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Functional genomics identifies a requirement
of pre-mRNA splicing factors for sister
chromatid cohesion
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Abstract

Sister chromatid cohesion mediated by the cohesin complex is
essential for chromosome segregation during cell division. Using
functional genomic screening, we identify a set of 26 pre-mRNA
splicing factors that are required for sister chromatid cohesion in
human cells. Loss of spliceosome subunits increases the dissociation
rate of cohesin from chromatin and abrogates cohesion after DNA
replication, ultimately causing mitotic catastrophe. Depletion of
splicing factors causes defective processing of the pre-mRNA encod-
ing sororin, a factor required for the stable association of cohesin
with chromatin, and an associated reduction of sororin protein
level. Expression of an intronless version of sororin and depletion of
the cohesin release protein WAPL suppress the cohesion defect in
cells lacking splicing factors. We propose that spliceosome compo-
nents contribute to sister chromatid cohesion and mitotic chromo-
some segregation through splicing of sororin pre-mRNA. Our results
highlight the loss of cohesion as an early cellular consequence of
compromised splicing. This may have clinical implications because
SF3B1, a splicing factor that we identify to be essential for cohesion,
is recurrently mutated in chronic lymphocytic leukaemia.

Keywords chromosome; cohesin; cohesion; mitosis; splicing

Subject Categories DNA Replication, Repair & Recombination; RNA Biology

DOI 10.15252/embj.201488244 | Received 14 February 2014 | Revised 3 August

2014 | Accepted 18 August 2014 | Published online 25 September 2014

The EMBO Journal (2014) 33: 2623–2642

See also: J Valcárcel & M Malumbres (November 2014) and P van der Lelij

et al (November 2014)

Introduction

The correct partitioning of sister genomes during cell division

requires that sister kinetochores attach to microtubules emanating

from opposite spindle poles. To facilitate this, sister chromatids are

held together from their synthesis during DNA replication until their

disjunction by a phenomenon called sister chromatid cohesion

(Guacci et al, 1994; Nasmyth & Haering, 2009). Sister chromatid

cohesion is mediated by a ring-shaped tripartite protein complex

called cohesin that is composed of the core subunits SMC3, SMC1

and SCC1 and that is thought to topologically entrap sister chromat-

ids (Haering et al, 2008).

A number of accessory factors regulate the function and properties

of cohesin throughout the cell cycle. Cohesin loading onto chromatin

happens during telophase/G1 and is performed by a cohesin-loading

complex composed of SCC2 and SCC4 proteins (Ciosk et al, 2000).

At this stage, cohesin interacts with chromatin transiently (Gerlich

et al, 2006). A stable cohesin–chromatin liaison is prevented by the

activity of the WAPL–PDS5 protein complex (Tanaka et al, 2001;

Gandhi et al, 2006; Kueng et al, 2006; Sutani et al, 2009). The

cohesin release protein WAPL is thought to remove cohesin rings

from chromatin by opening the SMC3–SCC1 interface of the

complex (Chan et al, 2012; Buheitel & Stemmann, 2013; Eichinger

et al, 2013). The subsequent establishment of sister chromatid

cohesion requires DNA replication (Uhlmann & Nasmyth, 1998) as

well as the opposition of WAPL–PDS5 activity by the acetylation of

cohesin’s SMC3 subunit at the hands of the acetyltransferases

ESCO1/2 (Rolef Ben-Shahar et al, 2008; Unal et al, 2008; Zhang

et al, 2008; Rowland et al, 2009; Chan et al, 2012). In vertebrate

cells, sister chromatid cohesion and the stable association of cohesin

with chromatin after DNA replication also require a protein called

sororin (Rankin et al, 2005; Schmitz et al, 2007). DNA replication

and SMC3 acetylation promote the binding of sororin to PDS5 lead-

ing to the displacement of WAPL (Lafont et al, 2010; Nishiyama

et al, 2010). By antagonizing the cohesin release activity of WAPL,

sororin is thought to ensure the long-lived links that hold sister

chromatids together until mitosis (Gerlich et al, 2006; Schmitz et al,

2007; Lafont et al, 2010; Nishiyama et al, 2010).

In vertebrate cells, cohesin is removed in two discrete steps during

mitosis (Waizenegger et al, 2000). The first step takes place during
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prophase and requires WAPL as well as the phosphorylation of

cohesin subunits and regulators by mitotic kinases (Losada et al, 2002;

Sumara et al, 2002; Gimenez-Abian et al, 2004; Hauf et al, 2005;

Kueng et al, 2006; Nishiyama et al, 2013; Tedeschi et al, 2013). This

process, called the prophase pathway, removes cohesin from chro-

mosome arms in a proteolysis-independent manner. Centromeric

cohesin is rendered immune to the prophase pathway by the activity

of the shugoshin protein Sgo1 (Kitajima et al, 2004; Salic et al, 2004;

McGuinness et al, 2005). This maintains the connection between

sister chromatids at the centromere and allows the correct attach-

ment of chromosomes to the mitotic spindle. At anaphase onset,

the remaining centromeric cohesin complexes are removed from

chromatin through proteolytic cleavage of the SCC1 subunit leading

to the segregation of sister chromatids towards opposite poles

(Uhlmann et al, 2000; Hauf et al, 2001; Oliveira et al, 2010).

In addition to its function in chromosome segregation, cohesin

plays important roles in other nuclear processes including the DNA

damage response and DNA repair (Kim et al, 2002; Yazdi et al,

2002; Strom et al, 2004; Unal et al, 2004; Watrin & Peters, 2009),

chromatin organization and gene regulation. Cohesin facilitates

transcriptional termination between convergent genes in yeast

(Gullerova & Proudfoot, 2008) and controls the developmentally

regulated expression of genes in multiple systems (Rollins et al,

2004; Horsfield et al, 2007; Landeira et al, 2009; Pauli et al, 2010).

Furthermore, cohesin acts in concert with the insulator protein

CTCF (CCCTC binding factor) to promote long-range intra-chromatid

interactions that govern gene expression (Parelho et al, 2008; Rubio

et al, 2008; Stedman et al, 2008; Wendt et al, 2008; Hadjur et al,

2009; Sofueva et al, 2013; Zuin et al, 2014). Thus, cohesin has

emerged as a key regulator of gene expression.

Conversely, increasing evidence suggests that gene expression

processes impact on the function and properties of cohesin. In

budding yeast, cohesin concentrates in regions of convergent tran-

scription (Lengronne et al, 2004). SRm160, a protein belonging to

the SR family of pre-mRNA splicing regulators, was found to associ-

ate with core cohesin subunits (McCracken et al, 2005). Also, deple-

tion of UAP56 and URH49 helicases, members of the TREX complex

that couple transcription and pre-mRNA processing with mRNA

export (Lee & Tarn, 2013), led to alterations in cohesion in mitotic

cells (Yamazaki et al, 2010).

In a search for novel factors controlling mitosis in human cells,

we identify an essential and widespread role for pre-mRNA splicing

factors in sister chromatid cohesion and provide a mechanistic

explanation for their involvement during mitosis.

Results

A screen for potential new mitotic regulators identifies MFAP1

Genome-wide RNAi screens for cell cycle regulators (Mukherji et al,

2006; Kittler et al, 2007; Conery & Harlow, 2010; Neumann et al,

2010) and the proteomic analysis of the mammalian midbody (Skop

et al, 2004) have highlighted candidate proteins that could represent

novel factors involved in cell division. Using published data sets

from these approaches, we compiled a list of 718 human candidate

genes (Supplementary Fig S1A and Supplementary Table S1) for

rescreening by RNA interference-mediated gene depletion in HeLa

Kyoto cervical carcinoma cells. Established regulators of cell

division and suspected pseudogenes were removed from the list

(See Materials and Methods section for gene selection details). The

screen utilized an arrayed siRNA library containing pools of four

small interfering RNA (siRNA) duplexes for each of the 718 genes.

We employed a fluorescence microscopy-based end point assay to

detect nuclear defects in interphase cells that could be indicative for

defects in cell division. In brief, HeLa Kyoto cells were transfected

with siRNA pools in 96-well plates, grown for 52 h, fixed, labelled

with a DNA dye and whole-cell stain, and subjected to automated

image acquisition. Image data from three screen replicates were

scored for the fraction of interphase cells displaying nuclear abnor-

malities, including multi-nucleation and nuclear fragmentation

(Supplementary Fig S1B and Supplementary Table S1). siRNA pools

targeting positive control genes, such as the essential cytokinesis

regulator ECT2 (Yuce et al, 2005), scored with high phenotypic

penetrance indicating effective target depletion in the screen

(Supplementary Fig S1B and C).

