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Abstract

In a process linked to DNA replication, duplicated chromosomes are entrapped in large, cir-

cular cohesin complexes and functional sister chromatid cohesion (SCC) is established by

acetylation of the SMC3 cohesin subunit. Roberts Syndrome (RBS) and Warsaw Breakage

Syndrome (WABS) are rare human developmental syndromes that are characterized by

defective SCC. RBS is caused by mutations in the SMC3 acetyltransferase ESCO2,

whereas mutations in the DNA helicase DDX11 lead to WABS. We found that WABS-

derived cells predominantly rely on ESCO2, not ESCO1, for residual SCC, growth and sur-

vival. Reciprocally, RBS-derived cells depend on DDX11 to maintain low levels of SCC.

Synthetic lethality between DDX11 and ESCO2 correlated with a prolonged delay in mitosis,

and was rescued by knockdown of the cohesin remover WAPL. Rescue experiments using

human or mouse cDNAs revealed that DDX11, ESCO1 and ESCO2 act on different but

related aspects of SCC establishment. Furthermore, a DNA binding DDX11 mutant failed to

correct SCC in WABS cells and DDX11 deficiency reduced replication fork speed. We pro-

pose that DDX11, ESCO1 and ESCO2 control different fractions of cohesin that are spatially

and mechanistically separated.

Introduction

Sister chromatid cohesion (SCC) is mediated by cohesin, a presumed DNA-entrapping ring

formed by structural maintenance of chromosome 1 and 3 (SMC1 and SMC3), RAD21 and

SA1/2. The loader complex MAU2-NIPBL loads DNA into cohesin rings [1–3], whereas it can

be released by the cohesin remover WAPL [4]. During DNA replication, stable cohesion is

established in a process involving SMC3 acetylation by ESCO1 and ESCO2, which leads to the

recruitment of Sororin and subsequent inhibition of WAPL activity [5–7]. The resulting SCC

facilitates proper chromosome bi-orientation and equal distribution of genetic material during

mitosis. Prior to chromatid separation in anaphase, cohesin needs to be removed, which hap-

pens in two rounds and via two distinct pathways [8, 9]. First, the prophase pathway promotes
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removal of cohesins from chromosome arms by WAPL, in a process involving multiple phos-

phorylations that restore WAPL activity [10]. Centromere cohesins are protected from the

prophase pathway by SGOL1, which recruits the PP2A phosphatase to the centromeres [9, 11,

12]. In a separate step that occurs at the metaphase-to-anaphase transition, the remaining cen-

tromeric cohesins are removed by the protease Separase, which is activated by the Anaphase-

Promoting Complex/Cyclosome (APC/C) and cleaves the RAD21 subunit [13]. In addition to

its role in sister chromatid cohesion, the capacity of cohesin to entrap DNA also allows it to

regulate gene transcription [14–16] and promote ribosome biogenesis [17–19].

Mutations in cohesin components or regulators result in a cluster of syndromes called

cohesinopathies, characterized by diverse clinical abnormalities including growth retardation,

intellectual disability, microcephaly and congenital abnormalities. Four cohesinopathies have

been described thus far. Cornelia de Lange syndrome (CdLS) results from autosomal domi-

nant or X-linked mutations in NIPBL, SMC1A, SMC3, RAD21 or HDAC8 [20–26]. Roberts

Syndrome (RBS, also called SC phocomelia syndrome) is caused by bi-allelic mutations in

ESCO2 [27]. Warsaw Breakage Syndrome (WABS) results from bi-allelic mutations in the

DNA helicase DDX11 [28]. Chronic Atrial and Intestinal Dysrhythmia (CAID) syndrome was

described in a patient with homozygous missense mutations in SGOL1 [29]. CdLS cells exhibit

no obvious defects in SCC [30], and the clinical symptoms are thought to originate from

deregulated gene expression (reviewed in [31–33]). By contrast, metaphases derived from RBS,

WABS and CAID patient cells show severe cohesion loss [27–29]. The clinical symptoms of

these syndromes are likely to originate from a combination of transcriptional defects and

reduced progenitor cell proliferation.

ESCO1 and ESCO2, the vertebrate orthologues of yeast Eco1, share a conserved C-terminus

that contains a zinc finger motif and an acetyltransferase domain, whereas no similarity is

found in the N-terminus [34]. ESCO2 deficiency is embryonic lethal in mice, indicating that

ESCO2 functions non-redundantly with ESCO1 [35]. RBS patient derived cells show defective

centromere cohesion [36], in line with the observation that ESCO2 localizes to pericentric het-

erochromatin [35]. ESCO2 expression peaks during S-phase and is subsequently reduced by

proteasomal degradation [35, 36] indicating that its prime function is to mediate SCC in the

context of DNA replication. In budding yeast, Eco1 is reported to be recruited to the replica-

tion fork by replication factor PCNA [37] and in human cells, ESCO2 was found to interact

with MCM components [38, 39], supporting a role for ESCO2 in replication-coupled cohe-

sion. Decreased SMC3 acetylation in human cells reduces replication fork speed [40]. The

authors proposed that the primary role of SMC3 acetylation would be to switch cohesin from a

conformation that obstructs replication forks to a more open structure that allows fork pro-

gression [40]. Unlike ESCO2, ESCO1 is expressed during the whole cell cycle and has been

reported to acetylate SMC3 independent of DNA replication, suggesting that ESCO1 also reg-

ulates non-canonical roles of cohesin [41]. Nevertheless, ESCO1 knockdown was also found to

cause cohesion loss in Hela cells [34, 41] and DT40 chicken cells [42]. A different study

reported no effect of ESCO1 knockdown or CRISPR mediated knockout on cohesion in Hela

cells, and the authors proposed a model in which ESCO1 facilitates structural cohesion rather

than replicative cohesion, thereby indirectly reinforcing cohesion that was established by

ESCO2 [43].

DDX11 belongs to a group of ATP-dependent, super-family 2 (SF2) DNA helicases with an

iron-sulfur cluster (Fe-S) domain [44]. It is specialized in unwinding certain DNA structures

that contain a 5’-single stranded region, including forked duplexes, 5’-flap duplexes and anti-

parallel G-quadruplexes (reviewed in [45]). This may be particularly relevant in the context of

a DNA replication fork, where potentially long stretches of single stranded DNA can form sec-

ondary structures. Indeed, DDX11 and its yeast orthologue Chl1 have been shown to interact
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with multiple replication factors, such as the sliding clamp PCNA, its loader Replication Factor

C complex (RFC), the 5’-flap endonuclease FEN1, the fork protection complex (FPC) compo-

nent Timeless and with CTF4, which couples the MCM helicase to DNA polymerases [46–50].

How DDX11 deficiency results in cohesion loss is not entirely understood. The helicase-

dependent resolution of complex secondary DNA structures that are formed particularly in

the lagging strand may be required for successful sister chromatid entrapment, but helicase-

independent roles in cohesin loading have also been proposed [50, 51]. Interestingly, Eco1 and

Chl1 genetically interact [52–54] and synthetic lethality between DDX11 and ESCO2 was also

reported in chicken DT40 cells [55].

Here we report synthetic lethality between ESCO2 and DDX11 in different human cell

lines. Lethality is accompanied by aggravated cohesion loss in metaphase spreads. Reinforcing

arm cohesion by WAPL knockdown rescues synthetic lethality, indicating that lethality results

from detrimental loss of SCC. ESCO1 and ESCO2 appear to have both overlapping and non-

overlapping roles in SCC, which are conserved between mice and men. We find that a DNA

binding mutant of DDX11 cannot correct SCC in WABS cells and that DDX11 deficiency

causes reduced replication fork speed. We propose that DDX11 and ESCO2 have functions in

SCC that are both spatially and mechanistically distinct.

Materials and methods

Cell culture and construction of cell lines

RPE1-hTERT cells (American tissue collection) and SV40 transformed fibroblasts, including

WABS [28], RBS [36] and LN9SV control [71], were cultured in Dulbecco’s Modified Eagles

Medium (DMEM, Gibco), supplemented with 10% FCS, 1 mM sodium pyruvate and

antibiotics.

CRISPR-Cas9 was used to construct DDX11 and ESCO2 knockouts in RPE1 cells. The gen-

eration of RPE1-hTERT_TetOn-Cas9_TP53KO cells is also described in a currently submitted

manuscript [68]. Briefly, Cas9 cDNA was cloned into the pLVX-Tre3G plasmid (Clontech)

and lentiviral Tre3G-Cas9 and Tet3G particles were produced in HEK293T cells using the

Lenti-X HT packaging system (Clontech). Transduced cells were selected with 10 μg/mL puro-

mycin and 400 μg/mL G418. Cells were treated with 100 ng/mL doxycycline (Sigma-Aldrich)

to induce Cas9 expression and transfected with 10 nM synthetic crRNA and tracrRNA (Dhar-

macon or IDT) using RNAiMAX (Invitrogen). The following crRNA sequences were used:

TP53 (CCATTGTTCAATATCGTCCG), DDX11-specific (GGCTGGTCTCCCTTGGCTCC),

ESCO2 (TAAGTGGTACCTCAATCCAC). Single clones were assessed by Sanger sequencing

using the following primers: TP53-Fw (GAGACCTGTGGGAAGCGAAA, TP53-Rv GCTGCCCT
GGTAGGTTTTCT), DDX11-Fw (AACAACCCACCCTCCCCAAG), DDX11-Rv (TGCCTCAC
TCTCTCCAGACC), ESCO2-Fw (ATCAAAAAGGTAGAAGATGTCCAAGAAC), ESCO2-Rv

(GCCTGTTTGATGGGTTCTGC).

