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ABSTRACT 

The cohesin complex regulates higher order chromo-
some architecture through maintaining sister chro-
matid cohesion and folding chromatin by DNA loop
extrusion. Impaired cohesin function underlies a het-
er ogeneous gr oup of genetic syndr omes and is as-
sociated with cancer. Here, we mapped the genetic
dependencies of human cell lines defective of co-
hesion regulators DDX11 and ESCO2. The obtained
synthetic lethality networks are strongly enriched for
genes involved in DNA replication and mitosis and
support the existence of parallel sister chromatid co-
hesion establishment pathways. Among the hits, we
identify the chromatin binding, BRCT-domain con-
taining protein PAXIP1 as a novel cohesin regulator.
Depletion of PAXIP1 se verel y a g gravates cohesion
defects in ESCO2 mutant cells, leading to mitotic cell
death. PAXIP1 promotes global chromatin associa-
tion of cohesin, independent of DNA replication, a
function that cannot be explained by indirect effects
of PAXIP1 on transcription or DNA repair. Cohesin
regulation by PAXIP1 requires its binding partner
PAGR1 and a conserved FDF motif in P AGR1. P AXIP1
co-localizes with cohesin on multiple genomic loci,
including active gene promoters and enhancers. Pos-
sibl y, this ne wl y identified role of P AXIP1-P AGR1 in
regulating cohesin occupancy on chromatin is also
relev ant f or pre viousl y described functions of PAXIP1
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GRAPHICAL ABSTRACT 

INTRODUCTION 

The cohesin complex regulates structural genome organiza-
tion, thereby contributing to critical cellular processes in-
cluding transcription, DNA repair and chromosome seg-
regation. The SMC1 / SMC3 heterodimer, the kleisin sub-
unit RAD21 and one SA subunit (SA1 or SA2) together
form a circular structure that can physically tether DNA
molecules ( 1 ). This occurs in trans , to facilitate chromosome
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egregation and homology directed DNA repair, and in cis , 
o create chromatin loops that can form topolo gicall y as- 
ociating domains (TADs) and play roles in transcriptional 
egula tion ( 2 ). W hile r equir ed for sister chromatid cohesion,
opolo gical DN A entry into the ring may not be needed for
ohesin’s role in loop extrusion ( 3 ). Defective cohesin func- 
ion and mutations in cohesin genes and regulators are as- 
ociated with cancer ( 4 ) and underlie a group of rare de v el-
pmental disorders, termed cohesinopathies ( 5 ). 
The establishment of sister chromatid cohesion is tightly 

oupled to DNA replication ( 6 ). Cohesion establishment 
epends on the acetylation of SMC3 by ESCO2 during 

NA replication to promote the association of Sororin, 
hich counteracts cohesin dissociation by the cohesin re- 

ease factor WAPL ( 7–10 ). In addition, se v eral other repli-
ome associated proteins are involved. Based on epistasis 
tudies in yeast, these are suggested to function in two par- 
llel pathways ( 11 , 12 ). One pathway r equir es Chl1, Csm3-
of1 and Ctf4 (DDX11, TIMELESS-TIPIN and AND-1 

n human) and is belie v ed to depend on cohesin complexes 
hat were pre-loaded onto chromatin in G1 ( 13 ). The sec- 
nd pathway involves the alternative PCNA loader sub- 
nits Ctf18-Ctf8-Dcc1 (CHTF18-CHTF8-DSCC1 in hu- 
an) and depends on de novo loading of cohesin during 

NA replication by Scc2 (NIPBL in human) ( 13 ). To what 
xtent these findings in yeast also a ppl y to human cells, and 

hich additional factors contribute to cohesion establish- 
ent, remains to be determined. 
Although sister chromatid cohesion is essential for cel- 

ular proliferation, partial loss of cohesion can be toler- 
ted to different degrees. Cell lines deri v ed from patients 
ith the cohesinopathies Warsaw Breakage Syndrome and 

oberts Syndrome, caused by mutations in the DNA he- 
icase DDX11 and the acetyltr ansfer ase ESCO2, respec- 
i v ely, are both characterized by premature loss of cohe- 
ion in metaphase. While these cells are viable, this pheno- 
ype creates specific vulnerabilities. Combined impairment 
f redundant cohesion establishment pathways is synthet- 

cally lethal due to enhanced cohesion defects beyond tol- 
rab le le v els ( 11 , 12 , 14–16 ). Moreov er, cohesion defects and
nactiva ting muta tions in cohesion rela ted genes can sensi- 
ize cells to prolonged metaphase duration and drugs that 
nduce DNA damage ( 17–24 ). Identification of the factors 
hat determine cohesion proficiency may be clinically rele- 
ant, as they point at potential vulnerabilities of cohesion 

efecti v e cancer cells ( 23 ). 
Only a fraction of chromatin-bound cohesin maintains 

ister chromatid cohesion ( 25 , 26 ), while cohesin also con- 
ributes to intra-chromosomal DN A-DN A contacts. Co- 
esin occupancy on chromatin is regulated by the dy- 
amic loading, translocation and unloading of cohesin. 
he NIPBL-MAU2 heterodimer loads cohesin onto DNA, 
hile WAPL promotes release of cohesin from chromatin. 
IPBL-bound cohesin mediates acti v e DNA loop extru- 

ion to fold DNA fibers ( 27 , 28 ), thereby contributing to 

D chromosome organization and in cis DN A–DN A con- 
acts including enhancer-promotor loops involved in tran- 
criptional r egulation ( 2 ). CCCT C-binding factor (CT CF) 
an anchor cohesin translocation by interacting with co- 
esin via a conserved F / YxF motif, thereby enriching co- 
esin occupancy at CTCF sites and stabilizing cohesin onto 
hromatin by restricting WAPL binding ( 29 ). In addition, 
arious other chromatin-binding proteins, including chro- 
atin r emodelers, ar e r eported to interact with and enrich 

ohesin and / or its loader at specific chromatin sites ( 30–37 ). 
hereby, spatiotemporal cohesin occupancy on chromatin 

s tightly coordinated with and influenced by chromatin 

ynamics. 
In this study, we aimed to map the human genes involved 

n modulating sister chromatid cohesion and to find mecha- 
isms of tolerance against partial sister chromatid cohesion 

oss. By using genome-wide CRISPR screens in DDX11 

nd ESCO2 defecti v e human cell lines, we generated a net- 
ork of synthetic lethal interactors of cohesion loss. Among 

ur hits we identified the chroma tin associa ted PAXIP1- 
AGR1 complex as a novel regulator of cohesin association 

ith chromatin. 

ATERIALS AND METHODS 

ell culture 

ll cell lines were maintained in Dulbecco’s modified Ea- 
le’s medium (DMEM, Gibco) with 9% FCS, 1 mM sodium 

yruvate (Gibco) and penicillin–streptomycin (Gibco). 
PE1-hT ert-T etonCas9-PuroK O-TP53K O cells, r eferr ed 

o as RPE1-WT throughout this manuscript, were de- 
cribed previously ( 38 ). HCT116-KMT2D-KO cells were a 

ind gift from Yiping He ( 39 ). 

