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Abstract 

While the cohesin complex is a k e y pla y er in genome architecture, ho w it localiz es to specific chromatin sites is not understood. R ecently, w e 
and others ha v e proposed that direct interactions with transcription factors lead to the localization of the cohesin-loader complex (NIPBL / MAU2) 
within enhancers. Here, we identify two clusters of LxxLL motifs within the NIPBL sequence that regulate NIPBL dynamics, interactome, and 
NIPBL-dependent transcriptional programs. One of these clusters interacts with MAU2 and is necessary for the maintenance of the NIPBL–
MAU2 heterodimer. The second cluster binds specifically to the ligand-binding domains of steroid receptors. For the glucocorticoid receptor 
(GR), we examine in detail its interaction surfaces with NIPBL and MAU2. Using AlphaFold2 and molecular docking algorithms, we uncover a 
GR–NIPBL–MAU2 ternary complex and describe its importance in GR-dependent gene regulation. Finally, we show that multiple transcription 
factors interact with NIPBL–MAU2, likely using interfaces other than those characterized for GR. 

Gr aphical abstr act 

Received: February 18, 2025. Revised: April 14, 2025. Editorial Decision: April 16, 2025. Accepted: May 6, 2025 
Published by Oxford University Press on behalf of Nucleic Acids Research 2025. 
This work is written by (a) US Government employee(s) and is in the public domain in the US. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/9/gkaf415/8133638 by U

niversite de Liege user on 19 M
ay 2025

https://doi.org/10.1093/nar/gkaf415
https://orcid.org/0000-0001-8514-027X
https://orcid.org/0000-0001-7648-8282
https://orcid.org/0000-0003-2687-5801
https://orcid.org/0000-0003-1234-7477
https://orcid.org/0000-0002-9300-5331


2 Fettweis et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/9/gkaf415/8133638 by U

niversite de Liege user on 19 M
ay 2025
Introduction 

Chromatin loops are at the base of 3D genome organization
and are highly dynamic structures that are formed by co-
hesin complex-mediated extrusion [ 1 ]. The ring-shaped co-
hesin assembly consists of SMC1, SMC3, RAD21, and ei-
ther STAG1 or STAG2. The NIPBL / MAU2 heterodimer is
widely believed to be the cohesin loader [ 2 ]. Additionally,
NIPBL stimulates the ATPase activity of the cohesin com-
plex, promoting ATP-dependent cohesin translocation, result-
ing in loop extrusion [ 3 ]. Loop enlargement continues until
the cohesin complex either encounters a roadblock or is un-
loaded [ 4–6 ]. Importantly, the cohesin complex is enriched
at active enhancers and promoters, which could serve as co-
hesin loading sites [ 7–12 ]. However, Banigan et al. showed
that cohesin does not preferentially load at active transcrip-
tion start sites and instead accumulates there due to obstruc-
tion by RNA polymerase II (RNA Pol II) [ 13 ]. Taken to-
gether, these data suggest that enhancers are likely sites of
cohesin loading. Given that NIPBL cannot recognize specific
DNA sequences, how does it localize to specific enhancers
[ 7 , 14 , 15 ]? 

We have previously proposed that transcription factors
(TFs), which bind specific DNA sequences within enhancers
and promoter-proximal regions, associate with NIPBL to lo-
calize cohesin to their target enhancers [ 7 ]. Specifically, us-
ing the glucocorticoid receptor (GR), a hormone-inducible
TF that belongs to the nuclear receptor (NR) superfamily,
we showed that NIPBL and SMC1 bind to GR binding sites
in a hormone-dependent manner. GR binding to enhancers
triggers loop extrusion, and depletion of the cohesin subunit
RAD21 impairs gene regulation by two ligand-inducible TFs
(GR and NF κB) [ 7 ]. Indeed, NIPBL and cohesin-complex sub-
units have been shown to interact with TFs and also other nu-
clear proteins such as chromatin remodelers, subunits of RNA
Pol II and Mediator, histone-modifying enzymes, splicing fac-
tors, and other RNA-binding proteins [ 7 , 16 , 17–24 ]. Despite
these findings, the NIPBL / TF interaction surface(s) are still
unknown. 

In this study, we identify two clusters (named C1 and C2)
of LxxLL motifs (where L stands for leucine and x can be any
amino acid) within NIPBL that regulate its nuclear dynam-
ics. LxxLL motifs are known to be enriched in TFs and facil-
itate protein–protein interactions (PPIs) within transcription
regulatory complexes [ 25 , 26 ]. We show that NIPBL–C1 and
C2 recruit a large variety of chromatin-associated proteins, in-
cluding TFs. We further demonstrate that many TFs belong-
ing to different superfamilies can interact directly with both
NIPBL and MAU2, and that C1 is necessary to maintain the
NIPBL–MAU2 heterodimer. Using surface plasmon resonance
(SPR), we further show that several steroid receptors (SRs), a
sub-class of NRs that are regulated by steroid hormones, inter-
act with C2 through their ligand-binding domains (LBDs). Al-
phaFold and docking experiments predicted that NIPBL–C2
docks within the activation function-2 (AF-2) pocket of SRs.
We combine these data with an AlphaFold-generated model
of the MAU2–C1 interaction to propose that TFs form a
ternary complex with NIPBL / MAU2. Finally, we demonstrate
the importance of these interactions in GR-mediated gene
regulation. 
Materials and methods 

Cell lines 

HEK293T cells and cell lines derived from the 3134 mouse 
mammary adenocarcinoma cell line were grown in Dulbecco’s 
modified Eagle’s medium and 10% fetal bovine serum (FBS) or 
charcoal-stripped FBS supplemented with sodium pyruvate, l - 
glutamine, and nonessential amino acids. 

Plasmids and cloning 

Short hairpin RNA (shRNA) lentiviral plasmids were pur- 
chased from VectorBuilder. These plasmids allow IPTG (iso- 
propyl beta-D-1 thiogalactopyranoside)-inducible shRNA ex- 
pression for targeting mouse Nipbl (GATTGTGGA GA GA C- 
CT AA TT A, VB220804-1048fvd) driven by a U6 / 2 ×LacO 

promoter along with LacI and puromycin resistance expres- 
sion under the control of mPGK promoter. Vectors containing 
3 ×FLAG-Halo mouse NIPBL wild type (WT), C1 

mut , C2 

mut ,
and C1 + C2 

mut were custom-made by Thermo Fisher with 

an shNIPBL insensitive sequence, then cloned into a PiggyBac 
carrier plasmid using NheI and NotI restriction sites. 

Most open-reading frames (ORFs) used for the Gaus- 
sia protein-fragment complementation assay (gPCA) experi- 
ments were already inserted in an entry vector and directly 
retrieved from the hORFeom7.1 and 8.1 collections [ 27 ] 
( Supplementary Tables S1 and S2 ). Other ORFs were inserted 

into a pDONR223 by polymerase chain reaction (PCR) am- 
plification followed by BP reaction (Gateway recombination 

technology, Invitrogen) (see Supplementary Tables S1 and S2 

for details). All ORF clones were sequenced. pDONRs con- 
taining ORFs were then cloned in destination vectors contain- 
ing GLucN1 and GLucN2 fragments of the Gaussia princeps 
luciferase [ 28 ] by LR Clonase reaction. 

Lentiviral particle production 

Lentiviral vectors were generated by the GIGA Viral Vec- 
tors platform (University of Liège, Belgium). Briefly, Lenti- 
X 293T cells (Clontech 

®, 632 180) were co-transfected with 

a pSPAX2 (Addgene ®, Cambridge, MA, USA) and a VSV- 
G encoding vector [ 29 ]. Viral supernatants were collected 

at 96 h post transfection, filtered (0.2 μm), and concen- 
trated 100 × using Lentivirus concentration solution (San- 
Bio, TR30026). The lentiviral vectors were then titrated with 

qPCR Lentivirus Titration (Titer) Kit (ABM 

®, LV900, Rich- 
mond, BC, Canada). The absence of mycoplasma was con- 
firmed using MycoAlert™ PLUS Mycoplasma Detection Kit 
(Lonza, LT07-710). 

Generation of an NIPBL knockdown and rescue 

system 

Briefly, 3134 cells were transduced (MOI 800) with pro- 
tamine sulfate. After 72 h, the cells were treated with 1 μg / ml 
puromycin for another 72 h and then amplified. A single-cell 
clone [clone 15 (cl15)] where Nipbl -KD was above 70% by 
quantitative polymerase chain reaction (qPCR) after 72 h of 1 

mM IPTG treatment ( Supplementary Fig. S1A ) was selected.
Cl15 cells were then transfected with both a transposase and 

a PiggyBac carrier plasmid expressing the 3 ×FLAG-Halo con- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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ugated NIPBL construct. A control cell line expressing only
he 3 ×FLAG-Halo was also generated [referred to as the
mpty vector (EV) cell line]. After selection with blasticidin
20 μg / ml) for 72 h, the HaloTag was used to sort the cells
ith fluorescence-activated cell sorting to obtain similar ex-
ression of the ectopic NIPBL variants. 

MT sample preparation 

or single-molecule tracking (SMT) experiments, 3134
l15-derived cl15-WT, cl15-C1 

mut , cl15-C2 

mut , and cl15-
1 + C2 

mut cells were plated in two-well chamber slides (Cel-
vis, Mountain View, C A, US A) 24 h prior to imaging. On the
ay of imaging, cells were incubated in phenol red-free com-
lete medium containing 10–25 pM JFX650 dye (to visualize
ingle molecules) and 100 pM JF549 (overstained to mark the
ucleus) for 20 min followed by three washes. The cells were
ashed once more after 10 min. The sample was mounted on

he microscope and allowed to equilibrate for 20 min before
ata acquisition. 

icroscopy 

ll the SMT experiments were performed on a custom-built
ILO microscope at the Optical Microscopy Core of the NCI

previously described in [ 30 ]). Briefly, the HILO microscope
as a 150 × 1.45 NA objective (Olympus Scientific Solutions,
altham, MA, USA), a 561 nm laser (iFLEX-Mustang, Ex-

elitas T echnologies Corp., W altham, MA, USA), a 647 nm
aser (OBIS 647 LX, Coherent, Inc., Santa Clara, CA), and
n acousto-optical tunable filter (A O TFnC-400.650, AA Op-
oelectronic, Orsay, France). An Okolab stage-top incubator
aintains the temperature at 37 

◦C and CO 2 at 5% (Okolab,
ozzuoli NA, Italy). An EM-CCD camera (Evolve 512, Photo-
etrics, Tucson, AZ, USA) with the gain set to 300 was used

o collect images. The cell nucleus was centered and focused
ithin the illumination field using the 549 channel. For the

ast SMT protocol, images were collected in the 647 channel
ontinuously every 12 ms for a total of 1500 frames. For the
ntermediate SMT protocol, images were collected every 200
s with an exposure time of 10 ms for a total of 2 min (600

rames). The laser power was set at 0.96 mW. The pixel size
or this setup is 104 nm. 

For the fast SMT dataset (12 ms intervals), 70–142 cells
ere imaged per condition, and for the intermediate SMT
ataset (200 ms intervals), 53–67 cells were imaged per condi-
ion with at least two independent biological replicates each. 