Fifty candidate genes whose siRNA pools induced abnormal

nuclear morphology in more than 20% of interphase cells were

selected for further analysis. The selected genes were subjected to

deconvolution analysis in which cells were transfected with the indi-

vidual siRNA duplexes that constituted the pool of four duplexes

used in the primary screen. For seven genes, two or more out of

four siRNA duplexes recapitulated the phenotype observed in the

primary screen (Supplementary Table S2). Transfection of the

siRNA pool and of all four individual siRNA duplexes targeting the

gene MFAP1 (microfibrillar-associated protein 1) caused severe

nuclear fragmentation characterized by the formation of small and

large karyomeres and an increase in DNA content (Fig 1A and

Supplementary Fig S1C). Consistent with an on-target effect, we

found that the 4 siRNA duplexes also decreased MFAP1 protein

levels (Fig 1A). MFAP1 siRNA #3 was selected for further analyses.

MFAP1 is a conserved 52 kDa nuclear protein that has been purified

in human spliceosomal fractions (Jurica & Moore, 2003). The

Drosophila orthologue of MFAP1 associates with factors of the

spliceosomal tri-small nuclear ribonucleoprotein (tri-snRNP) complex

and has been implicated in pre-mRNA processing (Andersen &

Tapon, 2008). The nuclear defects observed upon depletion of MFAP1

in human cells (Fig 1A) raise the possibility that this splicing factor

is required for the segregation of chromosomes during cell division.

Loss of MFAP1 prevents chromosome alignment and causes a
spindle assembly checkpoint-dependent mitotic arrest

To investigate the effect of MFAP1 loss on cell division, we first

measured the duration of mitosis by tracking cells using bright-field

microscopy. Control cells entered mitosis and underwent the

metaphase-to-anaphase transition within 46 min on average (Fig 1B).

Subsequently, control cells underwent cytokinesis and exited mito-

sis. In contrast, the majority of cells lacking MFAP1 remained

arrested in mitosis for several hours before undergoing cell death or

aberrantly exiting mitosis without attempting cytokinesis (Fig 1B).

The increased duration of mitosis observed in cells depleted of

MFAP1 was abrogated upon co-depletion of the spindle assembly

checkpoint component Mad2 (Lara-Gonzalez et al, 2012) (Fig 1C).

These results indicate that loss of MFAP1 causes a mitotic arrest that

is dependent on the spindle assembly checkpoint.
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The spindle assembly checkpoint dependency of the arrest in

MFAP1-depleted cells suggested that chromosomes might fail to

bi-orient on the mitotic spindle. To test this, we used live imaging

of cells co-expressing histone H2B-mCherry and a-tubulin-EGFP.
Control cells achieved chromosome alignment at the metaphase

plate within an hour before initiating anaphase and exiting mitosis

(8/9 cells) (Fig 1D). In contrast, cells lacking MFAP1 were unable to

form a metaphase plate upon mitotic entry and remained arrested in

mitosis with a scattered chromosome configuration (9/9 cells)

(Fig 1D). To corroborate this observation, we treated cells with the

proteasomal inhibitor MG132 that prevents anaphase onset and

arrests cells in metaphase. Depletion of MFAP1 completely abolished
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Figure 1. Depletion of MFAP1 causes a mitotic arrest and prevents chromosome alignment.

A Representative images of nuclear morphology (left) and immunoblot analysis of whole-cell extracts (right) of HeLa Kyoto cells 72 h after transfection with control
siRNA or siRNA duplexes targeting MFAP1. Percentages of cells with abnormal nuclear morphology are indicated below the immunoblot (n > 200 cells, mean of three
experiments).

B Mitotic duration and cell division outcome analysed by live imaging 32 h after the transfection with the indicated siRNA duplexes. Each bar represents the mitotic
duration of a single cell (time from cell rounding to anaphase onset) (n = 50 cells).

C Selected frames from live-cell recording (left) and analysis of mitotic duration (right) of cells transfected with the indicated siRNA combinations for 32 h. Red bars
mark the mean duration of mitosis (n = 50 cells).

D Live-cell imaging of cells stably co-expressing H2B-mCherry and a-tubulin-EGFP. Frames were recorded 24 h after transfection with control siRNA or siRNA targeting
MFAP1. t = 0 min was set to the last frame before nuclear envelope breakdown.

E Immunofluorescence (IF) analysis of cells transfected with control or MFAP1 siRNA for 48 h and subsequently treated with 10 lM MG132 for 3 h. Percentage of cells
with chromosome alignment is shown (n = 50 cells).

Data information: Scale bars, 10 lm.
Source data are available online for this figure.
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the chromosome alignment that was observed in the majority of

control siRNA transfected cells after a 3-h arrest in MG132 (Fig 1E).

These results indicate that MFAP1 is required for the alignment of

chromosomes at the metaphase plate. This function of MFAP1 could

contribute to the prometaphase arrest and mitotic catastrophe

observed in cells lacking the protein.

MFAP1 is required for sister chromatid cohesion

A failure to align chromosomes could be caused by defects in

mitotic spindle dynamics, kinetochore function or sister chromatid

cohesion. Loss of sister chromatid cohesion prevents the stable

attachment of microtubules to kinetochores and the bi-orientation of

chromatids (Tanaka et al, 2000). We observed that centromeres in

MFAP1-depleted prometaphase cells appeared to lack the pairwise

arrangement normally found in control cells (Fig 1E). Therefore, we

decided to test the status of sister chromatid cohesion in nocodazole-

arrested mitotic cells by chromosome spreading. Chromosomes

from control siRNA-transfected cells were connected at the central

constriction reflecting intact cohesion between sister centromeres

(Fig 2A). In contrast, the vast majority of chromosomes from

MFAP1-depleted cells had lost their characteristic X shape and

instead appeared as single chromatids (Fig 2A). Fluorescence in situ

hybridization (FISH) experiments confirmed the loss of sister chro-

matid cohesion upon depletion of MFAP1 in intact mitotic cells

(Fig 2B). These results suggest that MFAP1 is required for sister

chromatid cohesion in mitosis. Remarkably, the severity of the sister

chromatid cohesion loss phenotype in MFAP1-depleted cells was

comparable to the loss of the centromeric cohesion protector SGOL1

(Fig 2A). To test whether loss of MFAP1 protein is responsible for

the observed defects, we generated a cell line stably expressing a

transgenic and siRNA-resistant version of MFAP1 that was tagged

with AcGFP (Aequora coerulescens green fluorescent protein) and a

FLAG epitope (AcFL-MFAP1-r) at a level close to the endogenous

counterpart (Fig 2C, right panel). Expression of the RNAi-resistant

transgene suppressed both the mitotic loss of sister chromatid cohe-

sion and the interphase nuclear defect in cells transfected with the

corresponding siRNA duplex targeting MFAP1 (Fig 2C). Thus, we

have identified a role for the splicing factor MFAP1 in sister chroma-

tid cohesion, the crucial connection between DNA copies that allows

the bi-orientation and subsequent accurate segregation of chromo-

somes in mitosis.

A multitude of spliceosome components are required for sister
chromatid cohesion in human cells

The requirement of MFAP1 for sister chromatid cohesion raised the

question whether MFAP1 has a dedicated second role in cohesion

independent of pre-mRNA splicing or whether there is a much more

widespread requirement of spliceosome components for sister chro-

matid cohesion. Analysis of genome-wide RNAi screen data sets

revealed an enrichment of spliceosome components in the category

of genes whose depletion resulted in mitotic defects (Kittler et al,

2007; Hofmann et al, 2010; Neumann et al, 2010). A comparison of

the proteomic composition of the human spliceosome (Zhou et al, 2002;

Jurica & Moore, 2003) with genes classified as mitosis-defective in a

genome-wide screen (Neumann et al, 2010) revealed an overlap of

33 factors. By transfecting siRNA pools and performing chromosome

spreading analysis, we tested whether depletion of these 33 proteins

had an effect on sister chromatid cohesion. Transfection of 26

siRNA pools targeting splicing genes resulted in a loss of sister chro-

matid cohesion in more than half of the cells (Fig 3A and B; for

protein depletion data see Supplementary Fig S3A). Remarkably,

siRNA pools targeting 18 splicing factors caused an almost complete

disruption of sister chromatid cohesion that was comparable to the

loss of SGOL1 or the loss of the core cohesin subunit SCC1 (Fig 3A

and B). These included siRNA pools targeting SF3B1 (splicing factor

3B subunit 1), NHP2L1 (non-histone protein 2-like protein 1),

SART1 (squamous cell carcinoma antigen recognized by T cells)

and CDC5L (cell division cycle 5-like protein). Deconvolution exper-

iments using individual siRNA duplexes for splicing factors whose

siRNA pools caused the most severe defects in sister chromatid

cohesion supported a causal relationship between loss of the target

protein and the observed chromosomal phenotype (Supplementary

Fig S2). Stable transgenic expression of tagged and RNAi-resistant

versions of the spliceosome components NHP2L1 and SART1 fully

restored sister chromatid cohesion in cells depleted of the endoge-

nous counterparts (Fig 3C and Supplementary Fig S3B). Transfec-

tion of siRNA pools targeting MFAP1, NHP2L1 and SART1 also

caused defects in sister chromatid cohesion in the human diploid

colon carcinoma cell line HCT116 (Supplementary Fig S4) suggest-

ing a general requirement of these splicing factors for cohesion in

human cells.