RISPR-Cas9 gene editing 

or CRISPR-Cas9 based gene editing approaches, we used 

n inducible Tet-On Cas9 expression system in combination 

ith transfection of synthetic crRNA (IDT). In short, Cas9 

xpression was induced by 200 ng / ml doxycycline followed 

y transfection with 20 nM equimolar crRN A:tracrRN A 

uplexes with 1:1000 RNAiMax (Life Technologies). Ge- 
omic DNA was isolated with direct PCR lysis reagent (Vi- 
gen Biotech) with Proteinase K (O / N 55 

◦C). Proteinase 
 was inactivated (20 min 82 

◦C) and the crRNA target site 
as amplified with One Taq Hot Start DN A pol ymerase kit 

NEB), followed by Sanger sequencing (primers in Supple- 
entary Table S3). Gene editing efficiencies were assessed 

sing the Synthego ICE analysis tool ( 40 ). 

enome-wide CRISPR-Cas9 screens 

enome-wide CRISPR-Cas9 screens were performed with 

he TKOv3 library ( 41 ) in triplicate at 400-fold library rep- 
esentation as previously described ( 38 ). In short, cells were 
ransduced at MOI 0.2 with lentiviral pLCK O-TK Ov3 and 

 �g / ml polybrene, and selected for vir al integr ation with 5
g / ml puromycin for three days. Cells were then harvested 

o take a t = 0 sample and reseeded with 200 ng / ml doxy-
ycline to induce Cas9 expression. After every 3 population 

oublings, cells were passaged for a total of 12 population 

oub lings with doxy cy cline. Genomic DNA was isolated 

sing the Blood and Cell Culture DNA Maxi Kit (Qiagen) 
nd integrated gRNA sequences were amplified by PCR 

sing HiFi HotStart ReadyMix (KAPA). Resulting PCR 

roducts were used as a template in a second PCR reac- 
ion in which Illumina adapters and barcodes were added. 
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Samples were pooled and sequenced on an Illumina No-
vaSeq6000. Data was analyzed as described before ( 42 ) and
as described in Supplementary Table S1. Briefly, sequencing
r eads wer e mapped to the TKOv3 library sequences with
no mismatch tolerance. End-point reads were normalized
to t = 0 values by m ultipl ying the average t = 0 count per
guide by the t = 12 / t = 0 fold-change (pseudocount + 1),
and the normalized counts were used as input for DrugZ
analysis. 

Flow cytometry based cell cycle assay 

Cells were incubated for 10 min with 10 �M 5 

′ -ethynyl-2 

′ -
deoxyuridine (EdU), harvested, fixed in 4% paraformalde-
hyde for 15 min and subsequently overnight in 70% EtOH
a t −20 

◦C . Cells were then permeabilized in 0.5% Triton
X-100, blocked with 5% FCS and incubated with histone
H3 pS10 Alexa Fluor 647 in 1% BSA, followed by incu-
bation for 30 min with Click-it reaction mixture (50 mM
Tris–HCl pH 7.6, 150 mM NaCl, 4 mM CuSO 4 , 1 �M
picolyl azide 5 / 6-FAM, 2 mg / ml sodium- L -ascorbate) for
EdU detection. Cells were washed and resuspended in 1%
BSA with DAPI and detected by flow cytometry on a BD
LSRFORTESSA X-20 (BD Biosciences). Data analysis was
done using FlowJo V10. 

Clonogenic and viability assays 

Two days after transfection of crRN A:tracrRN A duplexes,
1000 cells / w ell w ere seeded in 6-w ells plates for clonogenic
assays and 500 cells / well in 96-well plates for CellTiter-Blue
assa ys. For clonogenic assa ys, cells wer e fix ed in 100% ice-
cold MeOH 10 days after crRNA transfection, followed by
staining in 0.5% crystal violet with 20% MeOH. CellTiter-
Blue assays were performed 7 days after transfection. Af-
ter incubation with CellTiter-Blue reagent (Promega) for 4
h at 37 

◦C, fluorescence was measured at 560 Ex / 590 Em 

with
an Infinite F200 microplate reader (Tecan). For Incucyte
experiments, cell growth was monitored at a 4 h interval
by an Incucyte Zoom instrument (Essen Bioscience) with
a 10 × objecti v e. 

T wo-color competitiv e gr owth assa y 

Cells were transduced with either NLS-mCherry-sgLacZ
or NLS-GFP GOI-sgRNA and selected with 5 �g / ml
puromycin. GFP and mCherry expressing cells were mixed
in a 1:1 ratio and plated with 100 ng / ml doxy cy cline. Ev-
ery 3–4 days, cells were passaged and GFP / mCherry pro-
portions were determined by flow cytometry on a BD LSR-
FORTESSA X-20 (BD Biosciences). 

Protein extraction and co-immunoprecipitation 

RPE1 cells were lysed in buffer containing 50 mM Tris–HCl
pH 7.4, 150 mM NaCl, 1% Triton X-100 and protease in-
hibitors (1 h on ice). Alternati v el y, w here indicated, separate
chromatin-bound and soluble protein fractions were pre-
par ed. First, cells wer e l ysed in l ysis buffer 1 (50 mM Tris–
HCl pH 7,5; 150 mM NaCl; 10% glycerol; 0,2% NP-40) for
10 min on ice and centrifuged at 1300g for 10 min. Super-
natant was used as soluble fraction. The pellet was then
washed three times, followed by incubation in lysis buffer
2 (50 mM Tris–HCl pH 7,5; 150 mM NaCl; 10% glycerol;
1,0% NP-40 + 5 mM MgCl 2 + 5 units / �l Benzonase) for
2 h on ice, centrifuged at max speed for 5 min and the su-
pernatant was used as chromatin-bound fraction. For co-
immunoprecipitation, 3.5 million cells were seeded in two 15
cm dishes 48 h prior to harvest. Venus-tagged PAXIP1 was
precipitated fr om chr omatin-bound pr otein fractions using
GFP-trap beads (Chromotek; gta-20) following the manu-
factur er’s protocol. Beads wer e w ashed 7 × and protein w as
eluted in sample buffer. 

For western blots, proteins were separated using 4–15%
Mini-PROTEAN Precast Protein gels (BioRad) and trans-
ferred to Immobilon-P PVDF membrane (Millipore). After
blocking in 5% dry milk in TBST-T, membranes were in-
cubated in primary and subsequently secondary peroxidase
conjugated antibodies (antibodies used are listed in Supple-
mentary Table S3). Protein bands were visualized by incu-
bation with ECL prime (Amersham). 

ChIP-qPCR 

Chroma tin immunoprecipita tion was performed as de-
scribed ( 43 ). In brief, cells were crosslinked with formalde-
hyde, lysed and sonicated (Diagenode Bioruptor, Seraing,
Belgium). The pull-down was performed with anti-RAD21
(Abcam ab154769) and rabbit control IgG (Diagenode
C15410206) using Protein G dynabeads (Thermo Scien-
tific 10004D). The qPCR was performed using the Applied
Biosystems SYBR Select Master Mix for CFX (Thermo
Scientific 4472942) and the CFX96 C1000 Thermal cycler
(Bio-Rad) using the qPCR primers listed in Supplementary
Table S3. 