MT analysis 

racking 
ingle molecules were tracked using TrackRecord, described
reviously [ 31 ] and available at https:// doi.org/ 10.5281/
enodo.7558712 . The TIF-stacks were filtered using a band-
ass filter. The sum projection of the time series was used to
efine a hand-drawn region of interest. A particle intensity
hreshold at which at least 95% of the detected particles had
 signal-to-noise ratio of at least 1.5 was selected for the par-
icle detection step. Raw positions of the particles were iden-
ified from the filtered image. These positions were fit to a 2D
aussian point spread function (PSF) for sub-pixel localiza-

ion. The PSF fitting step was performed on the unfiltered im-
ge. Detected particles were connected to form tracks based
n a nearest-neighbor algorithm with the following parame-
ters: maximum jump = 4 pixels (416 nm), shortest track = 2
frames, and gaps to close = 1 frame. These tracking parame-
ters have been extensively validated in our previous work [ 32 ].

Perturbation expectation maximization (pEMv2) 
All tracks obtained from the 12 and 200 ms interval movies
were analyzed using pEMv2 [ 33 ] to identify the optimal num-
ber of mobility states that best describes the ensemble of tra-
jectories. Tracks were split into sub-tracks of seven frames
as has been done previously [ 32 , 34 ]. pEMv2 was allowed
to explore between 1 and 15 states with 3 covariance ma-
trix features. Briefly, 50 reinitializations and 200 perturba-
tions were performed for each step. The maximum number
of iterations was 10,000 and the convergence criterion for the
log-likelihood function was set to 10 

−7 . Each sub-track was
assigned to the state for which it had the highest posterior
probability. 

Calculation of the bound fraction 

Following the pEMv2 analysis, states with linear mean-
squared displacements over lag-times were identified as the
diffusive (unbound) states, while the other states were classi-
fied as bound. The number of bound particles is thus the num-
ber of sub-tracks detected in the “bound” pEMv2 states mul-
tiplied by the length of each sub-track (which is seven frames):

N 

bound 
total = N 

bound 
sub −tracks × 7 . 

The bound fraction is thus calculated as 

F bound = 

N 

bound 
total 

N total 
, 

where N total is the total number of detected particles. 

Calculation of pEMv2 state fractions and confidence intervals
from the 200 ms data 
To calculate the population fractions and representa-
tive ensemble mean squared displacement (MSD) curves
( Supplementary Fig. S2A –D ), only sub-tracks for which the
difference between the two highest posterior probabilities
( �PP) was at least 0.2 (as has been done previously [ 32 ])
were considered. This was done to ensure that sub-tracks with
similar posterior probabilities for more than one state were
not included in the analysis. Further, states with a popula-
tion fraction < 5% were not retained in downstream analy-
sis ( Supplementary Fig. S2A –D ). The population fraction for
each remaining state was calculated as the fraction of sub-
tracks with �PP ≥ 0.2 that belong to the respective state. 

The confidence intervals of the population fractions were
calculated using a bootstrapped analysis. In total, 1000 boot-
strapped ensembles of tracks were generated by resampling
the tracks with replacement. The population fractions of each
of the ensembles was calculated using the procedure described
above. From this distribution of population fractions, the
95% confidence interval was calculated. The population frac-
tions and confidence intervals were normalized to the bound
fraction. 

Calculation of transition probabilities 
Transition probabilities and associated statistical significance
were calculated as described previously [ 32 ]. All sub-tracks
assigned to states other than states 1 and 2 were re-assigned
to a third state named “other.” For each track, the number of
transitions between each pair of these three states was calcu-

https://doi.org/10.5281/zenodo.7558712
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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lated. Only tracks containing three or more sub-tracks were
analyzed. These counts were summed up to generate a transi-
tion matrix T where each element T ( i, j ) represents the num-
ber of transitions between states i and j. The transition matrix
was normalized to calculate the transition probability matrix
P t where P t ( i, j ) = 

T ( i, j ) ∑ 3 
j=1 T ( i, j ) 

. 

To statistically test whether the calculated transition proba-
bilities were different from those that would arise from a ran-
dom ensemble with the same population fractions, 1000 ran-
domized ensembles were generated by shuffling the sub-track
labels. The fraction of these 1000 randomized trials with a
transition probability ̂  P t ( i, j ) > P t ( i, j ) is reported as the sta-
tistical significance value. 

Immunoprecipitation on the chromatin fraction 

Briefly, 3134 cells expressing the different variants of Mus
musculus NIPBL (mNIPBL) were plated 72 h before the ex-
periment, then trypsinized, washed with PBS, and the nuclei-
purified. Cells were then resuspended at 3 × 10 

6 cells / ml
and incubated on ice for 10 min in Buffer A [Tris–Cl (pH
8.0) 15 mM, NaCl 15 mM, KCl 60 mM final, ethylenedi-
aminetetraacetic acid (EDTA) 1 mM final, ethylene glycol-
bis( β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA)
0.5 mM final] and nuclei were pelleted by centrifugation at
350 × g for 5 min. The nuclei were then washed with the NSB
buffer [glycerol 25%, MagAc2 5 mM, HEPES (pH 7.3) 5 mM,
ED TA 0.08 mM, dithiothreitol (D TT) 0.5 mM] and lysed in
lysis buffer [glycerol 10%, HEPES (pH 7.5) 20 mM, NaCl 150
mM, MgCl 2 1.5 mM, NP40 0.8%, DTT 0.5 mM] by 30 min
of rotation at 4 

◦C. Lysates were further centrifuged for 5 min
at 9000 × g and the supernatants collected as the nucleoplas-
mic fractions. The pellets were then resuspended in the lysis
buffer complemented with 100 units / ml of HS-Nuclease (Mo-
BiTec) and incubated at room temperature for 1 h with rota-
tion. Resulting nuclear lysates were then centrifuged for 5 min
at 9000 × g and the supernatants collected as the chromatin
fractions. These fractions were further incubated with pre-
washed antibody-charged magnetic beads overnight at 4 

◦C.
Beads were then washed twice with the lysis buffer and three
times with the wash buffer [glycerol 10%, HEPES (pH 7.5) 20
mM, NaCl 250 mM, MgCl 2 1.5 mM, NP40 0.8%, DTT 0.5
mM]. The magnetic beads-bound proteins were eluted with 80
μg / ml of 3 ×FLAG peptide (ApexBio) diluted in tris-buffered
saline (TBS) for 1 h at 18 

◦C and shaken at 1000 rpm. Eluates
were then subjected to the western blot procedure or sent for
proteomic analysis (Fig. 3 A). All buffers were supplemented
with 1 × protease inhibitor (Roche). 

Mass spectrometry 

Protein eluates were loaded on a 10% acrylamide gel in
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and subjected to a short migration of 15 min. The single pro-
tein band was visualized by colloidal Coomassie Blue stain-
ing and in-gel digested with Trypsin (Promega). Peptides were
extracted with 0.1% trifluoroacetic acid in 65% acetoni-
trile and dried in a speedvac. Peptides were dissolved in sol-
vent A (0.1% trifluoroacetic acid in 2% acetonitrile), directly
loaded onto reversed-phase pre-columns (Acclaim PepMap
100, Thermo Fisher Scientific) and eluted in backflush mode.
Peptide separation was performed using a reversed-phase an-
alytical column (Easy-spray PepMap RSLC, 0.075 × 250 mm,
Thermo Fisher Scientific) with a linear gradient of 4%–27.5% 

solvent B (0.1% formic acid in 80% acetonitrile) for 40 min,
27.5%–50% solvent B for 20 min, 50%–100% solvent B for 
3 min, and holding at 100% for the last 10 min at a constant 
flow rate of 300 nl / min on an Ultimate 3000 RSLC system. 

The peptides were analyzed by an Orbitrap Exploris240 

mass spectrometer (Thermo Fisher Scientific). The peptides 
were subjected to NSI source followed by tandem mass spec- 
trometry (MS / MS) coupled online to the nano liquid chro- 
matography (nano-LC). Intact peptides were detected in the 
Orbitrap at a resolution of 60 000. Peptides were selected for 
MS / MS using the higher energy collision dissociation (HCD) 
setting at 30, ion fragments were detected in the Orbitrap at 
a resolution of 15 000. A data-dependent procedure that al- 
ternated between one MS scan followed by 40 MS / MS scans 
for ions above a threshold ion count of 1.0 × 10 

4 in the MS 
survey scan with 30.0 s dynamic exclusion. MS1 spectra were 
obtained with an automatic gain control target of 4 × 10 

5 ions 
and a maximum injection time set to auto, and MS2 spec- 
tra were acquired with an automatic gain control target of 
5 × 10 

4 ions and a maximum injection set to auto. For MS 
scans, the m / z scan range was 350–1800. 

The resulting MS / MS data were processed using the Se- 
quest HT search engine within Proteome Discoverer 2.5 SP1 

against a mouse protein database obtained from UniProt (55 

520 entries, January 2023). Trypsin was specified as the cleav- 
age enzyme allowing up to two missed cleavages, four modifi- 
cations per peptide. Mass error was set to 10 ppm for pre- 
cursor ions and 0.03 Da for fragment ions. Oxidation on 

Met (+15.995 Da), conversion of Gln ( −17.027 Da) or Glu 

( −18.011 Da) to pyro-Glu at the peptide N-term, acrylamide 
modification of Cys (+71.037 Da), and phosphorylation on 

Ser , Thr , or Tyr (+79.966 Da) were considered as variable 
modifications. False discovery rate (FDR) was assessed using 
percolator, and thresholds for protein, peptide, and modifica- 
tion sites were specified at 1%. Label-free quantification was 
performed within Proteome Discoverer using the area under 
the curve, and normalization was performed based on the to- 
tal amount of the 3 ×FLAG-HaloTag sequence contained in 

each sample. 
The heatmap displaying chromatin-related proteins from 

the immunoprecipitation–mass spectrometry (IP–MS) pro- 
teomics experiment was generated using the pheatmap func- 
tion in R. Abundance ratios were calculated relative to the 
NIPBL-WT condition. Proteins with abundance ratios not sig- 
nificantly different from NIPBL-WT ( P ≥ 0.05) are labeled as 
“NS” (not significant). Proteins that were undetected in a spe- 
cific condition but detected in the WT samples are marked as 
“ND” (not detected). 

gPCA 

HEK293T cells were sub-cultured in 24-well plates and trans- 
fected with the appropriate constructs. After 48 h, cells were 
washed with PBS and processed according to the manufac- 
turer’s instructions (Renilla Luciferase Kit, Promega). Lysates 
were then used to quantify luminescence in triplicate on a 
TriStar 2 S LB 942 luminometer (Berthold). The remaining 
volume of lysate was used to assess the expression of the 
constructs by western blot analysis. At least three indepen- 
dent biological replicates were performed for every reported 
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For each replicate, we calculated the normalized lumines-
ence ratio (NLR): 

NLR = 

signal ( Gl u 1 A + Glu 2 B ) 
[ signal ( Gl u 1 A + Glu 2 ) + signal ( Gl u 1 + Glu 2 B ) ] 

, 

here A and B are the proteins of interest, Glu1 and Glu2
re the split luciferase fragments without any conjugated pro-
ein, and Glu1A and Glu2B are Glu1 and Glu2 conjugated to
roteins A and B, respectively. Assessment of the interaction
etween two ORFs was done by performing a one-tail one-
ample t -test against a value of 3.5 as suggested by Cassonnet
t al. [ 28 ]. Positive interactions were identified with a P -value
hreshold of .05. Pairwise comparisons were performed when
ll the constructs were expressed to similar levels. Statistical
ignificance was assessed either by a paired t -test or a one-way
NOVA followed by a Tukey test, as indicated in the legend. 

eptides and proteins for SPR 

wo peptides corresponding to residues 1576–1585 (cluster
2) of the human NIPBL (hNIPBL) protein were custom syn-

hesized at Pepmic: 
C2 

WT (KPEWPAAELLLSLLGRLLVHQFSNKSTE) and
2 

mut (KPEWPAAEAAASAAGRAAVHQFSNKSTE). 
Recombinant ancient glucocorticoid receptor ligand-

inding domain (ancGR2-LBD; corresponding to residues
29–777 of the human receptor) cloned into a pMALCH10T
ector was expressed as a fusion protein with an N-terminal
altose-binding protein and a hexahistidine tag, and purified

o homogeneity using standard chromatographic procedures.
ecombinant androgen receptor ligand-binding domain (AR-
BD, residues 672–920 of the human receptor) and estrogen
eceptor alpha ligand-binding domain (ER α-LBD, residues
02–595 of the human receptor) cloned into pGEX vectors
ere expressed and purified following the same protocols as

hat for the ancGR2-LBD. 

