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Phase separation drives aberrant chromatin
looping and cancer development
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The development of cancer is intimately associated with genetic abnormalities that
target proteins with intrinsically disordered regions (IDRs). In human haematological
malignancies, recurrent chromosomal translocation of nucleoporin (NUP98 or NUP214)
generates an aberrant chimera that invariably retains the nucleoporin IDR—tandemly
dispersed repeats of phenylalanine and glycine residues'*. However, how unstructured
IDRs contribute to oncogenesis remains unclear. Here we show that IDRs contained
within NUP98-HOXA9, ahomeodomain-containing transcription factor chimera
recurrently detected in leukaemias'?, are essential for establishing liquid-liquid
phase separation (LLPS) puncta of chimera and for inducing leukaemic transformation.
Notably, LLPS of NUP98-HOXA9 not only promotes chromatin occupancy of chimera
transcription factors, butalsois required for the formation of abroad
‘super-enhancer’-like binding pattern typically seen at leukaemogenic genes, which
potentiates transcriptional activation. An artificial HOX chimera, created by replacing
the phenylalanine and glycine repeats of NUP98 with an unrelated LLPS-forming IDR
of the FUS protein®*, had similar enhancing effects on the genome-wide binding and
target gene activation of the chimera. Deeply sequenced Hi-C revealed that
phase-separated NUP98-HOXA9 induces CTCF-independent chromatin loops that
are enriched at proto-oncogenes. Together, this report describes a proof-of-principle
example in which cancer acquires mutation to establish oncogenic transcription
factor condensates via phase separation, which simultaneously enhances their
genomictargeting and induces organization of aberrant three-dimensional
chromatin structure during tumourous transformation. As LLPS-competent
molecules are frequently implicated in diseases"**”7, this mechanism can potentially
be generalized to many malignant and pathological settings.

M Check for updates

fusionoccurs betweentranscriptionfactorsand the IDR of RNA-binding
proteins’. Both chromatin-binding and IDR-containing domains were

IDRs within various proteins—including transcription factors, chromatin
modulators and RNA-binding proteins—form liquid droplets via phase

separation, which affects myriad biological processes ranging from
organelle formation and stress tolerance to gene transcription*>81°,
Notably, many cancers are characterized by recurrent fusions between
genes encoding IDR-containing and chromatin-binding proteins. For
instance, a subset of leukaemias that display poor prognosis carry a
characteristic chromosomal translocation that produces agene fusion
between an IDR-containing segment of nucleoporin and a chroma-
tin/DNA-binding factor*™'2, Similarly, in Ewing’s sarcoma, aberrant

previously shown to be essential for tumorigenicity, which supports
chromatin deregulation as a general mechanism**2, However, how
IDRs contribute to gene mis-regulation and oncogenesis is unclear.

IDRsinduce transcription factor phase separation

We aimed to define the role for IDR and potentially phase separation in
tumorigenicity by characterizingthe NUP98-HOXA9 proteinfusion, which
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shares similarity with other NUP98-transcription factor chimerasidentified
fromvariousleukaemia subtypes?. NUP98-HOXA9 contains two protein
motifs fromNUP98—dispersed phenylalaine and glycine (FG) repeatsanda
GLE2-binding sequence (GLEBS) (Extended DataFig.1a). Deletion of GLEBS
didnotinterfere withNUP98-HOXA9-mediated transformation of primary
haematopoietic stemand progenitor cells (HSPCs) (Extended DataFig.1b,
¢).Normally, NUP98is mainly localized at the nuclear periphery. Live-cell
imaging showed that full-length and GLEBS-deleted NUP98-HOXA9 dis-
played a pattern of nucleoplasmic puncta (Extended Data Fig. 1d). Immu-
noblotting showed that the levels of NUP98 and NUP98-HOXA9 were
comparable (Extended DataFig.1d). Thus, NUP98-HOXA9-mediated HSPC
transformation and condensate formation are GLEBS-independent. To
investigate the role for the NUP98 IDR in leukaemogenesis, we mainly
used GLEBS-deleted NUP98-HOXA9 (hereafter referred toas N-IDR,,;/A9)
(Fig.1a,b).

To determine whether N-IDR,;/A9 puncta are established via LLPS,
we used several approaches® %5, First, we found that N-IDR,,;/A9
puncta were sensitive to treatment with 1,6-hexanediol, a chemical
used to disrupt phase-separated condensates®*" (Fig. 1c). Second,
the purified NUP98 IDR (N-IDR) proteins formed liquid condensates
invitro (38x FG) (Fig.1d). To further assess concentration dependency
and importance of multivalency conferred by FG-repeats for conden-
sate formation, we generated recombinant N-IDR proteins that con-
tained avarying number of FG repeats (Extended DataFig. e, f). While
N-IDR containing 38x or 36x FG repeats formed liquid dropletsina
concentration-dependent fashion (Fig. 1d), those with 27x or 11x FG
repeats were unable to phase separate under the same conditions (not
shown). Only with the assistance of acrowding agent and at higher con-
centrations was the 27x FG-repeat-containing N-IDR able to establish
condensatesin vitro (Fig.1d). However, when mixed with N-IDR proteins
that contained 38x% FG repeats, those with 11x or 27x FG repeats were
readilyincorporated into formed condensates in vitro (Fig. 1e). Imag-
ing of cells expressing N-IDR/A9 with the varying FG-repeat number
corroborated in vitro findings—compared with chimeras with 38x or
36x FGrepeats, those with fewer FG repeats formed fewer condensates
in cells (27x) or could not at all (11x), which is similar to that seen with
the HOXA9 fusion segment alone (Fig. 1f, Extended Data Fig. 1g). In
addition, DNA binding is dispensable for forming LLPS-like NUP98-
HOXA9 puncta. Relative to N-IDR,,;/A9, its DNA-binding-defective form
(carrying an N51S homeodomain mutation'") formed considerably
fewer but larger puncta (Extended Data Fig. 1a, d, h), which were also
readily detected as droplet-like nuclear structures even under the
phase-contrast microscope (Fig. 1g). This indicates that chromatin
binding of NUP98-HOXA9 may spatially restrict condensates from
further coalescence, which occurs more readily with the N51S-mutant
puncta. Condensates of NUP98-HOXA9(N51S) were also sensitive to
1,6-hexanediol treatment (Extended Data Fig. 1h). Notably, live-cell
imaging after induction of GFP-NUP98-HOXA9(N51S) showed events
of coalescence in which several small condensates collided producing a
larger one (Fig. 1h, Supplementary Video 1), whichis a characteristic of
liquid condensates®. Together, IDR within NUP98-HOXA9 establishes
LLPSinavalency-dependent and concentration-dependent manner.

IDRs intranscription factors drive oncogenesis

To investigate the roles for IDR and LLPS in leukaemogenesis, we
mutated phenylalanine in the FG repeats of chimeras to serine
(Fig.1a)—amutation previously shown to disable hydrogel formation
by FG repeats in vitro’. Such Phe-to-Ser mutations did not affect the
protein stability but abolished the nucleoplasmic droplet formation
by N-IDR,/A9 carrying either wild-type or N51S-mutated homeodo-
main, which supports a crucial requirement of FG repeats for LLPS
in cells (Fig. 1b, ¢, Extended Data Figs. 1h, 2a, b). NUP98-HOXA9 was
reported tointeract, either directly or indirectly, with coactivators such
as CBP-p300Y and MLL-NSL complexes’. We next queried whether
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Fig.1|IDRswithin chimeric transcriptionfactor oncoproteins establish
phase-separated assemblies, inducing leukaemogenesis. a, Scheme for
N-IDR/A9 and F-IDR/A9 chimera, with the Phe-to-Ser and Tyr-to-Ser mutations
introduced tothe NUP98 and FUS IDRs, respectively. HD, homeodomain.

b, c,Immunoblotting (b; GADPH was used as aloading control) and live-cell
fluorescence (c) for GFP-tagged chimera carrying the wild-type (WT) or mutant
IDRin293FT cells.1,6-Hex, 1,6-hexanediol. Scale bars, 10 pm. For gel source
data, see Supplementary Fig.1.d, e, Differential interference contrast (DIC)
and concurrent fluorescence imaging (bottom) of N-IDR recombinant proteins
that contain varying number of FGrepeats, prepared at theindicated
concentration with either single protein species (d) or a mixture of the two (e).
PEG, polyethylene glycol-3350. Scale bars, 10 pm. f, Live-cell imaging of
GFP-tagged N-IDR/A9 with theindicated number of FG repeats. Scalebars,

10 pm. g, Live-cellimaging (GFP) and concurrent phase-contrastimaging for
N51S-mutated GFP-NUP98-HOXA9 with either wild-type (top) or
Phe-to-Ser-mutated IDR (bottom). Arrows indicate droplet-like structures.
Scalebars,10 pm. h, Coalescence of GFP-NUP98-HOXA9 condensates
(N51S-mutated). Scale bars, 2 pm. i, Proliferation of mouse HSPCs transduced
withempty vector (EV) or theindicated chimera (n=3independent biological
replicates; dataaremean+s.d.).j, Kaplan-Meier survival plot of mice after
transplantation of HSPCs transduced with the indicated chimera (n=5mice per
group). Pvalues were calculated by two-sided log-rank test. k, Splenomegaly
associated with N-IDRy,;/A9-induced leukaemias, three months after
transplantation ofinfected HSPCs into mice.

Phe-to-Ser mutations perturbed such interaction networks by using
BiolD and found that most N-IDRy,;/A9- and N-IDR;s/A9-interacting pro-
teinswere shared, includingall reported interactors and many general
transcriptionalmachinery proteins (Extended DataFig. 2c, Supplemen-
tary Table1). To examine therelationship between IDR-mediated LLPS
and leukaemogenesis further, we performed the retrovirus-mediated
oncogene transduction and transformation assays with mouse HSPCs,
andfound that, unlike N-IDR,,;/A9 that efficiently formed nuclear con-
densates and had a potent HSPC-transforming capacity as previously
described”, the Phe-to-Ser mutant was unable to establish punctain
HSPCs, did not transform HSPCs in vitro, and was unable to induce
leukaemia in vivo (Fig. li-k, Extended Data Fig. 2d-g). We further
assessed the involvement of IDR and LLPS in leukaemogenesis with
an artificial chimera termed F-IDR,,;/A9 by fusing the homeodomain
of HOXA9 to an unrelated IDR of the FUS protein that can phase sepa-
rate?®? (Fig. 1a, b). As expected, F-IDRy,;/A9 formed punctain cells, a
process that was suppressed by treatment with 1,6-hexanediol or a
condensate-disrupting mutation® (F-IDR,s/A9) (Fig. 1a, b, Extended



DataFig.2h). Consistent with NUP98-HOXA9, only the IDR-intactand
notthe Tyr-to-Ser mutant form of F-IDR/A9 caused leukaemic transfor-
mationinvitroandinvivo (Fig.1i,j, Extended DataFig. 2g, i). Altogether,
LLPS-forming IDRs retained within chimeric transcription factors are
essential for cancerous transformation.