Immunofluorescence 

Cells were grown on cov erslips, pre-e xtracted with 0.5%
Triton X-100 (2 min RT) where indicated and fixed in 4%
parafor maldehyde. After per meabilization in 0.3% Triton
X-100, cells were blocked in blocking buffer (3% BSA, 0.3%
Triton X-100 in PBS), incubated with the indicated antibod-
ies diluted 1:500 in blocking buffer, washed three times with
PBS and incubated with appropriate anti-mouse / rabbit
Cy3 conjuga ted antibod y. After washing with PBS 3 times,
coverslips were mounted with DAPI gold antifade (Invitro-
gen). Images wer e acquir ed using fluor escence microscop y
(Leica). Analysis was performed using ImageJ. Background
was subtracted using rolling ball background subtraction
before quantification of nuclear intensity. 

Cohesion defect analysis 

Cells were treated with 200 ng / ml democolcin for 20 min,
harvested and resuspended in 0.075 mM KCl for 20 min.
Next, cells wer e fix ed in 3:1 methanol:acetic acid, dropped
onto glass slides and stained in 5% Giemsa solution. For
each condition 50 metaphases from coded slides were as-
sessed for railroad chromosomes and pr ematur e chromatid
separation. Metaphases wer e scor ed as normal with 0–4
railr oad chr omosomes, as partially separated with 5–10 rail-
r oad chr omosomes and as single chr oma tids with a t least
two chromosomes completely separated. 
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ime-lapse microscopy 

ells were seeded in a 96-wells plate with 1 �M SiR-DNA 

nd 10 �M verapamil (Spir ochr ome) and imaged every 

hree minutes with a microscope (ImageXpress Pico) in a 

eated culture chamber (5% CO 2 at 37 

◦C). 

iRN A e xperiments 

or siRNA experiments, cells were transfected with 20 nM 

iRN A using 1:1000 RN AiMAX and anal yzed after 48 h, 
nless otherwise stated. 

entiviral constructs and transduction 

DX11 and empty vector expression constructs were 
reviously described ( 20 ). To generate PAXIP1 and ESCO2 

xpression constructs, cDNA from RPE1 cells was cloned 

nto pLenti CMVie-IRES-BlastR (Addgene plasmid 

119863). PAXIP1 W75R, W175R and W676A mutants 
ere constructed using overlap extension PCR. PAGR1 

DNA from HEK293T cells was N-terminally tagged with 

LAG and cloned into pLenti CMVie-IRES-BlastR and in 

Lenti CMVie-IRES-PuroR. To reduce ectopic expression 

f PAGR1, the promoter region and 5 

′ UTR of PAGR1 

–324 / +351 relati v e to NM 024516.4) and the promoter 
egions for PGK1 (–421 / +80 relati v e to NM 000291.4) 
nd UBC (–334 / +66 relati v e to NM 021009.7) were 
CR amplified from RPE1 genomic DNA and cloned 

n front of FLA G-tagged PA GR1 cDNA (replacing the 
xisting CMV promoter) in pLenti CMVie-IRES-PuroR. 
 minimal CMV promoter (GGT AGGCGTGT ACG- 
TGGGAGGCCT AT AT AA GCA GA GCTCGTTTA GT- 
AACCGT CAGAT CGCC) was also used for comparison. 
entiviral particles were produced in HEK293T cells and 

ransduced into the indicated RPE1 cell lines, followed by 

election with 10 �g / ml blasticidin or 5 �g / ml puromycin 

Invitrogen). 

NA-seq 

otal RNA was isolated using the RNeasy mini kit (Qia- 
en). Up to 5 × 10 

6 cells per sample were lysed in RLT 

uffer. Samples were enriched for mRNA using the KAPA 

RNA Hyperprep kit (Roche) and prepared for sequencing 

sing the TruSeq RNA Library Prep Kit v2 (Illumina) ac- 
ording to the manufacturer’s instructions, and sequenced 

n an Illumina HiSeq4000. The Fastq files were clipped and 

leaned by fastp ( 44 ). The clipped Fastqs were mapped to 

he human r efer ence genome (hg19) by HISAT2 alignment 
ool ( 45 ). SAM to B AM tr ansformation as well as sort-
ng and indexing were carried out by SAMtools ( 46 ). Sub- 
equently, the gene-le v el raw r eads wer e counted by Sub- 
 ead’s featur eCounts ( 47 ). Multi-mapping r eads wer e also 

ounted via assigning fractional counting to the genes. The 
aw count matrix was normalized and the differential ex- 
ression analysis was performed by edgeR ( 48 ). The origi- 
al library size was normalized to the effecti v e library size 
y trimmed mean of M-value (TMM), followed by esti- 
ating dispersion by fitting the generalized linear model 

GLM) with the design matrix. Subsequently, likelihood ra- 
io test was performed to examine the differential expres- 
ions between WT and PAXIP1-KO samples. Differential 
xpression with false discovery rate (FDR) < 0.05 was de- 
ned as significant. 

NCODE ChIP-seq data analysis 

eepTools (Version 3.5.1) ( 49 ) was used to generate 
eatma ps of publicl y available ENCODE ChIP-seq 

ata from HepG2 cells. Regions with peak sum- 
its (bed files) for RAD21 (ENCODE accession 

NCFF052UCF), PAXIP1 (ENCFF825TUP), or 
OLR2A (ENCFF354VWZ) were sorted on signal 

bigWig file) for RAD21 (ENCFF047SRI), PAXIP1 

ENCFF080TDD) or POLR2A (ENCFF425QWO), 
especti v ely, in a 2 kb window using computeMatrix 

–r efer encePoint –r efer encePoint = center – beforeRegion- 
tartLength = 1000 – beforeRegionStartLength = 1000 

sortRegions = descend). Similarly, to look at acti v e 
nhancers versus promoters, regions with p300 (EP300) 
eaks (ENCFF827LSX) were sorted on H3K4me1 

ignal (ENCFF470RYT) in a 4kb window. Sorted 

ed files for RAD21, PAXIP1, POLR2A, or p300 

ere used to generate matrices with bigWig files from 

hIP-seq signals for CTCF (ENCFF938HDS), p300 

ENCFF962CGI), H3K4me3 (ENCFF359LQU) and / or 
3K4me1 (ENCFF470RYT) using computeMatrix 

–sortRegions = keep). Heatmaps were generated 

sing the plotHeatmap tool (–sortUsing = mean – 

ortRegions = keep). 

