
Article
Phase-separated nuclear
 bodies of nucleoporin
fusions promote condensation of MLL1/CRM1 and
rearrangement of 3D genome structure
Graphical abstract
Highlights
d SET::NUP214 and NUP98:HOXA9 induce the condensation of

MLL1/CRM1 at particular genomic loci

d NUP98:HOXA9 alters TAD structures and 3D genome

organization

d NUP98:HOXA9 generates novel enhancers upon binding

d NUP98:HOXA9 functions by phase separation and DNA

binding
Oka et al., 2023, Cell Reports 42, 112884
August 29, 2023 ª 2023 The Authors.
https://doi.org/10.1016/j.celrep.2023.112884
Authors

Masahiro Oka, Mayumi Otani,

Yoichi Miyamoto, ..., Ryuichiro Nakato,

Yasuyuki Ohkawa, Yoshihiro Yoneda

Correspondence
moka@nibiohn.go.jp (M.O.),
rnakato@iqb.u-tokyo.ac.jp (R.N.),
yohkawa@kyushu.in (Y.O.)

In brief

Oka et al. show that nucleoporin fusion

forms phase-separated bodies with two

functions: condensing functional

molecules (e.g., MLL1) and organizing the

3D genome structure. These functions

enable target gene activation (e.g., Hoxa

and Hoxb cluster genes, and Meis1).
ll

mailto:moka@nibiohn.go.jp
mailto:rnakato@iqb.u-tokyo.ac.jp
mailto:yohkawa@kyushu.in
https://doi.org/10.1016/j.celrep.2023.112884
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112884&domain=pdf


OPEN ACCESS

ll
Article

Phase-separated nuclear bodies of nucleoporin
fusions promote condensation of MLL1/CRM1
and rearrangement of 3D genome structure
Masahiro Oka,1,2,12,* Mayumi Otani,1 Yoichi Miyamoto,1 Rieko Oshima,1 Jun Adachi,3 Takeshi Tomonaga,3

Munehiro Asally,4 Yuya Nagaoka,5 Kaori Tanaka,6 Atsushi Toyoda,7 Kazuki Ichikawa,8 Shinichi Morishita,8 Kyoichi Isono,9

Haruhiko Koseki,10 Ryuichiro Nakato,5,* Yasuyuki Ohkawa,6,* and Yoshihiro Yoneda11
1Laboratory of Nuclear Transport Dynamics, National Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN), 7-6-8 Saito-Asagi,

Ibaraki, Osaka 567-0085, Japan
2Laboratory of Biomedical Innovation, Graduate School of Pharmaceutical Sciences, Osaka University, 1-3 Yamada-oka, Suita, Osaka

565-0871, Japan
3Laboratory of Proteomics for Drug Discovery, National Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN), 7-6-8

Saito-Asagi, Ibaraki, Osaka 567-0085, Japan
4School of Life Sciences, The University of Warwick, Coventry CV4 7AL, UK
5Institute for Quantitative Biosciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan
6Division of Transcriptomics, Medical Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi, Higashi-Ku, Fukuoka 812-8582, Japan
7Advanced Genomics Center, National Institute of Genetics, Mishima, Shizuoka 411-8540, Japan
8Department of Computational Biology and Medical Sciences, Graduate School of Frontier Sciences, The University of Tokyo, 5-1-5

Kashiwanoha, Kashiwa, Chiba 277-8568, Japan
9Laboratory Animal Center, Wakayama Medical University, 811-1 Kimi-idera, Wakayama 641-8509, Japan
10Laboratory for Developmental Genetics, RIKEN Center for Integrative Medical Sciences, 1-7-29 Suehiro-cho, Tsurumi-ku, Yokohama,

Kanagawa 230-0045, Japan
11National Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN), 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan
12Lead contact
*Correspondence: moka@nibiohn.go.jp (M.O.), rnakato@iqb.u-tokyo.ac.jp (R.N.), yohkawa@kyushu.in (Y.O.)

https://doi.org/10.1016/j.celrep.2023.112884
SUMMARY
NUP98 and NUP214 form chimeric fusion proteins that assemble into phase-separated nuclear bodies con-
taining CRM1, a nuclear export receptor. However, these nuclear bodies’ function in controlling gene expres-
sion remains elusive. Here, we demonstrate that the nuclear bodies of NUP98::HOXA9 and SET::NUP214 pro-
mote the condensation of mixed lineage leukemia 1 (MLL1), a histone methyltransferase essential for the
maintenance of HOX gene expression. These nuclear bodies are robustly associated with MLL1/CRM1
and co-localized on chromatin. Furthermore, whole-genome chromatin-conformation capture analysis re-
veals that NUP98::HOXA9 induces a drastic alteration in high-order genome structure at target regions
concomitant with the generation of chromatin loops and/or rearrangement of topologically associating do-
mains in a phase-separation-dependent manner. Collectively, these results show that the phase-separated
nuclear bodies of nucleoporin fusion proteins can enhance the activation of target genes by promoting the
condensation of MLL1/CRM1 and rearrangement of the 3D genome structure.
INTRODUCTION

NUP98 and NUP214 are nucleoporins, components of the nu-

clear pore complex (NPC), and are often rearranged in leuke-

mia.1,2 Nucleoporin fusion genes, produced by chromosomal

translocation, are associated with leukemogenesis; NUP98

fuses with various partner genes, including homeobox transcrip-

tion factors3,4;NUP214 fuses with its partner genes, such asSET

or DEK.5,6

Among the NUP98 fusions, NUP98::HOXA9, a fusion

between NUP98 and the homeobox transcription factor

HOXA9,7,8 is the best-characterized NUP98 fusion protein to
This is an open access article under the CC BY-N
date. NUP98::HOXA9 causes aberrant gene expression, which

contributes to leukemogenesis.9 Mechanistically, this fusion is

associated with histone-modifying enzymes such as CREB-

binding protein (CBP)/p300, HDAC1, and MLL1 (also known as

KMT2A).10–17 Additionally, NUP98 is associated with trithorax

(Trx), a Drosophila equivalent of MLL,18 and Wdr82-Set1A/

COMPASS, another H3K4 methyltransferase.19 SET::NUP214,

a fusion of NUP214 and the histone chaperone SET,20 interacts

with MLL1 and DOT1L.21,22 These studies suggest that

the interaction between NUP-fusion proteins and histone-

modifying enzymes plays an important role in triggering aberrant

gene expression. Additionally, a recent study revealed that
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NUP98::HOXA9 drives an aberrant three-dimensional chromatin

structure that promotes malignant transformation.23

Intriguingly, NUP98 and NUP214 fusion proteins share three

characteristics: (1) both contain dense phenylalanine-glycine

(FG) repeats that are capable of forming nuclear bodies24

through phase separation,25 which is important for aberrant

gene activation and the transformation of hematopoietic

cells23,26,27; (2) their nuclear bodies co-localize with CRM1

(also known as XPO1),28–33 a nuclear export receptor34–37; and

(3) both are associated with aberrant activation of HOX genes,

which encode the evolutionarily conserved transcription factors

that function in various developmental processes.38 HOX genes

are dysregulated in various diseases and are particularly known

to play crucial roles in leukemogenesis.3,39–42 Taken together,

these results suggest that the formation of nuclear bodies con-

taining CRM1 is a key feature of leukemogenic NUP fusion. In

support of this hypothesis, we recently discovered that CRM1

co-binds with NUP98- or NUP214-fusion proteins to chromatin

at specific gene loci, including HOX clusters.33,43 Moreover,

CRM1 facilitates the recruitment of SQSTM1-NUP21444 to

HOX genes.45

Notably, chromatin-bound CRM1 may also play a role in other

types of leukemia. It has been reported that mutant NPM1

(NPM1c), the most frequent mutation in cytogenetically normal

acute myeloid leukemia, generates a novel nuclear export signal

(NES) at its C terminus,46–48 can activate HOX genes,49 and also

co-binds with CRM1 to the HOX cluster region.43,50,51 Moreover,

CALM-AF10, another NES-containing leukemogenic fusion pro-

tein, is recruited to the HOX cluster via CRM1.52

Despite this evidence, the molecular mechanism by which the

formation of nuclear bodies of NUP-fusion proteins is linked to

aberrant gene activation, particularly their relationship with his-

tone-modifying enzymes, remains largely unknown.