Our observations demonstrate that the connection between pre-

mRNA splicing and sister chromatid cohesion is not restricted to

MFAP1 but extends well beyond. They suggest a widespread associa-

tion of spliceosome component depletion with a loss of sister chro-

matid cohesion in human cells. Splicing proteins, whose depletion

had a severe impact on sister chromatid cohesion, act in different

subcomplexes and at different steps within the spliceosome assembly

pathway (Supplementary Fig S5). SF3B1 is an essential component of

the spliceosomal U2 snRNP complex and helps to target the complex

to the branch point of introns in the initial phase of the splicing reac-

tion (Wahl et al, 2009; Folco et al, 2011). NHP2L1 and SART1 are

both components of the U5 and U4/U6 tri-snRNP complex, which

associates with the spliceosome in a subsequent step (Makarova

et al, 2001). CDC5L is a subunit of the Prp19 complex that is required

for the activation of the spliceosome before the first step of the splic-

ing reaction (Ajuh et al, 2000; Makarova et al, 2004; Grote et al,

2010). The fact that spliceosome components from distinct subcom-

plexes that act at different steps of spliceosome assembly are required

for cohesion suggests that compromised pre-mRNA splicing in

general could be responsible for the loss of sister chromatid cohesion.

To investigate the link between splicing and sister chromatid cohe-

sion, we decided to focus on the analysis of cells lacking the spliceo-

some components MFAP1, NHP2L1, SART1 and CDC5L.

Loss of spliceosome components disrupts sister chromatid
cohesion in interphase

We first aimed to determine whether the loss of sister chromatid

cohesion upon depletion of splicing factors occurred already during

interphase or only upon entry into mitosis. To assess the status of

sister chromatid cohesion in interphase, we used FISH probes for

the tff1 locus on chromosome 21 in post-replicative cells (Schmitz

et al, 2007). Depletion of NHP2L1, SART1 and MFAP1 increased the
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distance between sister chromatid signals to a similar extent as

depletion of sororin, a protein essential for sister chromatid cohe-

sion in interphase (Rankin et al, 2005; Schmitz et al, 2007)

(Fig 4A). In contrast, loss of SGOL1, a protein essential only for

maintaining centromeric cohesion upon entry into mitosis (Salic

et al, 2004; McGuinness et al, 2005), did not alter the distance

between sister chromatid signals (Fig 4A). These results indicate

that the loss of splicing factors disrupts sister chromatid cohesion in

interphase. This defect could then result and culminate in the emer-

gence of single chromatids in mitotic chromosome spreads.

Spliceosome components are dispensable for cohesin loading
onto chromatin and SMC3 acetylation

To define the molecular mechanism that underlies the link between

splicing and sister chromatid cohesion, we scrutinized the properties

of cohesin components in interphase nuclei. To interrogate the load-

ing of cohesin onto chromatin, we quantified the signal intensity

of extraction-resistant SCC1 staining in fixed interphase nuclei

(Schmitz et al, 2007). To facilitate comparative analysis and provide

an internal experimental standard, we mixed untreated cells that
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Figure 2. MFAP1 is required for sister chromatid cohesion in mitosis.

A Representative images of chromosome spreads (left) and quantification of the different states of sister chromatid cohesion (right) in cells that were transfected with
the indicated siRNA duplexes 52 h prior to the analysis (n = 100 cells). Depletion of SGOL1 was used as a positive control for premature loss of sister chromatid
cohesion.
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Data information: Scale bars, 10 lm.
Source data are available online for this figure.
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were labelled with H2B-mCherry and unlabelled cells that were

transfected with siRNA duplexes. Although depletion of the cohesin-

loading factor SCC4 (Ciosk et al, 2000; Watrin et al, 2006) reduced

the intensity of extraction-resistant SCC1, depletion of the splicing

proteins NHP2L1, MFAP1 and SART1 had no discernible effect

(Fig 4B). Thus, loss of spliceosome components does not interfere

with the bulk loading of cohesin onto chromatin in interphase cells.

Acetylation of the core cohesin subunit SMC3 acts as a marker

for the establishment of sister chromatid cohesion during DNA

replication (Rolef Ben-Shahar et al, 2008; Unal et al, 2008; Zhang

et al, 2008; Rowland et al, 2009; Nishiyama et al, 2010). Depletion

of the spliceosome components NHP2L1, MFAP1, SART1 and

CDC5L caused a minor reduction of SMC3 acetylation in replicat-

ing cells (Fig 4C). In contrast, loss of the acetyltransferases ESCO1

and ESCO2 (Hou & Zou, 2005) largely abolished SMC3 acetylation

(Fig 4C). The minor reduction of SMC3 modification cannot

explain the dramatic loss of sister chromatid cohesion detected in

cells lacking splicing components. Even the sevenfold reduction in
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cells). Cohesion status was determined by chromosome spreading.

B Chromosome spread images corresponding to the data shown in (A). Scale bar, 10 lm.
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Source data are available online for this figure.
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SMC3 acetylation observed in cells co-depleted of ESCO1 and

ESCO2 is not associated with a comparably penetrant disruption

of cohesion (data not shown). Our results indicate that cells

lacking spliceosome components lose sister chromatid cohesion

during interphase despite loading cohesin onto chromatin and

the occurrence of SMC3 acetylation, an indicator for cohesion

establishment.

Spliceosome components are required for the stable association
of cohesin with chromatin in G2 cells

Following DNA replication, a subpopulation of cohesin complexes

binds to chromatin with a mean residence time of around 6 h

(Gerlich et al, 2006). This stably associated pool requires the protein

sororin (Schmitz et al, 2007) and is thought to provide the
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Source data are available online for this figure.
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long-lived links mediating cohesion from S phase into mitosis. Our

observation that the loss of splicing factors disrupts sister chromatid

cohesion in G2 phase raises the possibility that the dynamics of

cohesin association with chromatin are altered. To test this possibil-

ity, we used fluorescence recovery after photobleaching (FRAP)

experiments. Cells stably expressing SMC1-EGFP were released from

an S phase arrest for 5 h to allow entry into G2 phase. Following

photobleaching of SMC1-EGFP in one half of the nucleus, the loss of

the fluorescent signal in the unbleached nuclear area and the recov-

ery of the signal in the bleached nuclear area were measured over

120 min (Fig 5). The redistribution kinetics of chromatin-bound

cohesin were analysed by plotting the intensity difference between

the two areas over time. Consistent with published observations

(Gerlich et al, 2006; Schmitz et al, 2007), the SMC1-EGFP intensity

difference dropped slowly and persisted until 120 min after photo-

bleaching in control siRNA transfected cells (Fig 5). In contrast, in

cells transfected with siRNA duplexes targeting the splicing proteins

MFAP1, CDC5L and SART1, the intensity difference decreased

rapidly and the fluorescence in the bleached and unbleached area

equilibrated within about 45 min (Fig 5). Depletion of spliceosome

components had a similar effect on cohesin dynamics as loss of

sororin, a protein that antagonizes the activity of the cohesin release

mechanism (Nishiyama et al, 2010) (Fig 5). Our results suggest that

cohesin complexes dissociate from chromatin faster in cells lacking

spliceosome components than in control cells. It is thus possible

that splicing factors contribute to sister chromatid cohesion by
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ensuring the stable association of cohesin with chromatin. Failure to

do so may explain why cells that lack spliceosome subunits lose

sister chromatid cohesion soon after DNA replication.