ESULTS 

sogenic genome-wide CRISPR screens identify known and 

ovel genetic interactors of DDX11 and ESCO2 

o identify synthetic interactions in cells with impaired co- 
esion establishment, we used RPE1-hTert-TP53KO cells 
ith inducible Cas9 ( 38 ) (hereafter referred to as RPE1- 
T) to create isogenic cell lines with mutations in DDX11 

nd ESCO2. We generated a DDX11-KO cell line, but were 
nable to generate a viable ESCO2-KO cell line, similar as 
 eported pr eviously ( 50 ). Instead, we used a hypomorphic 
SCO2 mutant with a mutation in the PDM-A domain 

Supplementary Figure S1A). In line with previous stud- 
es ( 51 , 52 ), this resulted in reduced ESCO2 protein le v els
hat only become detectable after inhibition of the protea- 
ome (Supplementary Figure S1B). The resulting DDX11- 
O and ESCO2-mut cell lines show no detectable DDX11 

nd strongly reduced ESCO2 le v els, respecti v ely (Figure 
 A), and display pronounced cohesion defects (Figure 1 B), 
onfirming their functional impairment. 

DDX11-KO, ESCO2-mut and WT cell lines were trans- 
uced with the genome-wide TKOv3 library ( 53 ) and cul- 
ured for 12 population doublings, followed by genomic 
NA isolation and sequencing of sgRNA inserts (Figure 
 C). The results of the WT screen were published previ- 
usly ( 38 ). After normalization based on t = 0 counts, we 
omputed WT versus DDX11-KO and WT versus ESCO2- 
ut gene-le v el depletion scores using DrugZ ( 54 ) (Supple- 
entary Table S1). With an FDR < 0.05 we identified 105 

nd 85 synthetic lethal interactions, respecti v el y, of w hich 

5 overlapped between the two screens (Figure 1 D). The hits 
re enriched in genes involved in sister chromatid cohesion, 
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A B

C D

E

Figure 1. Genome-wide CRISPR screens identify genetic interactions with ESCO2 and DDX11. ( A ) Western blot of DDX11-KO and ESCO2-mutant 
cell lines. Asterisk indicates non-specific band. ( B ) Cohesion defect analysis of indicated cell lines. 50 metaphases were assessed for each sample, three 
independent experiments are shown as separate bars. P -values were calculated by a one-way ANOVA comparing the frequency of premature chromatid 
separation per condition. ( C ) Workflow of CRISPR screens, performed in triplicate. ( D ) Venn diagram of identified hits in both screens with FDR < 0.05 
(DrugZ). ( E ) Network analysis of hits r epr esenting synthetically lethal genes with DDX11 (blue), ESCO2 (red) or both (blue-red). Edges indicate physical 
pr otein–pr otein interactions (String-db, evidence-based). Node size reflects significance, using the highest value from the two screens. Supplementary Table 
S1 contains the raw data. 
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itosis and DNA replication and r epair (Figur e 1 E and 

upplementary Figure S1C). Both screens identified mul- 
iple previously described genetic dependencies, including 

ynthetic lethality between DDX11 and ESCO2 ( 14 , 15 ) and 

he ESCO2 paralog ESCO1, which is particularly essential 
n ESCO2-mut cells ( 14 , 16 , 50 ). Similar as reported in bud-
ing yeast and vertebrate cell lines ( 11 , 24 , 42 ), DDX11-KO
ells showed increased dependency on CHTF18, CHTF8 

nd DSCC1, the specific subunits of the alternati v e repli- 
ation factor C clamp loader CHTF18-RFC. Moreover, in 

ine with the role of DDX11 in mitigating DNA replication 

tress ( 18 , 20 , 55 ), DDX11-KO cells were particularly sensi- 
i v e to depletion of multiple DNA replication and repair 
actors, such as BRIP1 (FANCJ), FANCD2, RAD51B and 

he RAD9A-HUS1-RAD1 (9–1–1) complex. Together, our 
creens yield high confidence networks of genetic dependen- 
ies of ESCO2 and DDX11, providing a rich r esour ce of the
uman cohesin regulatory network. 
To validate the identified synthetic lethal interactions, we 

econstituted the knockout cell lines with ectopic DDX11 

r ESCO2 (Supplementary Figure S2A-B). Subsequently, 
e depleted a selection of hits using Cas9 induction and 

ither synthetic crRNA transfections (Figure 2 ) or vi- 
 al sgRNA tr ansductions (Supplementary Figure S2C, D) 
nd assessed cell proliferation. This confirmed increased 

ensitivity to depletion of the cohesion factors ESCO1, 
SCO2, DDX11, DSCC1, PDS5A and PDS5B. Remark- 
bl y, w hereas ESCO2-m ut cells are more sensiti v e to deple-
ion of PDS5A than PDS5B, this is re v ersed in DDX11-KO 

ells, suggesting partially separate functions of the PDS5 

omologs. In addition to known cohesion factors, the ma- 
ority of other hits that we tested could also be validated, 
ncluding P AXIP1, P AGR1, SIVA1, DYNC1Li2, BAZ1B, 
ZR1, RNF8, CENPP and CENPO, further confirming 

he high confidence of hits found in our screens. 
As a r epr esentati v e mitosis-associated hit, we further an- 

l yzed the non-catal ytic micr otubule motor pr otein subunit 
YNC1Li2. Knockdown of DDX11 and ESCO2 caused el- 

vated mitotic fractions and cohesion loss in DYNC1Li2- 
O cells compared to WT cells (Supplementary Figure S3). 
his suggests that while DYNC1Li2 does not seemingly 

lay a pronounced role in cohesion in cells with intact sister 
hromatid cohesion, it becomes critical to mitigate further 
oss of cohesion in cohesion defecti v e cells, possib ly due to 

ts role in metaphase duration, similar to what was previ- 
usly shown for impaired APC / C function ( 23 ). 

AXIP1 promotes the chromatin association of cohesin 

mong the top validated hits in the ESCO2 screen was 
AXIP1, a chromatin binding protein with described func- 
ions in transcriptional regulation, the DNA damage re- 
ponse and immune cell ma tura tion ( 56–58 ), but no de-
cribed role in cohesin biology. In order to study PAXIP1 in 

ore detail, we made clonal PAXIP1-KO RPE1 cells (Sup- 
lementary Figure S4A). Considering the role of PAXIP1 as 
 transcriptional regulator, we performed RNA sequencing 

Supplementary Figure S4B-C and Table S2). While the ex- 
ression of 664 genes was significantly changed in PAXIP1- 
O cells (357 genes downregulated and 307 upregulated in 

AXIP1-KO), no changes were observed in cohesin related 
enes or other hits from the CRISPR screen, suggesting that 
n altered transcriptional profile does not directly explain 

he observed synthetic lethality of PAXIP1 and ESCO2. 
n alternati v e e xplanation could lie in the role of PAXIP1 

n the DNA damage response ( 59–61 ). Howe v er, we ob- 
erved no increased �H2AX signaling in interphase (Sup- 
lementary Figure S4D). Of note, DNA damage could be 
bserved upon PAXIP1 depletion in a fraction of ESCO2- 
ut cells with disrupted nuclear integrity (Supplementary 

igure S4D), which is likely a secondary effect linked to mi- 
otic catastrophe ( 62 ). 