Proliferation assays

Adherent cells, the IncuCyte Zoom instrument (Essen Bioscience) was used. RPE1 cells (1500

/ well) and fibroblasts (3000 / well) were seeded in 96-wells plates and imaged every 4 hours

with a 10x objective. IncuCyte software was used to quantify confluence from four non-over-

lapping bright field images per well, for at least three replicate wells. Doubling time was calcu-

lated for the period required to grow from approximately 30% to 70% confluence, using the

formula doubling time (h) = required time (h) � log(2) / (log(confluence endpoint(%))–log

(confluence starting point(%))).
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siRNA transfections

For knockdown experiments, 25 nM siRNA (Dharmacon) was transfected using RNAiMAX

(Invitrogen). Sequences: non-targeting siRNA UAAGGCUAUGAAGAGAUAC, siDDX11 GCAG
AGCUGUACCGGGUUU, CGGCAGAACCUUUGUGUAA, GAGGAAGAACACAUAACUA, UGUUCA
AGGUGCAGCGAUA, siESCO1 GGACAAAGCUACAUGAUAG, siESCO2 CAAAAUCGAGUGAUC
UAUA GAGAGUAGUUGGGUGUUUA, AAUCAAGGCUCACCAUUUA, GAAGAAAGAACGUGUAG
UA, siUBB CCCAGUGACACCAUCGAAA, GACCAUCACUCUGGAGGUG, GUAUGCAGAUCUUCG
UGAA, GCCGUACUCUUUCUGACUA.

Proliferation assays

Proliferation assays were performed in 96-wells plates. Cells were counted and seeded in at

least triplicates in a total volume of 100 μl medium. Optimized cell densities were: WABS cells

3,000/well, RBS cells 4,000/well, RPE1 cells 1500/well. For WABS and RBS cells, cells were

incubated with 10 μl CellTiter-Blue reagent (Promega) for 2–4 h and fluorescence (560Ex/

590Em) was measured in a microplate reader (TriStar LB 941, Berthold Technologies). To

monitor cell growth of RPE1 cells, the IncuCyte Zoom instrument (Essen Bioscience) was

used. Cells were imaged every 4h with default software settings and a 10x objective. The Incu-

Cyte software was used to quantify confluence from four non-overlapping bright field images.

qRT-PCR

Total RNA was extracted with the High Pure Isolation Kit (Roche) and cDNA was prepared

with the iScript cDNA Synthesis Kit (Biorad). Quantitative reverse transcription polymerase

chain reaction (qRT-PCR) was performed using SYBR Green (Roche) on a LightCycler 480

(Roche). Levels were normalized to the geometric mean of at least two housekeeping genes.

Primer sequences:

hDDX11-Fw AACCTGTTCAAGGTGCAGCGATAC, hDDX11-Rv

GAGAAGCTGGTCGCAGGGT
mDDX11-Fw TTGTGGCTGTTTTGGGAGGTAATG, mDDX11-Rv

CACCTGGCTCTGAAAGAGAAAGTC
h/mESCO1-Fw CCTGGTGCTGCTCAACATT, h/mESCO1-Rv

CAGGAGTGGGATCTGAGAAAGC
m/hESCO2-Fw ATCAAAAAGGTAGAAGATGTCCAAGAAC, m/hESCO2-Rs

GCCTGTTTGATGGGTTCTGC
HPRT1-Fw TGACACTGGGAAAACAATGCA, HPRT-Rv GGTCCTTTTCACCAGCAAGCT
TBP-Fw TGCACAGGAGCCAAGAGTGAA, TBP-Rv CACATCACAGCTCCCCACCA
B2M-Fw ATGAGTATGCCTGCCGTGTGA, B2M-Rv GGCATCTTCAAACCTCCATG

Immunoblotting

Cells were lysed in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100)

with protease- and phosphatase inhibitors (Roche). For DNA-bound protein fractions, cells

were lysed in lysis buffer for 10 min and centrifuged at 1300 g for 10 min. The pellet was subse-

quently lysed in lysis buffer containing 5 units/μL benzonase nuclease (Sigma) for 1 h and cen-

trifuged at maximum speed for 5 min. Proteins were separated by 3–8% or 8–16% SDS-PAGE

(NU-PAGE or BioRad) and transferred to immobilon-P membranes (Millipore). Membranes

were blocked in 5% dry milk in TBST-T (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.04%

Tween-20), incubated with primary and peroxidase-conjugated secondary antibodies (DAKO

Glostrup, Denmark) and bands were visualized by chemoluminescence (Amersham).
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Antibodies used for detection are mouse anti-DDX11 (B01P, Abnova), mouse anti-α-tubulin

(B-5-1-2, Santa Cruz #sc-23948), mouse anti-vinculin (H-10, Santa Cruz sc-25336), guinea pig

anti-ESCO2 [36], mouse anti-ESCO1 (gift from JM Peters), rabbit anti-PARP (9542, Cell sig-

naling), AcSM3 (gift from K Shirahige), rabbit anti-SMC3 (A300-060A, Bethyl), rabbit anti-

WAPL (A300-268, Bethyl), mouse anti-vinculin (H-10, sc-25336, Santa Cruz).

Flow cytometry

Cells were harvested and washed in PBS and fixed in ice-cold 70% EtOH. For mitosis detec-

tion, cells were incubated with rabbit anti-pS10-Histone H3 (Millipore) for 1 h and with Alexa

Fluor 488 goat-anti-rabbit (Invitrogen) for 30 min. Cells were washed and resuspended in PBS

with 1:10 PI/RNase staining buffer (BD Biosciences) and analyzed by flow cytometry on a BD

FACSCalibur (BD Biosciences). Cell cycle analysis was conducted with BD CellQuest software

(BD Biosciences).

Analysis of cohesion defects

Cells were incubated with 200 ng/mL demecolcin (Sigma-Aldrich) for 20 minutes. Cells were

harvested, resuspended in 0.075 M KCl for 20 minutes and fixed in methanol/acetic acid (3:1).

Cells were washed in fixative three times, dropped onto glass slides and stained with 5%

Giemsa (Merck). Cohesion defects were counted in 25 metaphases per slide on two coded

slides per condition.

Results

Synthetic lethality of DDX11 and ESCO2 is conserved in different human

cell lines

We previously generated a unique isogenic cell line pair by functionally correcting fibroblasts

derived from a WABS patient [56] and used these in a genome-wide siRNA screen to search

for genes that are synthetically lethal with mutant DDX11 [57]. ESCO2 was one of the stron-

gest hits as validated by deconvoluting the siRNA pool (S1 Fig). This confirms that the syn-

thetic lethality between DDX11 and ESCO2, observed between yeast Chl1 and Eco1 [52–54]

and chicken DDX11 and ESCO2 [55], is conserved in patient-derived cells. We used the same

WABS cell line and its complemented counterpart to further validate these findings and also

to examine the role of ESCO1 in this context. As expected, siRNA mediated ESCO2 knock-

down strongly reduced the viability of WABS cells, but not of WABS+DDX11 cells (Fig 1A).

This lethality correlated with increased levels of caspase-dependent PARP cleavage, reflecting

apoptosis induction (Fig 1B). By contrast, knockdown of ESCO1 did not significantly affect

cell growth in these cells, despite a substantial reduction of acetylated SMC3 which is the main

target of ESCO1/ESCO2 acetyltransferases (Fig 1B). This suggests that ESCO1 mediated

SMC3 acetylation contributes to non-cohesive or non-mitotic roles of the cohesion complex.