IDRs enhance genomic binding of chimeras

NUP98-HOXA9 binds DNA via the homeodomain, causing gene
deregulation during leukaemogenesis. Next, we assessed the
effect of IDR-mediated phase separation on chromatin targeting of
NUP98-HOXA9 by chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq) to map genome-wide binding
of LLPS-competent N-IDR,;/A9 versus LLPS-incompetent N-IDR; /A9
intheir corresponding stable expression cells. Here, 293FT cells provide
asystem for assessing direct gene-regulatory effects of NUP98-HOXA9,
becauseits cellular stateisrelatively stable and not apparently altered
after transduction of the chimera, in contrast to what was observed
in HSPCs such as differentiation arrest'" (Extended Data Fig. 2e, f).
ChIP-seq using antibodies of different tags attached to N-IDR/A9
produced robust, highly correlated signals, whereas ChIP-seq with
non-tagged cellsgenerated almost nobinding (Extended DataFig.3a-c).
Both N-IDRy,;/A9 and N-IDR;s/A9 showed preferential binding tointer-
genicand intronic enhancers, withbinding most enriched inexpected
motifs of HOX-related transcription factors (Extended DataFig.3d-g).
Despite shared features seen for their targeting, N-IDR,,1/A9 had anota-
bly enhanced genomic occupancy relative to N-IDR/A9, irrespec-
tive of peak subclasses defined by unsupervised clustering (Fig. 2a).
Also, the broad and dense super-enhancer-like peaks are unique to
N-IDRy/A9 (Supplementary Table 2) and enriched at development-
and leukaemia-associated genes (Extended Data Fig. 3h), exempli-
fied by HOX, PBX3 and MEISI (Fig. 2b, c, Extended Data Fig. 4a-e).
Super-enhancer calling by N-IDR,;;/A9 or H3K27ac verified their dense
binding at proto-oncogenes (Extended Data Fig. 5a-c).
Tofurtherassess the role for IDR-induced LLPS in chromatin targeting
of chimeras, we used several additional strategies. First, the treatment of
1,6-hexanediol markedly decreased chromatin occupancy of N-IDR,,;/A9,
whereas it had minimal effects on the overall binding of N-IDR; /A9
(Fig. 2d, Extended Data Fig. 5d, e). Treatment with 1,6-hexanediol
also suppressed the formation of a vast majority of broad N-IDRy,;/
A9 peaks (Extended Data Fig. 5f, Supplementary Table 2). As aresult,
overall binding of N-IDR,,;/A9 after treatment with 1,6-hexanediol more
closely resembled that of LLPS-incompetent N-IDR;s/A9, compared
with N-IDR,,;/A9 without treatment (Extended Data Fig. 5g). Second,
we turned to F-IDR/A9 and tested whether the FUS IDR is sufficient to
enhance genomicbindingofthe chimera. ChIP-seqanalysis revealed that
these two chimeras carrying unrelated LLPS-competent IDRs showed
similar binding patterns—F-IDRy,;/A9 shows significantly enhanced
genomic targeting and broad binding at AML-related oncogenes, in
contrasttoF-IDRys/A9 (Fig.3a, b, Extended DataFigs. 4, 6a, b, Supplemen-
tary Table 3). ChIP-seq for N-IDRy,1/A9 in mouse leukaemias uncovered
similar super-enhancer-like peaks at oncogenes, which overlapped those
found in 293FT cells (Extended Data Fig. 6¢-e). ChIP combined with
quantitative PCR (ChIP-qPCR) verified the enhanced enrichment of
N-IDRy,;/A9 and F-IDRy,;/A9, relative to their corresponding IDRmutant,
and suppressive effect by 1,6-hexanediol on binding of N-IDR,;/A9,
but notits LLPS-defective mutant, to the tested loci (Extended Data
Fig. 6f, g). Third, we used cells that expressed NUP98-HOXA9 with
varied numbers of FG repeats, which were either LLPS-competent or
LLPS-incompetent, and ChIP-qPCR detected significantly enhanced
enrichment of LLPS-competent and not LLPS-incompetent fusions at loci
that show broad N-IDR,,;/A9 binding (Fig. 3c), which indicates a crucial
FG-repeat number required for establishing LLPS and intensified bind-
ing of chimeras. Lastly, we conducted single-molecule imaging studies
to evaluate chromatin occupancy of N-IDR,,;/A9 relative to N-IDR;s/A9.
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Fig.2|Phase separation markedly enhances chromatinbinding of NUP98-
HOXAY9, featured withbroad, super-enhancer-like genomic occupancy.
a,d, Heat maps for k-means clustering of ChIP-seq signals in 293FT cells that
express haemagglutinin (HA)-tagged (a; input-normalized) or GFP-tagged
(a; spike-in control normalized) N-IDR/A9 with either wild-type or Phe-to-
Ser-mutated IDRs. Cellsind were treated with10% of 1,6-hexanediol (+H),
compared with vehicle (+V), for 1min. Each row represents a peak called for
wild-type samples (first column) + 5kb from peak centre). b, ¢, IGV tracks of the
indicated ChIP-seq signals at HOXB (b) and PBX3(c) in 293FT cells.
EV-transduced cellsactasa ChIP control.

Measurements of single-molecule speed and track displacement showed
N-IDRy+/A9 to be significantly less mobile than N-IDR.s/A9 (Extended
Data Fig. 7). Two-state kinetic modelling of single-molecule trajecto-
ries”? showed that, compared with N-IDR./A9, N-IDR,,;/A9 had agreater
fraction of molecules in the low-diffusion bound state and had slower
diffusion coefficients (Fig. 3d, Extended DataFig. 7f, g), which suggests
thatassemblies of transcription factors, confined within phase-separated
puncta, engage target DNA sequences more tightly and generally display
slower diffusion, compared with LLPS-defective transcription factors.
Collectively, using both genetic and pharmacological approaches, we
have demonstrated a causal role for IDR-mediated LLPS in establishing
enhanced targeting of chimeric transcriptionfactors, particularly those
seen at super-enhancer-like peaks.

IDRs potentiate target gene activation

To assess the relationship between NUP98-HOXA9 binding and gene
activation, we conducted histone 3 Lys27 acetylation (H3K27ac) ChIP-
seqand observed thatincreased chimera transcription factor binding
is correlated with increased H3K27ac (Fig. 2a-c, Extended Data Fig. 4).
Immunofluorescence also revealed co-localization of N-IDRy/A9
‘dots’withH3K27ac,incomparisontoH3K9me3 (Extended DataFig.8a,b).
TodefinetheroleforIDRintarget gene regulation further, we performed
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Fig.3|Creation of anartificial F-IDR/A9 chimeraand alteration of the
FG-repeat valency in NUP98-HOXA9 demonstrate arole forIDRand LLPS
inpromotingtarget oncogene activation and cancerous transformation.
a, ChIP-seqsignal heat maps showing N-IDR/A9 (HA-tagged; left) and F-IDR/A9
(GFP-tagged; right), either wild-type or IDR-mutated (FS or YS), in 293FT cells.
Seealso Extended DataFig. 6a.b, Venndiagram using direct targets of N-IDR,,;/A9
or F-IDRy/A9in293FT cells, with abattery of leukaemia-related oncogenes
highlighted. MLLT3is also known as AF9. ¢, ChIP-qPCR for binding of
GFP-tagged N-IDR/A9 with theindicated number of FG repeats at examined loci
in293FT cells (n=3independent samples; dataaremean +s.d.). CCL15actsasa
negative control for ChIP.*P<0.05; **P< 0.01; ***P< 0.001; ****P<0.0001,
two-sided t-test. d, Single-molecule imaging estimated the fraction of
chromatin-bound N-IDRy,;/A9 and N-IDR;s/A9 in 293FT stable cells. Presented
arevalues based ontwo-state kinetic modelling (individual s.d.<0.0003).

RNA sequencing (RNA-seq) analysis in 293FT cells with stable chimera
expression and identified 303 differentially expressed genes that
were significantly upregulated by N-IDR,;/A9, compared with mock
treatment and N-IDR.¢/A9 (Fig. 3e, Supplementary Table 4), the effect
confirmed by quantitative PCR with reverse transcription (RT-qPCR)
(Extended Data Fig. 8c). IDR-dependent gene activation was also
observedin293FT cells with expression of F-IDRyy;/A9 versus F-IDRys/A9
(Extended DataFig. 8d, Supplementary Table 5), albeit gene activation
of F-IDRy;/A9isless thanthat of N-IDRy;/A9 (Fig. 3f), inagreement with
arelatively less oncogenic potency by the former in vivo (Fig. 1i, j). In
addition, RNA-seq of mouse HSPCs transduced with fusion relative to
mock control corroborated that N-IDRy,;/A9, but not N-IDR;s/A9, sus-
tains oncogenic gene-expression programs, which againinclude HOX,
MEIS and PBX family genes and other signatures related to leukaemia
and HSPCs (Fig. 3g, Extended Data Fig. 8e, f, Supplementary Table 6);
as expected, differentiation-related gene sets were suppressed in the
N-IDR1/A9 sample (Extended Data Fig. 8f). Gene-regulatory effects of
theartificial chimera F-IDR,y;/A9 were similar to those of N-IDR,y;/A9 in
HSPCs (Extended Data Fig. 8g, Supplementary Table 7). Furthermore, a
reductioninthe FG-repeat number, which decreased LLPS competence,
also significantly decreased the effects of the chimera on oncogene
transcriptionand HSPC transformation (Fig. 3h, i). Thus, genomic profil-
ing ofindependent models strongly supports a crucial role for IDRs in
activating proto-oncogenes, many of which carry super-enhancer-like
elements bound by chimeric transcription factors and H3K27ac.

IDRs and LLPS induce chromatin looping

Increasing evidence suggests that the phase separation of
chromatin-associated factors can modulate gene transcription via
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Black bars denote mean values. e, Heat map of 303 genes upregulated in 293FT
cells after transduction of N-IDRy;/A9, compared with empty vector and
N-IDRs/A9.f, Box plots showing relative expression of 303 N-IDR,,/A9-
activated genesineamongtheindicated pairwise comparison of 293FT cells.
Boxes extend from the first to the third quartile values of the dataset; line
denotes median value; whiskers show the datarange. Pvalues were determined
by two-sided t-test. g, Venn diagram using genes upregulated in mouse HPSCs
after transduction of the indicated construct. h, RT-qPCR for oncogenes in
293FT cells expressing chimerawith the indicated number of FG-repeats (n=3
independent samples; dataare mean +s.d.). Expression was normalized to the
0 xFG-repeatsample.*P<0.05; **P<0.01; ***P<0.001; ****P< 0.0001,
two-sided t-test. NS, not significant. i, Proliferation of mouse HSPCs
transduced with N-IDR fusion carrying the indicated number of FG repeats
(n=3independentreplicates; dataare mean+s.d.).

alterations to three-dimensional chromatin structure®® ¢, However,
so far there s little direct evidence that phase separation can form
DNA loops similar to those created by CTCF and cohesin, nor that such
phase separation-drivenloops have a causal rolein human disease. To
test the ability of NUP98-HOXA9 to form chromatin loops via LLPS, we
generated Hi-C profiles of 293FT cells that expressed either N-IDR,,;/A9
or N-IDR;s/A9, which revealed 6,615 DNA loops (Fig. 4a) and high cor-
relation between replicates (Extended Data Fig. 9a, b). To determine
the effect of N-IDR,1/A9 on Hi-C contact frequency, we aggregated
the interaction counts between the 500 most strongly N-IDR,,/A9-
occupied sites for both N-IDRy;/A9- and N-IDR;¢/A9-expressing cells.
Regions with high occupancy of N-IDR,;/A9 exhibited increased inter-
action frequencies, even between binding sites separated by great
distances (greater than 2 Mb) or on different chromosomes entirely
(Fig.4b).Increased interaction frequencies were not observed between
thesamelociincellsexpressing N-IDR;s/A9 (Fig.4b). Differential analysis
revealed 232 loops specific to N-IDR,,;/A9 and 52 specific to N-IDRs/A9
(DESeq2, P<0.01) (Fig. 4a, c-e). Most (91%) N-IDR,+/A9-specific-loop
anchors overlapped N-IDR,;/A9 binding, whereas only 31% overlapped
a CTCF-binding site (Fig. 4f, Extended Data Fig. 9c). Thus, N-IDR,,;/A9
loops formin a largely CTCF-independent manner, consistent with a
phase-separation-driven mechanism. Chromatin conformation capture
(3C) followed by gPCR (3C-qPCR) after treatment with 1,6-hexanediol
showed that the N-IDR,;/A9-specific loop at PBX3, but not an unrelated
CTCF loop, was significantly disrupted (Extended Data Fig. 9d-g). The
vast majority (82%) of N-IDR,,;/A9-specific-loop anchors overlapped
H3K27ac, in contrast to only 31% observed for non-differential loop
anchors (Fig. 4f), which suggests that N-IDR,,;/A9-specific loops rewire
connections between enhancers and target genes. Indeed, genes with
promotersthat overlapped N-IDR,,;/A9-specific-loop anchors exhibited
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Fig.4|Phase-separation-competent IDRs within NUP98-HOXA9 induce
CTCF-independentloopingatoncogenes. a, Aggregate peak analysis (APA)
forallloops (n=6,615), Wild-type-specific (n=232) and FS-specific (n=52)
loops defined by Hi-Cin293FT cells expressing N-IDRy,1/A9 (top) or N-IDR/A9
(bottom). Pixel colour represents the meaninteraction counts per loop,
plotted onacommonscale. b, APA plots at 10-kb resolution for interactions
betweenthe 500 strongest N-IDR/A9 binding sites in cells with N-IDR,/A9
(top) or N-IDR;¢/A9 (bottom). Paired interactions were categorized as
inter-chromosomal (n=95,959), long (>2 Mb) intra-chromosomal (n=6,298), or
short (<2Mb) intra-chromosomal (n=574). Pixel colour represents the mean
interaction counts per pair of lociinterrogated. Colour scalein each plotis
adjusted to the maximum value. c-e, Non-differential static (c), N-IDRy,;/A9-
specific (d; ‘Gained in WT” at PBX3) and N-IDR;¢/A9-specific loop (e; ‘Lostin
WT’) detected by Hi-C (arrowheads in top panel) with293FT cells expressing
N-IDRy+/A9 (below diagonal) or N-IDR;s/A9 (above diagonal). Bottom panels
show CTCF (blue) and N-IDR/A9 (orange) ChIP-seq signals (gene tracks shown
below) insame cells. f, Percentage of the indicated feature presentat either all
loops or WT-specificloops. *P<0.001, permutation test (Methods). g, Relative
expression of genes associated with wild-type-specific (n=77) and FS-specific
loops (n=7)in293FT cells expressing N-IDR,,;/A9 versus N-IDR;s/A9.*P< 0.05;
***P<(0.00001, Benjamini-Hochberg-adjustment method.

increased expressioninN-IDR,,;/A9-expressing cells,compared tothose
with N-IDR;s/A9, which further supports aregulatory role of theseloops
(Fig.4g). Theupregulated genes at N-IDR,,1/A9-specific-loop anchors
include proto-oncogenes such as HOX and PBX3 (Fig. 4d, g, Extended
Data Fig.10a-c). These results support the idea that IDRs of chimeric
transcription factorsinduce DNA looping between super-enhancer-like
targeting sites and oncogenes via phase separation.