Expression of RNase H1 does not restore cohesion in splicing
factor-depleted cells

Next, we investigated the molecular basis for how depletion of splic-

ing factors perturbed the stable association of cohesin with chroma-

tin and sister chromatid cohesion. Defective splicing of pre-mRNAs

could abrogate sister chromatid cohesion through the formation of R

loops, DNA:RNA hybrid structures that can threaten genome stabil-

ity (Li & Manley, 2005; Aguilera & Garcia-Muse, 2012). To test this

possibility, we generated a cell line overexpressing RNase H1, an

enzyme that cleaves the RNA moiety of DNA:RNA hybrids (Cerritelli

& Crouch, 2009; Skourti-Stathaki et al, 2011). Expression of nuclear-

targeted RNase H1-EGFP failed to restore sister chromatid cohesion

upon depletion of spliceosome components (Supplementary Fig S6)

indicating that R loops are not responsible for the loss of cohesion.

Loss of spliceosome components reduces the protein level and
impairs the splicing of sororin but not of core cohesin subunits

Alternatively, we hypothesized that compromised splicing and

defective pre-mRNA processing could lead to the acute loss of one

or multiple proteins that are essential for sister chromatid cohesion.

Profiling of protein levels of cohesin subunits or regulators revealed

that splicing factor depletion did not severely reduce the steady-state

abundance of the cohesin subunits SMC1, SMC3, SCC1 and SA2

(Fig 6A). In contrast, depletion of all splicing factors tested

(NHP2L1, MFAP1, SART1 and CDC5L) resulted in a fourfold or

higher drop in the protein levels of sororin, a protein required for

maintenance of cohesion through S–G2 phase into mitosis and for

the stable association of cohesin with chromatin (Fig 6A). The loss

of spliceosome components could compromise the splicing of soro-

rin pre-mRNA and, as a consequence, the abundance of mature

sororin protein. Consistent with this hypothesis, analysis of the

presence of exon–intron junctions in sororin RNA by real-time PCR

indicated the increased retention of intron 1 and 2 in cells depleted

of splicing factors (Fig 6B). In contrast, depletion of spliceosome

subunits only had minor effects on the retention of introns in the

RNAs encoding core cohesin subunits (Fig 6B). Retention of intron

1 in sororin’s mRNA would cause a translational frame shift after

the coding exon 1 generating a stop codon in exon 3 or intron 2 if

the latter is not removed. The resulting truncated protein would

only contain the 15 N-terminal amino acids corresponding to the

sequence of sororin and would be non-functional.

Defects in pre-mRNA splicing could reduce protein levels acutely

especially when coupled to a reduced half-life of the corresponding

mRNA and/or protein. To assess the stability of sororin mRNA, we

treated cells with actinomycin D to inhibit transcription. Sororin

mRNA displayed reduced stability compared to the mRNAs encoding

core cohesin subunits and to the mRNA encoding glyceraldehyde

3-phosphate dehydrogenase (GAPDH) (Supplementary Fig S7A). In

contrast to core cohesin subunits, sororin protein abundance

dropped to about 25% within 2 h after releasing cells from mitosis

into the G1 phase of the cell cycle (Fig 6C, left panel; for fluorescent

quantification see Supplementary Fig S7B). The reduction in sororin

protein level was further enhanced by treatment of cells with the

protein synthesis inhibitor cycloheximide (Fig 6C, right panel;

Supplementary Fig S7B). Thus, consistent with sororin being a

substrate of the anaphase-promoting complex/cyclosome (APC/C)

(Rankin et al, 2005), the protein is highly unstable in G1 cells.

Altogether, our observations raise the possibility that the loss of

splicing machinery components impacts on sister chromatid cohe-

sion by compromising the splicing of sororin pre-mRNA and, as a

consequence, perturbing the cellular level of mature sororin protein.

Consistent with this hypothesis, the loss of sororin and the depletion

of splicing factors have similar phenotypic consequences: the loss of

sister chromatid cohesion during interphase and the failure of cohe-

sin to stably associate with chromatin.

Expression of an intronless version of sororin restores sister
chromatid cohesion in cells lacking splicing factors

To test the hypothesis that failure of sororin pre-mRNA processing

is causally linked to the loss of cohesion in cells depleted of

spliceosome subunits, we generated a cell line stably expressing an

intronless version of sororin (Fig 7A). The AcFL-tagged transgene

(AcFL-Sororin-r) was also rendered resistant to sororin siRNA.

Expression of AcFL-Sororin-r fully suppressed the loss of sister chro-

matid cohesion observed upon depletion of endogenous sororin

suggesting that the transgene was functional (Fig 7A). Importantly,

the intronless sororin transgene also potently restored sister chro-

matid cohesion in cells depleted of the splicing factors MFAP1,

NHP2L1, SART1 and CDC5L (Fig 7B and C). In contrast, expression

of AcFL-Sororin-r only had a minor effect in cells depleted of the

core cohesin subunit SCC1 or the centromeric protector protein

SGOL1 indicating that the transgene cannot efficiently compensate

for loss of core cohesin functions (Fig 7C). These results suggest

that the defective synthesis of mature sororin protein makes a major

contribution to the loss of sister chromatid cohesion in cells lacking

spliceosome subunits (Fig 8B). Expression of the intronless sororin

transgene did not, however, restore mitotic progression in cells

transfected with siRNAs targeting spliceosome subunits indicating

that the lack of as yet unidentified additional factors also contributes

to the mitotic arrest in those cells (Supplementary Fig S8A).

The loss of sister chromatid cohesion upon depletion of
spliceosome subunits requires the anti-establishment
factor WAPL

Sororin ensures the stable association of cohesin with chromatin in

interphase by antagonizing the activity of the cohesin release protein

WAPL (Nishiyama et al, 2010). If defective splicing disrupts cohesin’s

binding to chromatin and thereby sister chromatid cohesion through

compromising sororin function, loss of WAPL should restore the links

between sister chromatids in cells lacking spliceosome components.

Indeed, we found that depletion of WAPL strongly suppressed the

sister chromatid cohesion defect not only in cells depleted of soro-

rin but also in cells transfected with siRNA duplexes targeting the

splicing factors MFAP1, NHP2L1, SART1 and CDC5L (Fig 8A; for

protein depletion data see Supplementary Fig S8B). This observation

supports the conclusion that spliceosome factors contribute to sister

chromatid cohesion largely by maintaining sororin function, which

counteracts the cohesin releasing activity of WAPL (Fig 8B).
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Discussion

Cohesin and sister chromatid cohesion lie at the heart of chromo-

some biology. They are required for chromosome segregation, DNA

repair, chromosome structure and gene regulation. Using a func-

tional genomic approach, we have defined a requirement of pre-

mRNA splicing factors for sister chromatid cohesion in human cells.

Depletion of a multitude of splicing factors by RNAi abrogated the

stable association of cohesin with chromatin after DNA replication

and culminated in a dramatic loss of sister chromatid cohesion upon

mitotic entry. The fact that we detected a severe loss of sister

chromatid cohesion upon depletion of more than 26 spliceosome

subunits suggests that defects in pre-mRNA splicing itself or in the

processing of one or multiple transcripts are causally linked to the
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53 h), sororin or NHP2L1 (for 29 h) siRNA duplexes. Fluorescent detection was used to measure the intensity of sororin signal relative to a-tubulin signal (right). The
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B Schematic representation of the genomic locus of human sororin (upper illustration). Primer position (lower illustration) for the analysis of intron retention by real-
time quantitative PCR (RT-qPCR). Quantification of the levels of exon-intron amplicons in the RNA of cohesin genes (graph). RNA isolated from G2 synchronized cells
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Source data are available online for this figure.
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observed chromosomal phenotype. At this point, we have no

evidence that would support a direct involvement of spliceosome

components in cohesion.

Pre-mRNA splicing is an essential process for gene expression in

eukaryotes (Braunschweig et al, 2013). Accordingly, we found that

depletion of spliceosome subunits causes cell lethality as a terminal

phenotype (data not shown). However, our analysis suggests that

an enhanced turnover of cohesin on interphase chromatin followed

by a cell cycle arrest in mitosis with split sister chromatids is an early

cellular consequence of compromising splicing. This suggests that

sister chromatid cohesion is highly sensitive to pre-mRNA splicing

defects. Furthermore, it provides a potential explanation for the prom-

inent identification of spliceosome components as mitosis-defective

hits in reverse genetic screens (Kittler et al, 2007; Hofmann et al,

2010; Neumann et al, 2010).