Interrogation of the DepMap database ( https://depmap. 
rg ) re v ealed a remar kab le correlation of essentiality of 
AXIP1 with the cohesin subunits SMC3 and STAG2 and 

he loaders NIPBL and MAU2 (Supplementary Figure 
4E). Since co-essentiality implies shared biological func- 
ion ( 63 ), this led us to hypothesize that PAXIP1 may 

irectly influence cohesin function. Although sister chro- 
atid cohesion and cell cycle distribution were unaffected 

n PAXIP1-KO clones (Supplementary Figure S4F-G), we 
bserved an aggravation of cohesion loss (Figure 3 A) and 

ccumulation of mitotic cells (Figure 3 B) upon PAXIP1 de- 
letion in ESCO2-mut cells, suggesting mitotic cell death 

esulting from detrimental cohesion defects. Strikingly, we 
etected reduced le v els of chroma tin-associa ted cohesin by 

AD21 immunofluorescence in PAXIP1-KO cells (Figure 
 C) and upon PAXIP1 knockdown (Supplementary Fig- 
re S4H). This was confirmed by ChIP-qPCR at se v eral 
elected RAD21-binding sites (Supplementary Figure S5) 
nd by immunoblotting RAD21, SMC3 and NIPBL in 

hr omatin-bound pr otein fractions (Figure 3 D and Sup- 
lementary Figure S4I). Chromatin-bound cohesin was re- 
uced in both G1 and G2 synchronized cells (Figure 3 D, 
upplementary Figure S4J and Supplementary Figure S6), 
uggesting that this function of PAXIP1 is independent of 
N A replication. Importantl y, in line with the RNA-seq 

ata, total le v els of cohesin proteins were similar in WT 

nd PAXIP1-KO cells (Figure 3 D, Supplementary Figure 
4I and Supplementary Figure S4K). Together, these results 
uggest that PAXIP1 directly influences the chromatin asso- 
iation of cohesin throughout the cell cycle. 

AXIP1 function in cohesin regulation depends on the inter- 
ction with PAGR1 

AXIP1 can physically associate with the histone methyl- 
r ansfer ases KMT2C and KMT2D, the DNA dam- 
ge response protein TP53BP1, and PAXIP1 associ- 
 ted glutama te-rich protein (PAGR1) ( 57 , 58 , 64–66 ). The
SCO2-mut CRISPR screen identified PAGR1, but not 
P53BP1, KMT2C / D or any of the accessory subunits 
f the KMT2C / D methyltr ansfer ase complex (WDR5, 
BBP5, ASH2L, DPY30, KDM6A) (Figure 1 E and 

upplementary Table S1). Co-depletion of KMT2C and 

MT2D, which may in part be functionally redundant 
 67 ), also did not impair growth of ESCO2-mut cells 
Supplementary Figure S7A-B), and chromatin-bound 

ohesin le v els were not affected in KMT2C / D double 
 O (dK O) clones (Supplementary Figure S7C-F). More- 

ver , HCT116-KMT2D-K O cells ( 39 ), which already lack 

MT2C ( 68 ), did not show a decrease in chromatin-bound 

https://depmap.org
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A

B

Figure 2. Hit validation in ESCO2-mut and DDX11-KO cells. ( A ) Viability of WT, ESCO2-mut and DDX11-KO cells assessed by a CellTiter-Blue assay, 
7 days after crRN A:tracrRN A transfection and accompanying Cas9 induction. Viability is normalized to cells transfected with crOR10A7, a nonessential 
gene. POLR2L is used as a common essential control. Dots r epr esent the mean of three technical replica tes; bars indica te the mean of three indepen- 
dent experiments. P-values were calculated by a two-way ANOVA. ( B ) Clonogenic survival assay, 10 days after crRN A:tracrRN A transfection and Cas9 
induction in indicated cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9594/7272631 by guest on 03 N

ovem
ber 2023
cohesin (Supplementary Figure S7G-H), further suggesting
that KMT2C / D is not involved in regulating cohesin le v els
on chromatin. 

Synthetic lethality of PAGR1 was validated by crRNA
transfections, which resulted in increased lethality, cohesion
defects and an elevated mitotic fraction in ESCO2-mut cells
(Supplementary Figure S8A–C), similar as observed upon
PAXIP1 depletion (Figure 3 A, B). Next, we generated two
PAGR1-KO clones using a crRNA targeting PAGR1 in its
C terminal region (Supplementary Figure S8D). Although
truncated protein products were still present (Figure 4 A),
PAGR1 protein was functionally impaired, illustrated by
destabilized PAXIP1 protein le v els as pre viously reported
( 57 ). Similar to P AXIP1-KO cells, P AGR1-KO cells showed
decreased chromatin bound cohesin le v els (Figure 4 B, C)
without causing cohesion defects in metaphase (Supple-
mentary Figure S8E). 

PAXIP1 has six BR CT (BR CA1 C-Terminus) domains
tha t media te the associa tion with dif ferent interaction part-
ners ( 57 ). To investigate which domains of PAXIP1 con-
tribute to the chromatin association of cohesin, we recon-
stituted PAXIP1-KO cells with WT or mutant forms of
PAXIP1 (Figure 4 D). W75R is a BRCT1 mutant that does
not abrogate PAGR1 binding but impairs the PAXIP1-
PAGR1 sub-complex function, W165R perturbs the inter-
action with PAGR1, W676A with TP53BP1, and W929A
and � BRCT5-6 were both reported to perturb the interac-
tion of PAXIP1 with KMT2C / D ( 57 , 66 ). PAXIP1 mutants
wer e expr essed at le v els similar to or higher than endoge-
nous PAXIP1 (Figure 4 E). This restored PAGR1 protein
le v els in PAXIP1-KO cells, except for the W165R mutant, in
line with the reciprocal stabilization of PAXIP1 and PAGR1
following interaction ( 57 ). While PAXIP1-WT and W676A
efficiently r estor ed the le v el of chromatin-bound cohesin,
no rescue was observed upon over expr ession of W75R,
W165R, W929A and � BRCT5-6 (Figure 4 F). This sug-
gests that (those residues within) BR CT1, BR CT2, BR CT5
and BRCT6, but not BRCT3, are required for the role of
PAXIP1 in promoting chroma tin associa tion of cohesion.
The fact that the W929A and � BRCT5-6 could not rescue
the effects of PAXIP1-KO may suggest that BRCT5-6 has
roles other than binding to KMT2C / D. 