PR 

PR analyses were performed at 25 

◦C in a BIAcore T200
nstrument (GE Healthcare). Highly purified, dexamethasone-
ound recombinant ancGR2-LBD, dihydrotestosterone-
ound AR-LBD, and estradiol-bound ER-LBD, were diluted
n 10 mM sodium acetate (pH 5.0) and directly immobilized
n CM5 chips (GE Healthcare) by amine coupling at densities
etween 100 and 200 resonance units. As a reference, one
f the channels was also amine-activated and blocked in the
bsence of protein. Increasing concentrations of C2 

WT and
2 

mut from 0 to 160 μM were run over the immobilized
roteins. The running buffer was PBS, 1 × Tween-20, and
% dimethyl sulfoxide (DMSO). Sensorgrams were analyzed
ith the BIAcore T200 Evaluation software 3.0 and fitted

ccording to the Langmuir 1:1 model. 

lphaFold predictions and analysis 

rotein–protein complex predictions were performed using
lphaFold2-Multimer [ 35 ] to model the interactions of (i)

he hNIPBL C2 

WT helix with human steroid receptor ligand-
inding domains (hSR-LBDs), (ii) mNIPBL C2 

WT domain
ith mMAU2, and (iii) the ternary complex consisting of
GR -LBD, mNIPBL C1 

WT domain, and mMA U2. For each of
hese three complexes, we executed five independent trajecto-
ies with each of the three available versions of AlphaFold2-

ultimer (version 1: version 2.1.0; version 2: version 2.2.0;
and version 3: version 2.3.0), ensuring robust sampling of the
conformational space. All generated structures were subjected
to additional minimization steps using OpenMM to refine the
models and improve energy stabilization. This resulted in a to-
tal of 330 models per complex (5 trajectories × 3 AlphaFold2-
Multimer versions × 22 models per trajectory). 

To select the best possible predictions, models were ranked
based on a composite scoring function derived from Al-
phaFold’s internal model confidence metrics. Specifically, we
used a weighted sum of the model’s per-residue confidence
(ipTM score) and the overall structure confidence (pTM
score), with the formula model confidence = 0 . 8 × ipT M +
0 . 2 × pT M . Only models with a combined confidence score
above a threshold of 0.7 were retained for further analysis,
ensuring that only the highest confidence structures were con-
sidered as potential candidates for downstream interpretation.

Docking experiments and analysis 

We applied docking simulations to predict the interaction
between human GR -LBD (hGR -LBD; PDB = 7PRW) and
hNIPBL (PDB = 6WG3) using the pyDock docking and scor-
ing method [ 36 ]. First, protein molecules were prepared by
removing all cofactors and heteroatoms, and missing side
chains were modeled with SCWRL 3.0 [ 37 ]. The fast Fourier
transform-based docking program FTDock [ 38 ] (with elec-
trostatics and 0.7 Å grid resolution) was used to gener-
ate 10 000 rigid-body docking poses. Then, pyDock scoring
was used based on energy terms previously optimized for
rigid-body docking [ 36 ]. The pyDock binding energy is
composed of accessible surface area-based desolvation,
Coulombic electrostatics, and Van der Waals (VdW) energy
terms. Electrostatics and VdW contributions were limited to
−1.0 / +1.0 and 1.0 kcal / mol for each inter-atomic energy
value, respectively, to avoid excessive penalization from pos-
sible clashes derived from the rigid-body approach. 

RNA preparation 

Two biological replicates of 3134 cl15 cells expressing differ-
ent NIPBL constructs were sub-cultured in medium containing
10% charcoal-stripped FBS for 3 days with or without 1 mM
of IPTG as indicated. Samples were treated with 100 nM of
Dex or equivalent 0.1% of EtOH for 2 h, then RNA was pro-
cessed for extraction following the manufacturer’s protocol
(Nucleospin RNA extraction kit, Macherey-Nagel) and stored
at −80 

◦C. 

RNA sequencing 

RNA libraries were constructed according to the Illumina
Stranded Total RNA Prep, Ligation with Ribo-Zero Plus.
Samples were pooled, and paired-end sequencing was per-
formed on NovaSeq 6000 S2. Raw reads were demultiplexed
using Illumina Bcl2fastq version 2.20. Reads were trimmed
for adapters and low-quality bases using Cutadapt1.18 be-
fore alignment with the reference genome (mm10) and the
annotated transcripts (GENCODE M21) using STAR 2.7.0f.
Raw tag counts of exon regions at the gene level were ob-
tained using featureCounts in subread 2.0.3. Default DE-
Seq2 size factors were used to normalize the data. The sig-
nificance of gene expression changes was evaluated based on
Wald-statistics (FDR < 0.05) and log 2 fold change [ > log 2 (1.5),
← log 2 (1.5)] using DESeq2 library (version 1.42.1). The EtOH
and Dex-treated RNA sequencing (RNA-seq) samples were
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sequenced separately. To account for the variability in the
baseline gene expression between the two sequencing batches,
paired analysis was performed to evaluate differential gene
expression. For clustered heatmaps, the raw tag count data
were variance stabilizing transformed using VST function in
DESeq2, and the z -score of the transformed data was visu-
alized as clustered heatmaps using pheatmap R library (ver-
sion 1.0.12) function with hierarchical, euclidean, ward.D2
methods. 

Results 

Two Leu-rich clusters within NIPBL determine its 

nuclear dynamics and function 

NIPBL is a large protein comprising over 2700 residues with
a mostly disordered N-terminal domain (NTD) consisting of
∼1200 amino acids (Fig. 1 A and B). NIPBL contains three
evolutionarily conserved leucine (Leu)-rich clusters, each con-
taining multiple LxxLL motifs (Fig. 1 A and C). Considering
that NIPBL is enriched at TF binding sites [ 7–9 ], and can po-
tentially directly interact with TFs [ 16 , 18 , 19 ], we set out
to investigate the role of these three LxxLL motif clusters,
referred to as C1, C2, and C3 in this manuscript, in pro-
moting the interactions between NIPBL and other nuclear
proteins. 

Since the structure of the human NIPBL–cohesin–DNA
complex has been recently solved by cryo-EM [ 39 ], we first
asked whether the C2 (human aa1583–1592 / mouse aa1576–
1585) and C3 (human aa1951–1956 / mouse aa1995–2000)
clusters were topologically available for binding other
proteins. C1 (human and mouse aa19–26) is in the disordered
NTD of NIPBL (Fig. 1 A and B), and hence cannot be visu-
alized in the cryo-EM structure. However, because it is em-
bedded in a disordered region of NIPBL, it is likely available
for interactions. In the cryo-EM structure, C2 is fully exposed
while C3 is occluded by RAD21 and SMC3 (Fig. 1 D). Thus,
in the rest of this study, we focused on C1 and C2, which are
likely to be surface-exposed and accessible for PPIs. 

To test the role of C1 and C2 in driving NIPBL–TF interac-
tions, we built an IPTG-induced shRNA-based NIPBL knock-
down (KD) / rescue system in 3134 mouse mammary adeno-
carcinoma cells (see the “Materials and methods” section;
Supplementary Fig. S1A ), selecting a single-cell clone (cl15)
that showed ∼70% KD of Nipbl by qPCR ( Supplementary 
Fig. S1A ). In the cl15 background, we then generated in-
dividual cell lines constitutively expressing 3 ×FLAG-Halo-
mNIPBL-WT (this cell line is referred to as cl15-WT), mutants
harboring LxxLL mutations (Leu > Ala) in one or both of C1
and C2 clusters (these cell lines are referred to as cl15-C1 

mut ,
C2 

mut , and C1 + C2 

mut , respectively), or 3 ×FLAG-Halo alone
(EV cell line: cl15-EV) (Fig. 1 C and Supplementary Fig. S1A ;
see the “Materials and methods” section). As LxxLL motifs
interact with partner proteins largely through hydrophobic
interactions [ 25 ], replacing the nonpolar hydrophobic Leu
residues with smaller, less hydrophobic residues such as ala-
nine (Ala), is known to weaken LxxLL motif-driven interac-
tions [ 40 ]. RNA-seq reads show that the WT and C2 

mut con-
structs are expressed to similar levels while the C1 

mut and
C1 + C2 

mut are expressed twice as much as the WT and C2 

mut

( Supplementary Fig. S1B ). 
SMT is a powerful technology to investigate the spatiotem-

poral dynamics of proteins in vivo [ 41 , 42 ], and we used SMT
to ask whether C1 and C2 regulate the intranuclear bind- 
ing dynamics of NIPBL (Fig. 2 A–C). We first used a fast- 
imaging modality to track both diffusing and bound molecules 
[ 42 ] (Fig. 2 A and Supplementary Video S1 ). Mutations in C1 

and / or C2 resulted in a 13%–19% decrease in the chromatin- 
bound fraction, indicating that both LxxLL clusters are impor- 
tant for the recruitment of NIPBL onto chromatin (Fig. 2 A and 