Our experiments indicate that compromised splicing leads to

defects in sister chromatid cohesion largely through the loss of soro-

rin function, thus providing a molecular explanation for the essential
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Source data are available online for this figure.
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role of splicing factors in mitosis (Fig 8B). Several lines of experi-

mental evidence support this conclusion. Loss of sororin and loss of

splicing factors share a phenotypic signature (Schmitz et al, 2007):

failure of cohesin to stably associate with chromatin and defects in

sister chromatid cohesion in post-replicative interphase cells despite

cohesin loading and SMC3 acetylation. Furthermore, we detected

aberrant processing of sororin pre-mRNA and reduced sororin

protein levels in cells depleted of splicing factors. Lastly, expression

of an intronless version of sororin and depletion of the cohesin

release protein WAPL, whose activity is antagonized by sororin,

were both able to suppress the sister chromatid cohesion defect

observed in cells lacking spliceosome components. These rescue

experiments also indicate that the unrestrained WAPL-induced disso-

ciation of cohesin from chromatin in interphase might be responsible

for the loss of cohesion observed in mitotic cells upon depletion of

splicing factors. While we describe 26 splicing factors whose deple-

tion severely compromises sister chromatid cohesion, we analysed

the effects of depletion of four proteins, MFAP1, NHP2L1, SART1

and CDC5L, in detail. Based on the phenotypic similarity caused by

depletion of these 4 components, it is tempting to speculate that

compromised sororin function may underlie the loss of sister chro-

matin cohesion elicited by depletion of most if not all splicing factors

described here. This extrapolation is supported by the analysis and

global RNA profiling of cells lacking the splicing factor SNW1 (Zhou
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et al, 2002; see van der Lelij et al, 2014), a protein also identified in

our screen for spliceosome components that are required for cohe-

sion. Based on our results, it is conceivable that compromised

processing of sororin mRNA and the ensuing loss of cohesion might

also contribute to the mitotic defects previously reported in human

cells depleted of factors linked to RNA metabolism, such as the TREX

helicase UAP56, the RNA-binding protein RBMX, the splicing protein

SON and the Prp19 splicing complex (Huen et al, 2010; Yamazaki

et al, 2010; Matsunaga et al, 2012; Hofmann et al, 2013).

Our results support the notion that sister chromatid cohesion in

human cells is exquisitely sensitive to the dosage of sororin protein.

This highlights the delicate balance that cells have to strike between

the activity of the cohesin release factor WAPL and the sororin-

dependent mechanism that counteracts WAPL and promotes the

establishment of long-lived connections between sister chromatids.

This balancing act is presumably necessitated by the important roles

of cohesin dissociation from chromatin. WAPL-dependent cohesin

release from mitotic chromosome arms drives the formation of the

iconic X shape of chromosomes and facilitates the correct partition-

ing of sister genomes during anaphase (Kueng et al, 2006; Haarhuis

et al, 2013; Tedeschi et al, 2013). It also spares a soluble pool of the

cohesin complex from cleavage by separase at the metaphase-to-

anaphase transition providing a ready supply of intact cohesin

complexes that can be loaded onto chromatin during telophase/G1

to control chromatin structure and gene regulation (Wendt et al,

2008; Hadjur et al, 2009; Nativio et al, 2009; Sofueva et al, 2013;

Tedeschi et al, 2013). Lastly, WAPL-mediated release of cohesin

from DNA prevents chromatin condensation in interphase cells

(Tedeschi et al, 2013).

Although we cannot rule out that defective processing of other

transcripts also impairs cohesion in splicing factor-depleted cells,

defective sororin function appears to be the major contributing

factor. In contrast to other cohesin proteins, sororin is degraded at

the end of the cell cycle through APC/C-mediated proteasomal

degradation (Rankin et al, 2005) thereby necessitating renewed

sororin translation from processed mRNA for every ensuing S phase.

We hypothesize that this could render sister chromatid cohesion

vulnerable to defects in pre-mRNA splicing. The reduced half-life of

sororin mRNA and protein is likely to accelerate the conversion of

splicing defects into a reduction of mature protein. Our data suggest

that the removal of introns from sororin pre-mRNA may have a

particularly strict requirement for intact spliceosomes. While this

strict requirement may not be unique to sororin pre-mRNA on a

transcriptome-wide basis (see van der Lelij et al, 2014), sororin

appears to be the most sensitive pre-mRNA to depletion of spliceo-

some components amongst essential cohesin factors. This sensitivity

may act synergistically with the high turnover of sororin gene prod-

ucts to cause a reduction of sororin protein level and a resulting

defect in sister chromatid cohesion. The molecular basis for a poten-

tially selective dependency of sororin pre-mRNA splicing (and that

of some other pre-mRNAs) on intact spliceosomes remains to be

determined. Its elucidation will be facilitated by the transcriptome-

wide mapping of spliceosome assembly and branch site usage in

conjunction with the global analysis of intron retention following

loss of particular spliceosome components.

There is precedence for a specific mitotic defect caused by

compromised splicing of a transcript in budding yeast. Removal of

the intron from the gene encoding a-tubulin alleviated the mitotic

arrest in cells that harboured spliceosome mutations (Burns et al,

2002). Expression of an intronless allele of sororin restored sister

chromatid cohesion but did not alleviate the mitotic block in human

cells depleted of splicing components. This suggests that the defec-

tive processing of additional transcripts may contribute to the

spindle assembly checkpoint-mediated arrest that we observed in

cells lacking splicing factors.

We noted that the efficiency of cohesion rescue by expression of

an intronless sororin transgene was reduced if cells lacking spliceo-

some components were analysed at later time points. This suggests

that cohesion fatigue, the gradual loss of cohesion in mitotically

arrested cells (Daum et al, 2011; Stevens et al, 2011), contributes to

the observed sister chromatid cohesion in cells lacking spliceosome

components. However, our results indicate that a defect in sororin

function rather than cohesion fatigue caused by a protracted mitotic

arrest is the major cause for the disruption of cohesion in cells

depleted of splicing factors. Firstly, splicing factors are required for

the stable association of cohesin with chromatin during interphase.

Second, depletion of splicing factors abrogates cohesion prior to

mitotic entry. Lastly, expression of an intronless sororin transgene

and the depletion of WAPL efficiently suppresses the loss of sister

chromatid cohesion elicited by depletion of spliceosome subunits.

The phenotypic link between splicing and sister chromatid cohe-

sion that we describe here may have biomedical implications. One of

the splicing factors whose depletion by siRNA causes a dramatic loss

of cohesion is SF3B1. SF3B1 has recently emerged as one of the most

frequently mutated genes in patients with chronic lymphocytic

leukaemia (CLL) (Rossi et al, 2011; Wang et al, 2011; Quesada et al,

2012). Somatic SF3B1mutations were also detected at high frequency

in myelodysplastic syndrome (MDS) patients (Papaemmanuil et al,

2011; Yoshida et al, 2011). The recurrent nature of SF3B1 mutations

in MDS and CLL suggests that they act as key drivers in hematopoi-

etic proliferative disorders. SF3B1 is an essential component of the

spliceosomal U2 snRNP (Wahl et al, 2009; Folco et al, 2011). SF3B1

mutations could drive dysplasia and malignancy by altering the splic-

ing pattern of oncogenes or tumour suppressors (Gentien et al,

2014). Our findings raise the possibility that heterozygous SF3B1

mutations detected in CLL and MDS cells could contribute to pathol-

ogy also by altering the turnover of cohesin on chromatin, and hence

affecting chromosome stability, DNA repair and gene regulation.

Materials and Methods

Cells and growth conditions

HeLa Kyoto, HEK 293FT and HCT116 cells used in this study were

grown in Dulbecco’s modified Eagle medium, DMEM (Invitrogen)

supplemented with 10% FCS (Sigma) and 1% PenStrep (Invitro-

gen). In order to establish stable cell lines, media supplemented

with either 0.35 lg/ml puromycin (Sigma) or 500 lg/ml G418

(Invitrogen) were used. Cells were grown in an incubator that was

maintained at 37°C with 5% CO2.

siRNA screen

To compile a list of candidate genes, we selected 851 genes that were

either identified as causing mitotic failure upon depletion according
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to the genome-wide or targeted functional genomic screens (Mukherji

et al, 2006; Kittler et al, 2007; Conery & Harlow, 2010; Neumann et al,

2010) or gene products that were identified as midbody-associated by

proteomic analysis (Skop et al, 2004). Subsequently, we eliminated

genes that were either well-characterized regulators of cell division,

pseudogenes, ribosomal proteins or annotation errors according to

NCBI databases. Based on this winnowing process, we compiled a final

candidate list of 718 genes that were targeted in the primary screen.

