by
nick-translation (Abbott Inc.) on BAC clones from a mouse library
[BAC references: RP23-326G18 (telomere8), RP23-310L10 (arm8),
RP23-71E10 (telomerel0), RP23-453P21 (arm10)]. The percentage of
cells with doublets was determined upon counting at least 100 cells
per genotype and per experiment.

SMARD

For SMARD assay, asynchronously growing MEFs were sequentially
labelled with 25mM IdU (4h) and 25mM CIdU (4 h). Cells were
embedded in agarose plugs, lysed and DNA was digested with Swal
and fractionated by PFGE to select 50-150 kb fragments enriched in
telomeric DNA as described (Norio and Schildkraut, 2001; Sfeir
et al, 2009). DNA was stretched on microscope slides coated with 3-
amino-propyltriethoxysilane (Sigma), denatured in alkali-denatur-
ing buffer (0.1 N NaOH in 70% ethanol and 0.1% B-mercaptoetha-
nol) for 12min and fixed by addition of 0.5% glutaraldehyde
for 5min. Telomeric DNA was detected by hybridization with a

RIGHTS (Y '1;,. VOL 31 | NO 9| 2012

Biotin-OO-(CCCTAA)4 PNA probe and Alexa Fluor 350-conjugated
NeutrAvidin antibody (Molecular Probes) followed by biotinylated
anti-avidin antibody (Vector). Halogenated nucleotides were
detected with a mouse anti-IdU monoclonal antibody (BD), a rat
anti-CldU monoclonal antibody (Accurate) and Alexa Fluor-
conjugated secondary antibodies.

Chromosome spreads from MEFs and fetal livers

MEFs in culture were arrested in 0.1 pg/ml colcemide for 4-6h,
harvested by trypsinization, swollen in 75mM KCl for 30 min at
37°C and fixed in methanol:acetic acid 3:1. Fetal livers from E14.5
embryos were minced with a scalpel and the cell suspension was
incubated for 10min at 37°C in 0.1 pg/ml colcemide in EDTA-
containing buffer, further incubated in 75mM KCI for 15min and
fixed in methanol:acetic acid 3:1. In both cases, the fixed
suspension was dropped onto slides to obtain chromosome spreads
that were stained and mounted with ProLong-Gold with DAPI
(Invitrogen) and visualized using a Leica fluorescence microscope.

FACS

FACS analysis for DNA content was performed using propidium
iodide staining, according to the standard procedures. For BrdU
staining, cells were pulsed with 10 uM BrdU for 40 min, fixed and
incubated with FITC-conjugated anti-BrdU antibody (BD Bios-
ciences). Flow cytometry was performed using the FACS Canto II
(Becton Dickinson) and data were analysed using FlowJo software
(version 9.3.1).

Quantitative RT-PCR

The amount of SA1 and SA2 transcripts in MEFs, ES cells and
different mouse tissues was determined by absolute quantitative
RT-PCR. Total RNA was extracted using the RNeasy Mini Kit
(Qiagen) and retrotranscribed with Superscript II (Invitrogen) using
random hexamer primers. An Applied Biosystems 7900HT Fast
gRT-PCR was used to determine the mRNA levels. The following
primers were used: SA1 (F: 5 AGGCTTTCATGCTGCTCTGT3’ and R:
5'TCCATGCTTT GGTTTTCCTC3'), SA2 (F: 5’GGGGGAGGAACTGT
CTTTCT3 and R: S'CCTTCAATGTCTTCAAAATCTGTG3’) and
GAPDH as reference gene (F: 5TGCACCACCAACTGCTTAGC3’ and
R: 5GAGG GGCCATCCACAGTCTTC3').