In the present study, we investigated the potential role of NUP-

fusion nuclear bodies in the activation of target genes. Our re-

sults suggest that the formation of NUP-fusion nuclear bodies

is important for promoting the condensation of MLL1/CRM1

and rearrangement of the 3D genome structure at target sites

to induce leukemogenic gene activation.

RESULTS

SET::NUP214 nuclear bodies co-localize with HOX-B
clusters
SET::NUP214 forms CRM1-containing nuclear bodies in the hu-

man T-ALL cell line LOUCY.30,43 To evaluate the relevance of the

intranuclear localization of nuclear bodies of SET::NUP214,

we performed immunolabeling combined with fluorescence

in situ hybridization (immunoFISH). We focused on HOX-B clus-

ters because our previous chromatin immunoprecipitation

sequencing (ChIP-seq) data demonstrated that SET::NUP214

and CRM1 robustly accumulated at several specific loci, partic-

ularly HOX-B clusters, in LOUCY cells.43 Fluorescence micro-

scopy images of HOX-B clusters and SET::NUP214 nuclear

bodies frequently overlapped (Figure 1A, upper panel). To quan-

titatively analyze this observation, wemeasured the shortest dis-

tance betweenHOX-B and SET::NUP214. This analysis revealed

that 42.2% of the HOX-B clusters were localized <0.2 mm from
2 Cell Reports 42, 112884, August 29, 2023
nuclear bodies of SET::NUP214 (Figure 1B, black bars). As a

negative control, we performed immunoFISH for RNF2 loci and

distance analysis (Figure 1A, lower panel; Figure 1B, red bars).

Only 14.8% of RNF2 loci were found within <0.2 mm from

SET::NUP214 nuclear bodies. These results, together with our

previous ChIP-seq data, strongly suggest that the nuclear

bodies of SET::NUP214/CRM1 preferentially co-localize with

HOX-B cluster regions.

SET::NUP214/CRM1 physically and functionally
associated with MLL1
Next, we attempted to identify the constituents of SET::

NUP214/CRM1 nuclear bodies associated with chromatin.

Taking advantage of the robust accumulation of SET::

NUP214/CRM1 on HOX clusters in LOUCY cells, we per-

formed rapid immunoprecipitation mass spectrometry of

endogenous proteins (RIME) (Figure 1C). This method uses

formaldehyde to crosslink protein complexes and DNA, similar

to ChIP-seq, and has been used to identify chromatin-bound

proteins associated with target molecules.53 Our RIME data

demonstrated that NUP214 and CRM1 were strongly bound

to each other or existed in the same complex, as their signals

were primarily observed in both anti-NUP214 and anti-CRM1

immunoprecipitates (IPs) (Table S1). We first confirmed that

SET was present in anti-NUP214 IPs, demonstrating success-

ful immunoprecipitation of the SET::NUP214 fusion. To identify

the factors that are involved in the function of SET::NUP214/

CRM1 nuclear bodies, we then focused on the proteins that

are abundant both in anti-NUP214 IPs and anti-CRM1 IPs,

but not in control IPs (strict criteria were used to select the

candidate proteins whose peptide counts are either ‘‘0’’ or

‘‘1’’ in the control IP). We also found the majority of nucleopor-

ins (22 nucleoporins) together with nuclear transport receptors

or RAN and its regulators in both IPs (Figure 1D and Table S1).

We omitted the nucleoporins or proteins involved in nuclear

transport from our analysis because they are likely associated

with endogenous NUP214 or CRM1 in NPCs. Interestingly, the

analysis revealed several proteins whose relationship with NPC

or nuclear transport is not known to date, but are strongly

associated with both NUP214 and CRM1, namely ADAR,

MLL1, striatin, and TRAF3IP (T3JAM) (Figure 1D). We also

identified MX2, an antiviral protein that interacts with several

nucleoporins.54

To further analyze these five proteins, knockdown of the five

candidate genes was performed in LOUCY cells to monitor their

effect on the expression of HOX genes, which are dependent on

SET::NUP214. The fold change in HOX gene expression was

measured in LOUCY cells using qPCR (Figure 1E). We found

that the knockdown of MLL1 substantially decreased the

expression of HOX genes (Figures 1E and S1). We also found

that the knockdown of striatin, a scaffold protein involved in

the regulation of signaling pathways,55 decreased the expres-

sion of HOX genes. Knockdown of other candidate genes did

not affect HOX expression. Because the effect of MLL1 knock-

down was more evident than that of the other knockdowns, we

focused our analysis on MLL1.

To characterize MLL1, LOUCY cells were co-stained with anti-

CRM1 and anti-MLL1 or anti-NUP214 antibodies (Figure 2A,
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Figure 1. SET::NUP214 and CRM1 physically and functionally associate with MLL1

(A andB) Subcellular localization of SET::NUP214 andHOX-B orRNF2 (control) gene loci in LOUCY cells. (A) ImmunoFISHwas performed to detect SET::NUP214

nuclear bodies and respective gene loci. HOX-B cluster region is frequently found adjacent to SET::NUP214 nuclear bodies (open arrows) compared with RNF2.

Scale bars, 10 mm. (B) The minimum distance between each gene locus (as revealed by FISH) and the closest SET::NUP214 nuclear bodies were analyzed using

ImageJ (n = 531 for HOX-B, n = 397 for RNF2).

(C) Schematic of RIME used in this study.

(D) Schematic summary of the RIME results.

(E) Effect of knockdown of candidate components of SET::NUP214 nuclear bodies. Knockdown of ADAR1, KMT2A, STRN,MX2, and TARFIP3 was performed by

nucleofection of small interfering RNA (siRNA) in LOUCY cells. The effect of knockdown on HOX gene expression (HOXA9, HOXA11, HOXB4, and HOXB9) was

examined 4 days after nucleofection. GAPDH was used as the reference gene. Data are mean of two independent experiments.
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upper two rows). MLL1 frequently co-localized with SET::

NUP214/CRM1 nuclear bodies in LOUCY cells, which is consis-

tent with a recent report.22 To examine whether the partner pro-

teins of MLL1 also co-localize with nuclear bodies, we immuno-
stained menin, which has been shown to interact with MLL1

physically and functionally.56,57 Immunostaining revealed that

menin also co-localized with SET::NUP214/CRM1 nuclear

bodies (Figure 2A, bottom row).
Cell Reports 42, 112884, August 29, 2023 3
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SET::NUP214/CRM1/MLL1 show genome-wide co-
localization and are essential constituents of the
nuclear bodies
To characterize the relevance of the association between MLL1,

SET::NUP214, and CRM1 in genome-wide binding, we per-

formed ChIP-seq analyses. Strikingly, the binding sites of these

proteins showed frequent co-occupancy on a genome-wide

scale, including HOX-A and HOX-B cluster regions and other

SET::NUP214 binding sites, such as CDKN2C (Figures 2B, 2C,

and S2A). However, we did not find any obvious genome-wide

association between these proteins and the transcription start

site (TSS), gene body, or enhancer (Figure S2B). These results

suggest that NUP214, CRM1, and MLL1 accumulate in several

distinct regions without any obvious genome-wide binding

patterns.