Dharmacon siGENOME smartpool siRNAs (0.1 nmol) were obtained

for the 718 genes in 96-well plate format. Each well contained a pool of

4 siRNAs targeting a single gene. Positive controls (known mitotic

regulators such as ECT2, MgcRacGAP, AURKB) and non-targeting

negative controls (scrambled siRNA and RISC free siRNA) were

included as well. Prior to cell seeding, siRNA pools (final concentration

37.5 nM) and the transfection reagent [Lipofectamine RNAiMAX (Invi-

trogen) at 0.167 ll/well at a final siRNA to RNAiMAX ratio of 1:600]

were deposited in the wells [clear-bottomed 96-well plates (Falcon,

Beckton Dickinson)] and mixed. Subsequently, 2,500 HeLa Kyoto cells

were added to each well. Cells were grown for 52 h at 37°C and 5%

CO2 in DMEM and then processed for fixation with ethanol at �20°C

overnight. Following the fixation, the cells were stained with Cellomics

Whole Cell Stain (1:75 dilution, Thermo Scientific), and the DNA

was visualized by DAPI (40,6-diamidino-2-phenylindole dihydrochlo-

ride, Invitrogen) at a final concentration of 1 lg/ml. The screen was

performed in triplicate. Automated image acquisition was performed

using an ArrayScan ATI microscope (Thermo Scientific) equipped

with a 10× objective. Twenty images per well were captured and subse-

quently processed using ImageJ software (http://rsbweb.nih.gov/ij/).

The processed images were scored for the percentage of cells

containing abnormally shaped nuclei (fragmented, multilobed

nuclei) or multiple nuclei. The three biological plates were scored

independently, and the median value (the percentage of cells with

abnormal nuclei) was calculated and plotted.

siRNA sequences and transfection protocol

The following siRNA duplexes were used at a final concentration of

37.5 nM: control siRNA (Thermo Scientific siGENOME Non-Targeting

siRNA #1 D-001210-01 and #4 D-001210-04, RISC free siRNA

D-001220-01) and Thermo Scientific siGENOME smartpool siRNAs

targeting Mad2 (M-003271-01), ESCO1 (M-023413-01), ESCO2

(M-025788-01), MFAP1 (M-020071-01), SART1 (M-017283-01), NHP2L1

(M-019900-01), CDC5L (M-011237-00), SGOL1 (M-015475-01) and

SCC1 (M-006832-01). siGENOME individual siRNAs were used

against MFAP1 (D-020071-03) (Figs 1B–E, 2, 4–8, and Supplemen-

tary Figs S4, S6 and S8), SART1 (D-017283-02) (Figs 4–8 and Supple-

mentary Figs S4, S6 and S8), NHP2L1 (D-019900-02) (Figs 4–8 and

Supplementary Figs S4, S6 and S8), CDC5L (D-011237-04) (Figs 4–8

and Supplementary Fig S8), sororin (D-015256-06) (Figs 4–8, and

Supplementary Figs S4, S6 and S8), SGOL1 (D-015475-17) (Figs 4–8),

SCC1 (D-006832-03) (Figs 4–8) and WAPL (D-015475-17). siRNA

against SCC4 (corresponding to the sequence ACACAUUGCUGGGC-

CUGUAUU) was obtained from Sigma-Aldrich. The siRNA transfec-

tions were performed using a reverse transfection protocol with

Lipofectamine RNAiMAX (Invitrogen) as per the manufacturer’s

instructions. Briefly, siRNAs at a concentration of 37.5 nM were

diluted with OptiMEM (GIBCO) and mixed with appropriate volume

of RNAiMAX as per surface area of the wells. After incubating for

15 min at room temperature, the mixture was added to appropriate

number of cells in DMEM medium. Cells were then incubated for the

indicated durations and processed for experiments.

Generation of stable cell lines using plasmid transfection

To create tagged versions of the genes used in the study (MFAP1,

NHP2L1, SART1) for expression in human cells, AcGFP (Aequorea

coerulescens GFP) was amplified from pAcGFP-N1 (Clontech) and

inserted into pIRESpuro3 (Clontech). During amplification, a Kozak

sequence (CGCCACC) and a FLAG epitope (DYKDDDDK) were

added to AcGFP before the start codon and after the last amino acid,

respectively, creating pIRESpuro3-AcFL (Su et al, 2011; Lekomtsev

et al, 2012). The coding sequences of MFAP1, NHP2L1 and SART1

were amplified from cDNA (Source Biosciences) and introduced into

pIRESpuro3-AcFL using the restriction enzymes AgeI and EcoRI. To

create siRNA-resistant variant of the genes, the following sequences

were mutated using the Quikchange II site directed mutagenesis kit

(Stratagene) (underlined are the silent nucleotide substitutions). For

MFAP1, the sequence aagtgaaggtaaagcgtta was mutated to aggt-

taaagtgaaacgcta; for NHP2L1, the sequence ttgaaaggctcttagtcta was

mutated to ttgagagactgttggtgta; and for SART1, the sequence gcaa-

gagcatgaacgcgaa was mutated to gcaaaagtatgaatgccaa. The plasmids

were transfected into HeLa Kyoto cells using FuGENE 6 transfection

reagent (Roche). Clonal cell lines were isolated after 2 weeks of anti-

biotic selection and characterized by immunofluorescence micro-

scopy and immunoblotting. HeLa Kyoto cells were transfected with a

plasmid encoding nuclear-targeted RNase H1-EGFP [a generous gift

from Robert Crouch (Cerritelli & Crouch, 2009)] following which

GFP-positive cells were enriched by using fluorescence-activated cell

sorting (FACS). Cells expressing H2B-mCherry were kindly provided

by Su et al (2011) and were grown in DMEM media supplemented

with 500 lg/ml G418 (Invitrogen). A cell line stably expressing

H2B-mCherry and a-tubulin-GFP was kindly provided by Laurent

Sansregret. Cells stably expressing SMC1-EGFP were used for photo-

bleaching experiments and were a kind gift from Schmitz et al (2007).

Preparation of stable cells lines using lentiviral infection

To create tagged alleles of sororin for expression in human cells, the

coding sequence of sororin was introduced into pIRESpuro3-AcFL

using the restriction enzymes AgeI and EcoRI. To create an siRNA-

resistant variant of sororin, the sequence cgcaggagccctaggattt was

mutated to agaagatcccccagaatct. After this, the entire AcFL-Sororin

sequence was excised from pIRESpuro3 using the restriction

enzymes ClaI and EcoRI and cloned into pLVX-puro (Clontech).

HEK 293FT cells were pre-seeded and grown to about 50% conflu-

ency before being transfected with pLVX-puro-Sororin (WT or

siRNA resistant) and a second-generation packaging system

[psPAX2 and pMD2.G (Addgene)] using Lipofectamine 2000 (Invi-

trogen). Viral particles were collected 48 h after transfection by

harvesting the supernatant and filtering it through a 0.45-lm PVDF

filter unit (Millex HV). HeLa Kyoto cells were infected with different

titres of viral particles in presence of 8 lg/ml polybrene (Sigma).

The cells were grown for 48–60 h in the presence of viral particles

before the medium was supplemented with 0.35–0.4 lg/ml puromy-

cin (Sigma) for transgene selection. After passaging the cells for 3

generations, clonal cell lines were generated after 2 weeks of antibiotic
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selection. The cell lines were characterized by immunofluorescence

microscopy and immunoblotting.

Other cell lines

Cells expressing H2B-mCherry were kindly provided by Su et al

(2011) and were grown in DMEMmedia supplemented with 500 lg/ml

G418 (Invitrogen). A cell line stably expressing H2B-mCherry and

a-tubulin-GFP was kindly provided by Laurent Sansregret. Cells

stably expressing SMC1-EGFP were used for photobleaching experi-

ments and were a kind gift from Schmitz et al (2007).

Cell synchronization and drug treatments

To synchronize cells, 2.5 mM thymidine (Sigma) was added to cells

either at the time of transfection or 24 h later. At the time of release,

cells were rinsed twice with DMEM and fresh medium was added.

