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ABSTRACT 

How steroid hormone receptors (SHRs) regulate tran-
scriptional activity remains partl y under stood. Upon
activation, SHRs bind the genome together with a
co-regulator repertoire, crucial to induce gene ex-
pression. Ho we ver, it remains unkno wn which com-
ponents of the SHR-recruited co-regulator complex
are essential to drive transcription f ollowing hor -
monal stim uli. Thr ough a FACS-based genome-wide
CRISPR screen, we functionally dissected the Glu-
cocorticoid Receptor (GR) complex. We describe a
functional cross-talk between PAXIP1 and the co-
hesin subunit STAG2, critical for regulation of gene
expression by GR. Without altering the GR cistrome,
PAXIP1 and STAG2 depletion alter the GR transcrip-
tome, by impairing the recruitment of 3D-genome
organization proteins to the GR complex. Impor-
tantly, we demonstrate that PAXIP1 is required for
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stability of cohesin on chromatin, its localization to
GR-occupied sites, and maintenance of enhancer-
promoter interactions. In lung cancer, where GR acts
as tumor suppressor, PAXIP1 / STAG2 loss enhances
GR-mediated tumor suppressor activity by modify-
ing local chromatin interactions. All together, we in-
troduce PAXIP1 and STAG2 as novel co-regulators
of GR, required to maintain 3D-genome architecture
and drive the GR transcriptional programme follow-
ing hormonal stimuli. 

INTRODUCTION 

Hormones such as glucocorticoids (GCs), androgens, or es-
trogens – among others- bind with high affinity to differ-
ent steroid hormone receptors (SHRs), leading to modula-
tion of transcriptional networks related to various cellular
functions. Upon activation, SHRs bind the chromatin by
engaging with hormone-responsi v e elements (HREs), pre-
dominantly found in enhancers, located distally from pro-
05122029; Email: w.zwart@nki.nl 
cht.nl 

cids Research. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 

https://doi.org/10.1093/nar/gkad267
https://orcid.org/0000-0001-9209-5403
https://orcid.org/0000-0003-4816-4154
https://orcid.org/0000-0002-9823-7289


Nucleic Acids Research, 2023, Vol. 51, No. 18 9577 

m  

a  

i
g
t
t
S
c
c
p
c  

t
(

a
s
m
i
O
c
i
t
f
a
g
u
p
g
t
S
t
c
(

t
r  

t
a
o
(
(
A
t
b
o
o

w
t
m
l
G
h
i
n
h
s
c  

n
a
a

b
c
p
e

M

C

L
T
i
(
1
(
s  

A
c

F

T
t
g
C
a
t
c
f  

w
s
(
t
2
l
a
1
s
a
(
s
f
t
a
l
f
s
w
b
t
w
e
s
e
fi
F
b
g
>  

h
Table 1. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9576/7127223 by guest on 16 O

ctober 2023
oters ( 1 , 2 ). Once localized to their binding sites, SHRs are
ble to recruit a large complex of co-r egulators r equir ed for
nitiation of SHR-dependent transcription ( 3 , 4 ). SHRs, to- 
ether with their co-regulator comple x, loop towar d their 
arget pr omoters, establishing enhancer-pr omoter interac- 
ions and subsequently leading to gene regulation ( 3 , 4 ). 
HRs play pivotal roles in human disease, including can- 
er. This is best exemplified in breast cancer, prostate can- 
er, and childhood leukemia where estrogen receptor al- 
ha (ER �), androgen receptor (AR) and glucocorticoid re- 
eptor (GR), respecti v ely ( 5–7 ) serve as focal points for
argeted therapy that successfully reduces disease burden 

 2 , 8–9 ). 
SHR-mediated transcription relies on the assembly of 

 transcriptional complex on HREs. First, pioneer tran- 
cription factors such as FOXA1 bind to condensed chro- 
atin, displacing linker histones, demarcating and render- 

ng regulatory elements accessible for SHRs to bind ( 6 , 10 ). 
nce SHRs occupy their cognate regulatory elements, a 

oordinated recruitment of co-regulators occurs, includ- 
ng chromatin remodeling factors, mediator complex, his- 
one modifiers including histone lysine (de)-methyl trans- 
er ases (KMT / KMDs), histone acetyltr ansfer ases (HATs) 
nd ultimately RNA polymerase II (RNAPII) to dri v e 
ene transcription ( 11–17 ). Altogether, SHR activation 

ltimately results in a large-scale transcriptional com- 
lex that loops towards targeting promoters to regulate 
ene expr ession, r elying on 3D genome architectural pro- 
eins, such as the cohesin complex ( 18–20 ). As a result, 
HRs and their interactors, together with the transcrip- 
ional machinery and 3D-genome organization proteins 
onverge to either induce or r epr ess specific target genes 
 12 , 17 , 21 , 22 ). 

Although different studies addressed the cross-talk, in- 
eraction and co-localization of SHRs with their co- 
egulators ( 12 , 17 , 21–23 ), little is known about which in-
eractors are required for SHR acti vity, v ersus those that 
ct redundantly. By using Rapid Immunoprecipitation 

f Mass spectrometry of Endogenous proteins (RIME) 
 24 ), or quantitati v e-multiple xed RIME (qPLEX-RIME) 
 25 ) most interactors of different SHRs including ER �, 
R and GR have been described ( 21 , 25–31 ). However, 

he latter only provides information of all interactors 
ut not of the functional contribution nor essentiality 

f e v ery recruited SHR-interactor on the transcriptional 
utput. 
In this study, we sought to comprehensi v ely identify 

hich co-regulators are essential to dri v e SHR-dependent 
ranscription in a gene-specific manner, using GR as a 

odel. We performed a genome-wide CRISPR screen fol- 
owed by FACS sorting to identify which proteins affect 

R-mediated activity. Surprisingly only a small number of 
its were identified, suggesting that vast majority of GR 

nteractors act redundantly. We did, howe v er, discov er a 

ovel functional cross-talk between PAXIP1 and the co- 
esin complex, that to our knowledge, has ne v er been de- 
cribed before. PAXIP1, a subunit of the histone modifier 
omplex KMT2D / C ( 32 , 33 ), acts in a non-canonical man-
er to regulate GR-mediated gene expression by function- 
lly interacting with STAG2; a member of the 3D-genome 
r chitectur e complex cohesin. Finally, we report PAXIP1 to 
e essential for stability of cohesin on chromatin and its lo- 
alization to GR-occupied sites, maintenance of enhancer- 
romoter interactions following hormonal stimuli, and to 

nsure a fully-functional GR transcriptional program. 

ATERIALS AND METHODS 

ell lines 

ung cancer cell line A549 was obtained from American 

ype Culture Collection (ATCC). A549 cells were cultured 

n Dulbecco’s modified Eagle’s medium (DMEM) / F12 (1:1) 
1 ×) + glutamax (Life technologies) supplemented with 

0% fetal calf serum (FCS), 1% penicillin–streptomycin 

Pen / Strep) (5000 U / ml, life technologies), unless otherwise 
tated. All cell lines wer e cultur ed at 5% CO 2 and 37 

◦C.
ll cell lines were genotyped and tested negati v e for my- 

oplasma. 

ACS-based genome-wide CRISPR screen 

he human CRISPR Brunello library ( 34 , 35 ) was used in 

his study, which was a kind gift from Roderick Beijersber- 
en (The Netherlands Cancer Institute, NKI). The Brunello 

RISPR lentivir al libr ary was tr ansduced into A549 cells at 
 low multiplicity of transduction (MOI) of ∼0.3 to ensure 
hat only one sgRNA was incorporated per cell. Transduced 

ells were subsequently selected with 2 �g / ml of puromycin 

 or 3 da ys and left untreated f or 14 da ys. After that, cells
ere incubated in DMEM / F12 (1:1) (1 ×) + Glutamax, 

upplemented with dextran-coated char coal-tr eated FCS 

DCC) for 24 h and then treated with 2.75 �M of hydrocor- 
isone (HC, HY-N0583, MedChemExpress) for additional 
4 h. After treatment, cells were fixed in 70% ethanol and 

eft overnight at 4 

◦C. Fixed cells were washed with PBS 

nd permeabilized with PBS containing 0.25% triton X- 
00 (Sigma-Aldrich) and left on ice for 15 min. Cells were 
tained with a recombinant anti-FKBP5 antibody (Alex- 
Fluor 647, ab198979, 1:400) in 1% bovine serum albumin 

BSA)-PBS. Stained cells were washed with PBS and re- 
uspended in 1% BSA–PBS. Cells were then FACS sorted 

or 7.5% FKBP5 

high or 7.5% FKBP5 

low of the popula- 
ion, with ∼3 500 000 cells / arm to ensure a 500 × cover- 
ge of the library. Genomic DNA was subsequently iso- 
ated using Gentra Puragene Cell kit according to manu- 
acturer’s instructions. gRNAs were amplified by two con- 
ecuti v e PCRs as previously described ( 36 ). DNA libraries 
ere sequenced on HiSeq 2500 platform (single-read; 65 

p). Read counts were normalized, relati v e total sizefac- 
ors were calculated and that the values within a sample 
ere divided by the respecti v e sample sizefactor. Reads of 

ach r eplicate wer e pooled to gether and subsequent anal y- 
es were performed using MaGeCK, using default param- 
ters (v0.5.9.4 ( 37 )). Putati v e GR regulators were identi- 
ed comparing the sgRNA abundance amongst the 7.5% 

KBP5 

high versus 7.5% FKBP5 

low populations and a ro- 
ust rank aggr egation (RRA) scor e was determined for each 

ene. Those genes with an FDR < 0.15, log 2 (fold change) 
 2.5 and –log 10 ( P -value) > 2 were considered as putati v e
its. Results of the screen can be found on Supplementary 
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Gene set o ver -r epr esentation analyses 

To perform gene set over-r epr esentation analyses, we
used the GSEA browser to analyze REACTOME and
GO TERM pathways. The analysis was carried out on the
top 100 enriched genes identified in the screen, excluding
essential genes and those with fewer than two high-quality
sgRNAs. 

Genome editing 

CRISPR knockout cell lines. For the generation of
CRISPR knockout cell lines, guide RNAs were selected
from the Brunello or GeCKOv2 human CRISPR KO
libraries to target PAXIP1 (CACCGGT GATTCT GTC-
CGTTCA GTG) STAG2 (A GTCCCACA TGCTA TC-
CACA), non-targeting (NT-1) (CACCGAACTACAAG-
T AAAAGT ATCG), non-targeting 2 (NT-2) (GTAT-
T ACTGAT ATT GGT GGG), NR3C1 (GT GAGTT GT G-
GTAACGTTGC) and KMT2D (TTCGGGGTAGAC-
CTCCATAG). Guide RNA targeting CDKN1B (GGGT-
TA GCGGA GCAATGCGC) was a kind gift from the
J os J onker´s lab (NKI, Amsterdam, the Netherlands).
The selected gRNAs were cloned into the lentiCRISPRv2
plasmid as previously described ( 38 ). All constructs were
verified by Sanger sequencing. Lentivirus was produced
by transfection of viral packaging vectors and Lentiv2-
CRISPR constructs in HEK293T cells. On the first day,
3.5 million HEK293T cells were plated in 10 cm 

2 dishes
and incubated overnight. On day two, viral vectors were
produced by mixing three packaging constructs in a 1:1:1
ra tio: pRC / CMV-rev 1B , pHDM-G, and pHDM-Hgpm2,
after which 10.5 �g of the packaging mix was added to
17.5 �g of e v ery single CRISPR construct together 105
�l of polyethylenimine (PEI, 1 mg / ml), incubated for 15
min and added to HEK293T cells. After an overnight
incubation, cells were refreshed with 8 mL of medium.
Next day, the supernatant was harvested and added onto
A549 cells together with polybrene (200 ×, 1.6 g / l). After
48hrs, cells were selected with either puromycin (2 �g / ml)
or blasticidin (1 mg / ml) 

SMC1-EGFP tag g ed cell lines. In order to generate en-
do genousl y expressing EGFP-tagged SMC1A cell lines,
we first selected the most suitable 20 bp-long sequence
close to the C-terminal end of the SMC1A gene for
gRN A binding. The gRN A sequences were designed by
using an online algorithm ( http://crispor .tefor .net ) and
the gRNAs closest to the SMC1’s stop-codon were
chosen (FW: AAAAT ACTGCT ACTGCTCA T; RV: A T-
GA GCA GTA GCA GTATTTT). The selected gRNAs were
ordered as single-stranded DNA oligos (IDT) and annealed
according to an earlier described protocol ( 39 ). A PX459
vector (pSpCas9-2A-Puro V2.0; Addgene 62988) ( 40 ) was
selected for inducing DSBs via CRISPR / Cas9. To do this,
the PX459 vector was first digested by BbslI restriction en-
zyme (NEB: R0539S) and afterwards the oligos were lig-
ated by T4 DNA ligase (NEB: M0202S). Plasmids were se-
quenced by Sanger sequencing to confirm the cloning of the
gRNA sequences. 