Discussion

In summary, we show that the LLPS-competent IDR contained within
NUP98-HOXAJY is crucial for leukaemogenesis and activation of the
oncogenic gene-expression program. These effects are mediated by the
ability of the IDR to (1) enhance transcription factor binding to genomic

targets, and/or (2) promote long-distance looping between enhancers
and oncogene promoters (Extended Data Fig. 11). We demonstrated
these effects by both genetic (IDR mutagenesis or replacement with
an unrelated one and changing the FG-repeats valency) and pharma-
cological methods. This study provides a proof-of-principle example
of an oncogenic mutation that promotes LLPS-driven transcription
factor binding and 3D chromatin reorganization during transformation
of tumours. As a wide range of IDR-containing LLPS-competent mol-
ecules areimplicated in diseases™**”7, this mechanism can potentially
be generalized to many pathological settings.
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Methods

Plasmid construction

The MSCV-based retroviral vector for expression of NUP98-HOXA9
fusion has previously been described” and the mammalian expres-
sion constructs containing various tagged NUP98-HOXA9 (such as
GFP-NUP98-HOXAJ9 in an inducible expression vector®) were gifts
from M. Kamps, B. Fahrenkrog andJ. Schwaller. The IDR (amino acids
1-215) of FUS can phase separate and is used for creating an artificial
fusion of F-IDR/A9. To generate various chimera constructs of N-IDR/A9
orF-IDR/A9 fusions, we synthesized the gBlocks (IDT) that contain cDNA
segments of both fusion partners fused in-frame, with a3xHA-3xFlag
tagadded atthe C terminus. EachgBlock fragment was cloned into the
MSCV retroviral vector with a drug selection marker (Puro or Neo). For
live-cellimaging studies, we replaced the 3xHA-3xFlag tagin fusion con-
structs with EGFP by subcloning. For generating a series of constructs
with a varying number of NUP98 FG repeats, we used the following
NUP98 portion as its fusion segment in the expression vector: amino
acids 1-468 as 38 x FG repeats, 1-468(A132-224) as 36 x FG repeats,
65-468 (A132-224) as 27 x FGrepeats and 357-468 as 11 x FG repeats. For
bacterial expression of IDR, the same fragments with varying number of
FGrepeatswere clonedinto the pRSFDuet-1vector (a gift from]. Song).
For single-molecule tracking studies, we synthesized gBlocks (IDT) that
contain cDNA segments of a HaloTag with flanking enzymatic sites of
Mlul and Xhol to replace the 3xHA-3xFlag tag described in the above
expression vectors. All plasmids used were confirmed by sequencing
before use and are listed in Supplementary Table 8.

Tissue culture and stable cell line generation

293FT (Thermo Fisher R70007), a fast-growing variant of the HEK293T
cell line, and HeLa (ATCC CCL-2) cells were obtained from commer-
cial vendors and maintained using recommended culture condi-
tions. Authentication of cell identities, including those parental and
derived lines, was ensured by the Tissue Culture Facility affiliated to
UNC Lineberger Comprehensive Cancer Center with genetic signature
profiling and fingerprinting analyses®. A routine examination for any
possible mycoplasma contamination was performed every month with
kits (Lonza). Cells in a passage of less than 10 were used. Retrovirus or
lentivirus was packaged and produced in 293FT cells, and the stable
celllines were generated by viral infection followed by drug selection
as previously performed>®*, The 293FT cell lines with stable expression
of chimera carrying either wild-type or mutant IDRs were first examined
by western blotting and immunofluorescence of the transgene, and the
same sets of cells then used throughout this study for various assays such
aslive-cellimaging and genomic profiling (RNA-seq, ChIP-seqand Hi-C).

Antibodies and western blotting

Immunoblotting was performed as previously described®®>'.
Affinity-purified antibodies against endogenous NUP98 (raised in
rabbits against NUP98 amino acids 51-223 covering GLEBS) was a gift
from ). M. van Deursen and used as previously described*?. The anti-
bodies used (including the antibody source and dilution) are listed in
Supplementary Table 8.

Fixed cellimmunofluorescence

293FT cells were grown on polylysine-coated coverslips (Corning,
354085) for24 hata37 °Cincubator. For non-adherent mouse HPSCs,
0.1million cells were added on top of polylysine-coated coverslips and
centrifuged for 30 min at 1,600g. The cover slips were briefly washed
with PBS and then fixed in 4% formaldehyde (Thermo Scientific, 28908)
for 10 min at room temperature. Fixed cell samples were washed with
cold PBS three times and incubated in PBS plus 0.1% Triton X-100 for
10 min, followed by washing with PBS for three times and incubation
inblocking buffer (1% BSA in PBS plus 0.1% Tween-20) for 30 min. After
discarding the blocking buffer, the fixed samples were incubated

with a primary antibody diluted in the blocking buffer for 2 hat room
temperature or overnight at 4 °C in a humidified chamber, and then
washed with PBS plus 0.1% Tween-20 for three times (3 min each time).
Lastly, the samples were incubated with the secondary antibody con-
jugated to appropriate fluorophores for 2 h at room temperature and
washed three times with PBST before adding the mounting medium
(Thermo Scientific, P36935). The slides were then dried overnight at
dark before imaging on the Olympus FV1000 confocal microscope
with a100x%/1.4NA Plan Apochromat oilimmersion objective. DAPI was
imaged with an excitation of 405nm and emission from 430-470nm,
AlexaFluor 488 wasimaged with an excitation of 488nmand emission
from 505-540nm, and Alexa Fluor 594 was imaged with an excitation
of 559 nm and emission from 575-675nm.

Live-cellimaging

Forlive-cellimaging, cells were grown on 35-mmdish with 20-mm glass
bottom well (Cellvis, D35-20-1.5-N) for 24 h before imaging. Live-cell
imaging was conducted on Olympus FV1000 confocal microscope
using 60x and 100x oil objectives. Three-dimensional lattice light
sheet microscopy movies of fusion events were acquired on the lat-
tice light sheet system as previously described® using asquare lattice
excitation with numerical apertures of 0.5 (outer) and 0.42 (inner).
Three-dimensional volumes of cells, acquired every 24 seconds, were
imaged by scanning the coverslip along the sample-plane axis and
consisted of 140 planes spaced 360 nm apart. Raw data was de-skewed
and deconvolved vialOiterations of Richardson Lucy deconvolution,
using an experimentally measured point spread function prior to
quantification. To capture the events of coalescence in which multi-
ple small liquid condensates of chimera are fused into a single one,
we used Hela cells with stable expression of doxycycline-inducible
GFP-tagged NUP98-HOXA9™ for live-cell imaging upon chimera
expression induction.

Chemical treatment

To test the sensitivity of protein aggregates to 1,6-hexanediol treat-
ment,10% of1,6-hexanediol (Sigma-Aldrich, 240117) were prepared in
PBS. Throughout this study, the 1,6-hexanediol treatment condition
was10% for 1 min. Such1,6-hexanediol-treated cells, together with the
vehicle-treated control cells, were used for various experiments such as
immediate imaging or fixation with 1% formaldehyde for subsequent
ChIP-seq experiments.

Recombinant protein purification

For bacterial expression of IDR proteins, the His6x tag-containing
pRSFDuet-1 vector that contains NUP98 segment covering FG
repeats was transformed into Rosetta 2 (DE3) competent cells (Sigma,
71397). Three litres of bacterial cultures were grown at 37 °Cfor12 h
and then added with a final concentration of 0.5 mM isopropyl-$3-D-
1-thiogalactopyranoside (IPTG) for overnightinductionat 16 °C. Bacte-
rial cellswere spun down at 6,340gfor 15 min, resuspended and lysed in
6 M guanidine hydrochloride added with20 mMimidazole. After brief
sonication, lysates were centrifuged 30,600gfor1hat4 °C,and super-
natants were collected. Supernatants were run through Ni-column
(Qiagen, 30250) and washed sequentially with the following buffers:
2 M guanidine hydrochloride with 20 mM imidazole, 2 M guanidine
hydrochloride with 1M NaCl, and 2 M guanidine hydrochloride with
20 mMimidazole. The His6x-tagged target proteins were elutedin2M
guanidium hydrochloride with 500 mM imidazole, with 50 pl of elu-
tion assessed by SDS-PAGE after ethanol precipitation. Then, protein
samples were further purified on size exclusion column 10/300 SD75
(GE healthcare) using the AKTA purifier (GE Healthcare, AKTA pure 25)
in SEC buffer (2 M guanidine hydrochloride). Fractions with purified
target proteins were combined and concentrated using microcon-10
filter (Millipore, MRCPRT010) toreach the sample concentrationrang-
ing from 27 uM to 255 uM and kept at =80 °C for storage.



Invitro phase separation assay

We first carried out the labelling of recombinant protein with
the Alexa Flour 488 and 594 protein labelling kit (ThermoFisher,
A30006 and A3008) according to manufacturer’s protocols. To set
up the in vitro phase separation assays, the labelled proteins were
mixed with unlabelled ones at a ratio of 1:20, and such a mixture
further diluted to a desired concentration in the Eppendorftubes
with either TBS buffer alone (50mM Tris-HCI pH 7.5,150 mM NacCl)
or TBS plus a crowding agent such as 20% of polyethylene glycol
(PEG) 3350 (ThermoFisher, NC0620958). Imaging was carried out
immediately with samples transferred to a 35-mm dish with 20-mm
glass bottom well (Cellvis, D35-20-1.5-N) using Olympus FV3000RS
Confocal microscope with 100x% oil objective. For fluorescence
imaging studies with amixture of two species of N-IDR recombinant
proteins containing FG-repeats in different numbers, we used those
with 38 x FG-repeats in the final concentration of 2.5 uMin the TBS
buffer (labelled with Alexa Flour 488), which was mixed with those
labelled with Alexa Flour 594, either carrying 27 x FG-repeats (a final
concentration of 2.5 pM) or 11 x FG repeats (a final concentration
of 6 uM).

Colocalization analysis

Colocalization analysis between fusion and H3K27ac or H3K9me3
was performed using the EzColocalization plugin in FIJ version 1.53**,
Colocalization was measured using the Pearson’s correlation coef-
ficient (PCC). An a-priori power analysis of pilot data was performed
in G*Power (z-tests, two independent Pearson rvalues) and showed
that asample size of at least 388 cells would be required to determine
significance at P>0.05 given an effect size of 0.24. For analysis, nuclei
were manually segmented by hand tracing with the polygon selection
tool, then converted into binary masks used in the EzColocalization
plugin to restrict colocalization analysis to the nuclei. PCC values for
each cell were averaged and the calculated means were compared with
anindependent two-tailed Student’s t-test.

Purification, transduction, and cultivation of primary mouse
HSPCs

Primary bone marrow cells were obtained from femur and tibia of
10-week-old female Balb/C mice and then subject to alineage-negative
(Lin") enrichment protocol to remove differentiated cell populations
as previously described®*. Lin” enriched HSPCs were first stimulated
in the base medium (OptiMEM, Invitrogen, 31985) supplemented
with 15% of FBS (Invitrogen, 16000-044), 1% of antibiotics, 50 pM of
B-mercaptoethanol and a cytokine cocktail that contains 10 ngml™each
of mouse SCF (Peprotech), FLT3 ligand (FLT3L; Sigma), IL-3 (Peprotech)
andIL-6 (Peprotech) for 4 days as previously described™>*, Two days
afterinfection with retrovirus, mouse HSPCs were subject to drug selec-
tionand then plated for assaying proliferation and differentiationin the
same liquid base medium with SCF alone as previously described!?*%,
These in vitro cultured HSPC cells were routinely monitored under
microscopy and cellular morphology examined by Wright-Giemsa
staining as previously described”*>%. For HSPCs transduced with a
bicistronic GFP-containing retroviral construct, we also scored rela-
tive proliferation of GFP-positive HSPCs by FACS every 2-3 days after
infection.