C). 
Our previous work has shown that an intermediate SMT 

regime (short exposures but longer intervals) allows for the 
identification of two distinct low-mobility states for “bound”
molecules [ 32 ] (Fig. 2 B and Supplementary Video S2 ). Apply- 
ing this strategy to NIPBL-WT and mutant proteins, we found 

that NIPBL-WT and mutants also exhibit two distinct low- 
mobility states (i.e. states 1 and 2), as we have shown pre- 
viously for different classes of chromatin-associated proteins 
[ 32 ] with one or two minor higher mobility states (states 3 

and 4) for the mutants (Fig. 2 B and C and Supplementary Fig. 
S2A –D ). States 1 and 2 represent the motion of chromatin- 
bound proteins, while states 3 and 4 likely represent diffusing 
molecules that are transiently trapped within the focal vol- 
ume [ 32 ]. Binding in the lowest mobility state (state 1 in red; 
Fig. 2 B and C and Supplementary Fig. S2A –D ) requires an 

intact DNA-binding domain (DBD) as well as domains nec- 
essary to recruit co-regulators and is related to the transcrip- 
tionally active state of TFs [ 32 , 43 ]. Mutations in both C1 

and / or C2 primarily reduced the fraction of NIPBL in state 
1, which decreased from 47% for WT to 20% for C1 

mut ,
15% for C2 

mut , and only 5% for C1 + C2 

mut (Fig. 2 C and 

Supplementary Fig. S2A –D ). We also found that NIPBL can 

transition between states 1 and 2 ( Supplementary Fig. S2E ) 
albeit with a preference to remain in the same state.
Compared with WT, both C1 

mut and C2 

mut exhibit a 
lower probability to remain in state 1 and to transi- 
tion from state 2 to state 1, whereas C1 + C2 

mut pre- 
dominantly transitions into state 2 ( Supplementary Fig. 
S2E ). This suggests that interactions with co-regulators via 
C1 and C2 likely facilitate the transition of NIPBL into 

state 1. 
Based on the above observations, we tested the effect of 

the LxxLL cluster mutations on the basal transcriptome.
We performed RNA-seq in the cl15-derived cell lines (cl15- 
EV / WT / C1 

mut / C2 

mut / C1 + C2 

mut ; see the “Materials and 

methods” section) upon endogenous NIPBL-KD. Cl15-EV 

cells expressing endogenous NIPBL (i.e. without IPTG treat- 
ment) served as a control. NIPBL-KD resulted in differen- 
tial expression of 471 genes (Fig. 2 D and Supplementary Fig. 
S3 ), of which ∼74% (348) were rescued by ectopic NIPBL- 
WT (Fig. 2 D). The expression levels of the 348 NIPBL- 
regulated genes in cl15-WT were highly similar to those 
in cl15-EV cells expressing endogenous NIPBL, highlight- 
ing the quality of our rescue system (Fig. 2 E). In contrast,
cl15-C1 

mut / C2 

mut / C1 + C2 

mut all had expression profiles like 
that of the NIPBL-KD cells (cl15-EV with IPTG treatment),
demonstrating that NIPBL LxxLL mutants are unable to 

rescue the transcriptional defects resulting from endogenous 
NIPBL-KD. These data show that C1 and C2 play an impor- 
tant role in the regulation of the basal transcriptome by NIPBL 

(Fig. 2 E). We note that even though C1 

mut and C1 + C2 

mut 

were expressed two-fold higher than WT ( Supplementary Fig. 
S1B ), they were unable to restore the basal gene expression 

program. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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Figure 1. NIPBL contains three Leu-rich clusters. ( A ) Domain organization of mNIPBL including the ectopic 3 ×FLAG-Halo protein tags at the N-terminus 
of the protein. The three annotated LxxLL motif clusters are indicated as C1, C2, and C3. ( B ) AIUPred disorder score for mNIPBL. ( C ) Conservation of 
NIPBL LxxLL motif clusters across species. In the C1 and / or C2 mutants all Leu (L) are mutated to alanines (A) in the respective clusters. ( D ) Overall 
str uct ure of the human cohesin–NIPBL–DNA complex solved by cryogenic electron microscopy (cryo-EM) [ 39 ]. The C2 and C3 clusters are indicated in 
the insets, C1 is within the disordered N-terminus and hence cannot be visualized by cryo-EM. See also Supplementary Fig. S1 . 
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Figure 2. LxxLL mutations alter NIPBL dynamics and basal transcriptome. ( A ) Fast SMT protocol (top) and 500 randomly selected single molecule 
trajectories for indicated species (bottom). Bound and diffusive fractions are indicated on the left of the respective panels. Scale bar is 4 μm. 
N cells / N tracks = 70 / 15 394 (WT), 142 / 82 691 (C1 mut ), 76 / 46 879 (C2 mut ), and 75 / 27 535 (C1 + C2 mut ). ( B ) Intermediate SMT protocol captures the motion 
of bound NIPBL molecules (top). R epresentativ e trajectories of molecules in each of the four detected mobility states (bottom). Scale bar is 500 nm. 
N cells / N tracks / N sub-tracks = 53 / 1496 / 7004 (WT), 65 / 5769 / 19 632 (C1 mut ), 69 / 4398 / 22 317 (C2 mut ), and 67 / 1746 / 7729 (C1 + C2 mut ). ( C ) Population fractions 
for indicated mNIPBL species. Error bars = 95% confidence interval. ( D ) Differentially expressed genes upon NIPBL-KD rescued by 
3 ×FLAG-Halo-mNIPBL-WT expression under basal conditions. ( E ) (Left) Heatmap of the 348 genes rescued by ectopic 3 ×FLAG-Halo-NIPBL-WT 
compared across the cell lines. (Right) Average expression bar plots for the genes in each cluster. See also Supplementary Figs S2 and S3 and 
Supplementary Videos S1 and S2 . 
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Taken together, these data show that C1 and C2 are im-
portant for NIPBL to associate with chromatin in general, but
also for NIPBL to bind in or transition to state 1, which is
associated with transcriptional activity . Notably , C1 + C2 

mut

shows only marginal binding in state 1 (Fig. 2 C). Mutations
in both C1 and C2 significantly alter the basal transcriptome,
and we hypothesized that this might be due to the role of
these Leu-rich clusters in mediating NIPBL–co-regulator in-
teractions necessary for the maintenance of gene expression. 
Chromatin-associated proteins interact with 

NIPBL–MAU2 in an LxxLL-dependent manner 

To identify proteins that interact with NIPBL on chro- 
matin in an LxxLL-dependent manner, we performed co- 
immunoprecipitation followed by MS specifically on the 
chromatin-associated fraction of our cl15-WT, cl15-C1 

mut ,
and cl15-C2 

mut cell lines (Fig. 3 A). NIPBL’s chromatin in- 
teractome included known partners such as MA U2, STA G2,
and RAD21. The NIPBL interactors included TFs, chromatin 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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Figure 3. Leu-rich clusters recruit diverse chromatin-associated proteins, with C1 being necessary to maintain the NIPBL–MAU2 interaction. ( A ) (Left) 
Schematic representation of the proteomics experiments. (Right) Heatmap of abundance ratio of peptides detected in WT versus indicated NIPBL 
mutants. ( B ) MAU2 abundance detected in NIPBL-C1 mut and C2 mut relative to WT. P -value is reported from a one-way ANO V A. ( C ) NLRs for MAU2 
against mNIPBL-C1 WT and mNIPBL-C2 WT domains. Error bars denote standard deviation across three independent experiments. *** P < .001 (paired 
t -test). ( D ) Co-immunoprecipitation of MAU2 with NIPBL-WT, C1 mut , and C2 mut using the anti-FLAG antibody. ( E ) AlphaFold2-Multimer prediction of 
mNIPBL 1–120 with mMAU2. See also Supplementary Fig. S4 . 
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remodelers, and cohesin, and integrator and RNA Pol II sub-
units (Fig. 3 A). This is in line with previous studies that used a
variety of cross-linking or fixation protocols to identify inter-
actors of NIPBL. It is likely that the RNA Pol II and integrator
subunits are detected as NIPBL interactors due to the stalling
of the cohesin–NIPBL complex at promoters due to RNA Pol
II shown previously [ 13 ] or due to the presence of RNA Pol
II at active enhancers [ 44 ]. Notably, several of the NIPBL in-
teractors were lost in C1 

mut and C2 

mut , suggesting that both
clusters might help recruit an assortment of nuclear proteins
(Fig. 3 A). 

To validate our proteomics data, we next used the
gPCA [ 45 ] (see the “Materials and methods” section;
Supplementary Fig. S4A ). In this assay, the Gaussia prin-
ceps luciferase is split into two (N1-Luc and N2-Luc in
Supplementary Fig. S4A ) and conjugated to two proteins of
interest, X and Y . If the two proteins interact directly, the
two halves of the Gaussia luciferase combine leading to lu-
minescence in the presence of the appropriate substrate. The
NLR is calculated based on control samples (see the “Materi-
als and methods” section). A threshold NLR of 3.5 has been
shown to result in a false positive rate of < 2.5% [ 28 ]. We
used this threshold to classify measured interactions as posi-
tive (NLR > 3.5) or negative (NLR ≤ 3.5) based on a statisti-
cal criterion (see the “Materials and methods” section). As ex-
pected, full length NIPBL-WT scored positively with MAU2,
as well as with other cohesin subunits (SMC1A, SMC3, and
RAD21). As a control, CTCF, which does not interact with
NIPBL [ 46 ], scored negatively ( Supplementary Fig. S4B ). Our
proteomics data show that MAU2 is specifically lost only
in C1 

mut but not C2 

mut , suggesting that the NIPBL–MAU2
interaction could occur through C1 (Fig. 3 B). Indeed, the iso-
lated C1 

WT region of NIPBL (mouse aa13–120) was able to
interact with MAU2, in contrast to the C2 

WT region (mouse
aa1485–1783) (Fig. 3 C). This is consistent with the previ-
ous work that localized the MAU2 interaction interface of
NIPBL to aa1–38 (human) [ 47 ]. Chromatin-associated MAU2
co-immunoprecipitated with NIPBL-WT and C2 

mut but not
with C1 

mut (Fig. 3 D), providing further evidence that while
on chromatin, NIPBL interacts with MAU2 through C1. HP1-
γ, which is known to interact with NIPBL through a PxVxL
motif [ 48 ] (mouse aa995–999), was used as a positive control,
and was unaffected by the C1 and C2 mutations (Fig. 3 D). 

We next used the latest version of AlphaFold2-Multimer
[ 35 ] to predict the structure of a complex consisting of
full-length MAU2 and the first 120 residues of NIPBL
(NIPBL 

1–120 ; see the “Materials and methods” section).
AlphaFold2-Multimer predictions showed a barrel-like com-
plex where the disordered region of NIPBL is buried within
MAU2. This arrangement minimizes solvent exposure, stabi-
lizing NIPBL 

1–120 , and reveals how C1 directly interacts with
MAU2 (Fig. 3 E). Together, these data show that NIPBL di-
rectly interacts with MAU2 via its C1 region through the
LxxLL motifs. 

After obtaining the structure of the mouse MAU2–NIPBL
complex, predicted by AlphaFold2-Multimer, we observed
that its yeast homologs, Scc4–Scc2, adopt a remarkably sim-
ilar conformation, as seen in the crystal structure (PDB:
4XDN) [ 49 ]. In both structures, MAU2 / Scc4 (gray) encases
the N-terminal region of NIPBL / Scc2, stabilizing its extended
conformation within the axial groove ( Supplementary Fig.
S4C ). This suggests a conserved mechanism of interaction
across species. 
Remarkably, seven TFs were found to interact with NIPBL 

on chromatin through C1, C2, or alternative surfaces from 

our proteomics experiment (Figs 3 A and 4 A). We used gPCA 

to confirm that three of these—ZNF609 (previously shown 

to interact with NIPBL [ 16 ]), TCF20, and ZNF148—interact 
directly with NIPBL-WT (Fig. 4 B). These data lead to two 

nonexclusive hypotheses: (i) Since C1 is necessary for the 
MAU2–NIPBL complex formation and many TF–NIPBL in- 
teractions are lost in C1 

mut , MAU2 could bridge interac- 
tions between NIPBL and TFs. (ii) The direct interaction 

between NIPBL and some TFs (e.g. TCF20, ZNF148, and 

ZNF609) and the loss of several TF–NIPBL interactions in 

C2 

mut (Fig. 3 A) suggest that a set of TFs could directly 
interact with NIPBL through C2 in a MAU2-independent 
manner. 