Next, we examined the role of MLL1 in SET::NUP214/CRM1

accumulation in HOX clusters. ChIP-qPCR analysis revealed

that MLL1 knockdown caused a significant decrease in

SET::NUP214 and CRM1 signals in HOX clusters (Figure 2D),

CDKN2C, CLEB2B, and COMMD3-BMI (Figure S2C). In HOX

clusters, the effects of MLL1 knockdownweremore pronounced

than in other regions. We also found that neither the formation of

SET::NUP214/CRM1 nuclear bodies nor the protein expression

of CRM1 and SET::NUP214 was affected by the knockdown of

MLL1 (Figures 2E and 2F). Therefore, MLL1 most likely plays a

role in the recruitment of NUP214/CRM1 bodies to target loci

rather than in the assembly of nuclear bodies.

We then examined the effect of the CRM1 inhibitor KPT-330,

which covalently binds to CRM1 to inhibit its export activity

and induce its degradation58 and disassembly of SET::NUP214

nuclear bodies.43 We found that SET::NUP214 nuclear bodies

were diminished when incubated with 100 nM KPT-330 for

24 h and were almost completely disrupted at 1,000 nM (Fig-

ure S2D), consistent with our previous study.43 Furthermore,

ChIP-qPCR revealed a dose-dependent effect of KPT-330 on

the chromatin binding of SET::NUP214/CRM1/MLL1 (Fig-

ure S2E). Importantly, even though treatment with 1,000 nM

KPT-330 showed some degree of cytotoxic effect concomitant

with apoptotic cell death, we detected no sign of cytotoxicity/

apoptosis at 100 nM KPT-330 (Figures S2F and S2G), the con-

centration at which SET::NUP214 inhibition was observed.

Next, we examined the effect of KPT-330 on MLL1 protein

levels, as we previously showed that it affects the stability of

SET::NUP214.43 We included leptomycin B (LMB),59 another

CRM1 inhibitor that disassembles SET::NUP214 nuclear

bodies29,30 and destabilizes the SET::NUP214 protein43 without
Figure 2. MLL1 is an essential component of SET::NUP214 nuclear bo

(A) SET::NUP214 nuclear bodies co-localized with CRM1, MLL1, and menin. LO

antibodies. The merged images of CRM1 are shown. Nuclei were stained with D

(B) Binding profiles of NUP214, CRM1, and MLL1C in LOUCY cells at HOX-A and

(C) Aggregation plots of CRM1 and MLL1C binding sites in LOUCY. CRM1 and M

(D) (Left) ChIP-qPCR analysis of CRM1, NUP214, and MLL1 at HOX gene loci in L

ChIP-qPCR data were analyzed for the ratio as compared with control siRNA. The

andHOXA5);HOXA9 (promoter);HOXB4 (promoter);HOXB4 (enhancer);HOXB9 (

presented as mean values ± SEM of three independent experiments (n = 3).

(E) siRNA (control or MLL1) treated LOUCY cells were immunostained with indica

with DAPI. Scale bar, 10 mm.

(F) Immunoblotting was performed to monitor the effect of siRNA treatment (con
inducing the degradation of CRM1, which contrasts with KPT-

330. Our findings revealed that neither KPT-330 nor LMB signif-

icantly affected the levels of MLL1 protein (Figure S2H), although

LMB showed a greater cytotoxic effect than 1,000 nM KPT-330

(Figure S2F). These results demonstrated that CRM1 is critical

for the stable assembly of SET::NUP214 nuclear bodies associ-

ated with MLL1 on chromatin.

Collectively, our results suggest that the binding of

SET::NUP214 to HOX cluster regions is maintained by MLL1

and CRM1, indicating that SET::NUP214/CRM1/MLL1 forms

functional nuclear bodies that associate with HOX cluster re-

gions to robustly activate HOX genes.

Phase separation and DNA binding of NUP98::HOXA9
are important for its targeting and downstream gene
activation
Previous studies have reported unexpected similarities be-

tween the nuclear bodies formed by SET::NUP214 and

NUP98::HOXA9; namely, both accumulate in HOX cluster re-

gions15,21,33,43 and contain CRM1.28,31–33 NUP98::HOXA9 is

physically and functionally associated with MLL1 in the hemato-

poietic progenitor cells.14,15 However, the relevance of the nu-

clear bodies of NUP98::HOXA9 to MLL1 remains unknown.

These results prompted us to investigate the relationship be-

tween MLL1 and nuclear bodies formed by NUP98::HOXA9.

To investigate the function of NUP98::HOXA9, we isolated

mouse embryonic stem cells (mESCs) stably expressing FLAG-

tagged NUP98::HOXA9 because we demonstrated that Hox

genes are selectively activated in these cells.33 First, we per-

formed immunoFISH to monitor the co-localization of Hox loci

and FLAG-NUP98::HOXA9. Our data revealed that the nuclear

bodies of NUP98::HOXA9 frequently co-localized with Hoxa

loci as compared with negative control loci (outside Cdkn2a)

(36.7% or 18.2% localized <0.2 mm from the nuclear bodies,

respectively) (Figures 3A and 3B).

Next, to determine the importance of chromatin-associated

nuclear bodies formed by NUP98::HOXA9, we established cell

lines carrying mutated NUP98::HOXA9 (Figure 3C). The AG

mutant (mutated from FG to AG; a total of 38 FG) is deficient in

phase separation, and the N51Smutant (possessing a point mu-

tation in the homeodomain [N51S]60) is deficient in binding DNA.

In addition, we generated a GAFG mutant (mutated from GLFG

to GAFG; a total of nine GLFGs), which has also been reported

to affect phase-separating ability.61 Introducing the AGmutation

completely abolished nuclear body formation (Figure 3D). As for

the GAFG mutation, although we still observed some nuclear
dies to recruit and activate target genes

UCY cells were immunostained with anti-NUP214, MLL1C, menin, and CRM1

API. Scale bars, 10 mm (5 mm for enlarged images).

HOX-B cluster regions. A more detailed view is shown at the bottom of each.

LL1C binding signals are mapped against NUP214 binding sites.

OUCY cells treated either with control siRNA or MLL1 siRNA for 4 days. (Right)

primer set used was as follows: HOXA4A5 (intergenic region between HOXA4

promoter). Their binding sites are indicated in the boxed area (bottom). Data are

ted antibodies. The merged images of CRM1 are shown. Nuclei were stained

trol or MLL1) on indicated proteins.
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Figure 3. FG repeat and homeodomain of NUP98::HOXA9 are important for its accumulation on HOX clusters and gene activation

(A and B) Subcellular localization of NUP98:HOXA9 and Hoxa or Outside (control: �200 kb distant region from cdkn2a) gene loci in NUP98::HOXA9 ESCs. (A)

ImmunoFISH was performed to detect NUP98::HOXA9 nuclear bodies and respective gene loci. The open arrow indicates a co-localized locus. Scale bars, 5 mm.