Flow cytometry (FACS) analysis

Cells were washed once in the cold FACS buffer (PBS with 1% of FBS
added) and thenresuspended and incubated in the FACS buffer added
with the respective antibodies (1:100 dilution) for 30 min onice. The
cell pellets were washed with FACS buffer and the stained cells were
subject to analysis with the FACS machine (Attune Nxt, ThermoFisher;
available in UNC Flow Cytometry Core Facility). Data were analysed
using FlowJo software.

Invivo leukaemogenic assay

All animal experiments were approved by and performed in accord
with the guidelines of Institutional Animal Care and Use Committee
(IACUC) at the University of North Carolina (UNC) at Chapel Hill. Mice
were purchased from the Jackson Laboratory and maintained by the
Animal Studies Core, UNC Lineberger Comprehensive Cancer Center.
Determination of potential leukaemogenic properties of the oncogene
was carried out as previously described®**¢, and no statistical method
was used to determine size of cohorts, with investigators blinded to
allocation during assays. In brief, 0.5 million of freshly infected and
selected murine HSPCs were transplanted to syngeneic 10-week-old
female Balb/C mice (JAX lab, 000651) via tail vein injection (carried
outby Animal Studies Core of UNC Cancer Center). Mice were regularly
monitored with complete blood counting with the collected periph-
eral blood and abdomen palpation for early signs of leukaemia such
as lethargy, increased white blood cell counts and enlarged spleen®.
Mice exhibiting leukaemic phenotypes were euthanized followed by
pathological and histological analyses as described***¢. Haematoxylin
and eosin (H&E) staining of spleen sections was carried by UNC Pathol-
ogy Core as previously described®.

BiolD

ABirA cDNAsequence (agift from B. Strahl) wasinserted into N termi-
nus of target protein in the MSCV based retroviral vector, followed by
viral production and establishment of 293FT stable expression cells.
Proximity-dependent labelling of interacting proteins or BiolD was
conducted as previously described®*°. In brief, 293FT stable cells were
collected from five 15-cm plates after treatment with 50 pM of biotin
for 24 h, and then washed twice with cold PBS. The cell pellets were
resuspended in 1 ml of RIPA lysis buffer (10% glycerol, 25mM Tris-HCI
pH8,150mM NaCl,2mMEDTA, 0.1% SDS, 1% NP-40, 0.2% sodium deoxy-
cholate), and lysates were added with 1l of benzonase (Sigma-Aldrich,
E1014) followed by incubation on ice for 1 h. After centrifugation at
maximum speed for 30 minat 4 °C, the supernatant was collected and
incubated with Neutravidin beads (Thermo Fisher, 29204) overnight
at 4 °C.The Neutravidin beads were then washed twice with the RIPA
bufferand TAPlysis buffer (10% glycerol, 350mM NaCl,2 mMEDTA, 0.1%
NP-40,50 mM HEPES, pH 8) sequentially. Finally, the beads were washed
three times with the ABC buffer (50 mM ammonium bicarbonate, pH
8) and subjected to mass spectrometry-based analysis.

Mass spectrometry-based protein identification

Proteins were eluted from beads by adding 50 pl 2 x Laemmli buffer
(Boston Bioproducts) and heating at 95 °C for 5 min. A total of 50pl
of each sample was resolved by SDS-PAGE using a 4-20% Tris-glycine
wedge well gel (Invitrogen) and visualized by Coomassie staining. Each
SDS-PAGE gel lane was sectioned into 12 segments of equal volume.
Each segment was subjected to in-gel trypsin digestion as follows.
Gel slices were destained in 50% methanol (Fisher), 50 mM ammo-
nium bicarbonate (Sigma-Aldrich), followed by reduction in 10 mM
Tris [2-carboxyethyl] phosphine (Pierce) and alkylation in 50 mM
iodoacetamide (Sigma-Aldrich). Gel slices were then dehydrated in
acetonitrile (Fisher), followed by addition of 100 ng porcine sequencing
grade modified trypsin (Promega) in 50 mM ammonium bicarbonate
(Sigma-Aldrich) and incubation at 37 °C for 12-16 h. Peptide products
were thenacidifiedin 0.1% formic acid (Pierce). Tryptic peptides were
separated by reverse phase XSelect CSH C18 2.5 um resin (Waters) on
anin-line 150 x 0.075 mm column using a nanoAcquity UPLC system
(Waters). Peptides were eluted using a 30 min gradient from 97:3 to
67:33 buffer A:B ratio (buffer A: 0.1% formic acid, 0.5% acetonitrile;
buffer B: 0.1% formic acid, 99.9% acetonitrile). Eluted peptides were
ionized by electrospray (2.15 kV) followed by MS/MS analysis using
higher-energy collisional dissociation (HCD) on an Orbitrap Fusion
Tribrid mass spectrometer (Thermo) in top-speed data-dependent
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mode. MS datawere acquired using the FTMS analyser in profile mode
ataresolution 0f240,000 over a range of 375 t0 1,500 m/z. Following
HCD activation, MS/MS datawere acquired using theiontrap analyserin
centroid mode and normal mass range with precursor mass-dependent
normalized collision energy between 28.0 and 31.0. Proteins were iden-
tified by searching the UniProtKB database restricted to Homo Sapiens
using Mascot (Matrix Science) with a parent ion tolerance of 3 ppm
and afragmention tolerance of 0.5 Da, fixed modifications for carba-
midomethyl of cysteine, and variable modifications for oxidation on
methionine and acetyl on N terminus. Scaffold (Proteome Software)
was used to verify MS/MS-based peptide and protein identifications.
Peptide identifications were accepted if they could be established
withless than1.0% false discovery by the Scaffold Local false discovery
rate algorithm. Protein identifications were accepted if they could be
established with less than 1.0% false discovery and contained at least
two identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm™. Proteins were filtered out if they had a
spectral count<8inallsample groups and the counts were normalized
tolog,-normalized spectralabundance factor (NSAF) values. Significant
interacting proteins were defined with a cut-off of alog,-transformed
fold change above 2 in the experimental versus control samples.

ChIP-seq

ChIP-seq was carried out as previously described?**. In brief, cells
were fixed in 1% formaldehyde (Thermo Scientific, 28908) for 10 min,
followed by quenching with 125 mM glycine for 5 min. Cells were
then washed twice with cold PBS added with protease inhibitors
(Sigma-Aldrich, 4693132001), and then subjected to resuspension
andincubationin LB1buffer (50 mM HEPES-KOH pH7.5,140 mM NacCl,
1mMEDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100), LB2 buffer
(10 mM Tris-HCIpH8.0,200 mM NaCl,1mMEDTA, 0.5mMEGTA), and
LB3 buffer (10 mM Tris-HCI pH 8.0,100 mM NaCl,1mM EDTA, 0.5 mM
EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine). The cell
nucleiwere collected for sonication using Bioruptor sonicator (Diagen-
ode, B01020001; at high-energy setting for 45 cycles with 30 son and
30 s off). After treatment with Triton X-100 (1% as a final concentration),
the supernatant was collected after centrifugation (20,000gfor 10 min
at4 °C)forincubation with the dynabeads (Invitrogen, 11204D) that are
pre-bound with antibodies for around 8 hat 4 °C. After aseries of wash,
the chromatin-protein complexes bound to beads were eluted, subject
toreverse crosslink overnight at 65 °C, and treated with RNase (Roche,
11119915001; 1 hat 37 °C) and then protease K (Roche, 03115828001; 2 h
at 55 °C). The final DNA sample, as well as 1% of input chromatin, was
recovered using PCR purification kit (Qiagen, 28106). The ChIP-seq
library was prepared using NEBNext Ultra Il kit (NEB, E7645L) following
the manufacturer’s instructions. ChIP-seq libraries were sequenced
on the Nextseq 550 system using Nextseq 550 High Output Kit v2.5
(Ilumina, 20024906). For ChIP-seq of HA-tagged N-IDR/A9 (with either
wild-type or mutated IDRs), we used the matched input signals for sig-
nal normalization; for ChIP-seq of GFP-tagged N-IDR/A9 (with either
wild-type or mutated IDRs), we used signals of Drosophila spike-in
chromatin for normalization as previously described*® (Active Motif
spike-in ChlP-seqreagents, 53083 and 61686).

ChIP-seq data analysis

ChIP-seqdataalignment, filtration, peak calling and assignment, and
cross-sample comparison were performed as previously described***
with slight modifications. In brief, ChIP-seq reads were aligned
to human genome build GRCh37/hg19 or to mouse genome build
GRCm38/mm1i0 using STAR version 2.7.1a**. The MACS2 software
was used for peak identification with data from input as controls and
default parameters*. Homer (ver 4.10.0) ‘annotatePeaks’ and ‘find-
MotifsGenome’ functions were used to annotate the called peaks and
to find enriched motifs in these called peaks. Alignment files in the
bam format were also transformed into read coverage files (bigWig

format) using DeepTools*¢. Genomic binding profiles were generated
using the deepTools ‘bamCompare’ functions with options [-operation
ratio—pseudocount 1-binSize 10-extendReads 250] and normalized
tothe matchedinput. The resulting bigWig files were visualized in the
Integrative Genome Viewer (IGV). Heat maps for ChIP-seq signals were
generated using the deepTools ‘computeMatrix’ and ‘plotHeatmap’
functions. ROSE were used for defining super-enhancers*, with input
signals used as control for normalization and peaks at +2.5 kb from
the transcriptional start site excluded. Homer mergePeaks was used
to determine overlap of ChIP-seq peaks with default settings.

RNA-seq and data analysis

RNA-seqwas performed as previously described***8. For 293FT cells, the
same stable expression lines used for ChIP-seq were used. For mouse
HPSCs, cells were collected for RNA isolation 7 days after viral trans-
duction and drug selection in the OptiMEM medium supplemented
withthe HSPC-supporting cytokines. Inbrief, total RNAs were purified
using RNeasy Pluskit (Qiagen, 74136) and further processed with Turbo
DNA-freekit (Thermo Fisher, AM1907) to ensure the purity of RNA sam-
ple.For RNA-seq, the RNA samples were either sent to Novogene or pro-
cessed using NEBNext Poly(A) mRNA MagneticIsolation Module (NEB,
E7490) and NEBNext UltrallRNA library Prep kit (NEB, E7770) as per the
manufacturer’sinstructions. The multiplexed RNA-seq libraries were
subjected for deep sequencing using the Illumina NextSeq500 plat-
form (available in the UNC Sequencing Facility) with the Nextseq 550
High OutputKit v2.5 (Illumina, 20024906). For data analysis, RNA-seq
reads were mapped to the reference genome followed by differential
gene expression analysis as previously described***. In brief, RNA-seq
reads were mapped using MapSplice* and quantified using RSEM*.
Read counts were upper-quantile normalized and log,-transformed.
Raw read counts were used for differential gene expression analysis
by DESeq®. Gene Ontology analysis was done using the C5 gene set
of Molecular Signature Database (MsigDB) collections available in
GSEA website™.

ChIP-qPCR or RT-qPCR

ChIP-qPCR or RT-qPCR was performed as previously described® 2,
ChIP DNA was prepared as described above for ChIP-seq, whereas
total RNA was used to generate cDNA with the iScript cDNA Synthesis
kit (Biorad, 1708890) for qPCR.

Single molecule tracking, lattice light sheet microscopy, and
data analysis

Three-dimensionallattice light sheet microscopy movies of cells were
acquired onamodified version of the lattice light sheet system as previ-
ously described® using a square lattice excitation with numerical aper-
tures of 0.4 (outer) and 0.3 (inner). Time intervals and imaging duration
arespecifiedinthelegends for each dataset presented. Single-molecule
tracking was performed on the same system by focusing on a single
plane within the nucleus of cells expressing Halo-tag protein fusions.
Beforeimaging, cells were incubated win 1nM of Halo Tag-Janelia Fluor
549 ligand for 20 min and then washed in PBS®. After transferring to
the microscope, single planes within the nucleus of each cells were
imaged under the same lattice illumination parameters above for a
total of 20,000-40,000 frames with20 ms exposures. Before tracking,
images were pre-processed with arolling ball background subtraction
and histogram equalization contrast enhancement using Image]. Single
molecules were then tracked using the TrackMate plugin for ImageJ**.
Toaccount for variationin protein expression levels between cells and
avoid potential tracking artefacts due to different densities of fluo-
rescent molecules, Pandas software library for python® was used to
register single particle tracking datasets such that the number particles
within a rolling 100 window was consistent both within and between
conditions. We controlled for photobleaching and phototoxicity by
confirming that mean molecular speeds within a single cell did not



vary substantially throughout the course of the imaging experiment.
Finally, molecular trajectories were fit to atwo-state kinetic model using
Spot-On* to estimate the mean diffusion coefficients and fraction of
molecular populations for both the slow-diffusing/bound state and
rapidly diffusing/free state.