In par allel, gene fr agments were synthesized (IDT) con-
taining 470 bp long homology arms flanked on both sides
of the gRNA target site and excluding SMC1’s stop-codon.
Subsequently, a donor template with the EGFP-stop-codon
cassette including a 6 times glycine-alanine spacer sequence
was cloned in between the two homology arms by using
MluI (NEB: R0198S) and BglII (Roche: 10567639001) re-
striction enzymes. Fragments were ligated and afterwards
inserted into a pCR-Blunt II TOPO backbone vector (Ther-
mofisher: K280002). Donor template plasmid sequences
were confirmed by Sanger sequencing. Next, PX459 and
donor template were transfected using lipofectamine 3000
(Thermofisher) according to manufacturer’s instructions.
Next, cells were selected with puromycin (2 ug / ml), clones
were selected and genotyped. 

Flow cytometry 

Cells wer e cultur ed in DMEM / F12 (1:1) (1 ×) + glutamax,
supplemented with dextran-coated char coal-tr eated FCS
(DCC) with DMSO or 2.75 �M of HC (HY-N0583, Med-
ChemExpress) for 24 h. Cells were fixed with 70% ethanol at
4 

◦C overnight. Cells were washed with PBS, permeabilised
with 0.25% Triton X-100 in PBS-T for 15 min on ice, and
stained with primary recombinant Alexa Fluor ® Anti-
FKBP51 antibody (ab198979, Abcam, 1:100) diluted in 1%
BSA–PBS or left unstained. Cells were washed and resus-
pended in 1% BSA / PBS solution. Cells were sorted using
Attune TM NxT Acoustic Focusing Cytometer (Thermo
Fisher Scientific). Single-cell flow cytometry analysis was
performed using FlowJo ™ Software version 10.7.1 (BD Bio-
sciences) 

RNA isolation, r everse-tr anscription and quantitative real-
time PCR (RT-qPCR) 

Cells wer e cultur ed in DMEM / F12 (1:1) (1 ×) + Gluta-
max, supplemented with dextran-coated char coal-tr eated
FCS (DCC) with DMSO or 2.75 �M HC (HY-N0583,
MedChemExpress) for 24 h. Total RNA was isolated using
Invitrogen ™ TRIzol ™ Reagent (15596026, Thermo Fisher
Scientific) according to manufacturer´s instructions. First-
strand cDNA was synthesized from 1 �g of isolated RNA
by using SuperScript ® III First-Strand Synthesis System
for Re v erse Transcriptase-PCR (18080-051, Life Technolo-
gies). RT-qPCR was performed using SensiMix ™ SYBR ®
No-ROX Kit (QT650-05, Bioline) in a QuantStudio ™ 6 Flex
System (Thermo Fisher Scientific), and analyzed using the
QuantStudio Software. Primers can be found in Supple-
mentary Table 2. 

Western blot 

Cells were lysed using 2 × Laemmli buffer (120 mM Tris,
20% glycerol, 4% SDS) supplemented with protease in-
hibitor (1:100) and phen ylmethylsulf on yl fluoride (PMSF,
1:200) upon overnight treatment with 100nM dexametha-
sone (HY-14648, MedChemExpress) or 2.75 �M HC (HY-
N0583, MedChemExpress) or left untrea ted. Lysa tes were
sonicated (EpiShear Probe Sonicatore, Acti v e Motif) for
10 cycles with one second intervals and a 20% amplitude.
Equal amounts of protein per lysate were run for one hour
at 100 V on an 8% acrylamide gel (MilliQ, 40% acry-
lamide, 1.5 M Tris pH 6.8, 10% SDS , 10% APS , TEMED)

http://crispor.tefor.net


Nucleic Acids Research, 2023, Vol. 51, No. 18 9579 

i
g
1  

n
m
P
3
m  

K
a
o
(
1
1
(
2
i
R
�
0
s  

b
I
L

R

R
c
c
(
q
w
1
t
v
s  

(
P
w
n

a
i
c
r
M
e
t
w
f
i
c
a
c
r
M
e
t
w
f

i
f
9

N
i
i
M
d
e
K
w
t
m
f
a
c
a
t
a
i
s
v
l  

g
o
D
S

C
(

C
(
C
M
h
0
v
o
a
G
M
a
(
t
a
p
t
C
H
a
N
c
a  

H
W
s
u
r
h

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9576/7127223 by guest on 16 O

ctober 2023
n SDS-PAGE 1 × Running buffer (25 mM Tris, 0.25 M 

lycine, 0.1% SDS). Proteins were transferred on ice at 
00 V for 90 min or at 0.9 mA overnight at 4 

◦C on a
itrocellulose membrane in cold 1 × Transfer buffer (24 

M Tris, 192 mM glycine). Membranes were stained with 

onceau S (Thermo Fisher) and subsequently blocked in 

% BSA (A8022, Sigma / Merck) in 1 × PBS–Tween (137 

M NaCl, 10 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.6 mM
Cl, 0.1% Tween-20) for 1 h and incubated with primary 

ntibodies against GR (12041, Cell Signaling Technol- 
gy, 1:1000), PAXIP1 (ABE1877, Merck, 1:1000), STAG2 

A300-158A, Bethyl, 1:1000), Actin (MAB1501R, Merck, 
:1000), HSP90 (sc-13119, Santa Cruz Biotechnologies, 
:1000), P27 (610242, BD Biosciences, 1:1000), SMC1 

Bethyl:A300-055A; 1:1000) diluted in 3% BSA / PBS-T for 
 h. After three washing steps in PBS-T, membranes were 
ncubated with secondary antibodies donkey- �-mouse 680 

D (926-68073, LI-COR Biosciences, 1:10 000), donkey- 
-rabbit 800 CW (926-32213, LI-COR Biosciences, 1:10 

00) and donkey- �-goat 680 RD (926-68074, LI-COR Bio- 
ciences, 1:10 000), diluted in 3% BSA / PBS-T for 1 h. Mem-
ranes were scanned and analysed using an Odyssey 

® CLx 

maging System (LI-COR Biosciences) and ImageStudio ™
ite v.5.2.5 software (LI-COR Biosciences). 

apid immunoprecipitation of endogenous proteins (RIME) 

IME was performed as previously described ( 24 ). In brief, 
ells were treated for 2 h with 2.75 �M HC. Subsequently, 
ells were fixed and crosslinked with 1% formaldehyde 
15714, Electr on Micr oscopy Sciences) for exactly 10 min, 
uenched with glycine (0.125 M) and washed three times 
ith PBS. Cells were collected in 1xPBS supplemented with 

 × complete EDTA-free protease inhibitor cocktail (PI 
ablets, 5056489001, Roche) on ice. Cells were lysed as pre- 
iously described ( 24 ), and cell lysates were sonicated for 
ix cycles (30 s on / 30 s off) using the Bioruptor ® Pico
B01060001, Diagenode). Per RIME, 50 �l of magnetic 
rotein A beads (10008D, Thermo Fisher Scientific) beads 
ere conjugated with either 15 �l anti-GR (12041, Cell Sig- 
aling Technology) rotating overnight at 4 

◦C. 
For mass spectrometry, peptide mixtur es wer e pr epar ed 

nd measured as previously described ( 27 ), with the follow- 
ng exceptions. For GR RIMEs in NT versus PAXIP1 -KO 

ells, peptide mixtures (10% of total digest) were loaded di- 
ectly onto the analytical column and analyzed b y nanoL C- 

S / MS on an Orbitrap Fusion Tribrid mass spectrometer 
quipped with a Proxeon nLC1200 system (Thermo Scien- 
ific). Solvent A was 0.1% formic acid / water and solvent B 

as 0.1% formic acid / 80% acetonitrile. Peptides were eluted 

rom the analytical column at a constant flow of 250 nl / min 

n a 120-min gradient, containing a 104-min stepped in- 
rease from 6% to 32% solvent B, followed by a 16-min wash 

t 90% solvent B. For GR RIMEs in NT versus STAG2 -KO 

ells, peptide mixtures (10% of total digest) were loaded di- 
ectly onto the analytical column and analyzed b y nanoL C- 

S / MS on an Orbitrap Exploris 480 Mass Spectrometer 
quipped with a Proxeon nLC1200 system (Thermo Scien- 
ific). Solvent A was 0.1% formic acid / water and solvent B 

as 0.1% formic acid / 80% acetonitrile. Peptides were eluted 

rom the analytical column at a constant flow of 250 nl / min 
n a 90-min gradient, containing a 74-min stepped increase 
rom 6% to 32% solvent B, followed by a 16-min wash at 
0% solvent B. 

Raw data were analyzed by MaxQuant (GR RIMEs in 

T versus PAXIP1 -KO cells: version 2.0.1.0; GR RIMEs 
n NT versus STAG2 -KO cells:version 1.6.17.0) ( 41 ) us- 
ng standard settings for label-free quantitation (LFQ). 

S / MS data wer e sear ched against the Swissprot Human 

atabase (GR RIMEs in NT vs PAXIP1 -KO cells: 20 395 

ntries, release 2021 04; GR RIMEs in NT versus STAG2- 
O cells: 20,379 entries, release 2021 01) complemented 

ith a list of common contaminants and conca tena ted with 

he re v ersed v ersion of all sequences. The maximum allowed 

ass tolerance was 4.5 ppm in the main search and 0.5 Da 

or fragment ion masses. False discovery rates for peptide 
nd protein identification were set to 1%. Trypsin / P was 
hosen as cleavage specificity allowing two missed cleav- 
ges. Carbamidomethylation was set as a fixed modifica- 
ion, while oxidation and deamidation were used as vari- 
ble modifications. LFQ intensities were Log2-transformed 

n Perseus (GR RIMEs in NT versus PAXIP1 -KO cells: ver- 
ion 1.6.15.0; GR RIMEs in NT versus STAG2 -KO cells: 
ersion 1.6.14.0), after which proteins were filtered for at 
east three out of four v alid v alues in at least one sample
roup. Missing values were replaced by imputation based 

n a normal distribution (width: 0.3 and downshift: 1.8). 
iffer entially expr essed proteins wer e determined using a 

tudent’s t-test. 

hromatin immunoprecipitation followed by sequencing 

ChIP-seq) 

hroma tin immunoprecipita tion followed by sequencing 

ChIP)-seq was performed as previously described ( 42 ). 
ells wer e tr eated with 100nM Dexamethasone (HY-14648, 
edChemExpress) for 2 h. Cells were fixed in 1% formalde- 

yde (1039991000, Merck) for 10 min and quenched with 

.125 M glycine. Nuclear lysates were extracted as pre- 
iously described ( 42 ) and sonicated for 13 cycles (30 s 
n / 30 s off) using the Bioruptor ® Pico (B01060001, Di- 
genode). The antibodies that were used are the following: 
R (12041, Cell Signaling Technology), RAD21 (05-908, 
erck), PAXIP1 (ab70434, abcam), H3K4me1 (ab8895, 

bcam). Per ChIP, 50 �l of magnetic Protein A beads 
10008D, Thermo Fisher Scientific) beads were conjugated 

o 7.5 �l of GR antibody, or 5 �g of RAD21, PAXIP1, 
nd H3K4me1 antibodies. Immunoprecipitated DNA was 
rocessed for library preparation (KAPA library prepara- 
ion kit, KK8234, Roche). In the case of GR and RAD21 

hIPs, gener ated libr aries were sequenced on the Illumina 

iSeq2500 platform (single-end, 65 bp reads). For PAXIP1 

nd H3K4me1 ChIPs, samples were sequenced on Illumina 

ovaseq 6000 (paired-end, 51 bp). For those samples pro- 
essed in Novaseq, adapter trimming was performed before 
lignment using seqpurge ( 43 ). All r eads wer e aligned to the
uman Reference Genome (GRCh38.102) using Burrows- 
heeler Aligner (v0.7.17; ( 44 )) and mem algorithm. In 

amples processed with Novaseq, duplicates were marked 

mi-aware, using rumidup ( https://github.com/NKI-GCF/ 
umidup ). For samples processed in HiSeq, data did not 
ave an UMI, and based in coordinates, biological dupli- 

https://github.com/NKI-GCF/rumidup
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cates were removed. Reads were filtered based on MAPQ
quality ≥20 (samtools v1.9), and duplicate r eads wer e r e-
moved. Peak calling over input was generated by using
MACS2 (v2.1.2; ( 45 )), by using the peakcalling pipeline
https://github.com/csijcs/snakepipes . Consensus peaks be-
tween biological replicates were generated using mspc tool
( 46 ).For visualization, mapped reads of replicate sam-
ples were merged using SAMtools (v1.10; ( 47 )). Genome
browser snapshots, average density plots and tornado plots
were generated using Easeq (v1.101; ( 48 )). Genomic distri-
bution analyses were performed using ChIPseeker (v1.26.2;
( 49 )) under R 4.0.3. Motif enrichment analyses were per-
formed using HOMER Motif analyses tool ( 50 ). 