In agreement with the effects of co-depleting DDX11 and ESCO1/2 on viability, we

observed severely aggravated cohesion defects in WABS cells upon knockdown of ESCO2,

whereas ESCO1 knockdown had a moderate effect (Fig 1C). Reversely, DDX11 knockdown

exhibited a stronger effect on cohesion in RBS cells than in RBS cells corrected with ESCO2

cDNA (Fig 1D and 1E), although the effect was modest. For additional validation, we used

CRISPR-Cas9 to create RPE1-TP53KO cells, and subsequently generated DDX11KOs and

ESCO2KOs in this genetic background. Knockdown of ESCO2 specifically inhibited growth of

RPE1-TP53KO-DDX11KO cells (Fig 2A) and caused increased levels of PCS (Fig 2B), showing
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Fig 1. Synthetic lethality of DDX11 and ESCO2 is conserved in fibroblasts of WABS and RBS patients. (A) WABS fibroblasts and corrected cells were transfected

with the indicated siRNAs and cell viability was analyzed after four days, using a cell-titer blue assay. (B) Cells were transfected with indicated siRNAs and analyzed by

western blot after three days. WCE, whole cell extract. (C) Cohesion defects were quantified in metaphases spreads of cells transfected as in B. Examples of metaphase

chromosomes with normal and railroad (RR) appearance, as well as premature chromatid separation (PCS), are shown. (D, E) RBS fibroblasts and corrected cells were

transfected with the indicated siRNAs and assessed after three days by cohesion defect analysis and western blot.

https://doi.org/10.1371/journal.pone.0220348.g001
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that synthetic lethality cannot be rescued by TP53 loss. Similarly, cohesion defects were

severely aggravated upon DDX11 knockdown in RPE1-TP53KO-ESCO2KO cells (Fig 2C).

We further analyzed the effect of ESCO2 knockdown in WABS fibroblasts using flow

cytometry, and found a clear induction of cells with a 4N DNA content (Fig 3A–3C). This

includes both p-Histone H3 positive (mitotic cells) and p-Histone H3 negative cells (G2 cells,

4N G1 cells). This could in part reflect a G2 arrest, resulting from replicative stress or reduced

DNA repair capacity. In addition, a small fraction of polyploid (>4N) cells appear at day 3.

These findings probably reflect an extended metaphase duration via reactivation of the spindle

assembly checkpoint that follows from reduced SCC and premature chromatid separation, as

previously reported by us and others [57–59]. Eventually these arrested cells die in mitosis (as

monitored by an increase in sub-G1 fraction), or may slip out of mitosis without cytokinesis.

Cells that slip out of mitosis may subsequently continue to replicate, possibly contributing to

the increased 4N fraction and leading to polyploidy.

Synthetic lethality of DDX11 and ESCO2 is rescued by WAPL knockdown

Next, we tested whether the SCC defects caused by single or double depletion of DDX11 and

ESCO2 can be rescued by WAPL knockdown. WAPL plays a key role in removing cohesin

Fig 2. Synthetic lethality of DDX11 and ESCO2 in RPE1 cells. (A) CRISPR-Cas9 was used to knockout TP53 and DDX11 in RPE1-hTERT cells. The resulting

isogenic cell lines were transfected with indicated siRNAs and proliferation was assessed using the IncuCyte. (B) Cells were transfected as in A and analyzed for

cohesion defects. (C) CRISPR-Cas9 was used to disrupt the ESCO2 gene in RPE1-hTERT-TP53KO cells. Cells were transfected with indicated siRNAs and analyzed

for cohesion defects.

https://doi.org/10.1371/journal.pone.0220348.g002
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rings from chromosome arms during the prophase pathway, so WAPL knockdown specifically

causes hyper-cohesion on chromosome arms during metaphase. The cohesion defects in RBS

cells could not be rescued by WAPL knockdown (Fig 4A and 4B). Since the WAPL-dependent

prophase pathway only affects arm cohesion, this indicates that the effect of ESCO2 is predom-

inantly manifested on centromere cohesion. In WABS cells, however, WAPL knockdown did

prevent PCS and rescued both synthetic lethality and PCS by ESCO2 knockdown (Fig 4C–4E).

The remarkable increase in railroad chromosomes in this triple knockdown condition can be

explained by a further reduction of centromere cohesion in the absence of both DDX11 and

ESCO2, as compared to single DDX11 depletion, combined with reinforcement of arm cohe-

sion by WAPL knockdown.

In summary, co-depletion of DDX11 and ESCO2 results in severe cohesion loss and lethal-

ity, which are both rescued by reinforcing cohesion via WAPL knockdown. This indicates that

ESCO2 and DDX11 critically facilitate SCC in partially separated contexts.

Fig 3. Induction of 4N fractions upon ESCO2 knockdown in WABS fibroblasts. WABS cells were transfected with the siESCO2, harvested at the indicated time

points and analyzed by western blot (A) and flow cytometry (B). (C) Quantification of two independent experiments.

https://doi.org/10.1371/journal.pone.0220348.g003
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ESCO1 and ESCO2 have separate functions in sister chromatid cohesion

Since ESCO1 and ESCO2 both contribute to SMC3 acetylation, we set out to investigate the

extent of their redundancy in SCC by manipulating their expression levels in RBS cells. Deple-

tion of ESCO1 severely aggravated the cohesion defects in RBS cells and we also detected a

small effect of ESCO1 depletion in RBS+ESCO2 cells (Fig 5A and 5B), suggesting that ESCO1

has a role in SCC that cannot be entirely compensated for by ESCO2.

Next, we investigated whether overexpression of ESCO1 or ESCO2 could rescue the cohe-

sion defects in RBS cells. To assess possible species-specific effects, considering a lethal effect

of ESCO1/2 or DDX11 deletion in mice [35, 60, 61], we also performed overexpression experi-

ments using expression constructs of their mouse orthologues. Whereas cohesion in RBS cells

Fig 4. Restoring arm cohesion by WAPL knockdown rescues PCS and lethality. (A,B) RBS cells were transfected with siWAPL and harvested after three days for

western blot and analysis of cohesion defects. (C-E) WABS cells were transfected with the indicated siRNAs and harvested after three days for western blot and analysis

of SCC. Viability was assessed after four days with a cell-titer blue assay.

https://doi.org/10.1371/journal.pone.0220348.g004
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could be restored similarly by either human or mouse ESCO2, the effect of ESCO1 was small,

indicating that ESCO2 has a unique role in SCC that cannot be replaced by ESCO1 (Fig 5C

and 5D). In line with the above described separate roles of ESCO2 and DDX11 in SCC, signifi-

cant DDX11 overexpression completely failed to rescue the cohesion defects in RBS cells.

Next, we overexpressed ESCO1, ESCO2 and DDX11 in WABS cells. Cohesion defects in

WABS were similarly restored by cDNAs encoding either human or mouse orthologues of

DDX11 (Fig 5E and 5F). Importantly, high levels of either ESCO1 or ESCO2 failed to compen-

sate for DDX11 inactivation, indicating that cohesion loss resulting from impaired DDX11

function cannot be rescued by increased expression of SMC3 acetyltransferases. In conclusion,

we find that DDX11, ESCO1, and ESCO2 have separable roles in SCC, which are conserved

between human and mouse.

DDX11-Q23A mutant fails to rescue sister chromatid cohesion

Recent studies in different organisms reported conflicting results regarding whether or not the

helicase function of DDX11/Chl1 is required for sister chromatid cohesion [50, 51, 55]. There-

fore, we overexpressed the DNA-binding mutant DDX11-Q23A [62] in WABS cells and con-

firmed high nuclear DDX11 expression in the vast majority of cells (Fig 6A and 6B). We then

assessed its ability to restore sister chromatid cohesion and find that whereas wtDDX11 res-

cues the cohesion loss in WABS fibroblasts, DDX11-Q23A shows no effect, suggesting that

DDX11 helicase activity is required to promote or safeguard sister chromatid cohesion in

human cells.

DDX11 deficiency causes reduction of DNA replication fork speed and

SMC3 acetylation

The interaction of DDX11 with multiple replication fork components [46–50] suggests that it

plays a role in cohesin loading in synchrony with DNA replication fork passage. To investigate

whether DDX11 also promotes DNA replication itself, we performed DNA fiber assays.

Indeed, we found that DDX11 knockdown reduces replication fork speed in RPE1-TERT cells,

to levels comparable to those observed after ESCO2 depletion (Fig 7A and 7B). Based on our

observations, we speculate that an important function of DDX11 is to resolve specific second-

ary DNA structures at the replication fork, thereby promoting replication fork progression

and subsequent cohesin loading.

Impaired cohesin loading at replication forks in the absence of DDX11 helicase activity

would be predicted to result in reduced cohesive effects of cohesin on DNA. Although we

don’t observe an effect of DDX11 on SMC3 acetylation in WABS cells (Figs 7C, 7D and S2), it

is possible that fluctuations are masked by SMC3 acetylation that occurs in the context of non-

canonical or non-cell-cycle related cohesin activities (e.g. gene transcription). Indeed, when

the ESCO1-dependent effects were eliminated by siRNA, DDX11 overexpression seemed to

slightly increase SMC3 acetylation, but the effect was not significant (Fig 7D). To further

examine this, we arrested RPE1-TP53KO-DDX11KO cells in G1 and G2 and compared the

Fig 5. ESCO1, ESCO2 and DDX11 have separable functions in SCC. (A,B) RBS fibroblasts and corrected cells were transfected with siRNA

targeting ESCO1 and harvested after three days for Western blot and SCC analysis. Mean and standard deviations of two technical replicates

are shown. (C,D) RBS cells were transduced with lentiviral vectors expressing the indicated proteins and selected with puromycin.