(B) The minimum distance between each gene locus (as revealed by FISH) and the closest NUP98::HOXA9 nuclear bodies were analyzed using ImageJ (n = 541

for Hoxa, n = 274 for Outside).

(C) Schematic representation of NUP98::HOXA9, FG mutant (AG), homeodomain mutant (N51S), or GLFG mutant (GAFG). Yellow bars, asterisk, or blue bars

indicate the mutated amino acid residues in the respective construct.

(legend continued on next page)
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bodies, their number was significantly reduced. In contrast, the

N51S mutation did not inhibit nuclear body formation. However,

these were fewer and larger than those formed by the wild-

type NUP98::HOXA9 (Figure 3D), consistent with previous

studies.23,62

Next, we examined the activation of target genes of

NUP98::HOXA9 (Figure 3E). This analysis revealed that not

only Hox cluster genes but other targets of NUP98::HOXA9 in

transformed leukemia cells, Meis1 and Pbx3,15,63 were also

activated in NUP98::HOXA9-expressing cell lines. These find-

ings suggest that the mechanism of NUP98::HOXA9-mediated

gene activation is highly conserved between mESCs and trans-

formed leukemia cells. Our qPCR results further demonstrate

that the formation of nuclear bodies, either by FG or GLFG

repeats, is important for the robust activation of Hox genes

(Figure 3E). Moreover, the ability to form nuclear bodies

was reflected in the activation of target genes (wild-

type > GAFG > AG).

Furthermore, our ChIP-seq results showed that the accumula-

tion on Hox cluster gene loci was significantly diminished in the

AG mutant (Figure 3F), which is consistent with a recent report

using a similar mutant construct (FG to SG) expressed in he-

matopoietic stem and progenitor cells.23 In addition, the DNA-

binding-deficient N51S mutation caused a drastic decrease in

the ChIP signal in Hox clusters. These phenomena were

observed for target genes other than Hox clusters, such as

Meis1 or Pbx3, in mESCs (Figure 3F).

Collectively, these results demonstrate that both phase sepa-

ration and DNA binding of NUP98::HOXA9 nuclear bodies, two

distinct properties of the fusion that rely on NUP98 and

HOXA9, respectively, are important for targeting nuclear bodies

to target loci to activate downstream genes.

NUP98::HOXA9 nuclear bodies induce the condensation
of CRM1 and MLL1 on its target loci
Using these cell lines, we examined whether nuclear bodies

formed by NUP98::HOXA9 were associated with MLL1. Strik-

ingly, immunofluorescence analysis revealed that most of the

nuclear bodies formed by FLAG-NUP98::HOXA9 co-localized

with MLL1 (Figure 4A). We also noticed that these unusual

staining patterns of MLL (obvious speckle formation) were

only observed in NUP98::HOXA9-expressing ESCs, but not in

parental ESCs, AG mutant, or N51S homeodomain-mutant-ex-

pressing ESCs. Notably, even if robust NUP98::HOXA9 nuclear

bodies were formed in N51S-mutant-expressing cells, MLL1

was not recruited to these nuclear bodies. Therefore, our re-

sults suggest that both phase separation (via FG repeats) and

proper targeting to specific genomic loci (via a functional ho-

meodomain) are necessary for the formation of NUP98 nuclear

bodies that could induce the accumulation of MLL1. These re-

sults show that nuclear bodies formed by NUP98::HOXA9

induce the molecular condensation of MLL1, which may in-
(D) (Left) Confocal imaging of mESCs expressing FLAG-NUP98::HOXA9 or indic

shown in the right column. (Right) Protein expression of FLAG-NUP98::HOXA9 a

(E) qPCR analysis of NUP98::HOXA9-target genes (Hoxa9,Hoxa10,Hoxb4,Hoxb8

(control, wild-type NUP98::HOXA9, AG mutant, N51S homeodomain mutant, an

(F) Binding profiles of FLAG-NUP98::HOXA9, AG mutant, or N51S mutant in mE
crease the local concentration of MLL on Hox clusters or other

target loci.

To further investigate the role of NUP98::HOXA9 in the accu-

mulation of MLL1 at the target sites, we performed a ChIP-seq

analysis (Figures 4B–4E). We found that MLL1 (both MLL1N

and MLL1C) is weakly bound to the Hox cluster and other target

regions in parental ESCs. However, MLL1 robustly accumulates

at target sites in a cell line expressing FLAG-NUP98::HOXA9. As

for CRM1, we previously demonstrated that ChIP-seq peaks of

CRM1were significantly enhanced in FLAG-NUP98::HOXA9-ex-

pressing cells compared with parental ESCs using a polyclonal

anti-CRM1 antibody (Bethyl Labs).33 Here, we noticed that

ChIP-seq using a monoclonal anti-CRM1 antibody (CST)

showed marked differences in CRM1 ChIP signals between

parental ESCs and FLAG-NUP98::HOXA9-expressing cells

(Figures 4B–4E).

In addition, we performed ChIP-qPCR and found that

these effects were only observed in the Hox cluster region in

wild-type NUP98::HOXA9-expressing cells, not in AG or

N51S mutants (Figure 4F). Moreover, the correlation plot

showed strong positive correlations between the binding sites

of CRM1 and MLL1 in the parental ESCs, which were signifi-

cantly enhanced by the expression of FLAG-NUP98::HOXA9

(Figure 4G).

Together, these results show that NUP-fusion proteins are

capable of forming molecular condensates with CRM1 and

MLL1, which are dependent on phase separation and DNA bind-

ing, to induce and/or maintain the activation of a wide range of its

targets (Figure 4H).

NUP98::HOXA9 binds both TSS and gene body of Hox
cluster genes
To elucidate the detailed binding properties of NUP98::HOXA9

and its relevance to gene activation, we performed gene

expression profiling and metagenic analysis. Our RNA

sequencing (RNA-seq) data showed that 953 genes, including

Hoxa, Hoxb, Pbx3, and Meis1, were upregulated (upDEGs) in

NUP98::HOXA9-expressing ESCs, whereas 445 genes were

downregulated (downDEGs) (Figures 5A and 5B). Based on

subsequent metagene analysis, although the majority of up-

DEGs showed an accumulation of NUP98::HOXA9 at the TSS

(which we defined as cluster 2 by k-means clustering), in a sub-

set of genes (which we defined as cluster 1), NUP98::HOXA9

showed distinct properties; that is, they bind both the TSS

and gene body (Figure 5C). We also confirmed that there was

no clear correlation between NUP98::HOXA9 binding and

downDEGs or non-differentially expressed genes (nonDEGs)

(Figures S3A and S3B). Interestingly, most cluster 1 genes

and the upper part of cluster 2, which showed cluster 1-like

binding properties (both TSS and gene body), were Hox genes

(Figure 5C). These results suggest that NUP98::HOXA9, by

binding to both the TSS and the gene body simultaneously,
ated mutants. DAPI staining was used to visualize the nuclei. Enlarged view is

nd its mutants. GAPDH was used as a loading control.

,Meis1, Pbx3) in indicated stable cell lines. Two independent cell lines for each

d GAFG mutant) were analyzed. Gapdh was used as a reference gene.

SC stable cell lines.
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could activate its target genes in an unusual manner, which

may involve the alteration of the 3D genome structure, as

described below.