To examine the potential for direct TF–NIPBL and TF–
MAU2 interactions, we tested a library of 38 representa- 
tive TFs belonging to 6 TF superfamilies against NIPBL and 

MAU2 using gPCA. Strikingly, 34 TFs, spanning all the TF 

families, scored positively for interactions with both NIPBL 

and MAU2, including GR (which we have previously shown 

to interact with NIPBL [ 7 ]) (Fig. 4 C and Supplementary 
Fig. S5 ). 

These data show that several TFs can interact with both 

NIPBL and MAU2 and suggest that TFs may form a ternary 
complex with the NIPBL–MAU2 heterodimer. 

Steroid receptors associate with C2 via their 
ligand-binding domains 

Since our proteomics data show that several TF–NIPBL in- 
teractions are lost in C2 

mut (Fig. 4 A), we ran a gPCA screen 

against an isolated C2 domain (mouse aa1485–1783) and 

found that 11 of the 38 tested TFs scored positively (Fig.
5 A), indicating that the C2 domain is sufficient to drive in- 
teractions between some TFs and NIPBL (see the “Limita- 
tions” section). To determine the interaction interfaces be- 
tween NIPBL / MAU2 and TFs, we next focused on NRs, for 
a more detailed characterization. As mentioned above, NRs 
are a superfamily of ligand-activated TFs. SRs constitute a 
sub-family of NRs that are activated by steroid hormones.
In this study, we refer to the following as SRs: the GR, an- 
drogen receptor (AR), estrogen receptor alpha (ESR1), and 

estrogen receptor beta (ESR2). The term NRs here refers 
to all the SRs together with the thyroid hormone recep- 
tor alpha (THRA), thyroid hormone receptor beta (THRB),
peroxisome proliferator-activated receptor alpha, retinoid X 

receptor. 
Using a representative catalog of NRs, we asked 

whether NRs can interact with NIPBL and / or MAU2.
By gPCA, we found that 7 out of 8 tested NRs inter- 
act with MAU2 and 6 with NIPBL-WT (Fig. 5 B and 

Supplementary Fig. S6A and B ). Notably, 5 of these 6 

NRs also scored positively when tested against the NIPBL–
C2 domain, including all but one SR–ESR2 (Fig. 5 C). For 
simplicity, from this point, we use the term ER to refer to the 
ESR1. Focusing on GR, AR, and ER as representative SRs,
we found that compared to C2 

WT , their interactions with the 
C2 

mut domain were largely abolished, strongly suggesting 
that GR, AR, and ER interact with the C2 region of NIPBL 

through the LxxLL motifs (Fig. 5 D, Supplementary Fig. S6C - 
D ). SRs consist of a disordered NTD, and structured DBD 

and LBD. To locate the C2-interacting surface within GR,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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Figure 4. Multiple TFs interact with NIPBL and MAU2. ( A ) MS log 2 (abundance ratio: C1 mut / C2 mut versus WT) of selected TFs. **** P < .001 (one-way 
ANO V A). ( B ) NLRs for three TFs detected in the proteomics experiments against full length NIPBL. Statistical significance of the NLRs is evaluated 
through a one-tail one-sample t -test against a threshold of 3.5 (see the “Materials and methods” section). The dashed line represents the threshold NLR 

of 3.5 and the error bars denote the standard deviation across replicates. ( C ) Heatmap of gPCA interactions of NIPBL and MAU2 against a panel of 
TFs. See also Supplementary Fig. S5 . 
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e generated GR constructs lacking either the LBD (GR-
LBD) or the NTD (GR- �NTD). While GR- �NTD interacts
ith C2 

WT , GR- �LBD does not, showing that a region
panning the GR-LBD and DBD is necessary and sufficient
o mediate the interaction with the NIPBL–C2 domain
Fig. 5 E). 

We next used SPR to measure the binding affinity of the
R, AR, and ER-LBDs with short peptides spanning the C2 

WT 

r C2 

mut cluster ( Supplementary Fig. S7A ; see the “Materi-
ls and methods” section). Structural predictions of the C2 

WT 

eptide used for the SPR experiments show an optimal heli-
al conformation, that correlates with that of the C2 cluster
ithin NIPBL ( Supplementary Fig. S7B ). Briefly, purified GR,
R, and ER-LBDs were immobilized on CM5 chips as lig-
nds using amine coupling. Then, increasing concentrations of
2 

WT or C2 

mut peptides were run over the immobilized pro-
eins as analytes. The obtained SPR sensorgrams clearly show
 concentration-dependent interaction between the C2 

WT pep-
ide and the immobilized SR-LBDs ( Supplementary Fig. S7C ,
op), allowing the data to be fit to an affinity model to obtain
 measurable K d with micromolar affinities (Fig. 5 F–H). In
ontrast, the mutant peptide did not exhibit a concentration-
ependent binding response, and its sensorgrams could not be
t to any standard affinity model, indicating a lack of specific
nteraction (Fig. 5 F–H and Supplementary Fig. S7C ). These
esults demonstrate that SR-LBDs can engage in specific in-
teractions with the LxxLL motifs within the C2 region of
NIPBL. 

High-confidence models from AlphaFold2-Multimer for
all three SRs predicted that the NIPBL–C2 

WT peptide aligns
closely with conserved hydrophobic residues of the AF-2
pocket of the SR-LBD (Fig. 6 A and B). The AF-2 pocket is
a hydrophobic groove formed by helices H3, H5, and H12
upon ligand binding and its role in recruiting co-regulators
that modulate SR transcriptional activity has been extensively
characterized [ 50–52 ]. 

Based on these data, we modeled the interaction between
the GR-LBD and the structured portion of NIPBL using py-
Dock [ 36 ]. The resulting docking shows how the AF-2 sur-
face of the GR-LBD has the potential to interact with NIPBL
through the C2 LxxLL motif cluster (Fig. 6 C). Next, we su-
perimposed the GR-LBD–NIPBL docking prediction (Fig. 6 C)
on the recent cryo-EM structure of the NIPBL–cohesin–DNA
complex [ 39 ] (Fig. 1 D) to check whether they are mutually
compatible. The GR-LBD can bind to the C2 LxxLL motif
cluster without steric hindrance from any of the other cohesin
complex subunits, while the orientation of the GR-LBD in this
structure allows sufficient space for the GR-DBD to bind to
DNA (Fig. 6 D). 

We next sought to investigate the GR –MA U2 interaction
surfaces and examine the consequences of the C1 and C2 mu-
tations on GR-mediated gene expression. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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Figure 5. SR-LBDs interact with NIPBL through C2. ( A ) NLRs of the NIPBL-C2 WT domain against indicated TFs. NLRs are scored based on a one-tail 
one-sample t -test against a threshold of 3.5 (see the “Materials and methods” section). The dashed line represents the threshold NLR of 3.5. ( B ) 
Heatmap of interactions between NIPBL / MAU2 and NRs as detected by gPCA. (C–E) NLRs for ( C ) NIPBL-C2 WT domain against the NRs that scored 
positively against NIPBL-WT; ( D ) the GR against NIPBL-C2 WT / C2 mut domains; * P < .05 (paired t -test); ( E ) NIPBL-C2 WT domain versus GR-WT, GR lacking 
its N-terminus domain (GR- �NTD), or its LBD (GR- �LBD), * P < .05, ** P < .01, *** P < .001 (one-w a y ANO V A and Tuk e y test f or multiple comparisons). 
Error bars in panels A–E represent the standard deviation across measurements. ( F –H ) SPR affinity curves for indicated hSR-LBDs against hNIPBL-C2 WT 

(top) and C2 mut (bottom) peptides along with the equilibrium dissociation constant (K d ) for each interaction. The experiments were conducted in triplicate 
for the GR-LBD and in duplicate for the AR- and ER-LBDs, using increasing concentrations of the C2 peptides (from 0 to 160 μM) as the analyte. 
AR = androgen receptor and ER = estrogen receptor. See also Supplementary Figs S6 and S7 . 
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C1 and C2 are necessary for the formation of an 

NIPBL–MAU2–GR ternary complex and to maintain 

the GR-regulated transcriptome 

First, we observed that the GR –MA U2 interaction also de-
pends on a region spanning the GR-DBD and LBD (Fig. 7 A).
We then used AlphaFold2-Multimer to predict possible con-
formations of the NIPBL 

1–120 –MA U2–GR -LBD complex. We
found that the GR-LBD interacts with MAU2 through helix
9, leaving the AF-2 pocket available for interactions with
NIPBL–C2, while preserving the MAU2–C1 assembly (Figs
3 E and 7 B). NIPBL, MAU2, and GR co-immunoprecipitated
in cl15-WT cells (Fig. 7 C), strongly supporting the ex-
istence of a GR –NIPBL–MA U2 ternary complex in

vivo . 
To test if the formation of the GR –NIPBL–MA U2 

ternary complex plays a role in GR-mediated tran- 
scription, we profiled transcriptional changes in cl15- 
EV / WT / C1 

mut / C2 

mut / C1 + C2 

mut cells after dexamethasone 
(Dex) treatment. Since not all GR-regulated genes are 
NIPBL-dependent, we focused on the top 50 genes whose 
Dex-induction was affected by NIPBL-KD. Across all these 
genes, the Dex response of cl15-WT cells was the closest 
to that of control EV cells expressing endogenous NIPBL 

(cl15-EV without IPTG treatment). Strikingly, none of 
the C1 / C2 mutants performed as well as NIPBL-WT. For 
most genes, the transcriptional response was similar to that 
of the cl15-EV control cells with endogenous NIPBL-KD 

(cl15-EV with IPTG treatment), indicating their inability to 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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Figure 6. NIPBL C2 interacts with the AF-2 pocket of the SR-LBD. ( A ) AlphaFold2-Multimer predictions for the interaction between hNIPBL–C2 WT 

peptide (salmon) and the LBDs of the human GR, AR, and ER. ( B ) Superposition of the 20 best AlphaFold2-Multimer models showing the interaction 
between the C2 WT peptide and (left) GR, (middle) AR, and (right) ER. ( C ) Docking prediction for the hGR-LBD with the str uct ured portion of hNIPBL. ( D ) 
Superposition of the pyDock prediction of the NIPBL–GR-LBD str uct ure with the cryo-EM str uct ure of the NIPBL–cohesin–DNA complex [ 39 ]. 
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Figure 7. The GR forms a ternary complex with NIPBL / MAU2 with implications for glucocorticoid signaling. ( A ) gPCA results of MAU2 against the GR: 
wild type (GR-WT), GR mutant lacking the N-terminus domain (GR- �NTD), and GR lacking the LBD (GR- �LBD). See the “Materials and methods”
section. * P < 0.05 (one-w a y ANO V A f ollo w ed b y Tuk e y test). Error bars denote the standard de viation. ( B ) AlphaFold2-Multimer prediction of the 
composite str uct ure of mMAU2–mNIPBL 1–120 –mGR-LBD. ( C ) Triple-immunoprecipitation (IP) of FLAG-NIPBL, MAU2, and GR in cl15-WT cells. ( D ) Scatter 
plot of the top 50 genes whose Dex-response is affected upon NIPBL-KD. ( E ) PCA plot of the RNA-seq data across multiple conditions presented in Figs 
2 and 7 . See also Supplementary Fig. S8 . 
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compensate for the loss of endogenous NIPBL (Fig. 7 D and
E and Supplementary Fig. S8 ). These data provide a window
into the functional consequences of NIPBL–TF interactions
through the lens of glucocorticoid signaling: Interaction with
NIPBL is important to maintain robust gene activation by
TFs, at least in response to GR. 