InsituHi-C

In situ Hi-C was performed as previously described®. Five million
cells were crosslinked in 1% formaldehyde for 10 min with stirring and
quenched by adding2.5Mglycine to afinal concentration of 0.2 M for
5 min with rocking. Cells were pelleted by spinning at 300g for 5 min
at4 °C. The pellet was washed with cold PBS and spun again before
freezing in liquid nitrogen. Cells were lysed with 10 mM Tris-HCI pH
8.0,10 mM NaCl, 0.2% Igepal CA630 and protease inhibitors (Sigma,
P8340) for 15 min on ice. Cells were pelleted and washed once more
using the same buffer. Pellets were resuspended in 50 pl of 0.5% SDS
and incubated for 7 min at 62 °C. Next, reactions were quenched with
145 pl of water and 25l of 10% Triton X-100 (Sigma, 93443) at 37 °C for
15min. Chromatin was digested overnight with 25 pul of 10X NEBuffer2
and 100 U of Mbol at 37 °C with rotation. Reactions were incubated
at 62 °C for 20 min to inactivate Mbol and then cooled to room tem-
perature. Fragment overhangs were repaired by adding 37.5 pl of 0.4
mM biotin-14-dATP, 1.5 pl of 10mM dCTP, 1.5 pl of 10mM dGTP, 1.5 pl
of I0mM dTTP, and 8 pl of 5 U pl™ DNA polymerase I, large (Klenow)
fragment and incubating at 37 °C for 1.5 h. Ligation was performed by
adding 667 pl of water, 120 pl of 10X NEB T4 DNA ligase buffer, 100 pl of
10% Triton X-100, 12 pl of 10 mg mI' BSA, and 1l 0f 2,000 U pul™ T4 DNA
ligase and incubating at room temperature for 4 h with slow rotation.
Samples were pelleted at 2,500g and resuspended in 432 pl of water,
18 pl of 20 mg mlI™ proteinase K, 50 pl of10% SDS, 46 pl of SM NaCland
incubated for 30 min at 55 °C. The temperature was raised to 68 °C and
incubated overnight. Samples were cooled toroomtemperature. Then,
874 plof pure ethanol and 55 pl of 3M sodium acetate pH 5.2 were added
to each tube which were subsequently incubated for 15min at-80 °C.
Tubes were spun at maximum speed at 2 °C for 15 min and washed
twice with 70% ethanol. The resulting pellet was resuspended in 130 pl
of 10 mM Tris-HCI, pH 8, and incubated at 37 °C for 15 min. DNA was
sheared using an LE220 Covaris Focused-ultrasonicator to afragment
size 0of 300-500 bp. Sheared DNA was size selected using AMPure XP
beads. One hundred and ten pl of beads were added to each reaction
and incubated for 5 min. Using a magnetic stand, supernatant was
removed and added to a fresh tube. Then, 30 pl of fresh AMPure XP
beadswere added andincubated for 5 min. Beads were separated ona
magnet and washed twice with 700 pl of 70% ethanol without mixing.
Beads were left to dry and then sample was eluted using 300 pl of 10
mM Tris-HCI, pH 8.150 of 10 mg mI™ Dynabeads MyOne Streptavidin
T1beadswere washed resuspendedin300 pl of 10 mM Tris HCI, pH 7.5.
Thissolution wasadded to the samples andincubated for 15minatroom
temperature. Beads were washed twice with 600 pl Tween Washing
Buffer (TWB; 250 pl Tris-HCI, pH 7.5, 50 1 0.5M EDTA, 10 ml 5M Nacl,
25 pul Tween-20, and 39.675 ml water) at 55 °C for 2 min with shaking.
Sheared ends wererepaired by adding 88 il 1x NEB T4 DNA ligase buffer
withImMATP, 2 pl of 25mM dNTP mix, 5l of 10 U pl!NEB T4 PNK, 4 pl
of 3U pl™ NEB T4 DNA polymerasel,1plof 5U pl"NEB DNA polymerase
I, large (Klenow) fragment and incubating at room temperature for 30
min. Beads were washed two more times with TWB for 2 min at 55°C
with shaking. Beads were washed once with 100 pl of 1x NEBuffer 2 and
resuspended in 90 pl of 1x NEBuffer 2, 5 ul of 10 mM dATP, S plof 5U pl ™
NEB Klenow exo minus, and incubated at 37 °C for 30 min. Beads were
washed two more times with TWB for 2 min at 55 °C with shaking. Beads
werewashed oncein 50 pl of 1x Quick Ligation reaction buffer and resus-
pendedin 50 pl of 1x Quick Ligation reaction buffer. Then, 2 pl of NEB
DNA Quick ligase and 3 pl of an Illumina-indexed adaptor were added
and the solution wasincubated for 15 minat room temperature. Beads
were reclaimed using the magnet and washed two more times with

TWB for 2 minat 55 °C with shaking. Beads were washed oncein 100 pl
of 10 mM Tris-HClI, pH 8, and resuspended in 50 pl of 10 mM Tris-HCI,
pH 8. Hi-Clibraries were amplified for 7-12 cyclesin 5 pl of PCR primer
cocktail, 20 pl of Enhanced PCR mix, and 25 pl of DNA on beads. The
PCR settings included 3 min of 95 °C followed by 7-12 cycles of 20 s at
98°C,15sat60°C,and30sat 72 °C.Samples were then held at 72 °C for
5Smin before lowering to 4 °C until samples were collected. Amplified
samples were brought to 250 pl with 10 mM Tris-HCI, pH 8. Samples
were separated on amagnet and supernatant was transferred to anew
tube. One hundred and seventy-five pl of AMPure XP beads were added
to each sample and incubated for 5 min. Beads were separated on a
magnet and washed once with 700 pl of 70% ethanol. Supernatant was
discarded. One hundred pl of 10 mM Tris-HCland 70 pl of fresh AMPure
XPbeadswereadded and the solution wasincubated for 5minatroom
temperature. Beads were separated with a magnet and washed twice
with 700 pl 70% ethanol. Beads were left to dry and DNA was eluted in
25 pl of Tris HCI, pH 8.0. The resulting libraries were next quantified
by Qubit and Bioanalyzer. A low depth sequencing was performed first
using the MiniSeq sequencer system (Illumina) and analysed using
theJuicer pipeline® to assess quality control before deep sequencing
(NovaSeq S4).Each Hi-Clibrary was assessed in biological and technical
duplicate achieving a total of 3 billion reads per cell line.

Hi-C data processing and analysis

In situ Hi-C datasets were processed using the Juicer Hi-C pipeline
with default parameters as previously described”. Mbol was used as
the restriction enzyme, and reads were aligned to the hgl9 human
reference genome with bwa (version 0.7.17). Data were processed for
3,058,370,530 Hi-Cread pairs in N-IDR,,;/A9 cells, yielding 1,791,818,927
Hi-C contacts (58.59%) and 2,914,343,903 Hi-C read pairs in N-IDRs/A9
cells, yielding1,708,441,327 Hi-C contacts (58.62%). Hi-C matrices were
constructed for each individual replicate for downstream analysis. A
Hi-C mega map was constructed by combining all replicates for each
condition (thatis, N-IDRy/A9 or N-IDR;¢/A9). For visualization, the
resulting Hi-C contact matrices were normalized with a matrix balanc-
ing algorithm as previously described*® (‘KR’) to adjust for regional
background differences in chromatin accessibility.

Loops were detected using HICCUPS from the Juicer tools software
(version1.11.09) as previously described> via the following command:
‘hiccups-m2048-¢2-r5000,10000,25000-kKR-f0.1,0.1,0.1-p4,2,1-i
8,6,4-t0.2,1.5,1.5,1.75-d30000,30000,60000’. A total of 4,788 loops
were identified in N-IDRy,;/A9 and 2,826 loops were identified in
N-IDR;s/A9 for a total of 7,616 loops at 10-kb resolution. After filtering
outredundantloops, 6,615 combinedloops remained. Unnormalized
loop counts were extracted using the straw api*’ for all loops in each rep-
licate (8 total). Differential loops between N-IDR,,;/A9 and N-IDRs/A9
were determined using DESeq2%, including biological replicate and
condition as covariates in the model. 232 N-IDRy,;/A9-specific loops and
52N-IDRs/A9-specificloops were considered significantly differential
at aBenjamini-Hochberg adjusted Pvalue < 0.01.

APA of N-IDR/A9 binding site interactions was conducted in R
using straw. All unique, paired interactions between the 500 strong-
est N-IDR,,/A9 ChIP-seq binding sites were categorized into (1)
inter-chromosomal (n=95,959), (2) long (> 2 Mb) intra-chromosomal
(n=6,298), or (3) short (<2 Mb) intra-chromosomal (n = 574) interac-
tions. Short interactions were filtered out such that the corner of the
APA plot would notintersect the diagonal, reducing them fromn=574
to n=309. Unnormalized pixel values +10 surrounding pixels were
extracted from N-IDRy;/A9 and N-IDR;s/A9 Hi-C files at 10-kb resolu-
tion for each interaction pair. Resulting 21x21, 10-kb pixel matrices
were aggregated and normalized to the number of binding site pairs.

APA of differential loop calls was conducted in R using straw. APA was
run for all loops (n = 6,615), N-IDR,,;/A9-specific loops (n=232), and
N-IDR;s/A9-specificloops (n=52) using both N-IDRy,;/A9 and N-IDR;s/A9
Hi-C.Shortinteractionswerefilteredoutasdescribedabove,reducingthe
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number of interactionston=3,427,n=121,and n=24 for all, N-IDR,,;/A9-
specific and N-IDRs/A9-specific loops, respectively. Unnormalized
pixels were extracted with straw producing a 21x21 pixel matrix at
10-kb resolution that was aggregated and normalized by the number
ofloops per group.

Allloops were partitioned as either N-IDR,,/A9-specific loops (WT
loops) or N-IDRs/A9-specific loops (FSloops) based on differential loop
calling (as described above) and then split into separate loop anchors.
Loop anchors were then intersected (bedtoolsr) with several features
including ChIP-seq peaks for NUP98-HOXA9, CTCF, or H3K27Acinboth
celltypes (N-IDRy,1/A9 or N-IDR;¢/A9) and with promoter regions (defined
as 1,000 bp upstream of transcription start sites). Permutation testing
was used to calculate Pvalues for each feature’s intersection with loop
anchors. In short, the observed percentage of each feature present at
wild-typeorFSloop anchorswas calculated. The expected percentage was
determined by randomly sampling anequivalent number of loop anchors
fromallloop anchors called, then calculating the percentage overlap
with each feature. This procedure was repeated 1,000 times to create a
distribution of expected values. Pvalues were determined by summing
the number of expected values greater than (or less thanif the observed
value was less than the mean) the observed value for that feature.

Allloops were partitioned as either N-IDR,,;/A9-specific loops (WT
loops) or N-IDRs/A9-specific loops (FSloops) based on differential loop
calling (as described above). Each loop was thenintersected with 5-kb
windows around the transcription start sites of genes using the bed-
toolsr ‘pairtobed’ function with either end of the loop constituting an
overlap. Thelog,-transformed fold change in expression value (WT/FS)
of genes overlapping either end of a wild-type or FS differential loop
were plotted along with the expression of all genes. A Dunn’s multi-
ple comparison test following a Kruskal-Wallis test showed a statisti-
cally significant difference in expression between wild-type-specific
gene-loops and either FS-specific gene-loops (P=0.015) or all genes
(P<0.001), after Pvalue correction with the Benjamini-Hochberg
procedure. In this study, wild-type-specific loops were present in the
N-IDRy,/A9-expressing cells and absent in N-IDR.¢/A9 cells whereas
mutant-specific loops were absent in N-IDR,;/A9 cells and present
in N-IDRs/A9 cells, supporting accurate calling of differential loops.