Genetic interaction of PAXIP1 with the NIPBL-MAU2 co-
hesin loader complex 

To characterize the genetic interactions of PAXIP1, we
performed a genome-wide CRISPR screen in PAXIP1-KO
cells. Among the 13 synthetically lethal hits at FDR < 0.1
were the cohesin factors STAG2, PDS5B and MAU2,
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A B C

D E

Figure 3. PAXIP1 pr omotes chr oma tin associa tion of cohesin throughout the cell cycle. ( A ) Cohesion defect analysis two days after crPAXIP1 transfection. 
50 metaphases were assessed for each sample, three independent experiments are shown as separate bars. P -values were calculated by a one-way ANOVA 

comparing the frequency of premature chromatid separation per condition. ( B ) Percentage of mitotic cells two days after crPAXIP1 transfection assessed 
by flow cytometry of p-histone H3-S10 stained cells from three independent experiments. P-values were calculated by a one-way ANOVA. ( C ) Chromatin- 
bound cohesin le v els of WT, P AXIP1-KO1 and P AXIP1-KO2 cells assessed by RAD21 immunofluorescence of pre-extracted cells. RAD21 intensity was 
quantified for at least 205 cells per condition per experiment in three independent experiments. Box r epr esents 25%-75% and median, whiskers r epr esent 1– 
99 percentile from combined data points. P -values were calculated by a one-way ANOVA comparing the median values from separate biological replicates, 
which are indicated by white diamonds. Scale bar r epr esents 5 �m. ( D ) Western b lot of chromatin-bound and solub le protein fractions in WT and PAXIP1- 
KO cells in asynchronous cells (Asyn) or synchronized cells, in G1 by 10 �M Palbociclib or in G2 by 10 �M RO-3306. ( E ) Flow cytometry control of 
the synchronization in D. ( F ) Quantification of chromatin-bound SMC3 and NIPBL normalized to Histone H3 relati v e to WT from four independent 
experiments. P-values were calculated by one sample T tests against a null hypothesis of 1. 
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urther implicating PAXIP1 in cohesin regulation (Figure 
 A). Note that although ESCO2 depletion further reduced 

iability of PAXIP1-KO cells (Supplementary Figure S9A), 
SCO2 was not detected as a hit in the CRISPR screen. 
his could relate to the critical role of ESCO2 in cellular 
roliferation in both PAXIP1-KO as well as WT cells or to 

rRNA specific effects. Intrigued by the identification of a 

ynthetic lethal interaction between PAXIP1 and MAU2, 
e decided to further investigate the relationship between 

he cohesin loader complex NIPBL-MAU2 and PAXIP1. 
ransfection of crMAU2 or crNIPBL resulted in prolif- 
r ation defects, particular ly in PAXIP1-KO cells (Supple- 
entary Figure S9A, B). PAXIP1 loss further aggravated 

he decrease in chromatin-bound cohesin upon depletion of 
AU2 or NIPBL (Figure 5 B-C). We then constructed sta- 

le MA U2-K O cells and subsequently made three MAU2- 
AXIP1-dKO clones (Supplementary Figure S9C). MAU2 

oss resulted in destabilization of NIPBL, in line with pre- 
ious reports ( 69 , 70 ) (Figure 5 D) and in slower prolifera-
ion compared to WT cells, which was further reduced in 

A U2-PAXIP1-dK Os (Figure 5 E). Furthermore, MAU2- 
O cells had lower le v els of chromatin-bound cohesin com- 
ared to WT and PAXIP1-KO cells, which were slightly 

urther reduced in MA U2-PAXIP1-dK Os (Figure 5 F). 
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F

Figure 4. The role of PAXIP1 in maintaining chromatin-bound cohesin depends on the interaction with P AGR1. ( A ) W estern blot of soluble protein 
fractions of WT and PAGR1-KOs cells. Asterisks indica te trunca ted proteins in PAGR1-KO clones, presumably resulting from a pr ematur e stop codon. 
( B ) Western blot of chromatin bound protein fractions of WT and PAGR1-KO cells. ( C ) RAD21 immunofluorescence in pre-extracted PAGR1-KO cells. 
Intensity was quantified from three independent experiments with at least 155 cells per condition per experiment. Box r epr esents 25–75% and median, 
whiskers r epr esent 1–99 per centile from combined data points. P -values were calculated by a one-way ANOVA comparing the median values from separate 
biolo gical replicates, w hich are indicated by w hite diamonds. Representati v e images are shown on the left. Scale bar r epr esents 10 �m. ( D ) Schematic 
r epr esentation of PAXIP1 expression constructs (BRCT = BRCA1 C-terminus domain; Q = glutamine-rich domain). ( E ) Western blot of whole cell 
extract of WT and PAXIP1-KO cells, stably transduced with PAXIP1 constructs described in 4D. ( F ) RAD21 immunofluorescence in pre-extracted in 
PAXIP1 mutant cells. Intensity was quantified from three independent experiments with at least 105 cells per sample per experiment. Box r epr esents 25– 
75% and median, whiskers r epr esent 1–99 per centile from combined data points. P -values were calculated by a one-way ANOVA comparing the median 
values from separate biological replicates, which are indicated by white diamonds. Representati v e images are shown on the left. Scale bar represents 10 �m. 
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Possibly, PAXIP1 loss further diminishes the residual

NIPBL-dependent cohesin loading activity in MA U2-K Os
( 69 , 70 ). Alternati v ely, rather than facilitating cohesin load-
ing, these observations may point at a role for PAXIP1 in
stabilizing cohesin on chromatin. 

A conserved FDF motif in PAGR1 promotes cohesin occu-
pancy on chromatin 

Inter estingly, we discover ed that PAGR1 contains a
FDFDD motif, which is conserved in vertebrates
(Figure 6 A). Similar F / YxF motifs (consensus [PF-
CAVIYL][FY][GDEN]F.(0,1)[DANE].(0,1)[DE]) have
previously been found in several proteins, including CTCF,
WAPL and MCM3, and wer e r eported to mediate inter-
actions at the STAG1 / 2-RAD21 interface and regulate
cohesin dynamics on chromatin ( 29 , 71 ). Similar as de-
scribed f or CTCF ( 29 ), Alphaf old2 predictions suggest
that this FDF motif occurs in an unstructured region
(Supplementary Figure S10A), and may interact with co-
hesin similarly as shown for CTCF (Supplementary Figure
S10B). To test the relevance of this motif in PAGR1, we
complemented PAGR1-KO1 with WT or mutant (ADA)
FLA G-tagged PA GR1 (Figure 6 B). Both WT and mutant
PAGR1 could stabilize PAXIP1 and maintained interaction
with PAXIP1 and chromatin (Figure 6 B–D). Howe v er,
unlike PAGR1-WT, the ADA mutant was unable to r estor e
chromatin-bound cohesin le v els (Figure 6 C, E–F). While
still in excess of endogenous levels, comparable results were
found when using weaker expression of ectopic PAGR1
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Figure 5. The genetic interaction between PAXIP1 and the cohesin loader NIPBL-MAU2. ( A ) Network of hits from a genome-wide CRISPR screen 
in PAXIP1-KO cells using FDR < 0.1. Edges indicate physical pr otein–pr otein interactions (String-db, evidence-based), node size reflects significance. 
Raw data in Supplementary Table S1. ( B ) Western blot of chromatin-bound protein fractions of WT and PAXIP1-KOs after transfection with indicated 
crRNAs. SMC3 band intensities were quantified using Image Lab relati v e to WT crOR10A7 le v els, corrected for histone H3 and are depicted below the 
blot. ( C ) WT and PAXIP1-KO cells were transfected with indicated crRNAs and chromatin-bound cohesin was assessed by RAD21 immunofluorescence 
after pre-extraction. Intensity was quantified from two independent experiments with at least 88 cells per sample per experiment. Box r epr esents 25–75% 