Overexpression was confirmed with qRT-PCR and cells were analyzed for cohesion defects. Mean and standard deviations of two independent

experiments are shown. Fold changes were calculated relative to parental cells. Note that mouse DDX11 mRNA is not detected in human cells,

so these values represent arbitrary units (�). DDX11 (E,F) WABS cells were transduced with lentiviral vectors expressing the indicated proteins

and selected with puromycin. Overexpression was confirmed with qRT-PCR and cells were analyzed for cohesion defects. Mean and standard

deviations of two independent experiments are shown. Fold changes were calculated relative to parental cells.

https://doi.org/10.1371/journal.pone.0220348.g005
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levels of SMC3 acetylation (Fig 7E and 7F). This revealed an increase in Ac-SMC3 in TP53KO

cells in G2 as compared to G1 cells, whereas this increase was less pronounced in RPE1-TP53-

KO-DDX11KO cells. However, the effect was subtle and combined loss of DDX11 and ESCO2

had no synergistic impact on SMC3 acetylation (Fig 7D), despite severely aggravated cohesion

loss. So, apart from a small, partially collaborative function between DDX11 and ESCO2 in

promoting SMC3 acetylation, there clearly is also an Ac-SMC3-independent role of DDX11 in

sister chromatid cohesion. This might relate to DNA replication fork stability or a role for

DDX11 in second strand capture to promote cohesion, such as proposed by [63]. We propose

that the DDX11 helicase promotes proper cohesin loading at replication forks, indirectly con-

tributing to subsequent acetylation and stable sister chromatid cohesion.

Discussion

In this study we provide evidence of synthetic lethality between ESCO2 and DDX11 in differ-

ent human cell lines. Lethality correlated with prolonged mitosis and strongly aggravated loss

of SCC, suggesting that mitotic arrest is triggered by premature chromatid separation and sub-

sequent mitotic checkpoint activation, as we described before [57]. In line, we also observed

signs of apoptosis induction and polyploidy. The synthetic lethality of DDX11 and ESCO2, as

well as the failure of overexpression of one to compensate for loss of the other, indicates that

ESCO2 and DDX11 act in different pathways leading to SCC establishment. Importantly, both

lethality and cohesion loss were rescued by WAPL knockdown. This suggests that loss of only

one of these proteins leads to a level of cohesion loss that can still be tolerated in most cells, but

their combined loss causes near to complete cohesion loss, which is detrimental for cell

viability.

The observed effects of WAPL knockdown suggest that the SCC resulting from the activity

of these pathways is in part spatially separated at the chromosomes. An attractive explanation

for the synthetic lethality between ESCO2 and DDX11 is that they largely function in spatially

separated contexts. A previous study showed that ESCO2 loss particularly affects cohesion in

pericentromeric regions [35], which is also illustrated by the large number of railroad chromo-

somes observed in metaphase spreads of RBS cells. It has to be noted that RPE1-ESCO2KO

cells also exhibit considerable levels of PCS, indicating that the role of ESCO2 clearly is not

Fig 6. DDX11-Q23A mutant fails to rescue sister chromatid cohesion. (A) WABS fibroblasts were stably transfected with WT-DDX11 or the DNA binding mutant

DDX11-Q23A, and assessed for protein levels using western blot. Lines within blots indicate positions where irrelevant lanes were removed. (B) The expression of

ectopic DDX11 was assessed by immunofluorescence. (C) Cells were analyzed for cohesion defects. Mean and standard deviations of two independent experiments are

shown.

https://doi.org/10.1371/journal.pone.0220348.g006
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restricted to establishing SCC at centromeres alone. Indeed, ESCO2 has been reported to bind

PCNA and MCM complexes [37–39], and ESCO2 loss delays fork progression [40]. However,

WAPL knockdown hardly rescues the cohesion loss in RBS cells, probably because inhibition

of WAPL mainly reinforces arm cohesion by blocking the prophase pathway [4, 6, 64]. By con-

trast, WAPL knockdown partially rescues cohesion defects in DDX11 deficient cells, suggest-

ing that DDX11 facilitates SCC on both chromosome arms and centromeres. This functional

separation model receives particular support from our observation that in siESCO2 treated

WABS cells, WAPL depletion only prevents PCS, but at the same time increases the amount of

railroad chromosomes (Fig 3E).

The evolutionary divergence of yeast Eco1 into two vertebrate orthologues, ESCO1 and

ESCO2, is accompanied by functional specialization and differential regulation of their protein

levels. For example, ESCO1 is expressed during the whole cell cycle, whereas ESCO2 protein

expression peaks in S-phase [35, 36]. This suggests that ESCO2 mainly fulfills the role of estab-

lishing SCC prior to regulated chromatid separation in mitosis, whereas ESCO1 directs cohe-

sin’s non-canonical activities such as those related to gene transcription. Indeed, ESCO1 was

reported to acetylate SMC3 in a replication-independent manner, via a unique interaction

with PDS5 [41]. This might also explain why we observe a larger effect on SMC3 acetylation of

ESCO1 knockdown as compared to ESCO2 knockdown. In line with earlier reports [34, 41,

42], we show here that ESCO1 also contributes to canonical SCC, albeit only to a small extent.

Whereas we observed some compensating effects of overexpressing ESCO1 in RBS cells, both

knockdown and overexpression studies indicated that ESCO1 and ESCO2 have largely non-

overlapping roles in SCC. This might relate to location-specific effects on SCC of ESCO1 and

ESCO2; ESCO2-dependent acetylation has a preference for centromeric cohesins, whereas

ESCO1 might preferentially acetylate cohesin at chromosome arms. It will be interesting to

further quantify the levels of cohesive cohesin on chromosome arms and centromeres in

ESCO1 and ESCO2 deficient human cells. Importantly, we could not distinguish the activities

of human or mouse versions of DDX11 or ESCO1/2. Therefore, the paradox that ESCO2 loss

is embryonically lethal in mice [35], whereas most human RBS patients contain loss of func-

tion mutations in ESCO2 [65], can probably not be explained by differences in the mouse and

human ESCO1 and ESCO2 coding sequences. Possibly, the typical acrocentric architecture of

murine chromosomes makes them more vulnerable to SCC deprivation and/or ESCO2

deficiency.

Our data indicate that the helicase activity of DDX11 critically promotes SCC in human

cells. DDX11 is thought to resolve certain complex secondary DNA structures including GC-

rich regions and/or anti-parallel G-quadruplexes [66, 67]. The duplex or quadruplex resolving

capacities of DDX11 helicases may contribute to SCC by facilitating loading of the second

strand into cohesin rings, which was reported to require single stranded DNA [63]. Alterna-

tively, secondary DNA structures that are normally substrates of DDX11 may be prone to

breakage when DDX11 is absent, requiring repair and WAPL/PDS5-dependent cohesin

removal to provide access of repair factors to the break site [68].

Fig 7. DDX11 deficiency slows replication fork speed and reduces SMC3 acetylation. (A) RPE1-hTERT cells were transfected with indicated siRNAs for

two days and analyzed by western blot. Replication fork speed was assessed with a DNA fiber assay using a double labeling protocol. Black lines indicate the

median. P-values were calculated by a non-parametric one-way ANOVA test. ���� p<0,0001. Representative images of DNA fiber tracts are shown. (B)

RPE1-TP53KO and RPE1-TP53KO-DDX1KO cells were analyzed with a DNA fiber assay. (C) WABS fibroblasts and corrected cells were transfected with the

indicated siRNAs and analyzed by western blot after three days. Additional antibody incubations are provided in S2 Fig. (D) Quantification of AcSMC3 levels

normalized to total SMC3, using image-lab software and. Mean and standard deviations are shown. P-values were calculated using a two-tailed t-test. �

p<0,05; ��<0,01; ns not significant. (E) RPE1-TP53KO and RPE1-TP53KO-DDX11KO cells were arrested in G1 using the Cdk4/6 inhibitor Palbociclib (20h,

10 μM) and in G2 using the Cdk1 inhibitor RO3306 (20h, 10 μM) and assessed by flow cytometry. (F) cells from (E) were lysed, and soluble and DNA-bound

protein fractions were separated and analyzed by western blot. Ctrl, TP53KO cells; DX, TP53KO-DDX11KO cells.

https://doi.org/10.1371/journal.pone.0220348.g007
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Both DDX11 [46–50] and ESCO2 [37–39] interact with multiple replication fork compo-

nents, indicating that they promote cohesin loading and cohesion establishment in synchrony

with DNA replication fork passage. Possibly, DDX11 acts upstream of ESCO1/2 to facilitate

cohesin loading and subsequent SMC3 acetylation. However, this is difficult to reconcile with

the severe synthetic lethality of DDX11 and ESCO2: loss of one factor would disrupt the path-

way, whereas loss of the second factor would have a small additional effect. As an alternative

for spatially separated activities, DDX11 and ESCO2 may participate in mechanistically dis-

tinct cohesion establishment pathways. An important notion could be that there seems to be

no synergistic effect of DDX11 and ESCO2 co-depletion on SMC3 acetylation. Moreover, we

find that increasing SMC3 acetylation by overexpressing ESCO1 or ESCO2 cannot rescue the

cohesion defects in DDX11 deficient cells. This may suggest that DDX11 has an Ac-SMC3-in-

dependent role in cohesion establishment. Indeed, several reports proposed that there are two

parallel pathways to facilitate SCC [52, 69, 70]. Genetic dissection in yeast suggested that loss

of Chl1 specifically disrupts one such pathway, but leaves the other intact. In conclusion, we

propose that DDX11, ESCO1 and ESCO2 control different fractions of cohesin that are spa-

tially and mechanistically separated.