3C-qPCR

Cell samples were processed and analysed as previously described
with slight modifications®. In brief, 10 million of cells were fixed in 1%
formaldehyde at room temperature for 10 min, followed by quenching
in 0.125 M glycine for 5 min. Fixed cells were washed in cold PBS and
lysedinice-cold lysis buffer (10 mM Tris-Cl, pH 8.0,10 mM NaCl, 0.2%
NP-40, 1x complete protease inhibitor cocktail) for 1 h at 4 °C. Nuclei
were collected by centrifugationat2,400g for 5min and digested with
800 U of Bgl-llenzyme, added with 0.3% of SDS and 1.8% of Triton X-100
inthe molecular-grade water with respective enzyme digestion buffer
(1.2x) for overnight at 37 °C. After inactivation at 65 °C for 20 min with
1.6% of SDS, digested chromatin was subjected to ligation by T4 ligase
(NEB) with 1% Triton X-100 for overnight at 16 °C, followed by 30 min
incubation at room temperature. Ligated chromatin was treated with
proteaseK for overnightat 65 °C and then treated with RNase for 2 hat
37 °C, followed by DNA purification with the phenol-chloroform extrac-
tion protocol. For qPCR, the obtained DNA was diluted 50-fold and used
as atemplate. Primers were designed for the respective genomic loci
with chromatinloop as detected by Hi-C mapping experiment. Al PCR
products were sequenced to confirm that they are indeed correctly
ligated products from two distant genomic loci where chromatinloop
is expected to form between them. All the primers used for 3C-qPCR
arelisted in Supplementary Table 8.

Statistics and reproducibility
Experimental dataare presented asthe mean+s.d. of three independent
experiments unless otherwise noted. Statistical analysis was carried out

with two-sided Student’s t-test for comparing the two sets of datawith
assumed normal distribution. We used a log-rank test for the Kaplan-
Meier survival curve to define statistical significance. A Pvalue of less
than 0.05was considered to be significant. Statistical significance levels
aredenoted as follows: *P< 0.05;**P< 0.01; **P<0.001; ***P< 0.0001.

Sample numbersareindicatedin the figure legends. Results ofimages
orstaining(showninFigs.1c-h,kand Extended DataFigs.1d,f,h,2b,d,e,h,
7a, 8a) and westernblotting (Fig.1b and Extended DataFigs.1b, d,f, g,
2a) werereproducible with atleast threeindependent experiments or
prepared samples, with the representative ones shownin the figures.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Next-generation sequencing datasets including those of ChIP-
seq, RNA-seq and Hi-C used in this current study are deposited in
the NCBI GEO under the accession number GSE144643. The mass
spectrometry-based proteomics data have been deposited to the Pro-
teomeXchange Consortiumviathe PRIDE partner repository with the
dataset identifier PXD023548 and 10.6019/PXD023548. Source data
are provided with this paper.

Code availability

The scripts for genomic data analyses and all other data are available
from the corresponding author upon request.
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Extended DataFig.1|IDRretained within the leukaemia-related NUP98-
HOXA9 chimeraforms phase-separated condensatesinvitroandis
essential for establishing phase-separated chimeric transcription factor
assembliesin the nucleus. a, Schematic showing the domain architecture of
normal NUP98 (top), normal HOXA9 (middle) and leukaemic NUP98-HOXA9
chimera (bottom; with either GFP or 3xHA-3xFlag tag fused to C terminus).
The GLFG or non-GLFG (xFG) motif contents, which make up IDR, and other
importantdomains areshown. GLEBS represents the GLE2-binding sequence,
which directs the NUP98interaction with GLE2 (also known as RAE1) for mRNA
export when NUP98 acts as component of nuclear pore complex®®. Red arrows
indicate the common breakage point of NUP98 and HOXA9. b, Immunoblotting
of NUP98-HOXA9, either full-length (WT) or with GLEBS deleted (A132-224; see
a), asdetected by theindicated antibodies after stable transductioninto
primary mouse HSPCs. For gel source data, see Supplementary Fig.1.c, Mouse
HSPCsstably transduced with wild-type or GLEBS-deleted NUP98-HOXA9
showed similar proliferationinliquid cultures (n=3independent cell cultures
per group), inagreement to previous reports'”®’. Empty vector (EV)-infected
HSPCsserved asacontrol. Dataare mean £s.d. d, Live-cell fluorescence
imaging (GFP; with zoomed-in and zoomed-out views shown in the top and
bottom panels, respectively) of 293FT cells with stable transduction of
GFP-tagged NUP98-HOXA9, wild-type, GLEBS-deleted (also referred to as

N-IDRy,+/A9; see Fig.1a) or carrying a DNA-binding-defective mutationin
homeodomain (HDys,s) or a Phe-to-Ser mutation that substitutes Phe residues
withinall FGrepeatsto Ser (IDR, also referred to as N-IDR;s/A9; see Fig. 1a).
Theright panel showsimmunoblotting of endogenous normal NUP98in 293FT
cells, as well as the stably transduced exogenous NUP98-HOXA9, either wild-
type (lanel) or GLEBS-deleted (lane 2), as detected by antibodies against GLEBS
of NUP98". For gel source data, see Supplementary Fig.1. Scale bars, 10 pm.

e, Schematic of theindicated N-IDR fusion domains with a varying number of
FGrepeats. The IDR portionused forinvitroassay in main Fig. 1d isindicated by
ared dotted line.f, SDS-PAGE images showing recombinant N-IDR domain
proteinwiththeindicated varying number of FG repeats (His6x-tagged; seee),
purified with Ni-column and an additional size exclusion column purification
step. The proteinsizeislabelled above the recombinant protein. g, Anti-GFP
immunoblotting for GFP-tagged NUP98-HOXA9 chimerawith the indicated
varying number of FGrepeats described in e after stable transductionin293FT
cells. For gel source data, see Supplementary Fig. 1. h, Live-cell fluorescence
imaging for the N51S-mutated N-IDR/A9 (GFP-tagged) with either wild-type
(top) or the Phe-to-Ser mutated IDR (bottom) in 293FT stable expression lines
before (left) and after (right) treatment with 10% 1,6-hexanediol for 1 min. The
left panels show zoomed-inimages of arepresentative cell from the right
panels of zoomed-out cellimages. Scale bar, 10 pm.
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Extended DataFig.2|IDR contained within chimeric transcription factor
isrequired for leukaemic transformation of primary mouse HSPCs.

a, b, Immunoblotting (a) and fixed cellimmunostaining (b; anti-Flag) of the
LLPS-competent N-IDRy/A9 and LLPS-incompetent N-IDR;s/A9 after stable
transductionin293FT cells. The left panel of bshows azoomed-in view on the
right panel. Scale bars, 10 pm. For gel source data, see Supplementary Fig.1.c,
Venn diagram shows significant overlap between the N-IDRy/A9 and N-IDR;¢/A9
interactomes as detected by BiolD, with the cut-offvalue set as the log,-
transformed fold change value above 2 compared with control. Examples of the
detected interacting proteins are shown below. d-f, Immunostaining (d; anti-
GFP), Wright-Giemsa staining (e) and FACS with the indicated surface markers
(f) usingmouse HSPCs 1 month after transduction of N-IDRy;/A9 (GFP or 3xHA-
3xFlag-tagged), whichrevealed a typical acute myeloid leukaemia phenotype
(cKit*, CD34+, MaclI"e" CD19",B220°). Theinsertind shows azoomed-in view of
therepresentative cell. Scale bars, 5 pm. For FACS gating strategy, see
SupplementaryFig.1. g, H&E-stained spleen section images for the indicated

cohortat10 x magnification. White pulp (WP) is outlined with white line for the
sample from mice transplanted with empty vector-infected HSPCs (top). Note
that clear demarcation between white pulp and red pulp (RP), asobservedin
cohortsreceiving either empty vector or the mutant forms of fusion (bottom),
islostinthose with N-IDR,,;/A9 and F-IDR,;/A9 (middle) due to an excessive
expansion of transformed leukaemiacells thatinfiltrated into spleen, leading
tosplenomegaly observediniandFig. 1k. h, Live-cell fluorescence (GFP)
imaging of 293FT cells with stable expression of an artificial HOXA9 chimera
created by replacingthe NUP98 FG repeats withan unrelated IDR of the
RNA-binding protein FUS, either wild-type or Tyr-to-Ser mutated (hereafter
referred to as the F-IDR,,;/A9 and F-IDR,s/A9 fusion, respectively; see Fig.1a),
before and after treatment with10%1,6-hexanediol for 1 min. Scale bar, 10 pm.
i, Representative image of spleen from mice 7 months after transplantation of
mouse HPSCs stably transduced with either F-IDR,,;/A9 (left) or F-IDR,s/A9
(right).
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Extended DataFig.3| ChIP-seqrevealsbinding patterns of NUP98-HOXA9
thatcarries either wild-type or an Phe-to-Ser mutated IDR. a, Summary of
the counts of ChIP-seqread tags for theindicated samples. b, Scatterplots
showing correlation of global N-IDRy,;/A9 (left) or N-IDR;s/A9 (right) ChIP-seq
signals using either HA (x axis) or GFP (y axis) antibodies in two biological
replicates of 293FT stable cells. Coefficient of determination (R?) is
determined by Pearson correlation. ¢, Total number of the called HA ChIP-seq
peaksinstable293FT celllines expressing HA-tagged N-IDR,,;/A9 (left) or
N-IDR;s/A9 (middle) or empty vector control (right). d, e, Pie chart showing

distribution of the indicated annotation feature among the called N-IDRy/A9
(d) or N-IDR;¢/A9 (e) ChIP-seq peaksin293FT stable expression cells.f, g,
Summary of the most enriched motifs identified within the called N-IDR,,;/A9
(f) or N-IDR;¢/A9 (g) ChIP-seq peaks in 293FT stable expression cells. Motif
enrichment was statistically determined by ZOOPS scoring (zero or one
occurrence per sequence) coupled with the hypergeometric enrichment
calculations. h, Gene Ontology analysis of genes associated with broad super-
enhancer-like peaks of N-IDR,,;/A9 asidentified in 293F T stable cells. Pvalues
were determined by Fisher’s exact test.
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Extended DataFig. 4 |Enhanced chromatin occupancy, aswell asabroad
super-enhancer-like binding pattern typically seen at leukaemia-related
genomicloci, is characteristic for the LLPS-competent NUP98-HOXA9
(N-IDRy;/A9) and notits LLPS-incompetent IDR mutant (N-IDRgs/A9).

a-e, Integrative genomics viewer (IGV) views for the indicated ChIP-seq signal
atthe well-known leukaemia-associated loci such as the HOXA (a), HOXB (b) and
HOXD (c) gene clusters, MEISI (d) and MEIS2 (e). Samples from top to bottom
areHA (tracks 1-3) and H3K27ac (tracks 4-6) ChIP-seqsignalsin the 293F T cells
stably expressed with either empty vector (tracks1and 4;EVintracklactsasa
negative control for HA ChIP) or the HA-tagged N-IDR,,;/A9 (tracks 2 and 5) or

N-IDR;s/A9 (tracks 3 and 6), GFP ChIP-seq signals (tracks 7-12) in the 293FT cells
stably expressed with GFP-tagged N-IDR,,;/A9 (tracks 7-8 represent samples
after treatment with vehicle or10% 1,6-hexanediol, respectively, for 1 min),
N-IDRs/A9 (tracks 9-10 represent samples after treatment with vehicle or
1,6-hexanediol, respectively), F-IDR,;/A9 (track 11) or F-IDRys/A9 (track 12), as
wellas CTCF ChIP-seqin 293FT cells with N-IDRyy/A9 (track 13) or N-IDR;s/A9
(track14). HA and CTCF ChIP-seq signals were normalized to input signals,
whereas GFP ChIP-seq, conducted in the spike-in controlled experiments,
normalized to the spike-in Drosophila chromatin signals (those from antibody
ofaDrosophila-specific histone, H2Av).
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Extended DataFig. 5|See next page for caption.