and median, whiskers r epr esent 1–99 per centile from combined data points. P -values wer e calculated b y a one-way ANOVA comparing the median v alues 
from separate biological replicates, which are indicated by white diamonds. ( D ) Western blot of whole cell extract from WT and MA U2-K O cells. ( E ) Cell 
counts relati v e to WT of indicated cells lines after f our da ys proliferation. Dots r epr esent the mean of two technical r eplica tes; bars indica te the mean of 
four independent experiments. ( F ) Chromatin-bound cohesin assessed by RAD21 immunofluorescence after pre-extraction of PAXIP1-KO, MAU2-KO 

and PAXIP1-MA U2-doubleK O cell lines. At least 100 cells wer e scor ed per condition per experiment in three independent experiments. Box r epr esents 
25–75% and median, whiskers r epr esent 1–99 per centile from combined data points. P -values wer e calculated by a one-way ANOVA comparing the median 
values from separate biological replicates, which are indicated by white diamonds. Representati v e images are shown on the left. 
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D E F

Figure 6. A conserved FDF motif in PAGR1 pr omotes cohesin occupancy on chr oma tin. ( A ) Sequence alignment of PAGR1 a t the FDF motif. Box 
indicates the consensus FDFDD sequence, blue amino acids indicate phenylalanines mutated to alanines in the ADA mutant. (B, C) PAGR1-KO cells were 
stably transduced with empty vector (EV), FLAG-tagged WT or mutant (ADA) PAGR1. Whole cell extract ( B ) and chr omatin-bound pr otein fractions 
( C ) were assessed by western blot. ( D ) Flag-PAGR1 was immunoprecipitated from indicated cell lines followed by western blot analysis. ( E ) SMC3 band 
intensities were quantified from three independent western b lots relati v e to WT-EV le v els, corrected for Histone H3. P-values were calculated by one sample 
T tests against a null hypothesis of 1. ( F ) RAD21 intensity was quantified in indicated cell lines in three independent experiments with at least 142 cells per 
sample per experiment. Box r epr esents 25%-75% and median, whiskers r epr esent 1–99 per centile from combined data points. P -values were calculated by 
a one-way ANOVA comparing the median values from separate biological replicates, which are indicated by white diamonds. Scale bar r epr esents 10 �m. 
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(Supplementary Figure S10C, D). In conclusion, cohesin
occupancy on chromatin depends on the FDF motif in
PAGR1. 

PAXIP1 interacts and co-localizes with cohesin on chromatin
at active promoters and enhancers 

Since F / YxF motifs have been linked to cohesin binding
( 29 ), this may suggest P AXIP1-P A GR1 ph ysically inter-
acts with cohesin. In line, mass spectrometry of PAXIP1
co-pr ecipitating proteins pr eviously r e v ealed SMC1 in
HEK293T cells ( 65 ) and NIPBL in HeLa cells ( 72 ). Using
co-immunoprecipitation experiments, we could indeed de-
tect a physical interaction of Venus-tagged PAXIP1 with
RAD21 in RPE1 cells (Supplementary Figure S11A, B).
To assess the contribution of PAGR1 to the PAXIP1-
cohesin interaction, we disrupted endogenous PAGR1 in
the Venus-PAXIP1 expressing cell line (Supplementary Fig-
ure S11C). Similar as in Figure 4 , we observed reduced
RAD21 on DNA upon PAGR1 disruption (Figure 7 A,
first three lanes), indicating that the truncated PAGR1
pr otein pr oduct can no longer pr omote chr omatin asso-
ciation of cohesin. We then introduced WT and mutant
(ADA) PAGR1 and performed co-IP of Venus-PAXIP1.
This re v ealed an interaction of PAXIP1 with RAD21 and
MAU2, which was reduced upon PAGR1 disruption (Fig-
ure 7 B). Whereas this could be restored by WT-PAGR1,
the effect of mutant PAGR1 was less pronounced (Fig-
ure 7 B). This indicates that PAGR1 facilitates the bind-
ing of PAXIP1 to cohesin, at least in part via its FDF
motif. 

To determine if PAXIP1 localizes to cohesin-bound ge-
nomic regions, we mined publicly available ChIP-seq data
for the human hepatocellular carcinoma cell line HepG2
from ENCODE ( 73 , 74 ). This re v ealed that PAXIP1 occu-
pied genomic sites that are enriched in RAD21 binding
(Figure 7 C). As expected, sites with the strongest RAD21
signal co-localized with CT CF (Figur e 7 D). Inter estingly,
PAXIP1 particularly occupied sites with a weaker CTCF
signal (Figure 7 D, E), suggesting that PAXIP1 and co-
hesin pr efer entially co-localize a t genomic loci tha t are
less frequently bound by CTCF. To identify the chromo-
somal sites at which PAXIP1 and RAD21 co-localize, we
examined promoters and enhancers. Previous reports de-
scribed localization of PAXIP1 to promoters ( 56 , 75 ). In
line with this, we found that PAXIP1 is enriched at tran-
scription start sites (TSSs) enriched for RN A Pol ymerase
II (POLR2A) and H3K4me3, indicati v e of acti v e promot-
ers and co-localizes with RAD21 at these sites (Figure 7 F).
In addition, PAXIP1 and RAD21 co-localize at acti v e en-
hancers, defined by enrichment of the histone acetyltrans-
ferase p300 and H3K4me1 (Supplementary Figure S12).
Together, these data suggest that PAXIP1 co-localizes with
cohesin at acti v e promoters and enhancers. 
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Figure 7. PAXIP1 interacts and co-localizes with cohesin on chromatin. ( A ) PAXIP1-KO1 RPE1 cells were stably transduced with empty vector (EV-blast) 
or Venus-PAXIP1, followed by disruption of endogenous PAGR1 and complementation with EV, WT or mutant (ADA) PAGR1. Chromatin-bound and 
soluble protein fractions were isolated and analyzed by western blot. ( B ) DNA-bound protein fractions from (A) were used for co- immunoprecipitation of 
Venus-PAXIP1 using GFP-trap beads, followed by western blot. ( C ) Heatmaps of ENCODE ChIP-seq data for HepG2 cells sorted on PAXIP1 enriched 
r egions. Regions ar e center ed on PAXIP1 peaks ±1 kb. ( D ) Heatmaps of ENCODE ChIP-seq data for HepG2 cells sorted on RAD21 enriched regions. 
Regions are centered on RAD21 peaks ±1 kb. (E) Genome browser screenshot of ChIP-seq signals for RAD21, CTCF and PAXIP1 in HepG2 cells. ( F ) 
Heatmaps of ENCODE ChIP-seq data for HepG2 cells sorted on transcription start sites (TSSs) enriched for POLR2A. Regions are centered on TSSs 
±1 kb. 
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DISCUSSION 

Her e, we pr esent a high-confidence network of genetic de-
pendencies of DDX11 and ESCO2 deficient cells. This re-
veals multiple genes previously linked to sister chromatid
cohesion that confirm the presence of parallel cohesion es-
tablishment pathways ( 11 , 12 , 24 ). In addition, we validated
the microtubule motor protein DYNC1Li2 as one of many
mitotic regulators that become particularly essential in a
cohesion-compr omised backgr ound, thus r epr esenting po-
tential therapeutic targets for cohesion defecti v e cancers
( 23 ). Confidence of the identified hits is further under-
scored by multiple previously described interactions with
genes involved in the response to DNA damage and DNA
r eplication str ess. While we chose to further investigate the
P AXIP1-P AGR1 complex, it will be interesting to experi-
mentally follow up some of the other newly identified ge-
netic interactions. 