Cell proliferation analyses 

Cells were plated in a 384-well plate at a density of 250
cells / w ell. Cells w er e tr eated with 100 nM of Dexametha-
sone (HY-14648, MedChemExpress). Cells were imaged ev-
ery 4 h by using an IncuCyte ZOOM Li v e-Cell Analysis Sys-
tem, and cell confluency percentage was calculated using the
incucyteZoom software. 

Circularized chromosome conformation capture sequencing
(4C-seq) 

Cells were treated with 100 nM Dexamethasone (HY-
14648, MedChemExpress) for 2 h. Experiments of 4C-seq
were performed as previously described ( 51 ). Briefly, for
each restriction enzyme (RE) combination (RE1 NlaIII,
RE2 DpnII; New England Biolabs), replicate and treat-
ment about 10 × 10 

6 cells were collected, pelleted and cross-
linked by 2% methanol-free formaldehyde for 10 min. Nu-
clei were isolated and permeabilized to allow digestion of
the chromatin by the primary RE (NlaIII, New England
Biolabs). Chromatin fragments were then diluted and lig-
ated before crosslinking re v ersion. Purified DNA was di-
gested by the secondary RE (DpnII, New England Bio-
labs) and circularized again by ligation. Re-purified circu-
lar fragments were amplified by PCR with View-Point spe-
cific primers (see Supplementary Table 2) using the Expand
Long Template PCR System (Roche). Resulting amplicons
were purified with a 0.8 × ratio of AMPure XP beads (Beck-
man Coulter) and amplified using standar d inde xed Illu-
mina primers as previously described ( 51 ) using the Expand
Long Template PCR System (Roche). 

Second-r ound PCR pr oducts were purified with PCR
purification columns (Qiagen) and quantified by 2100
Bioanal yzer (Agilent, DN A 7500 kit). 4C library was
pr epar ed by equimolar mix of the samples. The pooled
library was cleaned-up by AMPure XP beads (0.8 ×
ratio) to remove PCR dimers before sequencing through
Illumina MiSeq with a 75 bp Single-End reads setup. Fastq
files have been demultiplexed by Cutadapt ( http://journal.
embnet.org/inde x.php/embnetjournal/article/vie w/200 ) 
and mapped on Hg38 / GRCm38 genome assembly
and signal normalized by pipe4C (v1.1) R-package
( 51 ) in “ cis ” mode and with default parameters. Score
mean of the replicates and plots of normalized mean
4C-seq and ChIP-seq signal were generated in an R
v4.0.3 environment by using get.sing le .base .score .bw
and g enomic.tr ack functions from Rseb (v0.3.0)
( https://github.com/se bastian-gregoricchio/Rse b)( 52 ) 
package in combination with ggplot2 (v3.3.5) and ggforce
(v0.3.3) packages. 

Fluor escence r eco very after photobleacing (FRAP) 

FRAP was performed on a Leica TCS SP8 microscope
equipped with a 63 ×/ 1.40 NA HC PL APO CS2 oil im-
mersion objecti v e in combination with a 50 mW Argon ex-
citation laser using the 488 nm line. FRAP measurements
were conducted on a pproximatel y 50% of the nuclear area
(344 pixel by 344 pixel, 100 nm pixel size, 2 times line av-
eraging). After 40 scans (500 ms interval), a high intensity
laser beam at 488 nm was utilized for three iterations with
a 197 ms interval to photobleach all GFP locally inside the
selected ROI. Subsequently, the bleached ROI was contin-
uously scanned for 1200 iterations with a 500 ms interval.
Quantitati v e FRAP analysis was performed using a Monte
Carlo simulation environment for modeling complex bio-
logical molecular interaction networks ( 53 ). 

Computer modelling used to generate FRAP curves for
fitting was based on Monte Carlo simulation of diffusion
and binding to immobile elements (r epr esenting chromatin
binding) in an ellipsoidal volume (r epr esenting the nucleus).
Bleaching simulation was based on experimentally derived
three-dimensional laser intensity profiles, which determined
the probability for each molecule to become bleached con-
sidering their 3D position relati v e to the laser beam. Diffu-
sion was simula ted a t each new time step t + � t by deriving
a new position ( x t + � t , y t + � t , z t + � t ) for all mobile molecules
from their current position ( x t , y t , z t ) by x t + � t = x t + G ( r 1 ),
y t + � t = y t + G ( r 2 ), and z t + � t = z t + G ( r 3 ), where r i is a ran-
dom number (0 ≤ r i ≤ 1) chosen from a uniform distribu-
tion, and G ( r i ) is an inversed cumulative Gaussian distribu-
tion with � = 0 and �2 = 2 D � t , where D is the diffusion co-
ef ficient. Immobiliza tion was deri v ed from simple binding
kinetics: k on / k off = F imm 

/ (1– F imm 

), where F imm 

is the frac-
tion of immobile molecules. The probability per unit time to
be released from the immobile state was gi v en by P mobilise =
k off = 1 / T imm 

, where T imm 

is the characteristic time spent in
immobile comple xes e xpressed in unit time steps. The prob-
ability per unit time for each mobile particle to become im-
mobilized (r epr esenting chromatin-binding) was defined as
P immobilise = k on = ( k off ˙ c F imm 

) / ( 1 – F imm 

), where k off =
1 / T imm 

. Note that k on and k off in this model are effecti v e
rate constants with dimension s −1 . 

In all simulations, the size of the ellipsoid was based on
the size of the measured nuclei, and the region used in the
measurements determined the size of the simulated bleach
region. The laser intensity profile using the simulation of the
bleaching step was derived from confocal images stacks of
chemically fixed nuclei containing GFP that were exposed
to a stationary laser beam at various intensities and varying
exposure times. The unit time step � t corresponded to the
experimental sample rate of 100 ms. 

For quantitati v e analysis of the FRAP data, raw FRAP
curves were normalized to pre-bleach values and the best
fitting curves (by ordinary least squares) were selected from
a large set of computer simulated FRAP curves in which
thr ee parameters r epr esenting mobility properties wer e var-

https://github.com/csijcs/snakepipes
http://journal.embnet.org/index.php/embnetjournal/article/view/200
https://github.com/sebastian-gregoricchio/Rseb
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ed: dif fusion ra te, immobile fraction and time spent in im- 
obile state. Because individual curves generated by Monte 
arlo modelling, in contrast to anal yticall y deri v ed curv es, 

how the slight variation typical for diffusion of a limited 

umber of molecules in a small volume, we did not use the 
est-fitting curve only, but took the ten best-fitting curves 
nd calculated the average diffusion coefficients and rate 
onstants corresponding to these curves. 

enetic dependency analyses 

he dependency data used in this study was obtained from 

epMap 21Q4 public ( https://depmap.org/portal/ ). Depen- 
ency data for PAXIP1 and STAG2 genes across 1046 cell 

ines was downloaded. Pearson correlation coefficient was 
alculated between CERES scores of PAXIP1 and STAG2. 

oreover, top100 co-dependencies for PAXIP1 were down- 
oaded from https://depmap.org/portal/ . Data on GR le v els 
n all cell lines was obtained from Expression Public 22Q4 

 https://depmap.org/portal/ ). All data was plotted using gg- 
lot2 (v.3.3.5) and ggpubr (v.0.4.0). 

evenC analyses 

rediction of loops was performed using se v enC (v1.19.0) 
 54 ) run with default parameters. We used CTCF sites iden- 
ified using JASPAR 2022 database in the hg38 human 

enome (“AH104716”), filtered for those with a P -value < 

e–6. As ChIP input, we used peak called files from the 
AD21 ChIP performed in NT and PAXIP1 -KO cells in 

C-treated conditions (See ChIP section for more details). 
ne sample t-test was used for analyses. 

NA-seq 

ells were treated with Dexamethasone (100nM) for 8 h. 
otal RNA was extracted using RNeasy Mini kit (Qiagen, 
erman y) f ollowing manufacturer´s instructions. The qual- 

ty and quantity of the total RNA were assessed by the 
100 Bioanalyzer using a Nanochip (Agilent, USA). NT- 
, PAXIP1 -K O and GR -K O RNA-seq series was sequenced 

n the Illumina HiSeq2500 platform. NT-2, STAG2 -KO se- 
ies was sequenced in Illumina Novaseq 6000. Sequencing 

ata were aligned to the human r efer ence genome hg38 us- 
ng HISAT2 (v2.1.0; ( 55 )), and the number of reads per gene 
as measured with HTSeq count (v0.5.3; ( 56 )). Read count- 

ng, normaliza tion and dif fer ential gene expr ession wer e 
erformed using R package DESeq2 (v.1.30.1; ( 57 )) 

mmunofluorescence 

ells wer e fix ed for 10 min using 2% paraformaldehyde 
PFA, 103999, Merck), washed twice with PBS, and subse- 
uently permeabilized with 0.5% Triton / PBS (X100, Sigma 

ldrich). After two additional washing steps with PBS, cells 
ere blocked in 1% BSA / PBS solution before being incu- 
ated with primary antibodies PAXIP1 (ABE1877l, Merck, 
:100) and STAG2 (A300-158A, Bethyl, 1:1000) for 2 h. 
aser confocal microscopy (SP5, Leica) was used to de- 

ect PAXIP1 and STAG2 using secondary antibodies Alexa 

luor ™ 647 goat anti-rabbit IgG (H+L) Cross-Adsorbed 

nd Alexa Fluor ™ 647 donkey anti-goat IgG (H+L) Cross- 
dsorbed, respecti v ely. 
ESULTS 

enome-wide CRISPR screen identifies PAXIP1 and 

T A G2 as essential regulators of GR-mediated transcription 

R activation results in either induction or r epr ession of 
ene expression due to either trans-activation or trans- 
 epr ession mechanisms. The recruitment of either co- 
ctivators or co-r epr essors to the GR complex plays an im- 
ortant role in its function as a trans-activator or trans- 
 epr essor. Pr eviously, we compr ehensively annotated the 
R-interacting protein r epertoir e in various lung cancer 

ell lines, including A549 cells ( 31 ). Howe v er, which of 
hese GR interacting proteins are essential for GR trans- 
ctivation function remains unknown. To identify proteins 
ritical for GR-action in a comprehensi v e manner, we set 
p a FACS-based genome-wide CRISPR screen, in which 

e used the expression of a classical GR target gene - 
KBP5- as proxy of GR activity (Figure 1 A and Supple- 
entary Figure 1A–D). Exposure of the lung cancer cell 

ine A549 to glucocorticoids (GCs) increased GR binding 

t the FKBP5 locus (Supplementary Figure 1A), and in- 
uced transcription of FKBP5 over time (Supplementary 

igure 1B). Importantly, FKBP5 mRNA and protein lev- 
ls were not induced upon GC treatment in GR-knockout 
ells (Supplementary Figure 1C, D). Jointly, these controls 
onfirm the GR-dependent status of FKBP5, r einfor cing 

ts role as marker gene for GR activity. In this screen, 
549 cells were transduced with the CRISPR genome-wide 
runello library, including 77,441 sgRNAs, with an aver- 
ge of four targeting sgRNAs per gene, and 1000 non- 
argeting controls ( 34 , 35 ). Cells were subsequently selected 

ith puromycin, and cultured for 14 days prior to stimula- 
ion. In order to induce GR-mediated transcription, A549 

ells wer e tr eated with GCs for 24 h, subsequently fixed 

nd stained for protein expression of FKBP5. Cells were 
ACS-sorted for a pproximatel y 7.5% of low (FKBP5 

low ) 
nd 7.5% high FKBP5 expression (FKBP5 

high ) populations 
Figure 1 A). Next, genomic DNA was isolated and se- 
uenced to detect abundance of sgRNAs in both popula- 
ions. Through MaGECK analyses ( 37 ), we compared the 
orted FKBP5 

high and FKBP5 

low populations, to identify 

hich genes are individually essential to dri v e GR acti v- 
ty (Figure 1 B). These analyses identified two critical pos- 
ti v e controls – NR3C1 (encoding for GR) and FKBP5 