NUP98::HOXA9 nuclear bodies induce the chromatin
loop formation and robust rearrangement of intra- and
inter-TAD at its target regions
Recently, NUP98::HOXA9 has been shown to induce chro-

matin loop formation in HEK293FT cells.23 Since the mESCs

expressing NUP98::HOXA9 used in this study exhibited a

more similar gene expression profile of the target genes

found in leukemia (for example, HOXA genes), we performed

Hi-C analysis to compare the effect on high-order chromatin

structures. Indeed, we observed an increase in chromatin

loops in NUP98::HOXA9-expressing ESCs (�3,500 loops),

which was not observed in parental ESCs or phase-separa-

tion-deficient AG-mutant-expressing cells (Figure 6A and

Table S2). Additionally, the formation of new loops was highly

correlated between independent clones (Figure S4). Thus,

NUP98::HOXA9 appears to be capable of generating novel

chromatin loops, which is consistent with a previous report.23

However, unexpectedly, NUP98::HOXA9 provoked the rear-

rangement of topologically associating domains (TADs) in

the Hox cluster regions, Pbx3 and Meis1 loci (Figures 6 and

S5). Interestingly, Hox regions are located at the boundary

between two TADs.64 Hox clusters can interact with and/or

be integrated into one of two TADs with distinct properties

at a developmental stage or in a tissue-specific manner,

which supposedly determines the activity of Hox genes.65–67

We found that NUP98::HOXA9 generated novel chromatin

loops, including those between the HoxA cluster and Skap2

(Figures 6A and 6B, closed arrows). Furthermore, we

observed alterations in HoxA-TAD interactions that coincided

with the extension of the boundary region between the two

TADs adjacent to the HoxA cluster (Figures 6B and S5).

Such a drastic effect on the HoxA cluster region has not

yet been reported in 293FT cells expressing NU-

P98::HOXA9.23 We also detected chromatin loops in the

HoxB cluster region. Notably, we found abrogation of local

contacts within Hox clusters, particularly HoxA and HoxB,

in NUP98::HOXA9-expressing mESCs, which are most likely

compacted domains observed in undifferentiated mESCs

(Figures 6A and 6B, open arrows).68 However, these alter-

ations were less evident in the HoxC or HoxD clusters

(Figure S6).
Figure 4. NUP98::HOXA9 nuclear bodies stimulate the condensation o
(A) Subcellular localization of MLL1C in stable mESCs. Parental mESCs or its stab

N51S mutant were co-immunostained with anti-MLL1C and FLAG antibodies. D

(B–E) Binding profiles of MLL1C, MLL1N, and CRM1 in parental mESC or stable c

C, Hoxb; D, Pbx3; E, Meis1).

(F) ChIP-qPCR analysis of CRM1, MLL1C, and MLL1N at Hoxa cluster (Hoxa2-

expressing FLAG-NUP98::HOXA9, AGmutant, or N51S homeodomainmutant. Tw

of three independent experiments (n = 3).

(G) Correlation plots of MLL1N, MLL1C, and CRM1 binding sites in parental mES

with FLAG-NUP98::HOXA9 (WT, AG, or N51S).

(H) NUP98::HOXA9 or SET::NUP214 forms molecular condensates with CRM1 an

NUP fusion, CRM1, and MLL1 is not observed in phase-separation-deficient mu

but these are not substantially associated with the chromatin of target genes. No
Surprisingly, NUP98::HOXA9 binding caused severe restric-

tion of the interaction within pre-existing TAD in Pbx3 and

Meis1 loci (Figures 6B and S5). Notably, these regions, in which

drastic changes occur in the 3D genome structure (HoxA, HoxB,

Pbx3, Meis1), are not often associated with H3K27Ac, a marker

of active enhancers,69 in parental mESCs (Figure S7). Therefore,

these results suggest that NUP98::HOXA9 may not utilize pre-

existing enhancers, but may rather be capable of generating

novel enhancers around its binding sites via the condensation

of selected proteins and rearrangement of the 3D genome struc-

ture through phase separation.

DISCUSSION

This study demonstrated that the phase separation of NUP fu-

sions can drive the formation of nuclear bodies containing

CRM1 and MLL1, which induces the condensation of MLL1 on

its binding sites. Moreover, we found that NUP98::HOXA9

altered the high-order genome structure, causing the rearrange-

ment of TADs. Since these activities were not observed in the

phase-separation-deficient mutant, our results strongly suggest

that phase-separated nuclear bodies of NUP fusion may play

two distinct roles: (1) concentration of specific factors for effi-

cient transcription and (2) rearrangement of the 3D genome

structure (Figure 7).

Our findings suggest that NUP fusions and MLL1 not only

interact with each other but are also essential constituents of

molecular condensates (i.e., nuclear bodies) that are presumably

suitable for the simultaneous activation of several HOX genes

that span tens of kilobases apart, as observed in leukemia cells.

Consistent with this, MLL1 has been implicated in NUP-fusion

activity. NUP98::HOXA9 is directly or indirectly associated with

MLL1 and is required for its recruitment to target sites, including

HOX clusters and downstream gene activation.14,15 Moreover,

MLL1 knockout prevents NUP98::HOXA9-driven leukemogen-

esis.14,15 Additionally, SET::NUP214 has been demonstrated to

be associated with MLL1 and cooperatively enhances the tran-

scription of HOXA10.22

MLL1, a histone methyltransferase, and its associated mole-

cules, such as menin, are most likely the primary molecules

involved in creating this molecular environment for gene activa-

tion. Notably, MLL1 has been linked to RNAPII activity.70–72

Indeed, we have previously observed enhanced binding of active

RNAPII to NUP98::HOXA9 or SET::NUP214 binding sites.33,43

Therefore, although we cannot fully exclude the possibility that
f MLL1 and its accumulation on target sites
le cell lines expressing FLAG-NUP98::HOXA9, AG mutant, and homeodomain

API staining for nuclei.

ell lines expressing FLAG-NUP98::HOXA9 as revealed with ChIP-seq (B, Hoxa;

a3, Hoxa4, and Hoxa9) and intergenic control region (chr18) in mESCs stably

o independent cell lines were used. Data are presented asmean values ± SEM

Cs (Parental-ES) or NUP98::HOXA9-expressing mESCs (NHA9-ES), together

d MLL1 on its target sites including HOX cluster regions. The accumulation of

tants. In DNA-binding-deficient mutants, NUP fusion can form nuclear bodies,

te that MLL1 is not recruited in these nuclear bodies.
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Figure 5. NUP98::HOXA9 binds both TSS and gene body of Hox cluster genes

(A) Heatmap of differentially expressed genes (DEGs) in control (parental and empty vector) and NUP98::HOXA9 expressing mESCs (two cell lines).

(B) Volcano plot of gene expression level. Red dots indicate DEGs identified by DESeq2 (false discovery rate [FDR] < 0.05). Selected genes are labeled.

(C) Metagene analysis of indicated proteins. k-means clustering was performed on upregulated DEGs.
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B

Figure 6. NUP98::HOXA9 nuclear bodies

induce the chromatin loop formation and

robust rearrangement of intra- and inter-

TAD at its target regions

(A) HiC heatmap for HoxA, HoxB, Pbx3, and

Meis1 regions (HoxA.chr6.51,500,000–53,000,000;

HoxB.chr11.95,500,000–97,000,000; Pbx3.chr2.

33,500,000–35,000,000; Meis1.chr11.18,200,000–

19,700,000). Specific loops or contacts formed in

NUP98::HOXA9-expressing cells are marked with

closed arrows, and those lost are marked with

open arrows.

(B) Relative enrichment of the interaction frequency

(log scale) relative to control.
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other unknown factors may also be involved, these appear to be

the primary molecules responsible for robust gene activation via

phase separation.