We find that PAXIP1-PAGR1 directly promotes the
chroma tin associa tion of cohesin. Our analysis of EN-
CODE ChIP-seq data suggests that PAXIP1 particularly
co-localizes with cohesin on sites that are not bound by
CTCF. While CTCF-bound cohesin sites are mostly sim-
ilar in different tissues, non-CTCF binding cohesin often
localizes to cell-type specific transcription factors and ac-
ti v e enhancers in specific genomic r egions, fr equently as-
sociated with cell identity genes ( 76–79 ). Since PAXIP1
binding is also enriched at promoters and enhancers and
is necessary for long-range enhancer-promotor contacts
( 56 , 75 , 80 ), a function that is shared with cohesin ( 37 , 81 , 82 ),
PAXIP1 may facilitate enhancer-promotor contacts by co-
hesin mediated loop formation. In line with this model,
cohesin binding to glucocorticoid receptor (GR) bind-
ing sites depends on PAXIP1, resulting in a joint regula-
tion of hormone-induced transcriptional activity via chro-
mosome folding, described in the accompanying paper
( 83 ). Together, a picture emerges in which PAXIP1 facil-
ita tes chroma tin binding of cohesin to regula te enhancer-
promoter interactions, to control cell-type specific and
conte xt-responsi v e gene expression patterns. 

Se v eral mechanisms may explain how PAXIP1 promotes
the chroma tin associa tion of cohesin. Cohesin and the co-
hesin loader co-precipitated with PAXIP1, similar as in
other cellular models ( 65 , 72 ). Notably, these interactions
were difficult to detect, possibly indicating that they are
weak, transient and / or context-dependent. Thus, PAXIP1-
PAGR1 may act as a direct chromatin acceptor for the
cohesin loading reaction, as has been suggested for sev-
eral other chromatin binding proteins ( 30 , 31 , 36 , 84–86 ), or
stabilize cohesin on chromatin. This is further supported
by FRAP analysis of SMC1-EGFP, which re v ealed re-
duced cohesin stability on chromatin in PAXIP1-KO cells
( 83 ). This may involve the FDF motif that we identified
in PAGR1, which may antagonize WAPL similar as has
been shown for CTCF ( 29 ) and MCM3 ( 71 ). The obser-
va tion tha t PAXIP1 co-localizes with cohesin mainly a t
sites with no detected CTCF occupancy could be consistent
with the fact that cohesin can only bind one F / YxF mo-
tif at a time ( 29 ). Alternati v el y, and not m utuall y e xclusi v e,
PAXIP1 may modulate chromatin to create an environment
that promotes cohesin loading, for example by creating a
 

nucleosome free template ( 30 ). Note that our ChIP-qPCR
results show that in PAXIP1-KO cells, RAD21 binding is
also reduced at CTCF binding sites (Supplementary Figure
S5). Speculati v ely, PAXIP1 depletion may lead to reduced
cohesin loading and / or impaired cohesin mobility (through
decreased NIPBL le v els on chroma tin), tha t ultima tely af-
fects the amount of cohesin that accumulates at CTCF sites.
Thus, P AXIP1-P AGR1 may promote recruitment and / or
stabilization of cohesin onto chromatin, resulting in local
cohesin enrichment. 

P AXIP1 and P AGR1 are components of KMT2C / D
H3K4 methyltr ansfer ase complexes, but also function as
an independent sub-complex at multiple genomic loci ( 57 ).
Our findings suggest that human KMT2C and KMT2D
are not involved in promoting cohesin occupancy on chro-
matin. Howe v er, since we were unable to detect the pro-
teins by western blot, we cannot exclude that incomplete
depletions preclude a detectable effect. Of note, PAXIP1
functions together with cohesin in glucocorticoid recep-
tor activity a pparentl y independent from KMT2C / D ( 83 ),
indeed pointing at a function of P AXIP1-P AGR1 sep-
arate from KMT2C / D in cohesin regulation. Ne v erthe-
less, two PAXIP1 m utants previousl y described to abro-
gate KMT2C / D binding ( 57 , 66 ) were unable to restore
chromatin-bound cohesin, suggesting that BRCT5-6 has
roles other than KMT2C / D binding. 

In addition to regulating gene transcription, PAXIP1
has been implicated in imm uno globulin class switching and
V(D)J recombination in B cells and in T cell receptor re-
combination ( 56 , 57 , 75 ), processes that also depend on chro-
matin looping and cohesin ( 80 , 87–90 ). Moreo ver, lik e co-
hesin, PAXIP1 localizes to DNA damage sites ( 66 , 91–94 )
and PAXIP1 has been shown to be important for down-
stream cohesin functions at DSBs ( 59 ). Considering the ap-
parent overlap of processes that are controlled by PAXIP1
and cohesin, it will be interesting to determine to what ex-
tent these processes involve a direct effect of PAXIP1 on co-
hesin. Notably, hints that P AXIP1 / P AGR1 interacts genet-
ically with STAG2 have been f ound bef ore ( 95 , 96 ), but the
nature of this interaction (suppressor or sensitizer) seems to
be context-dependent. W ha t factors determine these dif fer-
ential outcomes remain to be investigated. 

Although PAXIP1 is a hit in both screens, the effects of
PAXIP1 loss are particularly pronounced in ESCO2 mu-
tant cells, which may be related to the different functions
of DDX11 and ESCO2 in cohesion establishment. Pos-
sibly, PAXIP1-dependent chromatin-bound cohesin com-
plexes in G1 are converted to cohesive cohesin in S-phase,
which would place PAXIP1 in the cohesin conversion path-
way like DDX11 ( 13 ). Alternati v ely, since PAXIP1 was also
shown to localize to the replication fork ( 97 ), it may as-
sist in cohesion establishment directly at the for k. Howe v er,
while we initially identified PAXIP1 for its function in sis-
ter chromatid cohesion in ESCO2-mut cells, PAXIP1-KO
cells do not harbor cohesion defects. This is reminiscent of
ESCO1 depletion which does not cause pronounced cohe-
sion defects, except in the context of ESCO2 loss ( 14 , 16 , 50 ).
Similar to PAXIP1 loss, a reduction of functional MAU2
or NIPBL reduces chromatin-bound cohesin but does not
cause pronounced sister chromatid cohesion defects. To-
gether our data suggest that PAXIP1 promotes multiple
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ohesin regulatory functions by increasing the association 

f cohesin to chromatin. 
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