 as top hits (Figure 1 B), demonstrating the robustness 
f our screen. We observed that few GR-interacting pro- 
eins were among the top hits (Supplementary Figure 1E), 
uggesting a le v el of functional redundancy between GR 

o-regulators and only some proteins being essential for 
R-mediated transcription. Moreo ver, o ver-r epr esentation 

nalyses of the top screen hits identified signaling pathways 
hat are involved in SHR-mediated signaling and acti v e 
ranscription, among others (Supplementary Figure 1F). 
mportantly, we identified PAXIP1 and STAG2 among the 
op-enriched hits in the FKBP5 

low population (Figure 1 B), 
mplying a critical role of these proteins in regulating GR 

ction. To validate our findings, we generated PAXIP1 and 

TAG2 CRISPR-mediated gene disruption models (Figure 
 C and Supplementary Figure 1G). Loss of either PAXIP1 

r STA G2 significantl y r educed the expr ession of FKBP5, 
oth at the protein (Figure 1 D) and RNA le v el (Figure 1 E

https://depmap.org/portal/
https://depmap.org/portal/
https://depmap.org/portal/
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Figure 1. PAXIP1 and STAG2 are crucial for GR-mediated transcription ( A ) Schematic r epr esentation of the FACS-based genome-wide CRISPR screen 
to identify regulators of GR function. ( B ) Screen results: scatter plot of log 2 (fold change [FKBP5 low versus FKBP5 high expression]) versus −log 10 ( P -value). 
Dotted lines indicate threshold values (log 2 (fold change) > 2.5 and −log 10 ( P -value) > 2). Analyses were performed using MaGECK. Red highlighted dots 
depict NR3C1 and FKBP5 , serving as positi v e controls. Blue highlighted dots indicate other significant hits of the screen. ( C ) Western blot analyses showing 
PAXIP1 (left) and SA2 (protein encoded by STAG2 , right) expression, with actin as control, in NT, PAXIP1-KO and STAG2 -KO cells ( n = 2). Cells have 
been treated with DMSO (empty dot) or GCs (filled dot) for 24 h. ( D ) FKBP5 protein le v els in A549 cells depleted of PAXIP1 and STAG2 expression 
assessed by Flow Cytometry analyses. Quantification of Mean-Fluorescence Intensity (MFI) of FKBP5 expression ( n = 4 in NT versus STAG2 -KO, n = 

3 in NT versus PAXIP1 -KOs). Cells have been treated with DMSO (empty dot) or GCs (filled dot) for 24 h. Mean values ± SD are depicted. Two-way 
ANOVA test was performed. ( E ) Relati v e FKBP5 mRNA le v els (normalized to geometric mean of housekeeping genes GAPDH and ACTIN ) of DMSO 

(empty dot) and GC-treated (filled dot) in cells depleted of PAXIP1 and STAG2 expression. Mean values ± SD are depicted ( n = 4 biological replicates in 
NT versus STAG2 -KO, n = 3 technical replicates in NT versus PAXIP1 -KOs). Two-way ANOVA test was performed. 
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nd Supplementary Figure 1H). Importantly, GR protein 

e v els remained unaltered in both PAXIP1 -KO and STAG2 - 
O cells (Supplementary Figure 1I), demonstra ting tha t the 
bserved reduction of FKBP5 expression is not a conse- 
uence of altered GR protein stability or transcription. 

AXIP1 as a novel functional interactor of ST A G2 

aving identified PAXIP1 and STAG2 as novel regulators 
f GR function, we next aimed to elucidate the mechanism 

ehind this observation. For this purpose, we first assessed 

 possible impact of these proteins on GR / DNA interac- 
ions, thr ough chr oma tin immunoprecipita tion followed by 

equencing (ChIP-seq) analyses for GR in non-target (NT), 
AXIP1 -K O and STAG2 -K O cells, both in vehicle and GC-
reated conditions. As expected for NT cells, GR chromatin 

nteractions were induced by GC-treatment (Figure 2 A and 

). Interestingly, GR binding to the FKBP5 locus was not 
ffected in neither PAXIP1 -KO or STAG2 -KO cells (Fig- 
re 2 A), suggesting that PAXIP1 and STAG2 regulate GR 

unctionality downstream of its capacity to associate with 

he chroma tin. The la tter was, importantly, also observed on 

 genome-wide scale (Figure 2 B). As expected, genomic dis- 
ribution analyses showed that GR binding occurs mainly 

t introns and distal intergenic regions in all cell lines (Sup- 
lementary Figure 2A). Howe v er, we did observe a slight 
nrichment of GR localization at promoters and promoter- 
roximal r egions, r elati v e to most-closely located transcrip- 
ion start site (TSS) in PAXIP1 -KO cells when compared to 

T control (Supplementary Figure 2B). In addition, mo- 
if analyses at peaks identified in NT, PAXIP1 -KO and 

TAG2 -KO cells showed, as expected, glucocorticoid re- 
ponse elements (GRE), other HREs and forkhead tran- 
cription factors (FOX) among the top most enriched mo- 
ifs, with no major differences between models (Supplemen- 
ary Figure 2C). 

Due to the critical role of these co-regulators on GR tran- 
criptional acti vity, we ne xt inv estigated whether the com- 
osition of the GR complex was altered upon PAXIP1 or 
TAG2 depletion. To do so, we performed RIME analy- 
es ( 24 ) for GR in both PAXIP1 (Figure 2 C) and STAG2
Figure 2 D) deficient cells. PAXIP1 is a subunit of the 
ultiprotein complex KMT2D / C; a histone methyl trans- 

erase comple x, responsib le for methylation of H3K4, de- 
arcating enhancers ( 32 , 33 , 58 ). Surprisingly, GR-mediated 

ecruitment of the KMT2D / C complex (DPY30, ASH2L, 
MT2D, WDR5, RBBP5) was not affected when PAXIP1 

as knocked out (Figure 2 C). In line with this, depletion 

f a main subunit of the complex -KMT2D- did not af- 
ect expression of FKBP5, as measured by flow cytometry 

nalyses (Supplementary Figure 2D). Jointly, these findings 
uggest that PAXIP1 impacts GR action in a KMT2D / C- 
ndependent manner in lung cancer cells. 

Surprisingly, GR RIME analyses showed diminished re- 
ruitment of members of the 3D-genome organization- 
elated cohesin complex in cells lacking PAXIP1, includ- 
ng SMC1A and SMC3 (Figure 2 C). These proteins serve 
o facilitate promoter / enhancer interactions and enable 
ong-range gene regulation by cis -acting transcription fac- 
ors ( 58 ). These results suggest that PAXIP1 may regulate 
ssociation of cohesin to GR-bound regulatory sites on 
he genome. Analogous to our PAXIP1 findings, knock- 
ut of STAG2 perturbed the capacity of GR to interact 
ith SMC1A, SMC3 and RAD21 (Figure 2 D). The strong 

imilarities of PAXIP1 -KO and STAG2 -KO impacting the 
R protein interactome were further highlighted in Gene 

et Enrichment Analyses (GSEA), in which the proteins 
roup in the sister chromatid reactome dataset were signifi- 
antly lost upon either PAXIP1 or STAG2 knockouts (Fig- 
re 2 E and Supplementary Figure 2E). Reduced recruit- 
ent of cohesin subunits to the GR complex upon deple- 

ion of either PAXIP1 or STAG2, suggested a possible novel 
unctional cross-talk of PAXIP1 with STAG2. These find- 
ngs were further confirmed in quantitati v e analyses on our 

IME da ta, demonstra ting tha t core GR-associa ted pro- 
eins remained recruited e v en upon PAXIP1 and STAG2 ab- 
ation (Supplementary Figure 2F). Furthermore, high cor- 
elation was found in the le v els of differential protein re- 
ruitment to the GR complex in NT when compare to 

TAG2 -K O and PAXIP1 -K O cell lines, including cohesin 

ubunits (Figure 2 F). To gain further insights into a pos- 
ible PAXIP1-STAG2 functional interaction, we analyzed 

he essentiality of STAG2 and PAXIP1 in a publicly avail- 
ble CRISPR-screen dataset containing data for 1,043 cell 
ines from different tumor types and deri v ed from various 
rgans (DepMap 21Q4 public; https://depmap.org/portal/ ) 
Figur e 2 G). Inter estingly, we found a high le v el of co-
ependency between PAXIP1 and STAG2 across all cell 

ines ( R = 0.61, P -value < 0.001) (Figure 2 G), implying 

hat PAXIP1 and STAG2 might be involved in regulat- 
ng similar cellular processes in different cell types. Im- 
ortantly, we observed that cells originating from lympho- 
ytes, li v er, plasma cell and blood lineages were the most 
ependent on STAG2 and PAXIP1, with no clear correla- 
ion with GR expression levels (Supplementary Figure 2G), 
mplying a broader STAG2 / PAXIP1 functional cross-talk 

ot restricted to GR function, which warrants further in- 
 estigation. Ne xt to STAG2, cohesin loaders MAU2 and 

IPBL ( 59 ), as well as the subunit of cohesin SMC3, were 
ll found amongst the highest co-dependencies for PAXIP1 

n this dataset (Figure 2 H), providing further evidence for a 

unctional cross-talk between PAXIP1 and STAG2. All to- 
ether, we find that loss of both PAXIP1 and STAG2 does 
ot affect GR chromatin binding, but does diminish the re- 
ruitment of proteins involved in 3D-genome organization 

o the GR complex, which is associated with a loss of GR 

arget–gene regulation, as measured by expression of GR- 
cti vity mar ker FKBP5. 

AXIP1 is r equir ed f or cohesin stability on the genome, its 
ocalization to GR-bound enhancers and enhancer-promoter 
nteractions 

ur findings indicated that PAXIP1 may regulate cohesin 

ecruitment to the chromatin-bound GR complex. To fur- 
her explore this, we endo genousl y tagged cohesin subunit 
MC1 with an EGFP-tag on the C-terminal end of the pro- 
ein (SMC1-EGFP) in both wild-type and PAXIP1 defi- 
ient cells (Supplementary Figure 3A), and performed re- 
ov ery after photob leaching (FRAP) e xperiments to deter- 
ine SMC1 mobility in li v e cells (Figure 3 A and B; Supple-
entary Figure 3B). PAXIP1 knockout increased SMC1- 

https://depmap.org/portal/
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Figure 3. PAXIP1 is r equir ed for cohesin function. ( A ) Representati v e image of FRAP experiments in NT-SMC1-EGFP and PAXIP1 -KO-SMC1-EGFP 
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EGFP mobility in these cells, both under vehicle and GC
tr eatment (Figur e 3 A and B), indica ting tha t cohesin chro-
matin stability was impaired upon PAXIP1 loss (Figure 3 A
and B). We performed computer simulations of the FRAP
curves ( 53 ) and calculated the different immobile and mo-
bile fractions of SMC1-EGFP (Supplementary Figure 3B).
Upon knocking out PAXIP1 , the immobile fraction of co-
hesin was decreased in both DMSO and GC-treated cells,
indicating reduced stability of cohesin on the genome (Sup-
plementary Figure 3B). In addition, when cells were ex-
posed to GCs, the immobile fraction in PAXIP1 -KOs was
also lower than in NTs, with short and intermediate immo-
bile fractions being more prominent in PAXIP1 -KOs when
compared to NT (Supplementary Figure 3B). All together,
we observed that depletion of PAXIP1 results in a general
reduction of cohesin stability on the chromatin, both in
DMSO and GC-treated cells. 

To confirm the FRAP results, we employed an orthog-
onal approach assessing PAXIP1 and the cohesin sub-
unit RAD21 genome interactions in both wild-type and
PAXIP1 -depleted cells, by ChIP-seq analyses (Figure 3 C
and Supplementary Figure 3C). Both PAXIP1 and RAD21
were found to occupy GR-binding sites, which was de-
pendent on GC-treatment, suggesting both PAXIP1 and
RAD21 ar e r ecruited to these sites following GR chro-
matin binding (Figure 3 C and Supplementary Fig 3C). Im-
portantly, RAD21 recruitment to GR-bound sites was lost
when PAXIP1 was knocked out (Figure 3 C, D and Supple-
mentary Figure 3C), confirming a critical role of PAXIP1
for RAD21 binding to the genome. Genomic distribution
analyses showed that GR-PAXIP1-RAD21 co-occupancy
on the genome occurs mainly at introns and distal inter-
genic regions (Supplementary Figure 3D). Motif analyses
at GR-PAXIP1-RAD21 sites showed, as expected, GREs,
HREs and FOX among the top most enriched motifs (Sup-
plementary Figure 3E). Interestingl y, w hen interro gating
all RAD21 binding sites across the genome in GC-treated
cells, we observed reduced promoter signal for RAD21
upon PAXIP1 knockout (Supplementary Fig 3F), impli-
ca ting tha t PAXIP1 enables recruitment of RAD21 to the
TSS of genes. In addition, we performed motif analyses on
these sites, which were enriched for CTCF, but also for clas-
sical SHR motifs (Supplementary Figure 3G). In parallel,
we also performed ChIP-seq experiments for H3K4me1,
which is a histone modification marking for enhancers, gen-
erally deposited by KMT2D / C complex ( 58 , 60 ) (Figure 3 C
and Supplementary Figure 3H). Interestingly, enrichment
for H3K4me1 at these GR-bound sites was not affected by
PAXIP1 knockout at the FKBP5 locus (Supplementary Fig-
ure 3H) and on a genome-wide scale (Figure 3 C). This is
in line with the unaltered KMT2D complex recruitment to
the GR complex in PAXIP1 -KO cells (Figure 2 C). Jointly,
these data suggests that cohesin recruitment to GR-binding
sites is dependent on non-canonical and novel function of
PAXIP1. 