Altogether, our biochemistry, imaging, and structural pre-
diction data show that GR (and most probably other TFs),
MAU2, and NIPBL can form a ternary complex in vivo to
regulate gene expression. 
Discussion 

Long-range chromatin interactions are the bedrock of genome 
organization and the NIPBL–cohesin complex is instrumen- 
tal in the formation of dynamic enhancer–promoter loops.
While NIPBL is commonly believed to localize cohesin at en- 
hancers [ 7 , 15 , 46 ], it lacks the ability to identify specific 
DNA sequences. In our previous work, we had proposed that 
GR and other TFs can interact with NIPBL to localize co- 
hesin to their target enhancers [ 7 ]. Here, we identified two 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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lusters of Leu-rich motifs within NIPBL (C1 and C2) whose
utations affect NIPBL dynamics and the basal transcriptome

Figs 1 and 2 ). Our proteomics data show that C1 and C2
erve as platforms for the recruitment of diverse chromatin-
ssociated proteins, notably TFs (Figs 3 A and B and 4 A). Us-
ng orthogonal methods, we showed that C1 is necessary for
he MAU2–NIPBL interaction (Fig. 3 ) and that MAU2 adopts
 barrel-like configuration engulfing C1 in its axial groove
Figs 3 E and 8 A). Remarkably, 43 out of 46 tested TFs can di-
ectly interact with NIPBL and / or MAU2 (likely through dif-
erent mechanisms), laying the foundation for the proposed
ernary complex model (Figs 4 C and 5 B). Focusing on SRs,
e showed that GR, AR, and ER interact with the C2 region
f NIPBL through helix 12 in their LBDs in an LxxLL motif-
ependent manner (Figs 5 and 6 ). Narrowing down to GR, we
hen predicted that GR interacts with NIPBL–C2 through its
F-2 pocket (Fig. 6 A), and with MAU2 via helix 9 in its LBD

Figs 7 B and 8 A). 
While the data in this manuscript present structures for a

ingle GR-LBD directly interacting with NIPBL or MAU2,
R and other SRs do not bind chromatin as monomers.

n vitro , the GR-LBD crystallizes as tetramers [ 53 ] and
igher oligomers [ 54 ] . In vivo , full-length GR is a dimer
n the nucleoplasm and a tetramer on chromatin [ 55 ]. The
ocking and AlphaFold2-Multimer predictions demonstrate
air-wise interactions between the GR-LBD and C2, and
he GR-LBD and the MAU2–NIPBL 

1–120 complex (Fig. 8 A).
oth the NIPBL–C2 / GR-LBD interaction through the AF-
 pocket, and the MA U2 / GR -LBD interaction through he-
ix 9 do not interfere with the canonical GR dimerization
nterfaces that we have identified previously [ 53 ]. As such,
t least three distinct possibilities exist for the configura-
ion of the GR –NIPBL–MA U2 ternary complex in vivo : (i)
 single GR molecule interacts with both NIPBL (via the
elix 12 in the AF-2 pocket) and MAU2 (via helix 9) (Fig.
 B, left), (ii) a GR dimer interacts with the NIPBL / MAU2
omplex through a single GR molecule (Fig. 8 B, middle),
r (iii) within a GR dimer, one GR molecule interacts with
IPBL (via helix 12 in the AF-2 pocket) and the second GR
olecule interacts with MAU2 (through helix 9) (Fig. 8 B,

ight). GR, thus, has multiple geometrically compatible con-
gurations to form a ternary complex with the NIPBL / MAU2
eterodimer. 
How do TF–NIPBL interactions contribute to the mainte-

ance of normal physiology? NIPBL is an essential component
f the loop extrusion machinery and mutations in NIPBL are
esponsible for almost 70% of Cornelia de Lange syndrome
CdLS) cases [ 56 ]. CdLS is a rare genetic disorder character-
zed by developmental defects, facial abnormalities, gastroe-
ophageal, heart and ocular dysfunction, and cognitive im-
airments [ 56 , 57 ]. Understanding the molecular mechanism
ehind this disease is of fundamental importance to devise
herapeutics. 

Strikingly, CdLS mutations have been localized to spe-
ific Leu residues in C1 (p.Leu23_Gln25del) [ 58 ] and C2
p.Leu1584Arg) [ 59 ] and could impair cell growth as has been
hown in yeast [ 20 ]. Mutations in C1 and / or C2 result in an
mpaired Dex-response (Fig. 7 D and E and Supplementary Fig.
8 ) as well as the expression of 348 genes in the basal tran-
criptome (Fig. 2 E), underscoring the importance of these
eu-rich motifs for the regulation of a subset of genes. Even

hough the transcriptional effect of the C1 and C2 muta-
ions are subtle, previous in vivo work has shown that het-
erozygous Nipbl knockout results in only ∼30% reduction
in Nipbl mRNA (measured in the liver of female Nipbl + / −

mice) and produces subtle changes in the transcriptome (most
changes were < 1.5-fold different from WT mice) [ 60 ]. How-
ever, even with these modest effects on transcription, Nipbl + / −

mice did not survive beyond a few weeks and exhibited
several symptoms of CdLS including heart defects, hearing
abnormalities, small size, microbrachycephaly, among oth-
ers [ 60 ]. Since C1 and C2 serve as platforms for the direct
(via C2) or indirect (via C1–MAU2) recruitment of multiple
TFs, these mutations could result in the loss of co-regulators
and a possible mislocalization of NIPBL on chromatin,
and hence, alter cohesin binding contributing to the CdLS
phenotype. 

This study largely focused on a ternary complex formed
by GR with the NIPBL–MAU2 heterodimer and investigated
the structural underpinnings of this assembly. Our SPR and
gPCA data for AR and ER suggest that this model may ex-
tend to other SRs and maybe even other NRs (such as THRA
and THRB). However, it would be naïve to expect a uni-
versal mechanism for all TFs. Even though our gPCA data
strongly indicate that many families of TFs can interact with
both NIPBL and MAU2, the precise mechanisms are likely to
differ. Unraveling the mechanisms of all these interactions will
be the subject of our future work. 

Limitations 

The challenges involved in detecting and knocking down
NIPBL have been an open secret in the field [ 13 ]. To circum-
vent the heterogeneity in siRNA-based KD, we generated a
clonal cell line expressing an IPTG-inducible shRNA against
NIPBL. Despite harboring an inducible shRNA, after 72 h
of IPTG treatment, we detected ∼70% depletion of Nipbl
mRNA ( Supplementary Fig. S1A ). While we acknowledge that
this KD is not perfect, this reagent represents our best attempt
at developing an NIPBL-KD cell line in the 3134 mouse mam-
mary adenocarcinoma cell line. The subtle yet reproducible ef-
fects of NIPBL-KD on the basal and GR-mediated transcrip-
tion are likely consequences of incomplete NIPBL-KD. It is
worth noting that homozygous knockout of Nipbl is lethal
in mice, with even heterozygous knockout resulting in several
developmental defects and ∼75%–80% postnatal mortality
within weeks despite an ∼30% reduction in Nipbl mRNA lev-
els [ 60 ] (see the “Discussion” section). 

High-throughput detection methods of PPIs can only
capture ∼20%–30% of interactors [ 61 ] and are typically
performed with fixation or other forms of cross-linking. We
emphasize that we performed label-free proteomics with nei-
ther cross-linking nor fixation and harvested nuclei followed
by enrichment for the chromatin fraction (Fig. 3 A). Further-
more, MS relies heavily on the relative abundance of the pro-
tein. As such, if several TFs interact with NIPBL, the rela-
tive abundance of each TF will be low, which partially ex-
plains the paucity of TFs represent in the NIPBL interactome
on chromatin and the proteins detected in our MS exper-
iment likely represent a small fraction of proteins that in-
deed interact with NIPBL in vivo . Since we focus heavily on
SRs in this manuscript, it might be surprising that we do
not detect any SRs in our proteomics data. We should clar-
ify that most SRs are not expressed in the 3134 cells, except
for GR. Since the proteomics experiment was performed in
the absence of hormone, GR is primarily cytoplasmic and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
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Figure 8. Possible models for a GR–NIPBL–MAU2 ternary complex. ( A ) (Left) The GR-LBD interacts with the NIPBL 1–120 –MAU2 complex through helix 9. 
NIPBL 1–120 and MAU2 interact through the C1 LxxLL motif cluster. (Right) The GR-LBD interacts with NIPBL–C2 through helix 12 in the AF-2 pocket. Key 
residues within C1 and C2 are indicated in the insets. ( B ) Possible configurations of the GR–NIPBL–MAU2 ternary complex: (Left) A single GR monomer 
can interact with both NIPBL–C2 through the AF-2 pocket and MAU2 through helix 9. (Middle and right) Since the dimerization interface of GR is not 
occluded by either NIPBL or MAU2, a GR dimer can interact with NIPBL / MAU2 either through (middle) a single GR molecule or (right) with one GR 

molecule interacting with NIPBL–C2 and another one interacting with MAU2. 
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hence absent from chromatin. We also recognize that PPIs
are highly dynamic and do not result in static structures. The
TF–MAU2 interaction and TF–NIPBL interaction need not
occur simultaneously. 

gPCA is a cell-based in vitro assay that identifies pairs of
proteins that have the potential to interact in cells. We vali-
dated this screen using multiple controls. A positive interac-
tion can be taken at face value. However, a negative interac-
tion must be validated by testing all four configurations of
the split luciferase (N- and C-terminus) on each protein. Fur-
ther, since these experiments rely on transient transfections,
the NLRs can only be meaningfully compared if the expres- 
sion levels of the protein chimeras are similar across condi- 
tions. As a result, we have refrained from commenting on the 
relative interaction strength for various TF–NIPBL or TF–
MAU2 pairs and mainly used the gPCA data to distinguish 

between positive and negative interactions (see the “Mate- 
rials and methods” section). Only when the expression lev- 
els were similar, were we able to statistically compare the 
NLRs. 