Supporting information

S1 Fig. Deconvolution of siRNAs targeting ESCO2. WABS fibroblasts and corrected cells

were transfected with the indicated siRNAs and cell viability was analyzed after four days,

using a cell-titer blue assay.

(TIF)

S2 Fig. Effect of DDX11, ESCO1 and ESCO2 on SMC3 acetylation. Cells were transfected

with indicated siRNAs and analyzed by Western blot.

(TIF)

Acknowledgments

We thank Pascal Walther and Mariah Kes for validating DDX11KO and ESCO2KO RPEs, and

Hein te Riele for critical reading of the manuscript. We dedicate this work to the memory of

Johan de Winter, who initiated this study.

Author Contributions

Investigation: Atiq Faramarz, Jesper A. Balk, Janne J. M. van Schie, Anneke B. Oostra, Cher-

ien A. Ghandour, Martin A. Rooimans, Job de Lange.

Methodology: Atiq Faramarz, Jesper A. Balk, Janne J. M. van Schie, Anneke B. Oostra, Cher-

ien A. Ghandour, Martin A. Rooimans, Job de Lange.

Supervision: Job de Lange.

Validation: Atiq Faramarz.

Writing – original draft: Atiq Faramarz, Job de Lange.

Writing – review & editing: Janne J. M. van Schie, Rob M. F. Wolthuis.

References
1. Ciosk R, Shirayama M, Shevchenko A, Tanaka T, Toth A, Shevchenko A, et al. Cohesin’s binding to

chromosomes depends on a separate complex consisting of Scc2 and Scc4 proteins. Mol Cell. 2000; 5

(2):243–54. https://doi.org/10.1016/s1097-2765(00)80420-7 PMID: 10882066.

Non-redundant roles in sister chromatid cohesion of DDX11 and ESCO1/2

PLOS ONE | https://doi.org/10.1371/journal.pone.0220348 January 14, 2020 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220348.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220348.s002
https://doi.org/10.1016/s1097-2765(00)80420-7
http://www.ncbi.nlm.nih.gov/pubmed/10882066
https://doi.org/10.1371/journal.pone.0220348


2. Fernius J, Nerusheva OO, Galander S, Alves Fde L, Rappsilber J, Marston AL. Cohesin-dependent

association of scc2/4 with the centromere initiates pericentromeric cohesion establishment. Curr Biol.

2013; 23(7):599–606. https://doi.org/10.1016/j.cub.2013.02.022 PMID: 23499533; PubMed Central

PMCID: PMC3627958.

3. Watrin E, Schleiffer A, Tanaka K, Eisenhaber F, Nasmyth K, Peters JM. Human Scc4 is required for

cohesin binding to chromatin, sister-chromatid cohesion, and mitotic progression. Curr Biol. 2006; 16

(9):863–74. S0960-9822(06)01346-7 [pii]; https://doi.org/10.1016/j.cub.2006.03.049 PMID: 16682347

4. Kueng S, Hegemann B, Peters BH, Lipp JJ, Schleiffer A, Mechtler K, et al. Wapl controls the dynamic

association of cohesin with chromatin. Cell. 2006; 127(5):955–67. https://doi.org/10.1016/j.cell.2006.

09.040 PMID: 17113138

5. Heidinger-Pauli JM, Unal E, Koshland D. Distinct targets of the Eco1 acetyltransferase modulate cohe-

sion in S phase and in response to DNA damage. Mol Cell. 2009; 34(3):311–21. https://doi.org/10.1016/

j.molcel.2009.04.008 PMID: 19450529

6. Rowland BD, Roig MB, Nishino T, Kurze A, Uluocak P, Mishra A, et al. Building sister chromatid cohe-

sion: smc3 acetylation counteracts an antiestablishment activity. Mol Cell. 2009; 33(6):763–74. https://

doi.org/10.1016/j.molcel.2009.02.028 PMID: 19328069

7. Nishiyama T, Ladurner R, Schmitz J, Kreidl E, Schleiffer A, Bhaskara V, et al. Sororin mediates sister

chromatid cohesion by antagonizing Wapl. Cell. 2010; 143(5):737–49. https://doi.org/10.1016/j.cell.

2010.10.031 PMID: 21111234

8. Hauf S, Roitinger E, Koch B, Dittrich CM, Mechtler K, Peters JM. Dissociation of cohesin from chromo-

some arms and loss of arm cohesion during early mitosis depends on phosphorylation of SA2. PLoS

Biol. 2005; 3(3):e69. https://doi.org/10.1371/journal.pbio.0030069 PMID: 15737063; PubMed Central

PMCID: PMC1054881.

9. Waizenegger IC, Hauf S, Meinke A, Peters JM. Two distinct pathways remove mammalian cohesin

from chromosome arms in prophase and from centromeres in anaphase. Cell. 2000; 103(3):399–410.

https://doi.org/10.1016/s0092-8674(00)00132-x PMID: 11081627.

10. Zhang N, Panigrahi AK, Mao Q, Pati D. Interaction of Sororin protein with polo-like kinase 1 mediates

resolution of chromosomal arm cohesion. J Biol Chem. 2011; 286(48):41826–37. https://doi.org/10.

1074/jbc.M111.305888 PMID: 21987589; PubMed Central PMCID: PMC3310079.

11. McGuinness BE, Hirota T, Kudo NR, Peters JM, Nasmyth K. Shugoshin prevents dissociation of cohe-

sin from centromeres during mitosis in vertebrate cells. PLoS Biol. 2005; 3(3):e86. 04-PLBI-RA-0678R1

[pii]; https://doi.org/10.1371/journal.pbio.0030086 PMID: 15737064

12. Liu H, Rankin S, Yu H. Phosphorylation-enabled binding of SGO1-PP2A to cohesin protects sororin

and centromeric cohesion during mitosis. Nat Cell Biol. 2013; 15(1):40–9. ncb2637 [pii]; https://doi.org/

10.1038/ncb2637 PMID: 23242214

13. Peters JM. The anaphase promoting complex/cyclosome: a machine designed to destroy. Nat Rev Mol

Cell Biol. 2006; 7(9):644–56. https://doi.org/10.1038/nrm1988 PMID: 16896351

14. Skibbens RV, Marzillier J, Eastman L. Cohesins coordinate gene transcriptions of related function within

Saccharomyces cerevisiae. Cell Cycle. 2010; 9(8):1601–6. https://doi.org/10.4161/cc.9.8.11307 PMID:

20404480; PubMed Central PMCID: PMC3096706.

15. Parelho V, Hadjur S, Spivakov M, Leleu M, Sauer S, Gregson HC, et al. Cohesins functionally associate

with CTCF on mammalian chromosome arms. Cell. 2008; 132(3):422–33. https://doi.org/10.1016/j.cell.

2008.01.011 PMID: 18237772.

16. Wendt KS, Yoshida K, Itoh T, Bando M, Koch B, Schirghuber E, et al. Cohesin mediates transcriptional

insulation by CCCTC-binding factor. Nature. 2008; 451(7180):796–801. https://doi.org/10.1038/

nature06634 PMID: 18235444.

17. Xu B, Sowa N, Cardenas ME, Gerton JL. L-leucine partially rescues translational and developmental

defects associated with zebrafish models of Cornelia de Lange syndrome. Hum Mol Genet. 2015; 24

(6):1540–55. https://doi.org/10.1093/hmg/ddu565 PMID: 25378554; PubMed Central PMCID:

PMC4351377.

18. Zakari M, Yuen K, Gerton JL. Etiology and pathogenesis of the cohesinopathies. Wiley Interdiscip Rev

Dev Biol. 2015; 4(5):489–504. https://doi.org/10.1002/wdev.190 PMID: 25847322.

19. Bose T, Lee KK, Lu S, Xu B, Harris B, Slaughter B, et al. Cohesin proteins promote ribosomal RNA pro-

duction and protein translation in yeast and human cells. PLoS Genet. 2012; 8(6):e1002749. https://doi.

org/10.1371/journal.pgen.1002749 PGENETICS-D-11-02119 [pii]. PMID: 22719263

20. Krantz ID, McCallum J, DeScipio C, Kaur M, Gillis LA, Yaeger D, et al. Cornelia de Lange syndrome is

caused by mutations in NIPBL, the human homolog of Drosophila melanogaster Nipped-B. Nat Genet.