The cells were allowed to proceed through the cell cycle either for

3 h to enrich for cells in S phase (Fig 4C) or for 5 h to enrich cells in

G2 phase (Figs 4A, 5, 6A–C, and 7A left panel). To synchronize cells

for performing chromosome spreads, asynchronous HeLa Kyoto cells

that were grown for 24, 30, 36 or 52 h after siRNA transfection were

treated with 330 nM nocodazole (Sigma) for 4 h. To study mRNA

half-life (Supplementary Fig S7A), asynchronous HeLa Kyoto cells

were treated with 5 lg/ml actinomycin D (Sigma) and cells were

harvested at the indicated time points after drug treatment for RNA

analysis. To study protein half-life (Fig 6C and Supplementary Fig

S7B), HeLa Kyoto cells were synchronized with 2.5 mM thymidine

for 24 h following which they were released for 8 h and then treated

with 30 ng/ml nocodazole for 5 h after which the cells were

harvested by mitotic shake-off and allowed to re-enter the cell cycle.

Two hours after release from nocodazole, cells were treated with

either DMSO or 100 lg/ml cycloheximide (Sigma) and harvested at

the indicated time points for protein analysis. To score for the ability

of the cells to form a metaphase plate (Fig 1E), HeLa Kyoto cells

were synchronized in metaphase by treatment for 3 h with the

proteasome inhibitor MG132 at a final concentration of 10 lM.

Real-time PCR for measurement of RNA levels

The following primers were used for the real-time quantitative PCR

(RT-qPCR) experiments (Fig 6B and Supplementary Fig S7A): soro-

rin Exon1-Intron1 (Fwd: ACAGGTTCTAGAGACAGCGAG, Rev:

AGTTATGTCTGGGAGGCGAA), sororin Exon2-Intron2 (Fwd:

AGAGGGATGAACGTGAGCTC, Rev: AGGGCCCCATCTCCTACTAA),

sororin Exon5 (Fwd: AAGTCAGGCGTTCCTACAGC, Rev: TCGAAGC

CAAAGCAGGAC), SMC3 Exon1-Intron1 (Fwd: AGCAGTTTGCATT

TTTACTTTGTTTA, Rev: TGCCAGTTCTTTCTGCTTTTC), SMC3

Exon1 (Fwd: AAGAGTGTATGAAGAAAATTCGAGAAC, Rev: GTTT

GAGGCTCAGTGTCTGGT), SMC1A Exon9-Intron9 (Fwd: AGCATC

AAGCGCCTTTACCC, Rev: GGATTGGCAACCCTGTCCTTA), SMC1A

Exon9 (Fwd: GACAGAGGAGGTGGAGATGG, Rev: CAGGGTAAAGG

CGCTTGATG), SCC1 Intron1-Exon2 (Fwd: AAAGAAGACTAT-

GAATGGCACGA, Rev: AGTCTGCAAGAAGGTATTTGGC), SCC1

Exon1 (Fwd: TCTACGCACATTTTGTTCTCAGT, Rev: TACACTC-

GAACACATGGGCT), SA2 Exon4-Intron4 (Fwd: AGCATGACCGAG-

ATATAGCACT, Rev: GTGACTATTTGAGAGCTGCTGA), SA2 Exon6

(Fwd: AGATTATCCACTTACCATGGCTG, Rev: CCAGGGTGCTTGTA

TGTCGA) and GAPDH (Fwd: CCTCCCGCTTCGCTCCT, Rev:

CTGGCGACGCAAAAGAAGA). G2 synchronized HeLa Kyoto cells

transfected with the indicated siRNAs (Fig 6B) or asynchronous

HeLa Kyoto cells treated with DMSO or 5 lg/ml actinomycin D

(Supplementary Fig S7A) were harvested and lysed in RLT plus

buffer (Qiagen RNeasy Plus kit) + b-mercaptoethanol (Sigma). RNA

was extracted from the cells using the RNeasy plus MiniKit (Qiagen)

according to the manufacturer’s instructions. After measuring the

RNA concentration in a NanoDrop spectrophotometer, 1.5 lg of total
RNA was reverse transcribed with random hexamer primers using

the TaqMan reverse transcription kit (Applied Biosystems). Pre-

mRNA and mature mRNA levels were assessed by real-time quanti-

tative PCR (RT-qPCR) performed using the indicated primer pairs

using iQ-SYBR Green Supermix and CFX96 Real-Time System (Bio-

Rad) using the manufacturer’s instructions. The relative amount of

RNA was calculated using the DDCt method as described earlier

(Winer et al, 1999). GAPDH mRNA was chosen for normalization of

the mRNA measurements (Fig 6B and Supplementary Fig S7A).

Immunofluorescence microscopy (IF)

Cells grown on coverslips with a diameter of 18 mm and thickness

1 (Assistent) were fixed overnight with methanol at �20°C or for

10 min at 37°C in 4% formaldehyde in PBS (Thermo Scientific, 16%

PFA stock diluted with PBS). After fixation, samples were washed

three times in 0.01% Triton X-100 in PBS for 5 min each and then

permeabilized with 0.2% Triton X-100 in PBS for 10 min. Following

three washes in 0.01% Triton X-100 in PBS, the coverslips were

incubated with blocking solution (3% BSA in PBS containing 0.01%

Triton X-100) for 1 h. Samples were incubated with the primary

antibody in the blocking solution at 4°C overnight. Samples were

then washes with three times with 0.01% Triton X-100 in PBS being

incubated with secondary antibody diluted in blocking solution for

1 h along with 1 lg/ml DAPI. Following three more washes with

0.01% Triton X-100 in PBS, the coverslips were mounted onto

microscopic slides with ProLong Gold (Molecular Probes) and left to

dry overnight. Images were acquired on Zeiss Axio Imager M1 or

M2 microscopes using a Plan Neofluor 40× /1.3 oil objective lens

or 63× /1.4 Apochromat oil objective lens (Zeiss) equipped with an

ORCA-ER camera (Hamamatsu) and controlled by Volocity 6.1.

software (Improvision). Images were deconvolved using Volocity’s

iterative restoration function. The images were processed using

ImageJ and Adobe Photoshop software.

Antibodies and dyes

The following primary antibodies were used in this study for immu-

noblotting (IB) and immunofluorescence (IF) experiments: mouse

monoclonal anti-AcGFP (JL8, Clontech, IF & IB 1:2,000), rabbit anti-

AcGFP (Clontech, IF & IB 1:2,000), mouse monoclonal anti-a-tubulin
(B512, Sigma, IF & IB 1:10,000), rabbit monoclonal anti-b-tubulin
HRP Conjugate (9F3, Cell Signaling, IB 1:2,000), mouse monoclonal

anti-SMC1 (6892, Cell Signalling, IB 1:1,000), rabbit polyclonal anti-

SMC3 (ab9263, Abcam, IB 1:2,000), rabbit monoclonal anti-SA2

(5882, Cell Signalling, IB 1:1,000), rabbit polyclonal anti-MFAP1

(SAB2104903, Sigma, IB 1:2,000), rabbit polyclonal anti-NHP2L1

(95958, Abcam IB 1:5,000) and rabbit polyclonal anti-SART1

(SC376460, Santa Cruz, IB 1:1,000). Jan-Michael Peters (IMP,
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Vienna) kindly provided the following antibodies: rabbit polyclonal

anti-SGOL1 (#975, IB 1:500), rabbit polyclonal anti-sororin (#953, IB

1:2,000), rabbit polyclonal anti-SCC4 (#974, IB 1:1,000) and rabbit

polyclonal anti-SCC1 (#890, IB 1:1,000). Katsuhiko Shirahige (Uni-

versity of Tokyo) kindly provided a monoclonal mouse antibody

recognizing SMC3 acetylated at Lys105 and Lys106 (IB 1:1,000)

(Nishiyama et al, 2010). Secondary antibodies conjugated to either

Alexa Fluor 488 or 594 (Molecular Probes) at a final dilution of

1:1,000 were used for IF detection. DNA was stained with 1 lg/ml

DAPI (Molecular Probes). HRP-conjugated secondary antibodies at a

concentration of 1:5,000 were used to detect proteins on immuno-

blots using chemiluminescence (GE Healthcare). For fluorescent

detection of Western blotting, anti-rabbit IgG conjugate (Dylight R

680) and anti-mouse IgG conjugate (Dylight R 800) (Cell Signalling)

at a final concentration of 1:15,000 were used for detection with

Odyssey Imaging System (LI-COR Biosciences).

Time-lapse microscopy

To quantify mitotic duration and cell division status (Fig 1B and C),

cells were seeded in 12-well plates (Nunc). An hour prior to imag-

ing, the medium was changed to CO2-independent medium without

phenol red (Invitrogen) supplemented with 10% FCS, 0.2 mM

L-glutamine, PenStrep, and 1 mM Na-pyruvate (all Invitrogen).