Extended DataFig.5|Formationofthe enhanced and broad super-enhancer-

like binding patterns of leukaemia-related chimeratranscriptionfactors
requiresanintact phase-separation-competentIDR.a, b, Hockey-stick plot
shows distribution of the input-normalized ChIP-seq signals of N-IDR,;/A9

(a) or H3K27ac (b) across all enhancers annotated by H3K27ac peaks
(transcriptional startsite+2.5kbregions wereexcluded) in 293FT cells. Dotted
lineindicates the threshold level set by the ROSE algorithm to call super-
enhancers. Relative rankings of super-enhancers associated withsome
example genesare shown.c, Venndiagramillustrates overlap amongsuper-
enhancers called based on N-IDRy/A9 and H3K27ac ChIP-seq signals.

d, e, Box plots showing averaged ChIP-seqsignals for k-means clustered peaks
(seeFig.2b) ofthe LLPS-competent N-IDR,,;/A9 (WT; d) show amarked
reductioninbinding after treatment of 293F T stable cells with1,6-hexanediol

(WT+H), relative to treatment with vehicle control (WT+V); this reductionis
particularly significant for peak clusters1-3 shownin Fig. 2b. By contrast,
genomicbinding of N-IDR;s/A9 (FS; e) shows general insensitivity to the same
treatment of 1,6-hexanediol (FS+H) in comparison to mock (FS+V). Right,
averaged ChIP-seqsignal distribution profiles are shown for N-IDRy/A9 and
N-IDR;s/A9 over al0-kbregionintheindicated peak cluster as an example. Box
plotsas definedinFig. 3f.f, Venn diagram to compare genes associated with the
broad super-enhancer-like peaks of N-IDR,,;/A9 after treatment with
1,6-hexanediol (+H), relative to vehicle control (+V), after treatment for 1 min.
g, Hierarchical clustered heat maps for the pairwise correlation of ChIP-seq
signalsbetween each of the indicated sample. The coefficients were
determined by Pearson correlation. HA and GFP represent ChIP-seq for HA-
tagged and GFP-tagged chimera transcription factors, respectively.
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6 | The phase-separation-promoting property within
F-IDRis sufficient toinduce the enhanced binding of the chimeric
transcription factor. a, Heat maps showing the k-mean clustering of ChIP-seq
signals for chimeric transcription factors that contain the NUP98IDR (N-IDR,,;/A9
and N-IDRgs/A9, two panels on the left) or FUSIDR (F-IDRy;/A9 and F-IDRys/A9,
two panels on theright) reveal asimilarly enhanced binding for the LLPS-
competent chimerathat carriesawild-type form of IDR, relative toits LLPS-
incompetent IDR mutant,in 293FT stable expression cells. Note that, although
toalesser degree, theartificially created F-IDR,,;/A9 fusion also displays a
broad, super-enhancer-like binding pattern at the same sites observed with the
N-IDRy,{/A9 fusion. b, Pie chart showing percentage distribution of the
indicated genomic annotation feature among the ChIP-seq peaks of GFP-
tagged F-IDRy1/A9 (left) or F-IDRys/A9 (right) in the 293F T stable expression
cells. ¢, Heat maps (left) and its averaged ChIP-seq signal distribution profiles

(right) for k-mean clustered peaks of N-IDRy/A9 in the transformed mouse
HPSCs.d, Venn diagram showing overlap between the annotated genes
associated with the clusters1-3 of N-IDRy,;/A9 ChIP-seq peaks detected inthe
transformed mouse HPSCs (left) and the 293FT stable expression cells (right).
Examples of the shared oncogenes are shown below. e, IGV views of N-IDR,;/A9
ChIP-seqsignals (GFP-tagged) at the indicated lociin mouse HSPCs
transformed by this chimera. f, ChIP-qPCR to assess the binding of GFP-tagged
N-IDRy,+/A9 or N-IDR;¢/A9 at CCL15 (a negative control region), PBX3and HOXA9
inthe 293FT stable cells after treatment with10%1,6-hexanediol for 1min (+H),
relative tomock (+V). ChIP signals, normalized to those of input, are presented
asmean ts.d. of threereplicate experiments. g, ChIP-qPCR to assess the
binding of GFP-tagged F-IDR,,;/A9 or F-IDR,s/A9 at CCL15 (a negative control
region), PBX3and HOXA9in the 293FT stable cells. ChIP signals, normalized to
those ofinput, are presented as mean +s.d. of three replicates.
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Extended DataFig.7|Single-molecule tracking shows that phase-separation-
competent N-IDR,,;/A9 proteins behave with less dynamic characteristics,
compared with phase-separation-incompetent N-IDR;s/A9. a, Representative
images of single-molecule particlesidentificationinan N-IDRy/A9-expressing
cell, either the original captured image (left) or after processing to remove
background (right).Scalebars, 5pum.b, ¢, Single-particle tracks for mean speed
(b) and mean displacement (c) of either N-IDR,,;/A9 or N-IDR;¢/A9 single
molecules withinthe temporally registered reference frame binned into1-s

N-IDRWT/A9  N-IDRFs/A9 N-IDRWT/A9  N-IDRFs/A9

intervals.d, e, Displacement (d) and mean velocity (e) of single-particle tracks
indicate that N-IDR,,;/A9 with the LLPS-competent IDR (WT) is less mobile and
navigates nuclear space at aslower rate thanits LLPS-incompetent IDR mutant
(FS).Dotsindicate mean valuesinasinglecell. Lineindicates one standard
deviation. Pvalues determined by two-sided -test. f, g, The diffusion
coefficient for chromatin-bound (f) and freely diffusing states (g) of N-IDR,,/A9
or N-IDRs/A9, calculated based on single-molecule tracking studies of its
293FT stable expression cells. Pvalues determined by two-sided t-test.
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Extended DataFig.8|AnLLPS-competent IDRwithinthe leukaemia-
related transcription factor chimerais essential for potentiating
transcriptional activation of the downstream oncogenic gene-expression
program. a, Fixed cellimmunostaining for the 3xHA-3xFlag-tagged N-IDR/A9
(left; anti-Flag) and the indicated histone modification (middle) in the 293FT
stable expression cells. Top panels show the enlarged images of anexample
region within the white dotted box shownin the bottom panels, in which the
transcription factor chimerais co-localized with H3K27ac (top) and not
H3K9me3 (bottom). Scalebars, 10 um.b, Pearson’s correlation coefficient
values between N-IDR,,;/A9 and the indicated histone modification. The red
dottedlineindicates the calculated average value of each plot. The calculated
means (red dotted lines) were compared with anindependent two-tailed
Student’st-test. n, the number of cells analysed. ¢, RT-qPCR to assess the effect
of phase separationintarget gene expressionin 293FT cells. All of the tested
HOXand MEIS2 genes are direct targets of both N-IDR/A9 and N-IDR;s/A9
based on ChIP-seq, whereas MYCis not and serves as anegative control. Note
that LLPS-competent N-IDR,,;/A9 induces significantly more upregulation of
target genes, relative to LLPS-incompetent N-IDR;s/A9. PCR signals were

normalized first to those of aninternal control (18 RNA) and then to vector-
expressing cellsand presented as mean +s.d. of three replicated experiments.
***P<0.001;****P<0.0001; two-sided t-test. n.s., not significant. d, Heat map
illustrating relative expression of the 374 genes that show significant
upregulation post-transduction of F-IDR,;/A9, compared to empty vector and
its IDR-mutant form (F-IDRys/A9),in 293FT stable expression cells. e, Venn
diagrams showing the overlap of the significantly downregulated genes
identified 7 days after transduction of the indicated constructinto mouse
HPSCs.f, Gene set enrichment analysis (GSEA) shows that, compared with that
of N-IDR¢/A9, the expression N-IDR,,;/A9 in mouse HPSCs is positively
correlated with the indicated leukaemia- or HSPC-related gene sets (top) and
negatively correlated with the indicated differentiation-related gene sets
(bottom). The Pvalue was calculated by an empirical phenotype-based
permutation test; the false discovery rate (q) is adjusted for gene set size and
several hypotheses testing whereas the Pvalueisnot.g, Venndiagrams
showing the overlap of the significantly upregulated (left) or downregulated
(right) genesidentified after transduction of the indicated constructinto
mouse HPSCs.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9 |Hi-C mappingreveals that aphase-separation-
competent IDR within NUP98-HOXA9isrequired to induce formation of
CTCF-independent chromatinloops at theleukaemia-related genomic
loci. a, Matrix of Pearson correlation coefficients of loop counts among and
betweenbiological replicates of N-IDRy;/A9 (WT; n=4 replicates) or N-IDR;s/A9
(FS; n=4replicates) conditions. Numbers following WT or FSindicate
biological replicate for that condition. b, Example correlation plots of loop
counts betweenbiological replicates and conditions. c, All loops were
partitionedinto either WT- or FS-specific loops and splitinto separate loop
anchors. Loop anchors were thenintersected with ChIP-seq peaks of N-IDR/A9
or CTCF. The percentage of observed (Obs.) overlaps for each feature is shown
asaverticalblueline. Thered line shows the expected (Exp.) distribution of
overlaps as determined by randomly sampling loop anchors and calculating
the overlap of each feature1,000 times. Pvalues were determined by summing
thenumber of expected values greater than (or less thanifthe observed value

was less than the mean) the observed value for that feature. d-g, 3C-qPCR
assays measuring the changein crosslinking frequency of either an N-IDRy/A9-
specificloop atthe PBX3locus (d, e) ora CTCF-dependentloop (f, g; at Chrl7
(41604677-41883642)) after treatment of 293F T stable cellswith 10%
1,6-hexanediol for 1min (+H), relative to mock (+V). The IGV view panels atd and
fshow theindicated ChIP-seqsignals, with positions of the used 3C-PCR
primers labelled under IGV tracks. PCR was performed using the same constant
forward primer (C) paired with a differently numbered reverse primer (P1to P4)
ateachlocustested.Panels eand gare plotted with signals of 3C-qPCR
measuring therelative crosslinking frequency at PBX3(d, e) ora Chrl7 locus
with CTCF loop (f, g) before (V) and after (H) treatment with 1,6-hexanediol.
Signalsinearenormalized tothose of the N-IDR;s/A9-expressing cells (n=3
replicated experiments). Pvalues were determined by two-sided ¢-test. Dataare
mean*s.d. of three or six replicates.



a
HOXB Locus

N-IDRes/A9

b

’i’ N-IDRgs/A9

EYA4 Locus

0

N-IDRwr/A9 N-IDRy1/A9
FS
FS |
6 I ORIV O TP T I TR |1 P NPT T TP S Iil') | IL N L 1 L II | l L
wT
15 wr 6
al L (PR | ) T | T Y N [ gl I| i |
FS
Fs |
"
2 < wT
I ol
2 i il w & L
o 1AL L b " .
SNX11 HOXB-AS3 PRAC2 ATP5MC1 IGF2BP1 RPS12 LINC00326 EYA4 TCF21 TBPL1
L | [ ) | A0 HF K- | " L |
= | 1 HH ] - HiHR HH
CBXMIR1203 SKAP1 HOXB2 HOXB13 GIP VNN2
HOXB7 TTLLE
46,076,172 bp chr17 47,219,757 bp 132,989,803 bp chré 134,425,948 bp
c
SKAP2-HOXA Locus
N-IDRgs/A9 T

N-IDRwr/A9
Fs
" L. ALy,
E wT
1 “ AL,
Fs
- sz
S wWT
= l L
N N L
SNX10 CTorf71 HOTAIRM1
LOC441204 HOTTIP
. ="y AT '
& ' HIKI
KIAA0087 SKAP2 HOXA9 HIBADH
26,259,513 bp chr7 27,782,984 bp