Our study further demonstrates that these NUP bodies are

maintained in a CRM1-dependent manner. Because CRM1

can even penetrate the FG hydrogel with its cargo,25 we specu-

lated that NUP98FG or NUP214FG could efficiently hold CRM1

and its associated molecules (possibly MLL1) in the same con-

densates. However, the mechanism by which CRM1 associates

with MLL1 and whether MLL1 contains a functional NES remains

unclear.

MLL encodes a large protein that is proteolytically cleaved into

the following two fragments: MLL-N and MLL-C.73,74 MLL1 is

predicted to contain significant intrinsically disordered regions

(IDRs)75 and has been reported to form nuclear speckles76 in

which both MLL-N and MLL-C fragments co-localize.73 Interest-

ingly, a recent study demonstrated that a subcomplex of MLL1

favors a disassembled state and suggested that a high local con-

centration within a biomolecular condensate could overcome
C

this barrier to assemble the MLL1 com-

plex.75 Therefore, we speculated that the

local condensation of MLL1 by chro-

matin-bound NUP fusion could stimulate

the formation of a functional MLL1 com-

plex on specific gene loci, which is prob-

ably difficult to achieve by endogenous

MLL1 or other components of the com-

plex alone. In fact, the binding profiles re-

vealed by ChIP-seq showed that the NUP

fusion, together with MLL1 and CRM1,

bound to an unusually wide range of

target gene loci. Thus, the formation of

NUP-fusion nuclear bodies on the chro-

matin seems suitable for creating a mo-

lecular environment for the simultaneous

activation of multiple target genes located

in the neighborhood, as represented by

the HoxA cluster genes.

Furthermore, our results demonstrate

that NUP98::HOXA9 induces a drastic

change in the 3D genome structure of

mESCs. This is consistent with a recent

study23 in which the authors observed
that DNA loops were specifically formed in NUP98::HOXA9-

overexpressed 293FT cells. Additionally, the loops frequently

overlapped with H3K27Ac marks, leading the authors to

conclude that NUP98::HOXA9 induces chromatin loops be-

tween proto-oncogene promoters and enhancers to promote

malignant transformations. However, an interactome study us-

ing BioID suggested that both wild-type and phase-separation-

deficient NUP98::HOXA9 (FG to SG mutant) share most of their

interacting proteins, including MLL1. In contrast, our results

in mESCs expressing NUP98::HOXA9 demonstrated that

NUP98::HOXA9 induced the condensation of MLL1 around its

target sites (Figure 5C). Therefore, our findings revealed that

NUP98::HOXA9 could not only create chromatin loops but could

also recruit subsets of proteins, including histone-modifying en-

zymes, suggesting that NUP98::HOXA9 may not utilize pre-ex-

isting enhancers but rather create novel enhancers at its binding

sites. Indeed, the profile of the H3K27Ac enhancer mark in the

E14 strain (the parental ESC in this study [EB3] is a derivative

of E14) demonstrated no signs of strong enhancer sites around
ell Reports 42, 112884, August 29, 2023 11



Figure 7. The roles of phase-separated

bodies of NUP fusions

A proposed model for the roles of nuclear bodies.

The formation of nuclear bodies of NUP fusions

causes (1) the condensation of functional mole-

cules, including MLL1, and (2) the alteration of 3D

genome structure around its binding regions.

These events may finally lead to the recruitment of

active RNAP II to induce sustained gene activation.

These could be led by 3D genome alteration

(model 1), biomolecular condensation (model 2), or

simultaneous occurrence (model 3).
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the binding sites of NUP98::HOXA9 (HoxA and HoxB clusters,

Pbx3, and Meis1) (Figure S7). Thus, by increasing the local con-

centration of MLL1 (and other factors), NUP98::HOXA9 creates a

super-enhancer-like environment in which phase separation

plays a crucial role.77–79

Moreover, NUP98::HOXA9 caused more drastic rearrange-

ments in the 3D genome structure, affecting inter- and intra-

TADs. This is interesting because the Hox cluster genes HoxA

and HoxD are known to reside at the boundary of two

TADs.64,67,80 Consequently, the modulation of TADs determines

the tissue- or developmental-stage-dependent expression

pattern of Hox cluster genes, called collinearity.65 Additionally,
12 Cell Reports 42, 112884, August 29, 2023
among the four Hox gene clusters (HoxA,

B, C, D), only HoxA and HoxB, but not

HoxC orHoxD, showed a robust alteration

of the 3D genome structure. This could

explain why NUP98::HOXA9 is more

prone to activate HoxA and HoxB cluster

genes than HoxC and HoxD cluster

genes.

Collectively, the nuclear bodies formed

by NUP98::HOXA9 may be important for

both the three-dimensional chromatin ar-

chitecture and the recruitment and/or

concentration of biomolecules such as

MLL1 and RNAPII, which are important

for the robust activation of the target

genes. Future studies are required to

elucidate the relationship betweenmolec-

ular condensation, higher-order chro-

matin structure, and gene activation, all

of which are triggered by the nuclear

bodies of NUP fusions (Figure 7).

Limitations of the study
Our study demonstrated that the nuclear

bodies of NUP-fusion proteins play crucial

roles in the condensation of MLL1/CRM1

and the organization of 3D genome struc-

ture. However, the data for NUP98::

HOXA9 were obtained from stable ESC

lines. Although our data showed that the

target genes were very similar between

leukemia and ESCs, these phenomena
need to be examined in more pathophysiologically relevant cells

or models.
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Oka (moka@nibiohn.go.jp).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed material transfer agreement.

Data and code availability
d All sequencing datasets generated in this study are available from the GEO repository. The proteomic data are available from

the jPOST repository. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
The leukemia cell line LOUCY was cultured in RPMI1640 medium (Sigma) supplemented with 20% fetal bovine serum (FBS) (Sigma).

EB3 ESCs,93,94 NUP98:HOXA9 stable ESC lines, and their derivatives were cultured in DMEM supplemented with 10% FBS, 10 mM

MEM non-essential amino acids (Gibco), 100 mM sodium pyruvate (Gibco), 0.1 mM b-mercaptoethanol (Gibco), and LIF on gelatin-

coated dishes.33 All cells were cultured in a humidified incubator with 5% CO2 at 37�C.

METHOD DETAILS

RIME
RIME was performed as described in Mohammed et al.95 Cells (1.5 3 107 LOUCY cells per condition) were collected and fixed in

serum-free RPMI medium supplemented with 1% (v/v) formaldehyde for 8 min at room temperature. After the addition of 0.1 M

glycine to quench crosslinking, the cells were washed twice with ice-cold phosphate-buffered saline (PBS) and resuspended in

500 mL of PBS. After removal of the supernatants, the cell pellets were snap-frozen in liquid N2 and stored at �80�C. The nuclear

fraction of the cells was extracted by resuspending the pellet in 10 mL of LB1 buffer (50 mM HEPES-KOH [pH 7.5], 140 mM

NaCl, 1 mM EDTA, 10% glycerol, 0.5% Igepal CA-630, and 0.25% Triton X-100) for 10 min at 4�C with rotation. The cells were

collected and resuspended in 10 mL of LB2 buffer (10 mM Tris-HCl [pH 8.0], 200 mMNaCl, 1 mM EDTA, and 0.5 mMEGTA) followed

by incubation at 4�C for 5 min with rotation. Cells were pelleted, and resuspended in 300 mL of LB3 buffer (10 mM Tris-HCl [pH 8],

100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, and 0.5% N-lauroylsarcosine), and sonicated in a water bath

sonicator (Diagenode Bioruptor; on ice, 30 s on/off cycle for 20 min). After the addition of 30 mL 10% (v/v) Triton X-100, the samples

were vortexed and centrifuged at 20,0003 g for 10min to remove cell debris. The supernatant was then added to 100 mL of magnetic

beads (Dynal), preincubated with antibody, and immunoprecipitation (IP) was performed at 4�C overnight. The beads were then

washed ten times with 1 mL of RIPA buffer before being washed with a freshly prepared 100 mM ammonium hydrogen carbonate

(AMBIC) solution. For the second AMBIC wash, the beads were transferred into new tubes. After removing the supernatant, the sam-

ples were stored at �80�C.
To prepare the magnetic beads bound to the antibody, 100 mL of magnetic beads (Dynal) were resuspended in 1 mL of PBS

w/5 mg/mL BSA (PBS/BSA) and washed four times with a magnetic separator. After resuspension in 500 mL of PBS/BSA, each anti-

body was added and incubated overnight with rotation. On the following day, the beads were washed five times with PBS/BSA and

used for IP.