2004; 36(6):631–5. https://doi.org/10.1038/ng1364 PMID: 15146186

Non-redundant roles in sister chromatid cohesion of DDX11 and ESCO1/2

PLOS ONE | https://doi.org/10.1371/journal.pone.0220348 January 14, 2020 16 / 19

https://doi.org/10.1016/j.cub.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23499533
https://doi.org/10.1016/j.cub.2006.03.049
http://www.ncbi.nlm.nih.gov/pubmed/16682347
https://doi.org/10.1016/j.cell.2006.09.040
https://doi.org/10.1016/j.cell.2006.09.040
http://www.ncbi.nlm.nih.gov/pubmed/17113138
https://doi.org/10.1016/j.molcel.2009.04.008
https://doi.org/10.1016/j.molcel.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19450529
https://doi.org/10.1016/j.molcel.2009.02.028
https://doi.org/10.1016/j.molcel.2009.02.028
http://www.ncbi.nlm.nih.gov/pubmed/19328069
https://doi.org/10.1016/j.cell.2010.10.031
https://doi.org/10.1016/j.cell.2010.10.031
http://www.ncbi.nlm.nih.gov/pubmed/21111234
https://doi.org/10.1371/journal.pbio.0030069
http://www.ncbi.nlm.nih.gov/pubmed/15737063
https://doi.org/10.1016/s0092-8674(00)00132-x
http://www.ncbi.nlm.nih.gov/pubmed/11081627
https://doi.org/10.1074/jbc.M111.305888
https://doi.org/10.1074/jbc.M111.305888
http://www.ncbi.nlm.nih.gov/pubmed/21987589
https://doi.org/10.1371/journal.pbio.0030086
http://www.ncbi.nlm.nih.gov/pubmed/15737064
https://doi.org/10.1038/ncb2637
https://doi.org/10.1038/ncb2637
http://www.ncbi.nlm.nih.gov/pubmed/23242214
https://doi.org/10.1038/nrm1988
http://www.ncbi.nlm.nih.gov/pubmed/16896351
https://doi.org/10.4161/cc.9.8.11307
http://www.ncbi.nlm.nih.gov/pubmed/20404480
https://doi.org/10.1016/j.cell.2008.01.011
https://doi.org/10.1016/j.cell.2008.01.011
http://www.ncbi.nlm.nih.gov/pubmed/18237772
https://doi.org/10.1038/nature06634
https://doi.org/10.1038/nature06634
http://www.ncbi.nlm.nih.gov/pubmed/18235444
https://doi.org/10.1093/hmg/ddu565
http://www.ncbi.nlm.nih.gov/pubmed/25378554
https://doi.org/10.1002/wdev.190
http://www.ncbi.nlm.nih.gov/pubmed/25847322
https://doi.org/10.1371/journal.pgen.1002749
https://doi.org/10.1371/journal.pgen.1002749
http://www.ncbi.nlm.nih.gov/pubmed/22719263
https://doi.org/10.1038/ng1364
http://www.ncbi.nlm.nih.gov/pubmed/15146186
https://doi.org/10.1371/journal.pone.0220348


21. Tonkin ET, Wang TJ, Lisgo S, Bamshad MJ, Strachan T. NIPBL, encoding a homolog of fungal Scc2-

type sister chromatid cohesion proteins and fly Nipped-B, is mutated in Cornelia de Lange syndrome.

Nat Genet. 2004; 36(6):636–41. https://doi.org/10.1038/ng1363 PMID: 15146185

22. Gillis LA, McCallum J, Kaur M, DeScipio C, Yaeger D, Mariani A, et al. NIPBL mutational analysis in 120

individuals with Cornelia de Lange syndrome and evaluation of genotype-phenotype correlations. Am J

Hum Genet. 2004; 75(4):610–23. https://doi.org/10.1086/424698 PMID: 15318302; PubMed Central

PMCID: PMC1182048.

23. Musio A, Selicorni A, Focarelli ML, Gervasini C, Milani D, Russo S, et al. X-linked Cornelia de Lange

syndrome owing to SMC1L1 mutations. Nat Genet. 2006; 38(5):528–30. https://doi.org/10.1038/

ng1779 PMID: 16604071.

24. Deardorff MA, Kaur M, Yaeger D, Rampuria A, Korolev S, Pie J, et al. Mutations in cohesin complex

members SMC3 and SMC1A cause a mild variant of cornelia de Lange syndrome with predominant

mental retardation. Am J Hum Genet. 2007; 80(3):485–94. https://doi.org/10.1086/511888 PMID:

17273969; PubMed Central PMCID: PMC1821101.

25. Deardorff MA, Wilde JJ, Albrecht M, Dickinson E, Tennstedt S, Braunholz D, et al. RAD21 Mutations

Cause a Human Cohesinopathy. Am J Hum Genet. 2012.

26. Deardorff MA, Bando M, Nakato R, Watrin E, Itoh T, Minamino M, et al. HDAC8 mutations in Cornelia

de Lange syndrome affect the cohesin acetylation cycle. Nature. 2012.

27. Vega H, Waisfisz Q, Gordillo M, Sakai N, Yanagihara I, Yamada M, et al. Roberts syndrome is caused

by mutations in ESCO2, a human homolog of yeast ECO1 that is essential for the establishment of sis-

ter chromatid cohesion. Nat Genet. 2005; 37(5):468–70. https://doi.org/10.1038/ng1548 PMID:

15821733

28. van der Lelij P, Chrzanowska KH, Godthelp BC, Rooimans MA, Oostra AB, Stumm M, et al. Warsaw

breakage syndrome, a cohesinopathy associated with mutations in the XPD helicase family member

DDX11/ChlR1. Am J Hum Genet. 2010; 86(2):262–6. https://doi.org/10.1016/j.ajhg.2010.01.008 PMID:

20137776

29. Chetaille P, Preuss C, Burkhard S, Cote JM, Houde C, Castilloux J, et al. Mutations in SGOL1 cause a

novel cohesinopathy affecting heart and gut rhythm. Nat Genet. 2014; 46(11):1245–9. https://doi.org/

10.1038/ng.3113 PMID: 25282101.

30. Castronovo P, Gervasini C, Cereda A, Masciadri M, Milani D, Russo S, et al. Premature chromatid sep-

aration is not a useful diagnostic marker for Cornelia de Lange syndrome. Chromosome Res. 2009; 17

(6):763–71. https://doi.org/10.1007/s10577-009-9066-6 PMID: 19690971.

31. Banerji R, Eble DM, Iovine MK, Skibbens RV. Esco2 regulates cx43 expression during skeletal regener-

ation in the zebrafish fin. Dev Dyn. 2016; 245(1):7–21. https://doi.org/10.1002/dvdy.24354 PMID:

26434741.

32. Remeseiro S, Cuadrado A, Losada A. Cohesin in development and disease. Development. 2013; 140

(18):3715–8. https://doi.org/10.1242/dev.090605 PMID: 23981654.

33. Skibbens RV, Colquhoun JM, Green MJ, Molnar CA, Sin DN, Sullivan BJ, et al. Cohesinopathies of a

feather flock together. PLoS Genet. 2013; 9(12):e1004036. https://doi.org/10.1371/journal.pgen.

1004036 PMID: 24367282; PubMed Central PMCID: PMC3868590.

34. Hou F, Zou H. Two human orthologues of Eco1/Ctf7 acetyltransferases are both required for proper sis-

ter-chromatid cohesion. Mol Biol Cell. 2005; 16(8):3908–18. https://doi.org/10.1091/mbc.E04-12-1063

PMID: 15958495

35. Whelan G, Kreidl E, Wutz G, Egner A, Peters JM, Eichele G. Cohesin acetyltransferase Esco2 is a cell

viability factor and is required for cohesion in pericentric heterochromatin. EMBO J. 2011.

36. van der Lelij P, Godthelp BC, vZ W., vG D., Oostra AB, Steltenpool J, et al. The cellular phenotype of

Roberts syndrome fibroblasts as revealed by ectopic expression of ESCO2. PLoS One. 2009; 4(9):

e6936. https://doi.org/10.1371/journal.pone.0006936 PMID: 19738907

37. Moldovan GL, Pfander B, Jentsch S. PCNA controls establishment of sister chromatid cohesion during

S phase. Mol Cell. 2006; 23(5):723–32. https://doi.org/10.1016/j.molcel.2006.07.007 PMID: 16934511

38. Ivanov MP, Ladurner R, Poser I, Beveridge R, Rampler E, Hudecz O, et al. The replicative helicase

MCM recruits cohesin acetyltransferase ESCO2 to mediate centromeric sister chromatid cohesion.

EMBO J. 2018; 37(15). Epub 2018/06/23. https://doi.org/10.15252/embj.201797150 PMID: 29930102;

PubMed Central PMCID: PMC6068434.