As we demonstrated that PAXIP1 is r equir ed to localize
and stabilize cohesin on the genome, and due to the im-
portance of cohesin for 3D genome organization, we next
sought to investigate whether PAXIP1 is necessary to main-
tain local enhancer-promoter interactions. For this purpose,
we performed 4C-seq experiments in cells expressing or
lacking PAXIP1 expression, selecting the TSS of FKBP5
gene as view-point (Figure 3 E). In wild-type cells, we found
a significant increase of interactions between the FKBP5
promoter and GR-bound enhancer regions upon stimula-
tion with GCs (Figure 3 E and Supplementary Fig 3I), which
is in line with our previous observations reporting GR-
stimulated promoter-enhancer interactions ( 31 ). The inter-
acting regions spanned the genomic coordinates in which
we observed co-binding of PAXIP1, RAD21 and GR (Fig-
ure 3 E and Supplementary Figure 3I). Howe v er, in cells de-
pleted for PAXIP1 , promoter / enhancer interactions were
not incr eased, r emaining at basal le v els despite GC treat-
ment (Figure 3 E and Supplementary Figure 3I). Cumula-
ti v ely, these da ta illustra te a novel role of PAXIP1 in fa-
cilita ting stable cohesin-chroma tin d ynamics, cohesin lo-
calization to GR-binding sites and GC-induced enhancer-
promoter interactions. 

PAXIP1 deficiency mimics the transcriptional program of
ST A G2 depleted cells 

Since PAXIP1 and STAG2 appear to have a functional
cross-talk that is reflected at the le v el of 3D genome organi-
zation, we next examined whether PAXIP1 and STAG2 also
control similar transcriptional programs upon GR activa-
tion. For this, we generated RNA sequencing (RNA-seq)
data in PAXIP1 -KO and STAG2 -KO cells, cultured in ve-
hicle or GC-treated conditions (Figure 4 A). Both PAXIP1
and STAG2 knockouts affected baseline expression of var-
ious genes, suggesting a broader significance of both these
factors for gene expression regulation (Figure 4 A). Impor-
tantly, we observed that GC-mediated gene expression was
altered in PAXIP1 -KO and STAG2 -KO cells (Figure 4 A),
implying the importance of PAXIP1 and STAG2 in regu-
lating only a subset of GR-target genes. Importantly, we
observed a high correlation (R = 0.86, P -value < 0.001)
on the le v el of directionality and magnitude of affected
genes following knockout of PAXIP1 and STAG2 (Figure
4 B and Supplementary Figure 4A), with a highly significant
( P- value < 2.2e–16) overlap in the transcriptional changes
in GC-treatment conditions (Supplementary Fig 4B). As
STAG2 is crucial for enhancer-promoter interactions ( 61 ),
we interro gated w hether the similarities on PAXIP1 - and
STA G2 -dependent transcriptional pro grams were due to
regulation of chromatin looping by PAXIP1 on a genome-
wide scale. To test this hypothesis in silico , we used sev-
enC anal yses, w hich allows for the prediction of enhancer-
promoter interactions based on CTCF sites and proximal
RAD21 binding ( 54 ). Using RAD21 ChIP-seq data in NT
and PAXIP1 -KO cells, we observed the number of predicted
loops in GC-treated cells were significantly decreased in
PAXIP1 -KO cells (Figure 4 C and D; Supplementary Fig-
ure 4C). Next, we aimed to validate these predictions ex-
perimentally, and confirm that the changes in gene expres-
sion were due to perturbed enhancer-promoter interactions.
For this purpose, we selected a GR-target gene - P4HA3-
whose expression was significantly reduced upon PAXIP1 -
KO in GC-treated cells (Supplementary Figure 4D). 4C-seq
analyses were performed, using the P4HA3 promoter as a
viewpoint and confirmed a loss of enhancer-promoter in-
teractions in the area spanning RAD21 binding, which also
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oincides with the genomic locus of PPME1 gene (Sup- 
lementary Figure 4E). Interestingly, GR-mediated expres- 
ion of genes in close proximity of the P4HA3 locus -such 

s PPME1- was also significantly reduced (Supplementary 

igure 4F), which could suggest regional transcriptomic ef- 
ects when enhancer-promoter interactions are lost. All to- 
ether, we demonstrate that PAXIP1 and STAG2 control a 

imilar transcriptional landscape by maintaining enhancer- 
romoter interactions. 

oss of PAXIP1 enhances the tumor suppressor action of GR 

y modifying local chromatin interactions 

n this study, we used the lung cancer model A549 to 

tud y GR co-regula tors. Importantly, we ( 31 ) and oth- 
rs ( 8 , 62–64 ) have previously shown tha t GC trea tment
f these lung cancer cells reduces tumor cell prolifera- 
ion, for which we recently reported the mechanisms un- 
erlying GR-mediated cancer cell dormancy ( 31 ). As we 
bserved major changes in the transcriptional landscape 
f PAXIP1 - and STAG2 -deficient cells, we next interro- 
ated whether this would result in alterations of tumor cell 
ro wth follo wing GR activation. For these purposes, we 
erformed cell proliferation analyses in NT, PAXIP1 -KO 
nd STAG2 -KO cells, treated with GCs. In line with our 
r evious findings, GC-tr eatment diminished tumor cell pro- 

iferation capacity (Figure 5 A and Supplementary Figure 
A). Interestingly, knockout of PAXIP1 and STAG2 fur- 
her strengthened the anti-proliferati v e effects of GC treat- 
ent, while not affecting the cell growth capacity in ab- 

ence of GCs (Figure 5 A and Supplementary Figure 5A). 
hese data suggest an enhanced GR-mediated tumor sup- 
ressi v e capacity upon loss of PAXIP1 or STAG2 . Based 

n these results, we hypothesized that loss of PAXIP1 or 
TAG2 leads to the activation of newly acquired GR- 
esponsi v e tumor suppressor genes, dampening cell cycle 
rogression upon PAXIP1 and STAG2 depletion. To test 
his hypothesis, we selecti v el y anal yzed genes with signif- 
cantly gained expression in GC-treated PAXIP1 -KO and 

TAG2 -KO cells, and tested these for overlap with a Cell 
ycle geneset (hsa04110), resulting in the identification of 

wo candidate dri v er genes: CDKN1B and CDKN2C (Fig- 
re 5 B). Interestingly, both CDKN1B and CDKN2C are 
nown to mediate cell cycle arrest ( 65 , 66 ). As PAXIP1 de-
letion resulted in increased GR chromatin binding around 

he CDKN1B locus, in contrast to CDKN2C (Supplemen- 
ary Figure 5B), we selecti v ely f ocused f ollow-up experi- 
ents on CDKN1B (Supplementary Fig 5B). Importantly, 
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PAXIP1 knockout resulted in increased CDKN1B expres-
sion, both on mRNA (Figure 5 C), and protein le v el with
increased P27 -encoded by CDKN1B- expression (Figure
5 D). To confirm tha t GR-media ted expression of CDKN1B
was responsible for the enhanced sensitivity to GCs in
PAXIP1 -KO cells, we generated PAXIP1 / CDKN1B double
knockout (DKO) cells (Supplementary Figure 5C). We ob-
served that PAXIP1 / CDKN1B -DKO cells r estor ed the tu-
mor cell proliferati v e phenotype that was lost upon PAXIP1
knockout, rendering the cells again less responsi v e to GCs
(Figure 5 E). Importantly, our observa tions indica te tha t
cells only depleted for PAXIP1 (Supplementary Figure 5D)
were unable to rescue the sensitivity to GCs. Similarly,
PAXIP1 / CDKN1B- DKO cells did not have any prolifera-
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ion advantage in DMSO conditions (Figure 5 E), suggest- 
ng that the increased le v els of CDKN1B in PAXIP1 -KO 

ells are solely responsible for enhancing the response to 

Cs. 
As PAXIP1 is r equir ed for enhancer-promoter interac- 

ions around the FKBP5 locus (Figure 3 E), we next inves- 
igated impact of PAXIP1 knockout on 3D genome regu- 
ation around the CDKN1B locus . For that, we performed 

C-seq experiments using the CDKN1B promoter as view- 
oint and observed again alterations upon PAXIP1 loss, 
ut now this was associated with increased target gene ex- 
r ession (Figur e 5 F). A loss of long-range chromatin in- 
eractions was observed stemming from the CDKN1B pro- 
oter in PAXIP1 -KO cells, spanning a region containing 

oth GR and RAD21 binding sites. These data suggest that 
his loop may act as an insulator between the promoter and 

he GR binding site, allowing GR-mediated transcription 

f CDKN1B upon PAXIP1 loss due to loop disruption. 
ollow-up studies are needed to corroborate this model. 
Cumulati v ely, we observ ed that loss of PAXIP1 and 

TAG2 enhances the response of lung cancer cells to GCs, 
edia ted by altera tions in long-range 3D-genome contacts 

nd resulting gained expression of a novel target gene. 

ISCUSSION 

HRs are ligand-sensing transcription factors that play crit- 
cal roles in a large variety of cellular processes, including 

aintenance of cellular homeostasis, metabolism, immune 
ystem acti vity, se x dimorphism and cell proliferation ( 8 ). 
HRs ar e expr essed throughout the body, often in a highly 

issue-selecti v e manner, and their deregulation can result 
n different human pathologies such as metabolic disorders 
nd cancer de v elopment ( 67 ). SHRs regulate gene expres- 
ion through specific DN A regions, generall y enhancers, 
long with a large complex of co-regulators ( 3 ). Although 

t is known that SHRs can interact with a large number of 
roteins, little is known about which ones are essential for 
heir activity. 

In this study, we use GR function in lung cancer as 
 model system, and interrogate on a genome-wide le v el 
hich co-regulator proteins are required for GR activity. 
ue to the design of our screen, we e xclusi v ely identi-

ed hits that are not replaceable in their ability to shape 
R-mediated gene expression, suggesting that many of the 

lassical GR interacting proteins may be functionally re- 
undant, and could be compensated by other components 

n the complex. Interestingly, we identified both PAXIP1 

nd STAG2 as two key essential proteins in facilitating 

R-media ted gene expression, tha t converge to control 
D genome ar chitectur e. We demonstra te tha t PAXIP1 is 
 equir ed for enhancer-promoter interactions mediated by 

TAG2, necessary to dri v e GR-mediated gene expression. 
We propose a mode of the functional cross-talk between 

AXIP1 and STAG2 that is as follows: upon activation, GR 

nd PAXIP1 bind together to regulatory elements, inducing 

nhancer-promoter interactions, for which cohesin is neces- 
ary (Figure 6 A and B). W e identified P AXIP1 as essential 
or recruitment of cohesin to GR-binding sites and conse- 
uently, to maintain enhancer-promoter interactions. Upon 

oss of PAXIP1, there is a reduction of localization of co- 
esin to GR binding sites and this results in impaired GR- 
ediated transcription (Figure 6 A). On the other hand, 
e propose that GR can also bind together with PAXIP1 

nd cohesin to GR-binding sites resulting in an insulator 
oop, avoiding enhancer / promoter contacts to pre v ent GR- 

ediated transcription, or pre v ent basal le v els of gene ex- 
r ession (Figur e 6 B). Howe v er, in the absence of PAXIP1,
ohesin localization to those sites is lost, resulting in a loss 
f insulator loop formation and consequently gained gene 
xpr ession (Figur e 6 B). 