Bead-bound proteins were digested with 100 ng trypsin (Promega, V5113) overnight at 37�C. After the overnight digest, 100 ng of

trypsin was added to each sample and digested for 4 h at 37�C. The digested peptides were acidifiedwith TFA, desalted, and purified

using the C18-SCX StageTips.96 The peptides were dried using SpeedVac and solubilized in 0.1% formic acid/2% acetonitrile.
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Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis
LC-MS/MS was performed by coupling an UltiMate 3000 Nano LC system (Thermo Fisher Scientific) and HTC-PAL autosampler

(CTC Analytics) to a Q Exactive and Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific).

The peptides were delivered to an analytical column (75 mm 3 30 cm, packed in-house with ReproSil-Pur C18-AQ, 1.9 mm resin,

Dr. Maisch, Ammerbuch, Germany) and separated at a flow rate of 280 nL/min using an 85 min gradient from 5% to 30% of

solvent B (solvent A, 0.1% FA and 2% acetonitrile; solvent B, 0.1% FA, and 90% acetonitrile). The Q Exactive and Q Exactive

Plus instruments were operated in data-dependent mode. Survey full-scanMS spectra (m/z 350–1,800) were acquired using anOrbi-

trap with 70,000 resolution after the accumulation of ions to a 3 3 106 target value. The dynamic exclusion was set to 20 s. The 12

most intense multiplied charged ions (zR 2) were sequentially accumulated to a 13 105 target value and fragmented in the collision

cell by higher energy collisional dissociation (HCD) with a maximum injection time of 120 ms and 35,000 resolution. Typical mass

spectrometric conditions were as follows: spray voltage, 2 kV; heated capillary temperature, 250�C; and normalized HCD collision

energy, 25%. The MS/MS ion selection threshold was set to 2.5 3 104 counts. A 3.0 Da isolation width was chosen.

Data processing and visualization
RawMS data were processed using MaxQuant (version 1.6.14.0) supported by the Andromeda search engine. MS/MS spectra were

BLASTed against the UniProt human database using the following search parameters: full tryptic specificity, up to twomissed cleav-

age sites, N-terminal protein acetylation, deamidation (NQ), and methionine oxidation as variable modifications. The false discovery

rates of the protein groups and peptides were <0.01. Peptides identified from the reverse database or those identified as potential

contaminants were not used.

ImmunoFISH
Immuno-FISH was performed as described in Chaumeil et al.97 LOUCY cells were pelleted, resuspended in a small volume of PBS,

and placed on a poly L-lysine-coated coverslip (Neuvitro Corporation, H-15-PDL). Mouse ESCs were grown on gelatin-coated cov-

erslips. After the fixation of cells in 2% paraformaldehyde/13 PBS for 10 min at room temperature, cells were washed three times in

PBS, and permeabilized with ice-cold 0.4% Triton X-100 in PBS for 5 min on ice. The cells were then incubated in 100 mL of blocking

solution for 30 min at room temperature and incubated with the primary antibody in 100 mL of blocking solution for 1 h at room tem-

perature. After washing the cells in 0.2%BSA/0.1% Tween 20/PBS three times for 5 min each, the cells were incubated with the sec-

ondary antibody diluted in 100 mL of blocking solution for 1 h. The cells were washed three times with 0.1% Tween 20/PBS for 5 min

each and fixed in 2% paraformaldehyde/PBS for 10 min. After three washes with PBS, cells were incubated with 0.1 mg/mL RNase A

(Nippon Gene) in PBS for 1 h at 37�C in a FISH slide processing system (Thermobrite, ABBOTT). Cells were washed with PBS three

times and permeabilized in ice-cold 0.7% Triton X-100/0.1 M HCl for 10 min on ice. After three washes with PBS, the cells were incu-

bated in 50% formamide/23 SSC at 75�C for 30min and hybridized with labeled BAC probes (RPCI-11 29G13 labeled red for human

HOX-B) (Empire Genomics), RPCI-11 44L12 labeled green for human RNF2 (Empire Genomics), RP23-39E6 labeled with Cy3 for

mouse Hox-A, or WI1-1292G19 labeled with Cy3 for mouse Outside-Cdkn2a)92 for overnight at 37�C using FISH slide processing

system. The next day, the cells were washed three times in 50% formamide/23 SSC, 5 min each at 37�C, followed by another three

washes in 23 SSC (the last wash was performed with 23 SSC containing 40,6-diamidino-2-phenylindole (DAPI), 5 min each at 37�C.
Cells were mounted in ProLong Gold mounting medium (Thermo Fisher Scientific) and observed under an SP8 confocal microscope

(Leica). To evaluate the distance between the nuclear bodies of the NUP fusion and each genomic locus, z stack confocal images of

nuclear bodies and FISH were projected in 2D using the max z-projection function in ImageJ. Projected images were binarized, and

nuclear body particles were registered using the ImageJ Roi Manager. The distances from the gene loci were calculated using the

distance map function in ImageJ. The closest distance to the gene loci was calculated by measuring the minimum intensity on the

distance map.

Isolation of stable ESC lines
Parental ESCs were transfected with pCAGGS-m2TP, an expression vector for the Tol2 transposase, and pT2A-CMH-FLAG-

NUP98:HOXA9 or its mutants98,99 using Lipofectamine 2000 (Life Technologies). After 2 days, the cells were trypsinized and replated

in an ES-LIF medium containing hygromycin B (200 mg/mL). Colonies were picked and the expression of FLAG-NUP98:HOXA9 or its

mutants was examined by immunoblotting and immunofluorescence staining. cDNA encoding NUP98:HOXA9 has been

described in,33 whereas DNA encoding the AG and GAFG mutants of NUP98:HOXA9 was synthesized (GenScript) (Table S3), and

the homeodomain (N51S) mutant of NUP98:HOXA9 was generated by PCR-based mutagenesis and cloned into pT2A-CMH-

FLAGx3.

Immunostaining and confocal microscopy
Human leukemia LOUCY cells were attached to poly L-lysine-coated coverslips (Neuvitro Corporation, H-15-PDL) and fixed in PBS

containing 3.7% formaldehyde for 15 min at room temperature. The cells were washed with PBS and permeabilized with 0.5% Triton

X-100 in PBS for 5 min at room temperature. After washing with PBS, the cells were incubated with a blocking buffer (3% skimmilk in

PBS) for 30 min. The cells were incubated with primary antibodies overnight, washed thrice with PBS, and incubated with secondary

antibodies for 30 min. The cells were then washed twice with PBS and stained with DAPI in PBS for 15 min at room temperature. The
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cells weremounted using ProLong Gold (Thermo Fisher Scientific). Images were acquired using an SP8 confocal microscope (Leica).