39. Minamino M, Tei S, Negishi L, Kanemaki MT, Yoshimura A, Sutani T, et al. Temporal Regulation of

ESCO2 Degradation by the MCM Complex, the CUL4-DDB1-VPRBP Complex, and the Anaphase-Pro-

moting Complex. Curr Biol. 2018; 28(16):2665–72 e5. Epub 2018/08/14. https://doi.org/10.1016/j.cub.

2018.06.037 PMID: 30100344.

Non-redundant roles in sister chromatid cohesion of DDX11 and ESCO1/2

PLOS ONE | https://doi.org/10.1371/journal.pone.0220348 January 14, 2020 17 / 19

https://doi.org/10.1038/ng1363
http://www.ncbi.nlm.nih.gov/pubmed/15146185
https://doi.org/10.1086/424698
http://www.ncbi.nlm.nih.gov/pubmed/15318302
https://doi.org/10.1038/ng1779
https://doi.org/10.1038/ng1779
http://www.ncbi.nlm.nih.gov/pubmed/16604071
https://doi.org/10.1086/511888
http://www.ncbi.nlm.nih.gov/pubmed/17273969
https://doi.org/10.1038/ng1548
http://www.ncbi.nlm.nih.gov/pubmed/15821733
https://doi.org/10.1016/j.ajhg.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20137776
https://doi.org/10.1038/ng.3113
https://doi.org/10.1038/ng.3113
http://www.ncbi.nlm.nih.gov/pubmed/25282101
https://doi.org/10.1007/s10577-009-9066-6
http://www.ncbi.nlm.nih.gov/pubmed/19690971
https://doi.org/10.1002/dvdy.24354
http://www.ncbi.nlm.nih.gov/pubmed/26434741
https://doi.org/10.1242/dev.090605
http://www.ncbi.nlm.nih.gov/pubmed/23981654
https://doi.org/10.1371/journal.pgen.1004036
https://doi.org/10.1371/journal.pgen.1004036
http://www.ncbi.nlm.nih.gov/pubmed/24367282
https://doi.org/10.1091/mbc.E04-12-1063
http://www.ncbi.nlm.nih.gov/pubmed/15958495
https://doi.org/10.1371/journal.pone.0006936
http://www.ncbi.nlm.nih.gov/pubmed/19738907
https://doi.org/10.1016/j.molcel.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16934511
https://doi.org/10.15252/embj.201797150
http://www.ncbi.nlm.nih.gov/pubmed/29930102
https://doi.org/10.1016/j.cub.2018.06.037
https://doi.org/10.1016/j.cub.2018.06.037
http://www.ncbi.nlm.nih.gov/pubmed/30100344
https://doi.org/10.1371/journal.pone.0220348


40. Terret ME, Sherwood R, Rahman S, Qin J, Jallepalli PV. Cohesin acetylation speeds the replication

fork. Nature. 2009; 462(7270):231–4. https://doi.org/10.1038/nature08550 PMID: 19907496

41. Minamino M, Ishibashi M, Nakato R, Akiyama K, Tanaka H, Kato Y, et al. Esco1 Acetylates Cohesin via

a Mechanism Different from That of Esco2. Curr Biol. 2015; 25(13):1694–706. https://doi.org/10.1016/j.

cub.2015.05.017 PMID: 26051894.

42. Kawasumi R, Abe T, Arakawa H, Garre M, Hirota K, Branzei D. ESCO1/2’s roles in chromosome struc-

ture and interphase chromatin organization. Genes Dev. 2017; 31(21):2136–50. https://doi.org/10.

1101/gad.306084.117 PMID: 29196537; PubMed Central PMCID: PMC5749162.

43. Alomer RM, da Silva EML, Chen J, Piekarz KM, McDonald K, Sansam CG, et al. Esco1 and Esco2 reg-

ulate distinct cohesin functions during cell cycle progression. Proc Natl Acad Sci U S A. 2017; 114

(37):9906–11. https://doi.org/10.1073/pnas.1708291114 PMID: 28847955; PubMed Central PMCID:

PMC5604028.

44. Wu Y, Brosh RM Jr., DNA helicase and helicase-nuclease enzymes with a conserved iron-sulfur cluster.

Nucleic Acids Res. 2012; 40(10):4247–60. https://doi.org/10.1093/nar/gks039 PMID: 22287629;

PubMed Central PMCID: PMC3378879.

45. Pisani FM, Napolitano E, Napolitano LMR, Onesti S. Molecular and Cellular Functions of the Warsaw

Breakage Syndrome DNA Helicase DDX11. Genes (Basel). 2018; 9(11). https://doi.org/10.3390/

genes9110564 PMID: 30469382; PubMed Central PMCID: PMC6266566.

46. Rudra S, Skibbens RV. Sister chromatid cohesion establishment occurs in concert with lagging strand

synthesis. Cell Cycle. 2012; 11(11):2114–21. https://doi.org/10.4161/cc.20547 PMID: 22592531

47. Petronczki M, Chwalla B, Siomos MF, Yokobayashi S, Helmhart W, Deutschbauer AM, et al. Sister-

chromatid cohesion mediated by the alternative RF-CCtf18/Dcc1/Ctf8, the helicase Chl1 and the poly-

merase-alpha-associated protein Ctf4 is essential for chromatid disjunction during meiosis II. J Cell Sci.

2004; 117(Pt 16):3547–59. https://doi.org/10.1242/jcs.01231 PMID: 15226378

48. Mayer ML, Pot I, Chang M, Xu H, Aneliunas V, Kwok T, et al. Identification of protein complexes

required for efficient sister chromatid cohesion. Mol Biol Cell. 2004; 15(4):1736–45. https://doi.org/10.

1091/mbc.E03-08-0619 PMID: 14742714; PubMed Central PMCID: PMC379271.

49. Cali F, Bharti SK, Di Perna R, Brosh RM Jr., Pisani FM. Tim/Timeless, a member of the replication fork

protection complex, operates with the Warsaw breakage syndrome DNA helicase DDX11 in the same

fork recovery pathway. Nucleic Acids Res. 2016; 44(2):705–17. https://doi.org/10.1093/nar/gkv1112

PMID: 26503245; PubMed Central PMCID: PMC4737141.

50. Cortone G, Zheng G, Pensieri P, Chiappetta V, Tate R, Malacaria E, et al. Interaction of the Warsaw

breakage syndrome DNA helicase DDX11 with the replication fork-protection factor Timeless promotes

sister chromatid cohesion. PLoS Genet. 2018; 14(10):e1007622. https://doi.org/10.1371/journal.pgen.

1007622 PMID: 30303954; PubMed Central PMCID: PMC6179184.

51. Samora CP, Saksouk J, Goswami P, Wade BO, Singleton MR, Bates PA, et al. Ctf4 Links DNA Replica-

tion with Sister Chromatid Cohesion Establishment by Recruiting the Chl1 Helicase to the Replisome.

Mol Cell. 2016; 63(3):371–84. https://doi.org/10.1016/j.molcel.2016.05.036 PMID: 27397686; PubMed

Central PMCID: PMC4980427.

52. Borges V, Smith DJ, Whitehouse I, Uhlmann F. An Eco1-independent sister chromatid cohesion estab-

lishment pathway in S. cerevisiae. Chromosoma. 2013.

53. Chen Z, McCrosky S, Guo W, Li H, Gerton JL. A Genetic Screen to Discover Pathways Affecting Cohe-

sin Function in Schizosaccharomyces pombe Identifies Chromatin Effectors. G3 (Bethesda). 2012; 2

(10):1161–8.

54. Skibbens RV. Chl1p, a DNA helicase-like protein in budding yeast, functions in sister-chromatid cohe-

sion. Genetics. 2004; 166(1):33–42. https://doi.org/10.1534/genetics.166.1.33 PMID: 15020404

55. Abe T, Kawasumi R, Arakawa H, Hori T, Shirahige K, Losada A, et al. Chromatin determinants of the

inner-centromere rely on replication factors with functions that impart cohesion. Oncotarget. 2016; 7

(42):67934–47. https://doi.org/10.18632/oncotarget.11982 PMID: 27636994; PubMed Central PMCID:

PMC5356530.

56. van der Lelij P, Oostra AB, Rooimans MA, Joenje H, de Winter JP. Diagnostic Overlap between Fanconi

Anemia and the Cohesinopathies: Roberts Syndrome and Warsaw Breakage Syndrome. Anemia.