STAG2 belongs to the ring-shaped structured cohesin 

omplex, which plays an essential role in sister chromatid 

ohesion, DNA damage repair, as well as the formation and 

tability of cis -chromatin loops for transcriptional regula- 
ion ( 68–70 ). Here, we report a new role of PAXIP1 reg- 
lating cohesin function. We demonstrate that PAXIP1 is 
 equir ed for cohesin stability on chromatin and its local- 
zation to GR-bound sites. While the functional role of 
AXIP1 in 3D genome organization is novel, prior stud- 
es have reported an interaction between 3D-genome or- 
anization proteins and different SHRs, including GR and 

R �, being able to bind specific genomic regions together 
ith cohesin ( 20 , 71–74 ). Moreov er, GR acti vation increases 
oth the number and intensity of enhancer-promoter in- 
eractions of their target genes upon hormonal stimulation 

 20 ). GR was recently described to interact with NIPBL, 
hich is responsible for cohesin loading onto DNA, local- 

zation of cohesin to GR-bound sites, and promotion of 
ong-range genomic interactions ( 18 ). 

Here we show, that cohesin binding to GR-bound sites is 
ritically dependent on PAXIP1, with its loss altering GR- 
ediated transcriptome. Importantly, PAXIP1 and STAG2 

epletion resulted in similar changes in gene expression, 
roviding further evidence for their functional interplay. 
AXIP1 is a component of the KMT2D / C complex ( 32 , 33 ),
 histone methyltr ansfer ase necessary for H3K4 methy- 
a tion a t enhancers of acti v ely transcribed genes ( 60 , 75 ).
urprisingly, we observed that in PAXIP1 -depleted cells, 
R-mediated recruitment of the KMT2D complex and its 

ubunits was not alter ed. Mor eov er, H3K4me1 le v els re- 
ained unaffected upon PAXIP1 knockout, and depletion 

f KMT2D did not alter expression of the GR-target pro- 
ein FKBP5. Altogether, this suggests that PAXIP1 can 

unction in a KMT2D-independent manner to regulate 
ohesin binding and stability on the genome and subse- 
uently regulate enhancer-promoter interactions following 

ormonal-response. In line with this, prior reports describe 
AXIP1 to act in a KMT2D / C-independent manner in 

onjunction with its counterpart PAGR1 ( 76 ). PAXIP1 

as been involved in imm uno globin class switching and 

(D)J recombination ( 76 , 77 ); a biological process in which 

ohesin-mediated loop extrusion plays a key role ( 78 , 79 ). 
oreover, PAXIP1 is critically involved in DNA damage 

esponse, localizing together with 53BP1 in DNA damage 
ites, to enable ATM-mediated phosphorylation of cohesin 

ubunit SMC1 and ensuring a correct DNA damage re- 
ponse ( 80 , 81 ). Finally, in parallel to our study, Van Schie
t al, described the interplay of PAXIP1 and PAGR1 to 

aintain chromatin-bound cohesin during cell cycle pro- 
ression ( 82 ). These observations not only support our find- 
ngs of PAXIP1 regulating cohesin activity in a KMT2D / C- 
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Figure 6. Proposed model. PAXIP1 and STAG2 converge to facilitate enhancer-promoter interactions and fine-tune GR-target gene expression either by 
enhancing expression of GR-target genes ( A ) or by blocking expression through insulator loops ( B ). 
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independent manner, but also highlight a more-general con-
tribution of PAXIP1 function on cohesin action, beyond its
role on facilitating promoter / enhancer interactions, and re-
positions PAXIP1 as a critical component of cohesin func-
tion. 

Our study, together with the work from Van Schie et al.
( 82 ), provides evidence for interactions between PAXIP1
and members of the cohesin comple x. Howe v er, it should be
noted that these macro-molecular interactions do not nec-
essarily indicate direct pr otein-pr otein interactions between
the specific components of interest, namely PAXIP1 and
STAG2. Future studies can investigate the direct interac-
tion between PAXIP1 and STAG2 using biochemical tech-
niques such as protein pull-down assays, surface plasmon
r esonance, co-crystallization, or NMR spectroscop y. While
outside the scope of our current study, these methods can
provide direct evidence of their interaction, as well as in-
sights into the binding affinity, kinetics, and 3D structure
of the complex formed between the two proteins. 

While our screen was effecti v e in identifying modulators
of GR activity, there were certain limita tions tha t should
be acknowledged. For instance, we found that depleting
PAXIP1 and STAG2 only partially impairs GR-mediated
transcription, which suggests that additional co-regulators
are necessary for full GR function. Unfortunately, our ex-
perimental setup did not allow us to identify these co-
regulators. Due to the design of our screen and the dynamic
window used to sort FKBP5 

low cells, we could only iden-
tify GR co-regulators whose individual knockout strongly
r educes the expr ession of FKBP5. Consequently, subtle ef-
fects following perturbations of individual genes might have
been missed. Furthermore, our screen relied on a single gene
as a readout of GR activity, and the composition of the
GR complex could vary depending on the gene being in-
vestiga ted. Identifying co-regula tors tha t bind in a locus-
specific manner together with GR or other SHRs is a per-
sistent challenge. To address this, conducting a genome-
wide CRISPR screen with different GR targets as readouts
would yield more information about the composition of the
GR complex in a context-dependent manner. Other teams
hav e made considerab le efforts to identify comple xes on
a locus-specific manner, and albeit challenging, it presents
a valuable opportunity to discover distinct GR-complexes
( 83–85 ). 

Although our study is focused on the functional cross-
talk between PAXIP1 and STAG2 following GR activation
in lung cancer, we hypothesize that our results may be ex-
trapolated to other tissues and cis -acting transcription fac-
tors, which is supported by the more-general action of co-
hesin in facilitating transcription factor action in 3D ge-
nomic space, beyond GR alone. We observed a high le v el of
co-dependency between PAXIP1 and the cohesin subunits
STAG2, SMC1A and cohesin loaders MAU2 and NIBPL
across > 1000 cell lines, suggesting that the PAXIP1-cohesin
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ross-talk is under explor ed, yet serv es a uni v ersal syner- 
istic role across many tissues and tumor types. Ther efor e, 
nterro gating w hether the activity of other cis -acting tran- 
cription factors –– including NF- �B or other SHRs –– are 
ependent on PAXIP1-cohesin functional cross-talk would 

e of high interest for future studies. 
GR is known to function as a tumor suppressor in lung 

ancer ( 31 ). Here we show that depletion of PAXIP1 or 
TAG2 results in enhanced tumor suppressor activity of 
R, due to increased CDKN1B expression. The latter en- 

odes for P27; a well described tumor suppressor, which 

s often downregulated in cancer and serves as a prog- 
ostic marker in lung cancer ( 66 ). We describe a possible 
echanism, by which changes in enhancer-promoter inter- 

ctions proximal to the CDKN1B locus, result in acquired 

egulation of CDKN1B . We hypothesize, that this altered 

DKN1B expression a consequence of disruption of an 

nsulator loop following PAXIP1 and STAG2 depletion, 
hich warrants further investigation. 
GR is known to function as a tumor suppressor in lung 

ancer ( 31 ). With PAXIP1 serving as genuine GR interac- 
or and functionally relevant for GR activity, we anticipated 

oss of PAXIP1 to alleviate the tumor-suppressi v e features 
f GR. Interestingly, depletion of PAXIP1 had the opposite 
ffects on GR-induced cell cycle arr est. Her e we show that 
epletion of PAXIP1 results in enhanced tumor suppres- 
or activity of GR, due to increased CDKN1B expression. 
he latter encodes for P27; a well described tumor suppres- 

or, which is often downregulated in cancer and serves as a 

rognostic marker in lung cancer ( 66 ). Our observations on 

he role of PAXIP1 in maintaining enhancer-promoter con- 
acts prompted us to investigate changes in the 3D-genome 
rganization around the CDKN1B locus. In line with our 
ypothesis, we found that depletion of PAXIP1 disrupted 

 pre-established loop between the promoter of CDKN1B 

nd an enhancer. This suggests that this loop may serve as 
n insulator between the enhancer and the CDKN1B pro- 
oter, avoiding CDKN1B expression , and only after loss of 

AXIP1, CDKN1B expression is gained. We propose the 
forementioned model as an explanation of PAXIP1 role 
n GR-tumor suppressor activities, but further experiments 
r e r equir ed to confirm our observations. 

Regulation of gene expression in 3D genomic space is a 

 esear ch field in acti v e de v elopment, in which the cohesin
omplex –– originally reported to drive mitotic entry and or- 
hestra te chromosomal segrega tion –– plays a pivotal role. 
ow, we re v eal that PAXIP1 –– originally reported as part of 

he KMT2D / C complex – functionally and critically con- 
ributes to cohesin action, dri ving e xpression of genes under 
ontrol of a cis -acting transcription factor, the GR. 

A T A A V AILABILITY 

NA-seq, ChIP-seq, 4C-seq has been deposited to the GEO 

atabase (GSE221917). The mass spectrometry proteomics 
ata have been deposited to the ProteomeXchange Consor- 
ium via the PRIDE ( 86 ) partner repository with the dataset 
dentifier PXD038902. 

UPPLEMENT ARY DA T A 

upplementary Data are available at NAR Online. 
CKNOWLEDGEMENTS 

e thank members of the Zwart and Bergman labs for 
aluable feedback, suggestions and input. This work was 
upported by KWF / Alpe d’Huzes and Oncode Institute. 

e would like to thank the NKI genomics core facility 

or next-generation sequencing and bioinformatics support. 
e thank the NKI Flow Cytometry facility for technical 

upport. We thank the NKI Proteomics / Mass Spectrom- 
try facility (M.A. and L.H. are supported by the Dutch 

WO X-omics Initiati v e). We thank Reuv en Agami, Julien 

hampagne and Remco Nagel for fruitful discussions and 

echnical support. 
uthor contributions : Conceptualization: I.M.P ., S.P . and 

 .Z.; S.P. and W .Z. wer e r esponsible for project funding. 
.M.P., S.G. and A.K. performed 4C-seq experiments and 

.G. analyzed 4C-seq experiments; I.M.P ., K.S., S.P ., N.A. 
nd S.B. performed RIME, ChIP-seq and RNA-seq exper- 
ments; I.M.P. and N.A. performed RT-qPCR and west- 
rn blot analyses; I.M.P., K.S., A.Z., M.v.B. performed the 
RISPR screen; J.S. and T.M.S. provided bioinformatics 

upport for peakcalling; L.H. and M.A. performed and an- 
lyzed the proteomic experiments.; C.L. and R.L.B. pro- 
ided bioinformatics and technical support for the CRISPR 

creen; S.Y., B.G. and A.B.H. performed FRAP experi- 
ents. I.M.P ., S.P . and W.Z. wrote the manuscript, with in- 

ut from all co-authors. 

UNDING 

WF Kankerbestrijding / Alpe d’Huzes; Oncode Institute; 
utch NWO X-omics Initiati v e; NWO Building Blocks of 
ife program project Genometrack (737.016.014). Funding 

or open access charge: Financial r esour ces ar e available to 

ov er pub lication charges. 
onflict of interest statement. None declared. 

his paper is linked to: doi:10.1093/nar/gkad756 . 

EFERENCES 

1. Lazar,M.A. (2017) Maturing of the nuclear receptor family. J. Clin. 
Investig. , 127 , 1123–1125. 

2. Ma ya y o-Peralta,I., Prekovic,S. and Zwart,W. (2021) Estrogen 
receptor on the move: cistromic plasticity and its implications in 
breast cancer. Mol. Aspects Med. , 78 , 100939. 

3. Panigrahi,A. and O’Malley,B.W. (2021) Mechanisms of enhancer 
action: the known and the unknown. Genome Biol. , 22 , 108. 

4. Aranda,A. and Pascual,A. (2001) Nuclear hormone receptors and 
gene expression. Physiol. Rev. , 81 , 1269–1304. 

5. Brinkmann,A.O., Blok,L.J., de Ruiter,P.E., Doesburg,P., Steketee,K., 
Berrevoets,C.A. and Trapman,J. (1999) Mechanisms of androgen 
receptor activation and function. J. Steroid Biochem. Mol. Biol. , 69 , 
307–313. 

6. Carroll,J.S., Meyer,C.A., Song,J., Li,W., Geistlinger,T.R., 
Eeckhoute,J., Brodsky,A.S., Keeton,E.K., Fertuck,K.C., Hall,G.F. 
et al. (2006) Genome-wide analysis of estrogen receptor binding sites. 
Nat. Genet. , 38 , 1289–1297. 

7. Pottier,N., Yang,W., Assem,M., Panetta,J.C., Pei,D., Paugh,S.W., 
Cheng,C., den Boer,M.L., Relling,M. v., Pieters,R. et al. (2008) The 
SWI / SNF chromatin-remodeling complex and glucocorticoid 
resistance in acute lymphoblastic leukemia. J. Natl. Cancer Inst. , 100 , 
1792–1803. 