ESCs were grown on coverslips and fixed in amedium containing 3.7% formaldehyde for 15 min at room temperature. After washing

with PBS, the cells were permeabilized with 0.5% Triton X-100 in PBS for 5min and further incubated with a blocking buffer (3% skim

milk in PBS) for 30min. The cells were incubatedwith primary antibodies overnight at 4�C. After washing four timeswith PBS, the cells

were incubated with secondary antibodies for 30 min. The cells were washed four times with PBS, stained with DAPI for 15 min at

room temperature, and coverslips were mounted using ProLong Gold mounting medium (Thermo Fischer Scientific). Images were

acquired using an SP8 confocal microscope (Leica).

ChIP-qPCR and ChIP-seq
Human leukemia LOUCY cells were fixed in amedium containing 0.5% formaldehyde at room temperature for 5min. Fixed cells were

collected by centrifugation at room temperature, washed twice with ice-cold PBS, and resuspended in ChIP buffer (10 mM Tris-HCl

pH 8.0, 200 mM kC), 1 mM CaCl2, 0.5% NP40) containing protease inhibitors (2 mg/mL aprotinin, 2 mg/mL leupeptin, and 1 mg/mL

pepstatin A). Cells were briefly sonicated (Branson 250D Sonifier, Branson Ultrasonics), and after centrifugation, the supernatants

were digested with 1 U/mL micrococcal nuclease (Worthington Biochemical) for 40 min at 37�C. The reaction was stopped with

EDTA (final concentration of 10 mM), and the supernatants were incubated with anti-mouse or anti-rabbit IgG magnetic beads (Dy-

nabeads, Life Technologies) pre-incubated with anti-FLAG M2 (Sigma), anti-CRM1 (CST or Bethyl Lab), anti-NUP214 (Bethyl Lab),

anti-MLL1C (CST), and anti-MLL1N (CST) for 6 h. The beads were washed twice with each of the following buffers: ChIP buffer, ChIP

wash buffer (10 mM Tris-HCl pH 8.0, 500 mMKCl, 1 mMCaCl2, 0.5%NP40), and TE buffer (10 mM Tris-HCl pH 8.0, 1 mMEDTA) and

eluted in an elution buffer containing 50 mM Tris-HCl pH 8.0, 10 mM EDTA, and 1% sodium dodecyl sulfate overnight at 65�C. DNA
was recovered using AMPure XP beads (Beckman Coulter) and used for ChIP-qPCR analysis or for library preparation for ChIP-seq

analysis.

For ESCs, cells grown in dishes were fixed in a medium containing 0.5% formaldehyde at room temperature for 5 min. After one

wash with ice-cold PBS, PBS (0.5 mL) was added and the cells were collected using a scraper. After centrifugation, the collected

fixed cells were processed as described above for LOUCY cells, except we used 3 U/mL micrococcal nuclease for chromatin

fragmentation.

The ChIP library was prepared using the ThruPLEX DNA-seq kit (Takara Bio) following the manufacturer’s instructions and

sequenced on an Illumina HiSeq1500 or NovaSeq 6000 system. Adaptor and low-quality sequences were removed, and a read

length below 20 bp was discarded using Trim Galore (version 0.6.70). Sequence reads were aligned to the reference mouse genome

(mm10) and human genome (GRCh38) using Bowtie2 (version 2.3.1). Multi-mapping and duplicate reads were not used for further

analysis. ChIP peaks were identified using MACS2 (version 2.2.7.1), with a p value of <0.001.

qPCR
Total RNA was extracted from cells using the MagMAX mirVana Total RNA kit (Thermo Fisher Scientific) using King Fischer Duo

(Thermo Fisher Scientific) or ReliaPrep RNA Miniprep Systems (Promega) and used for cDNA synthesis with the PrimeScript RT re-

agent Kit (Takara Bio). qPCR analysis was performed in a 384-well plate with the QuantStudio 6 Flex Real-Time PCR System (Life

Technologies) using GeneAce SYBR qPCR Mix (Nippon Gene). Relative gene expression levels were normalized to GAPDH

mRNA levels as a control. The primer sequences are listed in Table S3.

Gene knockdown
LOUCY cells (13 107 cells) were transfected with 4 mM of each siRNA (TriFECTa RNAi Kit, IDT) or negative control siRNA (Negative

Control DsiRNA, IDT) by nucleofection (Lonza) using Reagent V and the X-001 program. Immediately after nucleofection, the cells

were plated on a 100 mm dish in RPMI 1640 medium supplemented with 20% FBS for the indicated period and used for immuno-

blotting and ChIP-qPCR.43

RNA-seq and data analysis
RNA was isolated frommESCs using the ReliaPrep RNAMiniprep System (Promega). RNA libraries were prepared using the TruSeq

Stranded mRNA Library Prep Kit (Illumina) following the manufacturer’s protocol. Sequencing was performed on a HiSeq 2500 plat-

form in the 75-base single-endmode. Illumina RTA 1.18.64 software was used for base calling. The generated reads weremapped to

the mouse (GRCm38/mm10) reference genome using STAR v2.7.10a. Transcripts per million (TPM) and Fragments per kilobase of

exons per million mapped reads (FPKM) were calculated using RSEM v1.3.3. Differential expression analysis was performed using

DESeq2 v1.36.0.

Hi-C
Hi-C libraries were constructed using the Arima-HiC Kit (Arima Genomics, CA, USA) following the manufacturer’s instructions for

Mammalian Cell Lines (A160134 v01) and Library Preparation (A160137 v00). Briefly, one million cells were collected and crosslinked

with a 37% formaldehyde solution. DNA isolated from the cross-linked cells was digested with two restriction enzymes (GATC and

GANTC). After incorporating the biotinylated nucleotides into the digested DNA ends, both ends were ligated to the proximal ends.

The ligated DNA was mechanically sheared to an average size of 400–500 bp using a Focused-ultrasonicator M220 (Covaris, MA,
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USA), and the ligation junctions were enriched with streptavidin magnetic beads. Sequencing libraries were prepared from enriched

DNA fragments using the TruSeq DNA PCR-Free Library Prep Kit (Illumina, San Diego, CA, USA) and amplified for four PCR cycles.

The concentration and quality of the libraries were evaluated using a Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, MA,

USA), a 2100 Bioanalyzer System (Agilent Technologies), and a 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific).

The final libraries were run on an Illumina NovaSeq 6000 sequencer with a 2 3 150 bp read length.

Hi-C data processing
To process the Hi-C data, we used Juicer version 1.6 and Juicer tools version 2.13.07.84 Sequenced reads were aligned to the refer-

ence mouse genome (mm10) using BWA version 0.7.17,91 25-kbp resolution contact matrix with SCALE normalization was gener-

ated. TADs (25-kbp resolution) and loops (5-kbp, 10-kbp, and 25-kbp resolutions) were called ArrowHead and HiCCUPS, respec-

tively. The log-scale relative contact frequency and insulation score (500-kbp distance) were calculated using CustardPy.88

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
GraphPad Prism (Version 8.4.3) was used for data analysis and representation. Data are represented as mean with standard error of

means (SEM) with individual data points. The significance of the differences between two groups was determined using two-tailed

Student’s t-test.
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