Extract preparation, immunoblotting, ChiP-dot blot

and immunofluorescence

For whole-cell extracts, cells were collected by trypsinization,
washed once in cold PBS, resuspended in SDS-PAGE loading buffer
and sonicated. For protein extracts from organs, a piece of tissue
was pulverized in a mortar containing liquid nitrogen and lysed in
RIPA buffer. Equal amounts of protein were run in either 7.5 or
12.5% Bis/Tris gels followed by western blotting. Chromatin
fractionation was performed according to the protocol described
by Mendez and Stillman (2000). For ChIP-dot blot, immunopreci-
pitates were dot-blotted into Hybond N + membrane and hybridi-
zation was performed with a radiolabelled telomeric probe
recognizing the TTAGGG repeats, and a centromeric probe
annealing with the mouse major satellite (Benetti et al, 2007). For
immunofluorescence, cells were cultured on polylysine-coated
coverslips, fixed in 4% formaldehyde for 15min at room
temperature, permeabilized in 0.2% Triton-X100 for 5min and
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subjected to antibody incubation. Images were taken using a Leica
DM6000 microscope or with a confocal SP5-WLL (for Figure 7).
Rabbit polyclonal sera against SA1, SA2, SMC1 and Sororin were
obtained by using as immunogen either a synthetic peptide
[SA1-C (CEDDSGFGMPMF), SA2 (CDPASIMDESVLGVSMF), SMC1
(CDLTKYPDANPNPNEQ)] or full-length recombinant protein
(mSororin, transferred from IMAGE clone 30065848 into pDEST17)
and affinity purified. Other custom made and commercial
antibodies used in this study were as follows: Rad2l (Losada
et al, 1998); TRF1 and Rapl (Martinez et al, 2009, 2010); H3K9m3
(Millipore, 07-442); o-tubulin (Sigma, DM1A); GAPDH (Sigma,
G8795); Histone 3 (Abcam, AB1791); Mek2 (BD, M24520);
phalloidin-488 (Invitrogen); ACA (Antibodies Inc., 15-235).

RNA interference and rescue experiments

Interference of SA1, SA2, Sororin and SMC1 was performed
with siGENOME SMARTpool siRNAs from Dharmacon (M-041989,
M-057033, M-048366 and M-049483, respectively) at a final
concentration of 100nM and experiments were done 72-96h after
transfection. For interference of C2C12 cells and MEFs, Dharma-
FECT transfection reagent 1 (Dharmacon) and the Neon transfec-
tion system (Invitrogen) were used, respectively. Rescue
experiments were performed by electroporating 10° cells with
12 pg of full-length SA1 cloned in pBABE-puro vector and telomere
fragility was assessed 40 h later.

Recombinant protein expression

RNA obtained from MEFs was used for retrotranscription and
subsequent PCR amplification of cDNA encoding SA1 and SA2
C-terminal regions (amino acids 1089-1258 and 992-1162, respec-
tively). The resultant DNA fragments were then cloned into the
EcoRI site of the pGEX-KG expression vector. Recombinant fusion
proteins were then expressed in BL21-pLys strain and purified
following standard methods. These proteins were used to quantitate
the amount of SA1 and SA2 in MEFs (Supplementary Figure S1C).

Live-cell imaging

MEFs were transfected with H2B-mCherry expression vector using
the Amaxa Nucleofector System and seeded onto chamber-slides.
Time-lapse live-cell imaging was performed using the Delta Vision
system (Applied Precision). Phase-contrast and fluorescent images
were acquired every 5min with a x 10 objective for 24 h. Image
analysis was performed using ImageJ software.

Histology and immunohistochemistry

Embryos, normal tissues and tumour samples were fixed in 10%
buffered formalin (Sigma) and embedded in paraffin using standard
procedures. For histopathological studies, 3 um sections were
stained with haematoxylin and eosin (HE). Anti-BrdU (GE
Healthcare), Ki67 (Master Diagnostica) and yH2AX (Millipore, 05-
636) primary antibodies were used for immunohistochemical
analysis, positive cells were visualized using 3,3-diaminobenzidine
tetrahydrochloride plus (DAB+) as a chromogen and counter-
staining was performed with haematoxylin.
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Carcinogen treatments

For the induction of fibrosarcomas, 8-week-old mice received a
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sesame oil in one of the rear legs. Mice were observed on a daily
basis until tumours of 1.5 cm in diameter developed in the injected
leg, at which point the animals were sacrificed and the tumours
were extracted for further analysis. Liver tumours were induced in
15-day-old male mice by intraperitoneal injection of 50 ug of DEN
diluted in 100ul of PBS. Tumour development was followed by
computed tomography (CT). Animals were observed daily and
sacrificed when they manifested signs of morbidity, in accordance
with the Guidelines for Humane End Points for Animals used in
biomedical research.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 soft-
ware. A two-tailed Fisher’s exact test was done in Figures 3C and D,
5B, 6C and 7A, and for the rest of statistical analysis a two-tailed
Student’s t-test was applied. Data are shown as meanz+s.e.m
(standard error of the mean); P<0.05 were considered significant
and actual P-values are depicted in the figures.
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