T ranscription factor -NIPBL-MAU2 ternary complex 17 

A

W  

U  

N  

L  

R  

p  

b
 

t
r  

o
o  

D
r  

(  

W  

(  

v
r  

t  

(  

W  

K  

h  

m  

S  

P  

v  

D  

p  

G  

P

S

S

C

T

F

T  

P  

I  

C  

i  

1  

0  

a  

S  

I  

A  

t

D

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/9/gkaf415/8133638 by U

niversite de Liege user on 19 M
ay 2025
 c kno wledg ements 

e would like to thank the Viral Vector Platform of the GIGA,
Liège for the production of lentiviral particles used for the
IPBL-KD, the GIGA Flow Cytometry Core for cell sorting,
uke Lavis (Janelia Research Campus) for the Halo-JF dyes,
azi Raziuddin and Le Hoang (NIH) for assistance with ex-
eriments, and Supriya V. Vartak (NIH) for constructive feed-
ack on the manuscript. 
Author contributions : Gregory Fettweis (Conceptualiza-

ion, Methodology, Formal analysis, Investigation, Writing—
eview and editing, Visualization), Kaustubh Wagh (Method-
logy, Software, Formal analysis, Investigation, Writing—
riginal draft, Writing—review and editing, Visualization),
iana A. Stavreva (Methodology, Investigation, Writing—

eview and editing, Visualization), Alba Jiménez-Panizo
Methodology, Software, Formal analysis, Investigation,

riting—review and editing, Visualization), Sohyoung Kim
Software, Formal analysis, Visualization), Michelle Lion (In-
estigation), Andrea Alegre-Martí (Investigation, Writing—
eview and editing, Visualization), Lorenzo Rinaldi (Inves-
igation), Thomas A. Johnson (Investigation), Elise Gilson
Investigation), Manan Krishnamurthy (Investigation), Li

ang (Investigation), David A. Ball (Software), Tatiana S.
arpova (Supervision, Funding acquisition), Arpita Upad-
yaya (Formal analysis, Funding acquisition), Didier Vertom-
en (Formal analysis), Juan Fernández Recio (Methodology,

oftware, Supervision, Funding acquisition), Eva Estébanez-
erpiñá (Methodology, Writing—review and editing, Super-
ision, Project administration, Funding acquisition), Franck
equiedt (Methodology, Writing—review and editing, Su-
ervision, Project administration, Funding acquisition), and
ordon L. Hager (Writing—review and editing, Supervision,
roject administration, Funding acquisition) 

upplementary data 

upplementary data is available at NAR online. 

onflict of interest 

he authors declare no competing interests. 

unding 

his work was supported (in part) by the Intramural Research
rogram of the National Institutes of Health, National Cancer
nstitute, Center for Cancer Research. E.E.-P. thanks the G.E.
arretero Fund. The research was also supported by Span-

sh Ministry of Science (MINECO) [PID2022-141399-OB-
00 to E.E.-P., JDC2022-048702-I to A.J.-P., and JDC2023-
51138-I to A.M.-M]. A.U. acknowledges support from
wards NIGMS 145313 and NSF 2132922. J.F.-R. thanks the
panish Ministry of Science (MINECO) PID2019-110167RB-
00 / AEI / 10.13039 / 501100011033. Funding to pay the Open
ccess publication charges for this article was provided by In-

ramural Research Program of the NIH. 

ata availability 

• SMT data are available at Zenodo
(doi.org / 10.5281 / zenodo.14277999). 
• SMT software is available at Zenodo
(doi.org / 10.5281 / zenodo.7558712). 

• pEMv2 software is available at https://github.com/
MochrieLab/pEMv2 . 

• Proteomics data have been deposited in the ProteomeX-
change Consortium via the PRIDE partner repository
with the dataset identifier PXD058574. 

• RNA-seq data have been deposited in the Gene Expres-
sion Omnibus (accession number GSE282583). 

References 

1. Sanborn AL, Rao SS, Huang SC et al. Chromatin extrusion 
explains key features of loop and domain formation in wild-type 
and engineered genomes. Proc Natl Acad Sci USA 

2015; 112 :E6456–65. https:// doi.org/ 10.1073/ pnas.1518552112 
2. Ciosk R, Shirayama M, Shevchenko A et al. Cohesin’s binding to 

chromosomes depends on a separate complex consisting of Scc2 
and Scc4 proteins. Mol Cell 2000; 5 :243–54. 
https:// doi.org/ 10.1016/ S1097- 2765(00)80420- 7 

3. Alonso-Gil D, Losada A. NIPBL and cohesin: new take on a classic
tale. Trends Cell Biol 2023; 33 :860–71. 
https:// doi.org/ 10.1016/ j.tcb.2023.03.006 

4. Phillips JE, Corces VG. CTCF: master weaver of the genome. Cell 
2009; 137 :1194–211. https:// doi.org/ 10.1016/ j.cell.2009.06.001 

5. Murayama Y, Uhlmann F. DNA entry into and exit out of the 
cohesin ring by an interlocking gate mechanism. Cell 
2015; 163 :1628–40. https:// doi.org/ 10.1016/ j.cell.2015.11.030 

6. Pradhan B, Barth R, Kim E et al. SMC complexes can traverse 
physical roadblocks bigger than their ring size. Cell Rep 
2022; 41 :111491. https:// doi.org/ 10.1016/ j.celrep.2022.111491 

7. Rinaldi L, Fettweis G, Kim S et al. The glucocorticoid receptor 
associates with the cohesin loader NIPBL to promote long-range 
gene regulation. Sci Adv 2022; 8 :eabj8360. 
https:// doi.org/ 10.1126/ sciadv.abj8360 

8. Schmidt D, Schwalie PC, Ross-Innes CS et al. A CTCF-independent
role for cohesin in tissue-specific transcription. Genome Res 
2010; 20 :578–88. https:// doi.org/ 10.1101/ gr.100479.109 

9. Le Dily F, Vidal E, Cuartero Y et al. Hormone-control regions 
mediate steroid receptor-dependent genome organization. Genome
Res 2019; 29 :29–39. https:// doi.org/ 10.1101/ gr.243824.118 

10. Rao SSP, Huang SC, Glenn St Hilaire B et al. Cohesin loss 
eliminates all loop domains. Cell 2017; 171 :305–20. 
https:// doi.org/ 10.1016/ j.cell.2017.09.026 

11. Rao SS, Huntley MH, Durand NC et al. A 3D map of the human 
genome at kilobase resolution reveals principles of chromatin 
looping. Cell 2014; 159 :1665–80. 
https:// doi.org/ 10.1016/ j.cell.2014.11.021 

12. Schwarzer W, Abdennur N, Goloborodko A et al. Two 
independent modes of chromatin organization revealed by cohesin 
removal. Nature 2017; 551 :51–6. 
https:// doi.org/ 10.1038/ nature24281 

13. Banigan EJ, Tang W, van den Berg AA et al. Transcription shapes 
3D chromatin organization by interacting with loop extrusion. 
Proc Natl Acad Sci USA 2023; 120 :e2210480120. 
https:// doi.org/ 10.1073/ pnas.2210480120 

14. Vian L, Pekowska A, Rao SSP et al. The energetics and 
physiological impact of cohesin extrusion. Cell 2018; 175 :292–4. 
https:// doi.org/ 10.1016/ j.cell.2018.09.002 

15. Zhu Y, Denholtz M, Lu H et al. Calcium signaling instructs NIPBL
recruitment at active enhancers and promoters via distinct 
mechanisms to reconstruct genome compartmentalization. Genes 
Dev 2021; 35 :65–81. https:// doi.org/ 10.1101/ gad.343475.120 

16. van den Berg DLC, Azzarelli R, Oishi K et al. Nipbl interacts with 
Zfp609 and the integrator complex to regulate cortical neuron 
migration. Neuron 2017; 93 :348–61. 
https:// doi.org/ 10.1016/ j.neuron.2016.11.047 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf415#supplementary-data
https://github.com/MochrieLab/pEMv2
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1016/S1097-2765(00)80420-7
https://doi.org/10.1016/j.tcb.2023.03.006
https://doi.org/10.1016/j.cell.2009.06.001
https://doi.org/10.1016/j.cell.2015.11.030
https://doi.org/10.1016/j.celrep.2022.111491
https://doi.org/10.1126/sciadv.abj8360
https://doi.org/10.1101/gr.100479.109
https://doi.org/10.1101/gr.243824.118
https://doi.org/10.1016/j.cell.2017.09.026
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1038/nature24281
https://doi.org/10.1073/pnas.2210480120
https://doi.org/10.1016/j.cell.2018.09.002
https://doi.org/10.1101/gad.343475.120
https://doi.org/10.1016/j.neuron.2016.11.047


1 8 F ettweis et al. 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/9/gkaf415/8133638 by U

niversite de Liege user on 19 M
ay 2025
17. Munoz S, Minamino M, Casas-Delucchi CS et al. A role for 
chromatin remodeling in cohesin loading onto chromosomes. Mol 
Cell 2019; 74 :664–73. 
https:// doi.org/ 10.1016/ j.molcel.2019.02.027 

18. Velot L, Lessard F, Berube-Simard FA et al. Proximity-dependent 
mapping of the androgen receptor identifies Kruppel-like factor 4 
as a functional partner. Mol Cell Proteomics 2021; 20 :100064. 
https:// doi.org/ 10.1016/ j.mcpro.2021.100064 

19. Goos H, Kinnunen M, Salokas K et al. Human transcription factor
protein interaction networks. Nat Commun 2022; 13 :766. 
https:// doi.org/ 10.1038/ s41467- 022- 28341- 5 

20. Mattingly M, Seidel C, Munoz S et al. Mediator recruits the 
cohesin loader Scc2 to RNA Pol II-transcribed genes and promotes
sister chromatid cohesion. Curr Biol 2022; 32 :2884–96. 
https:// doi.org/ 10.1016/ j.cub.2022.05.019 

21. Nguyen AL, Smith EM, Cheeseman IM. Co-essentiality analysis 
identifies PRR12 as a cohesin interacting protein and contributor 
to genomic integrity. Dev Cell 2025; 60 :1217–33. 
https:// doi.org/ 10.1016/ j.devcel.2024.12.015 

22. Wang R, Xu Q, Wang C et al. Multiomic analysis of cohesin 
reveals that ZBTB transcription factors contribute to chromatin 
interactions. Nucleic Acids Res 2023; 51 :6784–805. 
https:// doi.org/ 10.1093/ nar/ gkad401 

23. Kim JS, He X, Liu J et al. Systematic proteomics of endogenous 
human cohesin reveals an interaction with diverse splicing factors 
and RNA-binding proteins required for mitotic progression. J Biol 
Chem 2019; 294 :8760–72. 
https:// doi.org/ 10.1074/ jbc.RA119.007832 

24. Luna-Pelaez N, March-Diaz R, Ceballos-Chavez M et al. The 
Cornelia de Lange syndrome-associated factor NIPBL interacts 
with BRD4 ET domain for transcription control of a common set 
of genes. Cell Death Dis 2019; 10 :548. 
https:// doi.org/ 10.1038/ s41419- 019- 1792- x 

25. Heery DM, Kalkhoven E, Hoare S et al. A signature motif in 
transcriptional co-activators mediates binding to nuclear 
receptors. Nature 1997; 387 :733–6. https:// doi.org/ 10.1038/ 42750 

26. Plevin MJ, Mills MM, Ikura M. The LxxLL motif: a 
multifunctional binding sequence in transcriptional regulation. 
Trends Biochem Sci 2005; 30 :66–9. 
https:// doi.org/ 10.1016/ j.tibs.2004.12.001 

27. Yang X, Boehm JS, Yang X et al. A public genome-scale lentiviral 
expression library of human ORFs. Nat Methods 2011; 8 :659–61. 
https:// doi.org/ 10.1038/ nmeth.1638 

28. Cassonnet P, Rolloy C, Neveu G et al. Benchmarking a luciferase 
complementation assay for detecting protein complexes. Nat 
Methods 2011; 8 :990–2. https:// doi.org/ 10.1038/ nmeth.1773 

29. Emi N, Friedmann T, Yee JK. Pseudotype formation of murine 
leukemia virus with the G protein of vesicular stomatitis virus. J 
Virol 1991; 65 :1202–7. 
https:// doi.org/ 10.1128/ jvi.65.3.1202-1207.1991 

30. Presman DM, Ball DA, Paakinaho V et al. Quantifying 
transcription factor dynamics at the single-molecule level in live 
cells. Methods 2017; 123 :76–88. 
https:// doi.org/ 10.1016/ j.ymeth.2017.03.014 

31. Garcia DA, Fettweis G, Presman DM et al. Power-law behavior of 
transcription factor dynamics at the single-molecule level implies a
continuum affinity model. Nucleic Acids Res 2021; 49 :6605–20. 
https:// doi.org/ 10.1093/ nar/ gkab072 

32. Wagh K, Stavreva DA, Jensen RAM et al. Dynamic switching of 
transcriptional regulators between two distinct low-mobility 
chromatin states. Sci Adv 2023; 9 :eade1122. 
https:// doi.org/ 10.1126/ sciadv.ade1122 

33. Koo PK, Mochrie SG. Systems-level approach to uncovering 
diffusive states and their transitions from single-particle 
trajectories. Phys Rev E 2016; 94 :052412. 
https:// doi.org/ 10.1103/ PhysRevE.94.052412 

34. Garcia DA, Johnson TA, Presman DM et al. An intrinsically 
disordered region-mediated confinement state contributes to the 
dynamics and function of transcription factors. Mol Cell 
2021; 81 :1484–98. https:// doi.org/ 10.1016/ j.molcel.2021.01.013 

35. Evans R, O’Neill M, Pritzel A et al. Protein complex prediction 
with AlphaFold-Multimer. bioRxiv, 
https:// doi.org/ 10.1101/ 2021.10.04.463034 , 10 March 2022, 
preprint: not peer reviewed.