2010; 2010:565268. https://doi.org/10.1155/2010/565268 PMID: 21490908

57. de Lange J, Faramarz A, Oostra AB, de Menezes RX, van der Meulen IH, Rooimans MA, et al. Defec-

tive sister chromatid cohesion is synthetically lethal with impaired APC/C function. Nat Commun. 2015;

6:8399. ncomms9399 [pii]; https://doi.org/10.1038/ncomms9399 PMID: 26423134

58. Daum JR, Potapova TA, Sivakumar S, Daniel JJ, Flynn JN, Rankin S, et al. Cohesion fatigue induces

chromatid separation in cells delayed at metaphase. Curr Biol. 2011; 21(12):1018–24. S0960-9822(11)

00588-4 [pii]; https://doi.org/10.1016/j.cub.2011.05.032 PMID: 21658943

Non-redundant roles in sister chromatid cohesion of DDX11 and ESCO1/2

PLOS ONE | https://doi.org/10.1371/journal.pone.0220348 January 14, 2020 18 / 19

https://doi.org/10.1038/nature08550
http://www.ncbi.nlm.nih.gov/pubmed/19907496
https://doi.org/10.1016/j.cub.2015.05.017
https://doi.org/10.1016/j.cub.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26051894
https://doi.org/10.1101/gad.306084.117
https://doi.org/10.1101/gad.306084.117
http://www.ncbi.nlm.nih.gov/pubmed/29196537
https://doi.org/10.1073/pnas.1708291114
http://www.ncbi.nlm.nih.gov/pubmed/28847955
https://doi.org/10.1093/nar/gks039
http://www.ncbi.nlm.nih.gov/pubmed/22287629
https://doi.org/10.3390/genes9110564
https://doi.org/10.3390/genes9110564
http://www.ncbi.nlm.nih.gov/pubmed/30469382
https://doi.org/10.4161/cc.20547
http://www.ncbi.nlm.nih.gov/pubmed/22592531
https://doi.org/10.1242/jcs.01231
http://www.ncbi.nlm.nih.gov/pubmed/15226378
https://doi.org/10.1091/mbc.E03-08-0619
https://doi.org/10.1091/mbc.E03-08-0619
http://www.ncbi.nlm.nih.gov/pubmed/14742714
https://doi.org/10.1093/nar/gkv1112
http://www.ncbi.nlm.nih.gov/pubmed/26503245
https://doi.org/10.1371/journal.pgen.1007622
https://doi.org/10.1371/journal.pgen.1007622
http://www.ncbi.nlm.nih.gov/pubmed/30303954
https://doi.org/10.1016/j.molcel.2016.05.036
http://www.ncbi.nlm.nih.gov/pubmed/27397686
https://doi.org/10.1534/genetics.166.1.33
http://www.ncbi.nlm.nih.gov/pubmed/15020404
https://doi.org/10.18632/oncotarget.11982
http://www.ncbi.nlm.nih.gov/pubmed/27636994
https://doi.org/10.1155/2010/565268
http://www.ncbi.nlm.nih.gov/pubmed/21490908
https://doi.org/10.1038/ncomms9399
http://www.ncbi.nlm.nih.gov/pubmed/26423134
https://doi.org/10.1016/j.cub.2011.05.032
http://www.ncbi.nlm.nih.gov/pubmed/21658943
https://doi.org/10.1371/journal.pone.0220348


59. Stevens D, Gassmann R, Oegema K, Desai A. Uncoordinated loss of chromatid cohesion is a common

outcome of extended metaphase arrest. PLoS One. 2011; 6(8):e22969. https://doi.org/10.1371/journal.

pone.0022969 PONE-D-11-09005 [pii]. PMID: 21829677

60. Cota CD, Garcia-Garcia MJ. The ENU-induced cetus mutation reveals an essential role of the DNA heli-

case DDX11 for mesoderm development during early mouse embryogenesis. Dev Dyn. 2012; 241

(8):1249–59. Epub 2012/06/09. https://doi.org/10.1002/dvdy.23810 PMID: 22678773.

61. Inoue A, Li T, Roby SK, Valentine MB, Inoue M, Boyd K, et al. Loss of ChlR1 helicase in mouse causes

lethality due to the accumulation of aneuploid cells generated by cohesion defects and placental malfor-

mation. Cell Cycle. 2007; 6(13):1646–54. 4411 [pii]. https://doi.org/10.4161/cc.6.13.4411 PMID:

17611414

62. Ding H, Guo M, Vidhyasagar V, Talwar T, Wu Y. The Q Motif Is Involved in DNA Binding but Not ATP

Binding in ChlR1 Helicase. PLoS One. 2015; 10(10):e0140755. https://doi.org/10.1371/journal.pone.

0140755 PMID: 26474416; PubMed Central PMCID: PMC4608764.

63. Murayama Y, Samora CP, Kurokawa Y, Iwasaki H, Uhlmann F. Establishment of DNA-DNA Interac-

tions by the Cohesin Ring. Cell. 2018; 172(3):465–77 e15. https://doi.org/10.1016/j.cell.2017.12.021

PMID: 29358048; PubMed Central PMCID: PMC5786502.

64. Gandhi R, Gillespie PJ, Hirano T. Human Wapl is a cohesin-binding protein that promotes sister-chro-

matid resolution in mitotic prophase. Curr Biol. 2006; 16(24):2406–17. https://doi.org/10.1016/j.cub.

2006.10.061 PMID: 17112726

65. Vega H, Trainer AH, Gordillo M, Crosier M, Kayserili H, Skovby F, et al. Phenotypic variability in 49

cases of ESCO2 mutations, including novel missense and codon deletion in the acetyltransferase

domain, correlates with ESCO2 expression and establishes the clinical criteria for Roberts syndrome. J

Med Genet. 2010; 47(1):30–7. https://doi.org/10.1136/jmg.2009.068395 PMID: 19574259

66. Bharti SK, Khan I, Banerjee T, Sommers JA, Wu Y, Brosh RM Jr. Molecular functions and cellular roles

of the ChlR1 (DDX11) helicase defective in the rare cohesinopathy Warsaw breakage syndrome. Cell

Mol Life Sci. 2014; 71(14):2625–39. https://doi.org/10.1007/s00018-014-1569-4 PMID: 24487782

67. Wu Y, Sommers J, Khan I, dW J., Brosh R. Biochemical characterization of Warsaw Breakage Syn-

drome helicase. J Biol Chem. 2011.

68. Benedict B, van Schie J, Oostra A, Balk J, Wolthuis R, te Riele H, et al. WAPL-dependent repair of dam-

aged replication forks underlies oncogene-induced loss of sister chromatid cohesion. submitted manu-

script. 2019.

69. Srinivasan M, Petela NJ, Scheinost JC, Collier J, Voulgaris M, M BR, et al. Scc2 counteracts a Wapl-

independent mechanism that releases cohesin from chromosomes during G1. Elife. 2019; 8. Epub

2019/06/22. https://doi.org/10.7554/eLife.44736 PMID: 31225797; PubMed Central PMCID:

PMC6588348.

70. Xu H, Boone C, Brown GW. Genetic dissection of parallel sister-chromatid cohesion pathways. Genet-

ics. 2007; 176(3):1417–29. https://doi.org/10.1534/genetics.107.072876 PMID: 17483413

71. Hermsen MA, Joenje H, Arwert F, Welters MJ, Braakhuis BJ, Bagnay M, et al. Centromeric breakage

as a major cause of cytogenetic abnormalities in oral squamous cell carcinoma. Genes Chromosomes

Cancer. 1996; 15(1):1–9. https://doi.org/10.1002/(SICI)1098-2264(199601)15:1<1::AID-GCC1>3.0.

CO;2-8 PMID: 8824719

Non-redundant roles in sister chromatid cohesion of DDX11 and ESCO1/2

PLOS ONE | https://doi.org/10.1371/journal.pone.0220348 January 14, 2020 19 / 19

https://doi.org/10.1371/journal.pone.0022969
https://doi.org/10.1371/journal.pone.0022969
http://www.ncbi.nlm.nih.gov/pubmed/21829677
https://doi.org/10.1002/dvdy.23810
http://www.ncbi.nlm.nih.gov/pubmed/22678773
https://doi.org/10.4161/cc.6.13.4411
http://www.ncbi.nlm.nih.gov/pubmed/17611414
https://doi.org/10.1371/journal.pone.0140755
https://doi.org/10.1371/journal.pone.0140755
http://www.ncbi.nlm.nih.gov/pubmed/26474416
https://doi.org/10.1016/j.cell.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29358048
https://doi.org/10.1016/j.cub.2006.10.061
https://doi.org/10.1016/j.cub.2006.10.061
http://www.ncbi.nlm.nih.gov/pubmed/17112726
https://doi.org/10.1136/jmg.2009.068395
http://www.ncbi.nlm.nih.gov/pubmed/19574259
https://doi.org/10.1007/s00018-014-1569-4
http://www.ncbi.nlm.nih.gov/pubmed/24487782
https://doi.org/10.7554/eLife.44736
http://www.ncbi.nlm.nih.gov/pubmed/31225797
https://doi.org/10.1534/genetics.107.072876
http://www.ncbi.nlm.nih.gov/pubmed/17483413
https://doi.org/10.1002/(SICI)1098-2264(199601)15:1<1::AID-GCC1>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1098-2264(199601)15:1<1::AID-GCC1>3.0.CO;2-8
http://www.ncbi.nlm.nih.gov/pubmed/8824719
https://doi.org/10.1371/journal.pone.0220348