Phase contrast images of cells were acquired every 5 min at 37°C

using a Zeiss Axio Observer Z1 microscope controlled by SimplePCI

software (Hamamatsu) equipped with an Orca 03GO1 camera

(Hamamatsu) and a Plan-Apochromat 10×/0.45 objective.

To quantify mitotic duration for Supplementary Fig S8A, cells

were reverse transfected with the indicated siRNAs in 24-well

Imagelock plates (Essen BioScience). 12 h after seeding, the plate

was imaged using an Incucyte live cell imaging system (Essen

BioScience). Images were processed using ImageJ software and

analysed using the mitotic duration plugin. For high resolution

imaging (Fig 1D), HeLa Kyoto cells stably expressing H2B-mCherry

and a-tubulin-GFP were seeded in Labtek chambers (Nunc, Thermo

Scientific) and imaged at intervals of 5 min using a Zeiss Axio

Observer Z1 microscope controlled by SimplePCI software

(Hamamatsu) with a 40× /1.3 DIC H oil objective.

Chromosome spreads

Chromosome spreads of HeLa Kyoto and HCT116 cells were

performed as follows. Cells transfected with the indicated siRNAs at

a final concentration of 37.5 nM were grown at 37°C for 24, 30, 36

or 52 h as indicated. To enrich for mitotic cells, the medium was

supplemented with 330 nM nocodazole for 4 h. Cells were

harvested by mitotic shake-off and centrifugation. Subsequently,

cells were incubated in a hypotonic solution (DMEM: filtered deion-

ized water at 1:2) for 6 min at room temperature (RT). Cells were

subsequently fixed with freshly made Carnoy’s buffer (1:3 Glacial

acetic acid: methanol) for 15 min at RT and pelleted. This fixation

step was repeated three times. The suspension of cells in Carnoy’s

buffer was dropped onto a clean slide from a distance of 2 feet and

left to dry overnight at RT. The slides were washed in PBS solution

containing 1 lg/ml DAPI and mounted using Prolong Gold mount-

ing solution. Chromosome spreads from individual cells were classi-

fied and scored with regards to the status of sister chromatid

cohesion based on the indicated morphological criteria (normal

X-shaped/parallel/split) and represented in graphs. Within a single

karyotype, the majority of chromatids and chromosomes typically

conformed to one of the categories used and the spread was there-

fore classified accordingly. For sister chromatid cohesion percentage

data associated with micrographs, the categories of parallel and fully

split chromatids were combined.

Fluorescence in situ hybridization (FISH) in mitotic cells

To analyse the status of sister chromatid cohesion in intact mitotic

cells, we performed FISH experiments (Fig 2B). Cells were reverse

transfected with indicated siRNAs onto 18-mm coverslips and

grown for 48 h. Subsequently, the cells on the coverslips were fixed

with Carnoy’s buffer for 15 min at RT. FISH probes for the centro-

meres of chromosomes 6 (LPE 06G) and chromosome 8 (LPE 08R)

(Cytocell aquarius) were used to probe the status of sister chromatid

cohesion. The FISH probes were diluted in hybridization buffer

(Cytocell aquarius) 1:10 and subsequently added to the fixed coverslips.

Denaturation was performed for 3 min at 75°C, and the slide was

left to hybridize overnight at 37°C in a humidified and lightproof

chamber. Following this, the coverslip was washed in 0.25× SSC

for 3 min at 73°C and subsequently in 2× SSC with 0.05% Tween

20 for 30 s at RT. The coverslips were then incubated in PBS

containing 1 lg/ml DAPI to counterstain DNA. Finally, the cover-

slips were mounted using Prolong Gold mounting solution. Images

were then acquired on a Zeiss Axio Imager M2 microscope using a

Plan Neofluor 40×/1.3 oil objective lens equipped with an ORCA-ER

camera (Hamamatsu) and controlled by Volocity 6.1 software

(Improvision). Distance measurements were performed in Volocity

by locating the centres of each of the pair of centroids manually and

measuring the distance along a straight line between the two cent-

roids. If the distance between two closest signals for a chromosome

was larger than 2 lm, they were considered to be split.

FISH in interphase cells

Interphase FISH experiments (Fig 4A) were performed as previously

described (Schmitz et al, 2007). Briefly, cells were transfected with

the indicated siRNA duplexes on coverslips with a diameter of

18 mm and thickness 1 (Assistent). 2.5 mM thymidine was added

either at the time of transfection or 24 h later. Following 24 h of

thymidine arrest, cells were released from the thymidine arrest by

rinsing twice in DMEM and then allowed to proceed through the cell

cycle. 5 h after release, they were fixed with Carnoy’s buffer

(15 min at RT) and left to dry overnight. BAC clone RP11-113F1

corresponding to the human tff1 locus was kindly provided by

Erwan Watrin (University of Rennes). The BAC was used to gener-

ate FISH probes labelled with PrimeIt II Random primer labelling kit

(Stratagene) and Cy3-dCTP (Amersham Biosciences) as described

earlier (Schmitz et al, 2007). Just before use, the probes were

diluted in hybridization buffer (Cytocell Aquarius) 1:10. The probe

was added to the fixed coverslips. The coverslip, along with the

probes were denatured for 3 min at 75°C. Subsequently, they were

incubated in a humidified chamber at 37°C overnight. After the

incubation, the coverslips were washed briefly in 0.4× SSC made

from a stock of 20× SSC (3M NaCl + 300 mM Na3C6H5O7) at 72°C

for 3 min and then in 2× SSC with 0.05% Tween 20 at RT for 30 s.
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Following this, DNA was counterstained with 1 lg/ml DAPI and the

coverslips were mounted with ProLong Gold (Molecular Probes).

Images were acquired on a Zeiss Axio Imager M1 microscope using

a Plan Neofluor 40×/1.3 oil objective lens equipped with an ORCA-

ER camera (Hamamatsu) and controlled by Volocity 6.1. software

(Improvision). Images were deconvolved using Volocity’s iterative

restoration function. Distance measurements were performed in

Volocity by locating the centres of each of the pair of centroids

manually and measuring the distance along a straight line between

the two centroids. In control and SGOL1 depleted cells, since the

distances were often difficult to resolve because of the proximity of

the dots. As a consequence, only cells where at least 2 out of the

3 centroid pairs were resolvable were considered for the analysis. In

sororin, MFAP1, NHP2L1 and SART1 depleted cells, the vast major-

ity of paired signals were clearly resolved and could be measured.

Photobleaching experiments

Photobleaching experiments (Fig 5) were performed as described

previously (Gerlich et al, 2006; Schmitz et al, 2007). Cells stably

expressing SMC1-EGFP, obtained from Schmitz et al (2007), were

reverse transfected with the indicated siRNA duplexes at a final

concentration of 37.5 nM in Labtek 2 chambered borosilicate

coverglass chambers (Nunc, Thermo Scientific). 2.5 mM thymidine

was added either at the time of seeding or 24 h post-seeding. Cells

were released from thymidine arrest after 24 h (by rinsing twice in

DMEM) and allowed to proceed through the cell cycle for 5 h. An

hour before imaging, the medium was changed to CO2-independent

medium without phenol red (Invitrogen) supplemented with 10%

FCS, 0.2 mM L-glutamine, PenStrep and 1 mM Na-pyruvate (all Invi-

trogen). 1 lg/ml cycloheximide (Sigma) was added to avoid new

synthesis of SMC1-EGFP. The imaging and bleaching was performed

at 37°C using a Olympus FV1000D (InvertedMicroscopeIX81) laser

confocal scanning microscope equipped with a PlanApoN ×60/1.40

NA Oil Sc objective lens and controlled by FV10-ASW software

(Olympus). One half of the nuclear region was bleached leaving the

other half intact. Repeated bleaching was performed every 10 s for

five iterations in order to remove the soluble pool of SMC1-EGFP.

This resulted in a reduction in the fluorescence intensity of the

unbleached nuclear area as well. The first post-bleach frame used for

the downstream analysis was acquired 2 min after photobleaching

to allow for complete equilibration of bleached soluble SMC1-EGFP

across the nucleus. ImageJ software was used for the intensity

measurements. EGFP intensities were measured by drawing a rectan-

gular area of the same dimensions in the bleached and unbleached

area followed by subtraction of the mean background signal outside

of the cell. The difference between the background corrected mean

fluorescence intensity of the unbleached and bleached area normal-

ized to the difference in the first post-bleach frame was calculated

and plotted over time for the different siRNA treatments.

Supplementary information for this article is available online:

http://emboj.embopress.org
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