36. Cheng TM, Blundell TL, Fernandez-Recio J. pyDock: electrostatics 
and desolvation for effective scoring of rigid-body protein–protein 
docking. Proteins 2007; 68 :503–15. 
https:// doi.org/ 10.1002/ prot.21419 

37. Canutescu AA, Shelenkov AA, Dunbrack RL Jr. A graph-theory 
algorithm for rapid protein side-chain prediction. Protein Sci 
2003; 12 :2001–14. https:// doi.org/ 10.1110/ ps.03154503 

38. Gabb HA, Jackson RM, Sternberg MJ. Modelling protein docking 
using shape complementarity, electrostatics and biochemical 
information. J Mol Biol 1997; 272 :106–20. 
https:// doi.org/ 10.1006/ jmbi.1997.1203 

39. Shi Z, Gao H, Bai XC et al. Cryo-EM structure of the human 
cohesin–NIPBL–DNA complex. Science 2020; 368 :1454–9. 
https:// doi.org/ 10.1126/ science.abb0981 

40. Estebanez-Perpina E, Moore JM, Mar E et al. The molecular 
mechanisms of coactivator utilization in ligand-dependent 
transactivation by the androgen receptor. J Biol Chem 

2005; 280 :8060–8. https:// doi.org/ 10.1074/ jbc.M407046200 
41. Wagh K, Stavreva DA, Upadhyaya A et al. Transcription factor 

dynamics: one molecule at a time. Annu Rev Cell Dev Biol 
2023; 39 :277–305. 
https:// doi.org/ 10.1146/ annurev- cellbio- 022823- 013847 

42. Wagh K, Stavreva DA, Hager GL. Transcription dynamics and 
genome organization in the mammalian nucleus: recent advances. 
Mol Cell 2025; 85 :208–24.

43. Johnson TA, Fettweis G, Wagh K et al. The glucocorticoid receptor 
potentiates aldosterone-induced transcription by the 
mineralocorticoid receptor. Proc Natl Acad Sci USA 

2024; 121 :e2413737121. 
https:// doi.org/ 10.1073/ pnas.2413737121 

44. Li Q, Liu X, Wen J et al. Enhancer RNAs: mechanisms in 
transcriptional regulation and functions in diseases. Cell Commun 
Signal 2023; 21 :191. https:// doi.org/ 10.1186/ s12964- 023- 01206- 0 

45. Remy I, Michnick SW. A highly sensitive protein–protein 
interaction assay based on Gaussia luciferase. Nat Methods 
2006; 3 :977–9. https:// doi.org/ 10.1038/ nmeth979 

46. Alonso-Gil D, Cuadrado A, Giménez-Llorente D et al. Different 
NIPBL requirements of cohesin–STAG1 and cohesin–STAG2. Nat 
Commun 2023; 14 :1326. 
https:// doi.org/ 10.1038/ s41467- 023- 36900- 7 

47. Braunholz D, Hullings M, Gil-Rodriguez MC et al. Isolated NIBPL 

missense mutations that cause Cornelia de Lange syndrome alter 
MAU2 interaction. Eur J Hum Genet 2012; 20 :271–6. 
https:// doi.org/ 10.1038/ ejhg.2011.175 

48. Bot C, Pfeiffer A, Giordano F et al. Independent mechanisms 
recruit the cohesin loader protein NIPBL to sites of DNA damage. 
J Cell Sci 2017; 130 :1134–46. https:// doi.org/ 10.1242/ jcs.197236 

49. Hinshaw SM, Makrantoni V, Kerr A et al. Structural evidence for 
Scc4-dependent localization of cohesin loading. eLife 
2015; 4 :e06057. https:// doi.org/ 10.7554/ eLife.06057 

50. Danielian PS, White R, Lees JA et al. Identification of a conserved 
region required for hormone dependent transcriptional activation 
by steroid hormone receptors [published erratum appears in 
EMBO J 1992 Jun;11(6):2366]. EMBO J 1992; 11 :1025–33. 
https:// doi.org/ 10.1002/ j.1460-2075.1992.tb05141.x 

51. Darimont BD, Wagner RL, Apriletti JW et al. Structure and 
specificity of nuclear receptor-coactivator interactions. Genes Dev 
1998; 12 :3343–56. https:// doi.org/ 10.1101/ gad.12.21.3343 

52. Gao W, Bohl CE, Dalton JT. Chemistry and structural biology of 
androgen receptor. Chem Rev 2005; 105 :3352–70. 
https:// doi.org/ 10.1021/ cr020456u 

53. Jimenez-Panizo A, Alegre-Marti A, Tettey TT et al. The 
multivalency of the glucocorticoid receptor ligand-binding domain 

https://doi.org/10.1016/j.molcel.2019.02.027
https://doi.org/10.1016/j.mcpro.2021.100064
https://doi.org/10.1038/s41467-022-28341-5
https://doi.org/10.1016/j.cub.2022.05.019
https://doi.org/10.1016/j.devcel.2024.12.015
https://doi.org/10.1093/nar/gkad401
https://doi.org/10.1074/jbc.RA119.007832
https://doi.org/10.1038/s41419-019-1792-x
https://doi.org/10.1038/42750
https://doi.org/10.1016/j.tibs.2004.12.001
https://doi.org/10.1038/nmeth.1638
https://doi.org/10.1038/nmeth.1773
https://doi.org/10.1128/jvi.65.3.1202-1207.1991
https://doi.org/10.1016/j.ymeth.2017.03.014
https://doi.org/10.1093/nar/gkab072
https://doi.org/10.1126/sciadv.ade1122
https://doi.org/10.1103/PhysRevE.94.052412
https://doi.org/10.1016/j.molcel.2021.01.013
https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1002/prot.21419
https://doi.org/10.1110/ps.03154503
https://doi.org/10.1006/jmbi.1997.1203
https://doi.org/10.1126/science.abb0981
https://doi.org/10.1074/jbc.M407046200
https://doi.org/10.1146/annurev-cellbio-022823-013847
https://doi.org/10.1073/pnas.2413737121
https://doi.org/10.1186/s12964-023-01206-0
https://doi.org/10.1038/nmeth979
https://doi.org/10.1038/s41467-023-36900-7
https://doi.org/10.1038/ejhg.2011.175
https://doi.org/10.1242/jcs.197236
https://doi.org/10.7554/eLife.06057
https://doi.org/10.1002/j.1460-2075.1992.tb05141.x
https://doi.org/10.1101/gad.12.21.3343
https://doi.org/10.1021/cr020456u


T ranscription factor -NIPBL-MA U2 ternary complex 1 9 

5

5

5

5

R
P
T

D
ow

nloaded from
explains its manifold physiological activities. Nucleic Acids Res 
2022; 50 :13063–82. https:// doi.org/ 10.1093/ nar/ gkac1119 

4. Alegre-Martí A, Jiménez-Panizo A, Lafuente AL et al. The 
multimerization pathway of the glucocorticoid receptor. bioRxiv, 
https:// doi.org/ 10.1101/ 2021.10.04.463034 , 10 March 2022, 
preprint: not peer reviewed.

5. Presman DM, Ganguly S, Schiltz RL et al. DNA binding triggers 
tetramerization of the glucocorticoid receptor in live cells. Proc 
Natl Acad Sci USA 2016; 113 :8236–41. 
https:// doi.org/ 10.1073/ pnas.1606774113 

6. Kline AD, Moss JF, Selicorni A et al. Diagnosis and management 
of Cornelia de Lange syndrome: first international consensus 
statement. Nat Rev Genet 2018; 19 :649–66. 
https:// doi.org/ 10.1038/ s41576- 018- 0031- 0 

7. Kaur M, Blair J, Devkota B et al. Genomic analyses in Cornelia de 
Lange syndrome and related diagnoses: novel candidate genes, 
genotype-phenotype correlations and common mechanisms. Am J 
eceived: February 18, 2025. Revised: April 14, 2025. Editorial Decision: April 16, 2025. Accepted: M
ublished by Oxford University Press on behalf of Nucleic Acids Research 2025. 
his work is written by (a) US Government employee(s) and is in the public domain in the US. 
Med Genet A 2023; 191 :2113–31. 
https:// doi.org/ 10.1002/ ajmg.a.63247 

58. Selicorni A, Russo S, Gervasini C et al. Clinical score of 62 Italian 
patients with Cornelia de Lange syndrome and correlations with 
the presence and type of NIPBL mutation. Clin Genet 
2007; 72 :98–108. 
https:// doi.org/ 10.1111/ j.1399-0004.2007.00832.x 

59. Braunholz D, Obieglo C, Parenti I et al. Hidden mutations in 
Cornelia de Lange syndrome limitations of sanger sequencing in 
molecular diagnostics. Hum Mutat 2015; 36 :26–9. 
https:// doi.org/ 10.1002/ humu.22685 

60. Kawauchi S, Calof AL, Santos R et al. Multiple organ system 

defects and transcriptional dysregulation in the Nipbl( ±) mouse, a 
model of Cornelia de Lange syndrome. PLoS Genet 
2009; 5 :e1000650. https:// doi.org/ 10.1371/ journal.pgen.1000650 

61. Braun P, Tasan M, Dreze M et al. An experimentally derived 
confidence score for binary protein–protein interactions. Nat 
Methods 2009; 6 :91–7. https:// doi.org/ 10.1038/ nmeth.1281 
ay 6, 2025 

 https://academ
ic.oup.com

/nar/article/53/9/gkaf415/8133638 by U
niversite de Liege user on 19 M

ay 2025

https://doi.org/10.1093/nar/gkac1119
https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1073/pnas.1606774113
https://doi.org/10.1038/s41576-018-0031-0
https://doi.org/10.1002/ajmg.a.63247
https://doi.org/10.1111/j.1399-0004.2007.00832.x
https://doi.org/10.1002/humu.22685
https://doi.org/10.1371/journal.pgen.1000650
https://doi.org/10.1038/nmeth.1281

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Limitations
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