Extended DataFig.10 | Hi-C mapping reveals the chromatin loops specific

tocellswiththe LLPS-competent NUP98-HOXA9, compared with the
LLPS-competent mutant, at leukaemia-relevant geneloci. Views for Hi-C

mapping, RNA-seqand ChIP-seq for CTCF,N-IDR/A9 and H3K27ac at the HOXB

(a), EYA4 (b), and SKAP2-HOXA loci (c) in293F T stable cells expressing either

N-IDR,/A9 (WT) or N-IDR;¢/A9 (FS). Hi-C mapping views (top) show results
from the N-IDRy/A9 or N-IDRs/A9 expressing cells (bottom and top diagonal,
respectively). Corresponding ChlP-seqand gene tracks are shown below each
Hi-Cplot.N-IDRy/A9 loops are indicated by red arrows.
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Extended DataFig.11|Modelillustrating requirement of LLPS-competent with NUP98-HOXA9 is crucial for promoting long-distance chromatin looping
IDRwithinNUP98-HOXA9 for leukaemogenesis and activation of the between proto-oncogene promoter and enhancers, which thusinduces an
oncogenic gene-expression program. The LLPS-competentIDR contained oncogenic gene-expression programand malignant development.
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Data analysis FlowJo X.0.7 was used for Flow cytometry analysis.
ChlIP-seq peak calling
Trim galore version 0.6.1 was used for adapter trimming and quality filter for all reads. STAR v2.7.1a was used to align the reads to the
human genome (hg19). Samtools (v1.9), Picard MarkDuplicates funtion (ver 2.20.4), and bedtools (v2.28.0) were used to remove the
non-primary alignment, PCR duplicates, or blacklist regions from aligned data. MACS2(v2.1.1) was used for peak calling. Deeptools
(v3.3.0) was used to make bigwig files, heatmaps, and averaged plottings of ChIP-seq signal. These bigwig files were visualized using IGV
v2.5.3. Custom scripts of R(v3.5.0) or Python(v3.6) were used for some statistical analysis.
Hi-C Analysis
The Juicer pipeline v1.5.6 (Durand et al. 2016) was used to create Hi-C maps, using bwa v0.7.17 (Li H. and Durbin R. 2009) to align reads to the
human genome (hg19). Loops were detected using HICCUPS from the Juicer tools software v1.11.09 (Durand et al. 2016) with the following
parameters: -m 2048 -c 2 -r 5000,10000,25000 -k KR -f0.1,0.1,0.1 -p 4,2,1 -i 8,6,4 -t 0.2,1.5,1.5,1.75 -d 30000,30000,60000. Raw counts for
each looping interaction were extracted with the Straw API v0.0.1 (Durand et al. 2016) and used for differential loop calling in R (v3.5.1) with
DESeq2 v1.22.2 (Love, Huber, and Anders 2014). Aggregate peak analysis was conducted in R (v3.5.1) using the Straw API (v0.0.1). Overlap
between loop anchors and ChIP-seq peaks (see ChIP-seq peak calling) was performed using Bedtools v2.29.2 (Quinlan et al. 2010) and
bedtoolsr v2.29.0-5 (Patwardhan et al. 2020). Statistical analysis was conducted in R (v3.5.1) with the FSA package v0.8.31 (Ogle et al. 2020).
RNA-seq analysis
The fastq files were aligned to the GRCh38 human genome (GRCh38.d1.vd1.fa) or the mm10 mouse genome (GRCM38.p4) using STAR v2.4.2
(Dobin et al. 2013) with the following parameters: --outSAMtype BAM Unsorted --quantMode TranscriptomeSAM. Transcript abundance for
each sample was estimated with salmon v0.1.19 (Patro et al. 2017) to quantify the transcriptome defined by Gencode v22. Gene level counts
were summed across isoforms and genes with low counts (maximum expression < 10) were filtered for the downstream analyses. We tested
genes for differential expression in DESeq2 v1.38.2 (Love, Huber, and Anders 2014) in R.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Next-generation sequencing data from ChIP-seq, RNA-seq and Hi-C experiments for this current study are deposited in the NCBI GEO under accession number
GSE144643. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD023548 and 10.6019/PXD023548. Gel raw images (for Fig 1b and Extended Data Figs 1b, 1d, 1g and 2a) and FACS gating control (for Extended Data Fig
2f) are provided in Supplementary Fig 1 of the paper.
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Sample size The sample size was estimated from the preliminary experiments or from our previously published studies (Nature 459, 847-851 (2009); Nat
Commun 12, 1045, doi:10.1038/s41467-021-21357-3 (2021)). No statistical method was applied to predetermine sample size. The cell
counting, RT-qPCR, ChIP-gPCR and 3C-qPCR were conducted with three independent experiments or samples. ChIP-seq of fusion was
conducted with two independent samples (for example, either GFP or HA ChIP-seq). RNA-seq was conducted with two independent samples.
Hi-C was conducted with four independent experiments and, following confirmation of high correlation, Hi-C read tags were combined to gain
depth.

Data exclusions  No

Replication All experiments were reproduced reliably in independent setting for at least two or three times.

Randomization  Mice were randomly allocated into experimental groups by the mouse core facility at UNC-CH.

Blinding Investigators were blinded to group allocation during experiments and not blinded to data analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Antibodies used anti-HA tag antibody-ChIP Grade, Abcam, ab9110; anti-GFP, Abcam, ab290; anti-FLAG, Sigma, F1804; anti-H3K27Ac, Abcam,
ab4729; anti-H3K9me3, Abcam, ab8898; anti-CTCF, Diagenode, C15410210; anti-GAPDH, Santa Cruz, sc-25778; anti-H2Av,
Activemotif, 39715; anti-NUP98 GLEBS ( A gift from Jan Deurson; refer to the paper: Molecular and cellular biology 19, 764-776); goat
anti-mouse 1gG HRP, Santa Cruz Biotechnology, sc-2005; goat anti-rabbit IgG HRP, Santa Cruz Biotechnology, sc-2004; Donkey anti-
Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594, Life technologies, A-21207; Goat anti-Mouse 1gG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488, Invitrogen, A-32723. The information of the antibody source and
the used dilutions is provided in the Supplementary Table 8 of the paper.

Validation All antibodies were validated by Western blotting or immunofluorescence using cells expressing tagged protein of interest or gene
knockdown vs. the negative control sample. For histone antibodies, specificity had been extensively tested by the suppliers and
independent investigators (for example, the users' generated database for histone antibodies: http://www.histoneantibodies.com/).
For validation of anti-NUP98 GLBES, we have used cell line expressing GFP-tagged NUP98-HOXA9, which is either full-length or with
the GLEBS deletion, and confirmed its specificity based on a strong signal for full-length NUP98-HOXA9 and a lack of signal with the
GLEBS-deleted NUP98-HOXAS9.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Cell lines used in the study included HEK293T (ATCC #CRL-3216), Hela (ATCC #CCL-2), HeLa NUP98-HOXAQ N51S (A gift from
Dr. Birthe Fahrenkrog).

Authentication Authentication of cell line identities, including parental and their derived lines, was ensured by the Tissue Culture Facility
(TCF) affiliated to UNC Lineberger Comprehensive Cancer Center with the genetic signature profiling and fingerprinting
analysis.

Mycoplasma contamination Cells were negative for mycoplasm. Every month, a routine examination of cell lines in culture for any possible

mycoplasma contamination was performed using commercially available detection kits (Lonza).

Commonly misidentified lines  no commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All animal experiments were approved by and performed in accordance with the guidelines of the UNC Institutional Animal Care
and Use Committee (IACUC). The balb/C mice (female 10-week-old) were purchased from Jax Lab and maintained by Animal Studies
Core, the UNC Lineberger Comprehensive Cancer Center.

Wild animals No wild animals were used in the study.

Field-collected samples  No field-collected samples were used in the study.

Ethics oversight All animal experiments were approved by and performed in accordance with the guidelines of the UNC Institutional Animal Care
and Use Committee (IACUC). Experienced staff of UNC Animal Studies Core provides support of daily care and monitoring.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144643
May remain private before publication.

Files in database submission HEK293 EV control cell Input (matched to HA-IP)
HEK293 EV control cell HA-IP
HEK293 WT NUP98-HOXA9 (HA-tagged) Input (matched to HA-IP)
HEK293 WT NUP98-HOXAS (HA-tagged) HA-IP
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) Input (matched to HA-IP)
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) HA-IP
HEK293 WT NUP98-HOXA9 (GFP-tagged; mock treated) Input
HEK293 WT NUP98-HOXA9 (GFP-tagged; mock treated) GFP-IP
HEK293 WT NUP98-HOXA9 (GFP-tagged; Hex treated) Input
HEK293 WT NUP98-HOXA9 (GFP-tagged; Hex treated) GFP-IP
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; mock treated) Input
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; mock treated) GFP-IP
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; Hex treated) Input
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; Hex treated) GFP-IP
HEK293 EV control cell Input (matched to H3K27ac-IP)
HEK293 EV control cell H3K27ac-IP
HEK293 WT NUP98-HOXA9 (HA-tagged) Input (matched to H3K27ac-IP)
HEK293 WT NUP98-HOXA9 (HA-tagged) H3K27ac-IP
HEK293 WT NUP98-HOXA9 CTCF-IP
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) Input (matched to H3K27ac-IP)
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) H3K27ac-IP
HEK293 FS mutant NUP98-HOXA9S CTCF-IP
HEK293 WT FUS-HOXA9 (GFP-tagged) Input
HEK293 WT FUS-HOXA9 (GFP-tagged) GFP-IP
HEK293 YS mutant FUS-HOXA9 (GFP-tagged) Input
HEK293 YS mutant FUS-HOXA9 (GFP-tagged) GFP-IP
mouse HPSC WT NUP98-HOXA9 (GFP-tagged) Input
mouse HPSC WT NUP98-HOXA9 (GFP-tagged) GFP-IP
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Genome browser session no longer applicable
(e.g. UCSC)

Methodology

Replicates We have used two different tags (GFP and HA) for NUP98 fusion.

Sequencing depth sample name raw reads mapped reads Read type Read length
mouse HPSC WT NUP98-HOXA9 (GFP-tagged) GFP-IP 40931756 38010893 single-end 50
mouse HPSC WT NUP98-HOXA9 (GFP-tagged) Input 33846318 29295519 single-end 50
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) H3K27ac-IP 70506235 67860778 single-end 50
HEK293 WT NUP98-HOXA9 (HA-tagged) H3K27ac-IP 73156008 70478585 single-end 50
HEK293 EV control cell Input (matched to HA-IP) 68931398 62957130 single-end 50
HEK293 EV control cell HA-IP 75884089 69324916 single-end 50
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) Input (matched to HA-IP) 80050489 74412157 single-end 50
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) HA-IP 90580775 80879709 single-end 50
HEK293 WT NUP98-HOXA9 (HA-tagged) Input (matched to HA-IP) 74581179 67897568 single-end 50
HEK293 WT NUP98-HOXA9 (HA-tagged) HA-IP 61108652 56802384 single-end 50
HEK293 EV control cell H3K27ac-IP 70455472 67944972 single-end 50
HEK293 EV control cell Input (matched to H3K27ac-IP) 126621376 119865471 single-end 50
HEK293 FS mutant NUP98-HOXA9 CTCF-IP 33514784 32534621 single-end 50
HEK293 FS mutant NUP98-HOXA9 (HA-tagged) Input (matched to CTCF-IP) 23761971 22651990 single-end 50
HEK293 WT NUP98-HOXA9 CTCF-IP 34651089 33512424 single-end 50
HEK293 WT NUP98-HOXA9 (HA-tagged) Input (matched to CTCF-IP) 25039295 23814744 single-end 50
HEK293 YS mutant FUS-HOXA9 (GFP-tagged) Input 26768771 25946511 single-end 50
HEK293 YS mutant FUS-HOXA9 (GFP-tagged) GFP-IP 35721610 34874243 single-end 50
HEK293 WT FUS-HOXA9 (GFP-tagged) Input 27059808 26036690 single-end 50
HEK293 WT FUS-HOXA9 (GFP-tagged) GFP-IP 31143303 30434182 single-end 50
HEK293 WT NUP98-HOXA9 (GFP-tagged; mock treated) Input 37351884 35758008 single-end 50
HEK293 WT NUP98-HOXA9 (GFP-tagged; mock treated) GFP-IP 31911380 29855733 single-end 50
HEK293 WT NUP98-HOXA9 (GFP-tagged; Hex treated) Input 28660721 27593795 single-end 50
HEK293 WT NUP98-HOXA9 (GFP-tagged; Hex treated) GFP-IP 37312622 35303786 single-end 50
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; mock treated) Input 39984308 38610417 single-end 50
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; mock treated) GFP-IP 41810282 40068777 single-end 50
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; Hex treated) Input 25485571 24688075 single-end 50
HEK293 FS mutant NUP98-HOXA9 (GFP-tagged; Hex treated) GFP-IP 37538073 36222062 single-end 50

Antibodies Rabbit anti-HA, Abcam, ab9110; Rabbit anti-GFP, Abcam, ab290; Rabbit anti-H3K27 acetyl, Abcam, ab4729; Rabbit anti-CTCF,
Diagenode, C15410210

Peak calling parameters MACS2 with the parameter: --nomodel --pvalue 1e-05 --extsize 250




Data quality FastQC

Software STAR (v2.7.1a), DeepTools(v3.3.0), MACS(v2.1.1),

Flow Cytometry

Plots
Confirm that:
|z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IXI The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
IXI All plots are contour plots with outliers or pseudocolor plots.

IXI A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Cells were washed once in the cold FACS buffer (PBS with 5% of FBS added) to a final density of 10 million cells/ml and then
resuspended and incubated in the FACS buffer added with the respective antibodies (1:100 dilution) for 30 min on ice. The
cell pellets were washed with FACS buffer and the stained cells were subject to analysis with the FACS machine.

Instrument Attune Nxt (Life Technologies)

Software FlowJo X.0.7 was used for Flow cytometry analysis

Cell population abundance Not applicable (all cells used).

Gating strategy Parental cells without antibody staining and set gates for analysis. The gating control and strategy data is provided in

Supplementary Figure of the paper.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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