8. Ma ya y o-P eralta,I., Zw art,W. and Prekovic,S. (2021) Duality of 
glucocorticoid action in cancer: tumor-suppressor or 
oncogene? Endocr. Relat. Cancer , 28 , R157–R171. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad267#supplementary-data
https://doi.org/10.1093/nar/gkad756


9592 Nucleic Acids Research, 2023, Vol. 51, No. 18 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9576/7127223 by guest on 16 O

ctober 2023
9. Linder,S., van der Poel,H.G., Bergman,A.M., Zwart,W. and 
Prekovic,S. (2019) Enzalutamide therapy for advanced prostate 
cancer: efficacy, resistance and beyond. Endocr. Relat. Cancer , 26 , 
R31–R52. 

10. Arruabarr ena-Aristor ena,A., Maag,J.L.V., Kittane,S., Cai,Y., 
K arthaus,W.R., Lade wig,E., Par k,J., K annan,S., Ferrando,L., 
Cocco,E. et al. (2020) FOXA1 mutations re v eal distinct chromatin 
profiles and influence therapeutic response in breast cancer. Cancer 
Cell , 38 , 534–550. 

11. Cosma,M.P. (2002) Ordered recruitment: gene-specific mechanism of 
transcription activation. Mol. Cell , 10 , 227–236. 

12. Liu,Z., Mer kurje v,D., Y ang,F., Li,W., Oh,S., Friedman,M.J ., 
Song,X., Zhang,F., Ma,Q., Ohgi,K.A. et al. (2014) Enhancer 
activation r equir es trans-r ecruitment of a mega transcription factor 
complex. Cell , 159 , 358–373. 

13. Y an,J ., Enge,M., Whitington,T., Dave,K., Liu,J., Sur,I., Schmierer,B.,
Jolma,A., Kivioja,T., Taipale,M. et al. (2013) Transcription factor 
binding in human cells occurs in dense clusters formed around 
cohesin anchor sites. Cell , 154 , 801–813. 

14. Murakami,S., Nagari,A. and Kraus,W.L. (2017) Dynamic assembly 
and activation of estrogen receptor � enhancers through coregulator 
switching. Genes Dev. , 31 , 1535–1548. 

15. Voss,T.C., Schiltz,R.L., Sung,M.-H., Yen,P.M., 
Stama toyannopoulos,J.A., Biddie,S.C ., Johnson,T .A., Miranda,T .B., 
John,S. and Hager,G.L. (2011) Dynamic exchange at regulatory 
elements during chromatin remodeling underlies assisted loading 
mechanism. Cell , 146 , 544–554. 

16. Iwafuchi-Doi,M. and Zaret,K.S. (2014) Pioneer transcription factors 
in cell reprogramming. Genes Dev. , 28 , 2679–2692. 

17. Yang,F., Ma,Q., Liu,Z., Li,W., Tan,Y., Jin,C., Ma,W., Hu,Y., Shen,J., 
Ohgi,K.A. et al. (2017) Glucocorticoid receptor: megatrans switching 
mediates the r epr ession of an ER �-regulated transcriptional 
program. Mol. Cell , 66 , 321–331.e6. 

18. Rinaldi,L., Fettweis,G., Kim,S., Garcia,D.A., Fujiwara,S., 
Johnson,T .A., Tettey,T .T ., Ozbun,L., Pegoraro,G., Puglia,M. et al. 
(2022) The glucocorticoid receptor associates with the cohesin loader 
NIPBL to promote long-range gene regulation. Sci. Adv. , 8 , eabj8360 .

19. le Dily,F., Vidal,E., Cuartero,Y., Quilez,J., Nacht,A.S., Vicent,G.P., 
Carbonell-Caballero,J., Sharma,P., Villanueva-Ca ̃ nas,J.L., Ferrari,R. 
et al. (2019) Hormone-control regions mediate steroid 
receptor–dependent genome organization. Genome Res. , 29 , 29–39. 

20. D’Ippolito,A.M., McDowell,I.C., Barrera,A., Hong,L.K., 
Leichter,S.M., Bartelt,L.C., Vockley,C.M., Majoros,W.H., Safi,A., 
Song,L. et al. (2018) Pre-established chromatin interactions mediate 
the genomic response to glucocorticoids. Cell Syst. , 7 , 146–160. 

21. Gr eulich,F., Wier er,M., Mechtidou,A., Gonzalez-Gar cia,O. and 
Uhlenhaut,N.H. (2021) The glucocorticoid receptor recruits the 
COMPASS complex to regulate inflammatory transcription at 
macrophage enhancers. Cell Rep. , 34 , 108742. 

22. Foulds,C.E., Feng,Q., Ding,C., Bailey,S., Hunsaker,T.L., 
Malov annay a,A., Hamilton,R.A., Gates,L.A., Zhang,Z., Li,C. et al. 
(2013) Proteomic analysis of coregulators bound to ER � on DNA 

and nucleosomes re v eals coregulator dynamics. Mol. Cell , 51 , 
185–199. 

23. McKenna,N.J., Lanz,R.B. and O’Malley,B.W. (1999) Nuclear 
r eceptor cor egulators: cellular and molecular biology. Endocr. Rev. , 
20 , 321–344. 

24. Mohammed,H., Taylor,C., Brown,G.D., Papachristou,E.K., 
Carroll,J.S. and D’Santos,C.S. (2016) Rapid immunoprecipitation 
mass spectrometry of endogenous proteins (RIME) for analysis of 
chromatin complexes. Nat. Protoc. , 11 , 316–326. 

25. P apachristou,E.K., Kishor e,K., Holding,A.N., Harvey,K., 
Roumeliotis,T.I., Chilamakuri,C.S.R., Omarjee,S., Chia,K.M., 
Swarbrick,A., Lim,E. et al. (2018) A quantitati v e mass 
spectr ometry-based appr oach to monitor the dynamics of 
endogenous chroma tin-associa ted protein complexes. Nat. Commun. , 
9 , 2311. 

26. Mohammed,H., D’Santos,C., Serandour,A.A., Ali,H.R., 
Brown,G.D., Atkins,A., Rueda,O.M., Holmes,K.A., Theodorou,V., 
Robinson,J.L.L. et al. (2013) Endogenous purification re v eals GREB1
as a key estrogen receptor regulatory factor. Cell Rep. , 3 , 342–349. 

27. Stelloo,S., Ne v edomskaya,E., Kim,Y., Hoekman,L., Bleijerv eld,O.B., 
Mirza,T., Wessels,L.F.A., van Weerden,W.M., Altelaar,A.F.M., 
Bergman,A.M. et al. (2018) Endogenous androgen receptor 
pr oteomic pr ofiling re v eals genomic subcomple x involv ed in prostate 
tumorigenesis. Oncogene , 37 , 313–322. 
28. Hwang,J.H., Arafeh,R., Seo,J.-H., Baca,S.C., Ludwig,M., 
Arnoff,T.E., Sawyer,L., Richter,C., Tape,S., Bergom,H.E. et al. 
(2022) CREB5 reprograms FOXA1 nuclear interactions to promote 
resistance to androgen receptor-targeting therapies. Elife , 11 , e73223. 

29. Siersbæk,R., Scabia,V., Nagarajan,S., Chernukhin,I., 
Papachristou,E.K., Broome,R., Johnston,S.J., Joosten,S.E.P., 
Green,A.R., Kumar,S. et al. (2020) IL6 / STAT3 signaling hijacks 
estrogen receptor � enhancers to dri v e breast cancer metastasis. 
Cancer Cell , 38 , 412–423. 

30. Mohammed,H., Russell,I.A., Stark,R., Rueda,O.M., Hickey,T.E., 
Tarulli,G.A., Serandour,A.A.A., Birrell,S.N., Bruna,A., Saadi,A. 
et al. (2015) Pr ogester one receptor modulates ER � action in breast 
cancer. Nature , 523 , 313–317. 

31. Prekovic,S., Schuurman,K., Ma ya y o-Peralta,I., Manj ́on,A.G., 
Buijs,M., Yavuz,S., Wellenstein,M.D., Barrera,A., Monkhorst,K., 
Huber,A. et al. (2021) Glucocorticoid receptor triggers a re v ersib le 
drug-tolerant dormancy state with acquired therapeutic 
vulnerabilities in lung cancer. Nat. Commun. , 12 , 4360. 

32. Patel,S.R., Kim,D., Levitan,I. and Dressler,G.R. (2007) The 
BRCT-domain containing protein PTIP links PAX2 to a histone H3, 
lysine 4 methyltr ansfer ase complex. Dev. Cell , 13 , 580–592. 

33. Cho,Y.-W., Hong,T., Hong,S., Guo,H., Yu,H., Kim,D., 
Guszczynski,T., Dressler,G.R., Copeland,T.D., Kalkum,M. et al. 
(2007) PTIP associates with MLL3- and MLL4-containing Histone 
H3 lysine 4 methyltr ansfer ase complex. J. Biol. Chem. , 282 , 
20395–20406. 

34. Doench,J.G., Fusi,N., Sullender,M., Hegde,M., Vaimberg,E.W., 
Donovan,K.F., Smith,I., Tothova,Z., Wilen,C., Orchard,R. et al. 
(2016) Optimized sgRNA design to maximize activity and minimize 
of f-target ef fects of CRISPR-Cas9. Nat. Biotechnol. , 34 , 184–191. 

35. Sanson,K.R., Hanna,R.E., Hegde,M., Donovan,K.F., Strand,C., 
Sullender,M.E., Vaimberg,E.W., Goodale,A., Root,D.E., Piccioni,F. 
et al. (2018) Optimized libraries for CRISPR-Cas9 genetic screens 
with multiple modalities. Nat. Commun. , 9 , 5416. 

36. Korkmaz,G., Lopes,R., Ugalde,A.P., Nevedomskaya,E., Han,R., 
My achev a,K., Zwart,W., Elkon,R. and Agami,R. (2016) Functional 
genetic screens for enhancer elements in the human genome using 
CRISPR-Cas9. Nat. Biotechnol. , 34 , 192–198. 

37. Li,W., Xu,H., Xiao,T., Cong,L., Love,M.I., Zhang,F., Irizarry,R.A., 
Liu,J.S., Brown,M. and Liu,X.S. (2014) MAGeCK enables robust 
identification of essential genes from genome-scale CRISPR / Cas9 
knockout screens. Genome Biol. , 15 , 554. 

38. Shalem,O., Sanjana,N.E., Hartenian,E., Shi,X., Scott,D.A., 
Mikkelsen,T.S., Heckl,D., Ebert,B.L., Root,D.E., Doench,J.G. et al. 
(2014) Genome-scale CRISPR-Cas9 knockout screening in human 
cells. Science , 343 , 84–87. 

39. Cost,G.J. (2007) Enzymatic ligation assisted by nucleases: 
simultaneous ligation and digestion promote the ordered assembly of 
DNA. Nat. Protoc. , 2 , 2198–2202. 

40. Ran,F.A., Hsu,P.D., Wright,J., Agarwala,V., Scott,D.A. and Zhang,F.
(2013) Genome engineering using the CRISPR-Cas9 system. Nat. 
Protoc. , 8 , 2281–2308. 

41. Ty anov a,S., Temu,T., Sinitcyn,P., Carlson,A., Hein,M.Y., Geiger,T., 
Mann,M. and Cox,J. (2016) The Perseus computational platform for 
comprehensi v e analysis of (prote)omics data. Nat. Methods , 13 , 
731–740. 

42. Schmidt,D ., Wilson,M.D ., Spyr ou,C., Br own,G.D., Hadfield,J. and 
Odom,D.T. (2009) ChIP-seq: using high-throughput sequencing to 
discover protein–DNA interactions. Methods , 48 , 240–248. 

43. Sturm,M., Schroeder,C. and Bauer,P. (2016) SeqPurge: 
highly-sensiti v e adapter trimming for paired-end NGS data. BMC 

Bioinformatics , 17 , 208. 
44. Li,H. and Durbin,R. (2009) Fast and accurate short read alignment 

with Burrows-Wheeler transform. Bioinformatics , 25 , 1754–1760. 
45. Zhang,Y., Liu,T., Meyer,C.A., Eeckhoute,J., Johnson,D.S., 

Bernstein,B.E., Nusbaum,C., Myers,R.M., Brown,M., Li,W. et al. 
(2008) Model-based Analysis of ChIP-Seq (MACS). Genome Biol. , 9 , 
R137. 

46. Jalili,V., Matteucci,M., Masseroli,M. and Morelli,M.J. (2015) Using 
combined evidence from replicates to evaluate ChIP-seq peaks. 
Bioinformatics , 31 , 2761–2769. 

47. Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,J., Homer,N., 
Marth,G ., Abecasis,G . and Durbin,R. (2009) The Sequence 
Alignment / Map format and SAMtools. Bioinformatics , 25 , 
2078–2079. 



Nucleic Acids Research, 2023, Vol. 51, No. 18 9593 

4

4

5

5

5

5

5

5

5

5

5

5

6

6

6

6

6

6

6

6

6

6

7

7

7

7

7

7

7

7

7

7

8

 

8

8

8

8

8

8

©
T
(
i

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9576/7127223 by guest on 16 O

ctober 2023
8. Lerdrup,M., Johansen,J.V., Agrawal-Singh,S. and Hansen,K. (2016) 
An interacti v e en vironment f or agile analysis and visualization of 
ChIP-sequencing data. Nat. Struct. Mol. Biol. , 23 , 349–357. 

9. Yu,G ., Wang,L.-G . and He,Q.-Y. (2015) ChIPseeker: an 
R / Bioconductor package for ChIP peak annotation, comparison and 
visualization. Bioinformatics , 31 , 2382–2383. 

0. Heinz,S., Benner,C., Spann,N., Bertolino,E., Lin,Y.C., Laslo,P., 
Cheng,J.X., Murre,C., Singh,H. and Glass,C.K. (2010) Simple 
combinations of lineage-determining transcription factors prime 
cis-regulatory elements required for macrophage and B cell identities. 
Mol. Cell , 38 , 576–589. 

1. Krijger,P.H.L., Gee v en,G., Bianchi,V., Hilv ering,C.R.E. and de 
Laat,W. (2020) 4C-seq from beginning to end: a detailed protocol for 
sample preparation and data analysis. Methods , 170 , 17–32. 

2. Gregoricchio,S., Polit,L., Esposito,M., Berthelet,J., Delestr ́e,L., 
Evanno,E., Diop,M., Gallais,I., Aleth,H., Poplineau,M. et al. (2022) 
HDAC1 and PRC2 mediate combinatorial control in 
SPI1 / PU.1-dependent gene r epr ession in murine erythroleukaemia. 
Nucleic Acids Res. , 50 , 7938–7958. 

3. Ge v erts,B., van Royen,M.E. and Houtsmuller,A.B. (2015) Analysis of 
biomolecular dynamics by FRAP and computer simulation. Methods 
Mol Biol. , 1251 , 109–133. 

4. Ibn-Salem,J. and Andrade-Navarro,M.A. (2019) 7C: Computational 
chromosome conformation capture by correlation of ChIP-seq at 
CTCF motifs. BMC Genomics , 20 , 777. 

5. Kim,D., Paggi,J.M., Park,C., Bennett,C. and Salzberg,S.L. (2019) 
Graph-based genome alignment and genotyping with HISAT2 and 
HISAT-genotype. Nat. Biotechnol. , 37 , 907–915. 

6. Anders,S., Pyl,P.T. and Huber,W. (2015) HTSeq – a Python 
frame wor k to work with high-throughput sequencing data. 
Bioinformatics , 31 , 166–169. 

7. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of 
fold change and dispersion for RNA-seq data with DESeq2. Genome 
Biol. , 15 , 550. 

8. Cenik,B.K. and Shilatifard,A. (2021) COMPASS and SWI / SNF 

complexes in development and disease. Nat. Rev. Genet. , 22 , 38–58. 
9. Ciosk,R., Shirayama,M., Shevchenko,A., Tanaka,T., Toth,A., 

Shevchenko,A. and Nasmyth,K. (2000) Cohesin’s binding to 
chromosomes depends on a separate complex consisting of Scc2 and 
Scc4 proteins. Mol. Cell , 5 , 243–254. 

0. Lee,J.-E., Wang,C., Xu,S., Cho,Y.-W., Wang,L., Feng,X., 
Baldridge,A., Sartorelli,V., Zhuang,L., Peng,W. et al. (2013) H3K4 
mono- and di-methyltr ansfer ase MLL4 is r equir ed for enhancer 
activation during cell differentiation. Elife , 2 , e01503. 

1. Kojic,A., Cuadrado,A., de Koninck,M., Gim ́enez-Llorente,D., 
Rodr ́ıguez-Corsino,M., G ́omez-L ́opez,G., le Dily,F., 
Marti-Renom,M.A. and Losada,A. (2018) Distinct roles of 
cohesin-SA1 and cohesin-SA2 in 3D chromosome organization. Nat. 
Struct. Mol. Biol. , 25 , 496–504. 

2. Ta ylor,K.M., Ra y,D.W. and Sommer,P. (2016) Glucocorticoid 
receptors in lung cancer: new perspectives. J. Endocrinol. , 229 , 
R17–R28. 

3. Balansky,R., Ganchev,G., Iltcheva,M., Steele,V.E. and de Flora,S. 
(2009) Pre v ention of cigarette smoke-induced lung tumors in mice by 
budesonide, phenethyl isothiocyanate, and N -acetylcysteine. Int. J. 
Cancer , 126 , 1047–1054. 

4. Lu,Y.-S., Lien,H.-C., Yeh,P.-Y., Kuo,S.-H., Chang,W.-C., Kuo,M.-L. 
and Cheng,A.-L. (2006) Glucocorticoid receptor expression in 
advanced non-small cell lung cancer: clinicopathological correlation 
and in vitro effect of glucocorticoid on cell growth and 
chemosensitivity. Lung Cancer , 53 , 303–310. 

5. Li,G .-S., Chen,G ., Liu,J ., Tang,D., Zheng,J .-H., Luo,J ., Jin,M.-H., 
Lu,H.-S., Bao,C.-X., Tian,J. et al. (2022) Clinical significance of 
cyclin-dependent kinase inhibitor 2C expression in cancers: from 

small cell lung carcinoma to pan-cancers. BMC Pulm Med , 22 , 246. 
6. Chu,I.M., Hengst,L. and Slingerland,J.M. (2008) The Cdk inhibitor 

p27 in human cancer: prognostic potential and relevance to 
anticancer therapy. Nat. Rev. Cancer , 8 , 253–267. 

7. Guyton,AC & and Hall,JE (2006) Textbook of Medical Physiology . 
Else vier, Amster dam, Netherlands. 

8. Davidson,I.F. and Peters,J.-M. (2021) Genome folding through loop 
extrusion by SMC complexes. Nat. Rev. Mol. Cell Biol. , 22 , 445–464. 
C The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Ac
his is an Open Access article distributed under the terms of the Creati v e Commons 

http: // creati v ecommons.org / licenses / by-nc / 4.0 / ), which permits non-commercial re
s properly cited. For commercial re-use, please contact journals .permissions@oup .co
9. Haarhuis,J.H.I., Elbatsh,A.M.O. and Rowland,B.D. (2014) Cohesin 
and its regulation: on the logic of X-shaped chromosomes. Dev. Cell , 
31 , 7–18. 

0. Li,Y., Haarhuis,J.H.I., Sede ̃ no Cacciatore, ́A., Oldenkamp,R., van 
Ruiten,M.S., Willems,L., Teunissen,H., Muir,K.W., de Wit,E., 
Rowland,B.D. et al. (2020) The structural basis for 
cohesin–CT CF-anchor ed loops. Nature , 578 , 472–476. 

1. Hakim,O., Sung,M.-H., Voss,T.C., Splinter,E., John,S., Sabo,P.J., 
Thurman,R.E., Stamatoyannopoulos,J.A., de Laat,W. and 
Hager,G.L. (2011) Di v erse gene reprogramming e v ents occur in the 
same spatial clusters of distal regulatory elements. Genome Res. , 21 , 
697–706. 

2. Stavreva,D.A., Coulon,A., Baek,S., Sung,M.-H., John,S., Stixova,L., 
Tesikova,M., Hakim,O., Miranda,T., Hawkins,M. et al. (2015) 
Dynamics of chromatin accessibility and long-range interactions in 
response to glucocorticoid pulsing. Genome Res. , 25 , 845–857. 

3. le Dily,F., Vidal,E., Cuartero,Y., Quilez,J., Nacht,A.S., Vicent,G.P., 
Carbonell-Caballero,J., Sharma,P., Villanueva-Ca ̃ nas,J.L., Ferrari,R. 
et al. (2019) Hormone-control regions mediate steroid 
receptor–dependent genome organization. Genome Res. , 29 , 29–39. 

4. Schmidt,D., Schwalie,P.C., Ross-Innes,C.S., Hurtado,A., 
Br own,G.D., Carr oll,J.S., Flicek,P. and Odom,D.T. (2010) A 

CTCF-independent role for cohesin in tissue-specific transcription. 
Genome Res. , 20 , 578–588. 

5. Herz,H.-M., Hu,D. and Shilatifard,A. (2014) Enhancer malfunction 
in cancer. Mol. Cell , 53 , 859–866. 

6. Starnes,L.M., Su,D., Pikkupeura,L.M., Weinert,B.T., Santos,M.A., 
Mund,A., Soria,R., Cho,Y.-W., Pozdny akov a,I., Kubec Højfeldt,M. 
et al. (2016) A PTIP–PA1 subcomplex promotes transcription for IgH 

class switching independently from the associated MLL3 / MLL4 
methyltr ansfer ase complex. Genes Dev. , 30 , 149–163. 

7. Daniel,J.A., Santos,M.A., Wang,Z., Zang,C., Schwab,K.R., 
Jankovic,M., Filsuf,D., Chen,H.-T., Gazumyan,A., Yamane,A. et al. 
(2010) PTIP pr omotes chr omatin changes critical for imm uno globulin 
class switch recombination. Science (1979) , 329 , 917–923. 

8. Zhang,X., Zhang,Y., Ba,Z., Kyritsis,N., Casellas,R. and Alt,F.W. 
(2019) Fundamental roles of chromatin loop extrusion in antibody 
class switching. Nature , 575 , 385–389. 

9. Zhang,Y., Zhang,X., Ba,Z., Liang,Z., Dring,E.W., Hu,H., Lou,J., 
Kyritsis,N., Zurita,J., Shamim,M.S. et al. (2019) The fundamental 
role of chromatin loop extrusion in physiological V (D)J 
recombina tion. Natur e , 573 , 600–604. 

0. Yi,F., Wang,Z., Liu,J., Zhang,Y., Wang,Z., Xu,H., Li,X., Bai,N., 
Cao,L. and Song,X. (2017) Structural maintenance of chromosomes 
pr otein 1: r ole in genome stability and tumorigenesis. Int. J. Biol. Sci. ,
13 , 1092–1099. 

1. Wu,J ., Prindle,M.J ., Dr essler,G.R. and Yu,X. (2009) PTIP r egulates 
53BP1 and SMC1 at the DNA damage sites. J. Biol. Chem. , 284 , 
18078–18084. 

2. van Schie,J .J .M., de Lint,K., Molenaar,T.M., Gines,M.M., Balk,J .A., 
R ooimans,M.A., R oohollahi,K., Pai,G.M., Borghuis,L., 
Ramadhin,A.R. et al. (2022) CRISPR screens in sister chromatid 
cohesion defecti v e cells re v eal P AXIP1-P AGR1 as regulator of 
chroma tin associa tion of cohesin. bioRxiv doi: 
https://doi.org/10.1101/2022.12.23.521474 , 23 December 2022, 
preprint: not peer re vie wed. 

3. Knaupp,A.S., Mohenska,M., Larcombe,M.R., Ford,E., Lim,S.M., 
W ong,K., Chen,J ., Firas,J ., Huang,C., Liu,X. et al. (2020) TINC –– a 
method to dissect regulatory complexes at single-locus resolution –– 
re v eals an e xtensi v e protein complex at the nanog promoter. Stem 

Cell Rep. , 15 , 1246–1259. 
4. Liu,X., Zhang,Y., Chen,Y., Li,M., Zhou,F., Li,K., Cao,H., Ni,M., 

Liu,Y., Gu,Z. et al. (2017) In situ capture of chromatin interactions 
by biotinylated dCas9. Cell , 170 , 1028–1043.e19. 

5. Vermeulen,M. and D ́ejardin,J. (2020) Locus-specific chromatin 
isolation. Nat. Rev. Mol. Cell Biol. , 21 , 249–250. 

6. Perez-Ri v erol,Y., Bai,J., Bandla,C., Garc ́ıa-Seisdedos,D., 
He wapathirana,S., K amatchinathan,S., Kundu,D.J., Prakash,A., 
Frericks-Zipper,A., Eisenacher,M. et al. (2022) The PRIDE database 
r esour ces in 2022: a hub for mass spectrometry-based proteomics 
evidences. Nucleic Acids Res. , 50 , D543–D552. 
ids Research. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 

https://doi.org/10.1101/2022.12.23.521474

	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

