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Abstract

Protein intrinsically disordered regions (IDRs) are critical gene-regulatory components and aberrant fusions between IDRs and DNA-
binding/chromatin-associating domains cause diverse human cancers. Despite this importance, how IDRs influence gene expression, and how
aberrant IDR fusion proteins provoke oncogenesis, remains incompletely understood. Here we develop a series of synthetic dCas9-IDR fu-
sions to establish that locus-specific recruitment of IDRs can be sufficient to stimulate endogenous gene expression. Using dCas9 fused to the
paradigmatic leukemogenic NUP98 IDR, we also demonstrate that IDRs can activate transcription via localized biomolecular condensation and
in a manner that is dependent upon overall IDR concentration, local binding density, and amino acid composition. To better clarify the oncogenic
role of IDRs, we construct clinically observed NUP98 IDR fusions and show that, while generally non-overlapping, oncogenic NUP98-IDR fusions
convergently drive a core leukemogenic gene expression program in donor-derived human hematopoietic stem cells. Interestingly, we find that
this leukemic program arises through differing mechanistic routes based upon IDR fusion partner; either distributed intragenic binding and intra-
chromosomal looping, or dense binding at promoters. Altogether, our studies clarify the gene-regulatory roles of IDRs and, for the NUP98 IDR,
connect this capacity to pathological cellular programs, creating potential opportunities for generalized and mechanistically tailored therapies.
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Introduction

More than 40% of the human proteome contains intrinsically
disordered regions (IDRs) that promote cooperative interac-
tions that in turn facilitate a variety of critical cellular pro-
cesses [1, 2]. Transcriptional regulators are highly enriched in
IDRs, which is thought to enable interactions with, and/or
recruitment of, other cofactors to precisely control chromatin
dynamics and gene expression [3, 4]. Despite this prevalence
and fundamental importance, the functions of IDRs remain
incompletely defined. In addition, the IDRs from many differ-
ent classes of human proteins, ranging from RNA/DNA bind-
ing (e.g. EWSR1 and NONO), chromatin remodeling (e.g.
SS§18), and nuclear membrane-associated (e.g. NUP98), can
inappropriately fuse with diverse DNA-binding or chromatin-
associating domains [5-9]. These fusion events often drive
aberrant cellular processes, including protein mislocalization
[10], dysregulated gene expression [11, 12], inappropriate
chromatin dynamics [13], and oncogenesis [7, 11]. Therefore,
deciphering how IDRs function holds tremendous promise
for both understanding cellular processes and uncovering
new therapeutic opportunities for diseases driven by patho-
logical IDR fusion proteins, particularly IDR-driven human
cancers.

For example, the NUP98 IDR, which is made up of aro-
matic phenylalanine-glycine (FG) repeats, is associated with
hematopoietic malignancies when aberrantly fused to protein
partners that engage the human genome [5]. At least 30 unique
NUP98 IDR fusion partners have been identified in cancer pa-
tients [14, 15], and these fusion partners encompass a wide ar-
ray of direct DNA binding domains (i.e. HOX and PMX) as
well as epigenetic regulatory domains such as homeodomains,
PHD, and SET domains [14, 15]. Additionally, NUP98 IDRs
of different lengths, harboring as few as 19 to as many as 39
FG repeats, can fuse with this array of different binding part-
ners and have been observed in human cancers [14, 16-18].
This multilayered diversity among oncogenic NUP98 fusions
has complicated our understanding of how the NUP98 IDR
impacts gene expression and raised the question as to whether
heterogenous NUP98 IDR fusions mediate discrete pathologi-
cal gene expression profiles or drive oncogenesis through con-
served mechanistic routes.

Here, we engineered a set of CRISPR/Cas-based fusion
proteins which demonstrate that human IDRs can be suffi-
cient to initiate endogenous human gene expression in a phase
separation-associated manner. This transactivation capability
is dependent upon IDR concentration, binding site frequency,
and IDR composition. We also generate genome-wide evi-
dence that representatives from two major classes of onco-
genic NUP98 IDR fusion proteins; DNA-binding (NUP98-
HOXADY) and chromatin-associating (NUP98-KDMS5A), acti-
vate a conserved core set of leukemogenic factors in primary
donor-derived human hemopoietic stem cells (HSCs), how-
ever, these fusion proteins exhibit non-overlapping genomic
binding landscapes and differing modes of transcriptional
activation.

Collectively, our site-specific data gathered using syn-
thetic dCas9-IDRs and genome-scale datasets generated us-
ing NUP98-KDMS5A or NUP98-HOXA9 fusions connect the
transcriptional activity of IDRs to the promotion of oncogene-
sis in donor derived HSCs. Given that NUP98 IDR-associated
cancers are clinically intractable and linked with poor prog-
noses, our findings may provide new opportunities for thera-
peutic intervention. Further, since numerous human cancers

can arise from IDR fusions with DNA-binding/chromatin-
associating domains [7, 19], our findings here using the
paradigmatic NUP98 IDR are likely extensible to other can-
cers driven by IDR fusions. Finally, since IDRs are a prevalent
molecular component within human gene-regulatory factors
[3, 20], understanding their functions could lead to enhanced
synthetic control of phase-separation, chromatin dynamics,
and gene expression [21-23].

Materials and methods

Cell culture

HEK293T cells (ATCC, CRL-11268) and U20S P21-MS2
cells [24] were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, 31-053-028) supplemented with
10% FBS (Sigma, F2442) and 1% penicillin/streptomycin
(Gibco, 15140). CD34* human HSCs (StemCell, 70060) were
cultured in StemSpan Leukemic Cell Culture Kit (StemCell,
09720) and Complete MethoCult Optimum media (StemCell,
H4034). All cell lines were maintained at 37 °C with 5% CO2.

Plasmid construction

For dCas9-encoding vectors, the cloning backbone was mod-
ified from pLV-dCas9-p300-P2A-Puro (Addgene, 83889) by
inserting an SV40 NLS peptide at the N-terminal of dCas9-
p300). EWSR1, SS18, NONO1, and NONO2 are ampli-
fied from complementary DNA (cDNA) of HEK293T cells.
NUP98a, NUP98b, eNUP98, and various FG repeats were
amplified from the pPEP-TEV-cNup98 (amino acids 1-498;
Addgene, 38037). HOXA9 (amino acids 164-272) was am-
plified from pFUW-tetO-HOXA9 (Addgene, 139827) and
KDMSA (amino acids 1485-1690) was partially (amino
acids 1485-1622) amplified from pBabe-puro/HA-FLAG-
RBP2 (Addgene, 14802) and partially (amino acids 1623-
1690) synthesized as a gBlock by IDT. The NUP98 F/S mu-
tant was partly amplified from the IDRFS vector [13] and par-
tially synthesized as a gBlock by IDT. EGFP was amplified
from miniCMV-EGFP-hPGK-BSD (Addgene,188519). The
dCas9-NUP98a, dCas9-NUP98b, dCas9-eNUP98, dCas9-
FG, dCas9-F/S, dCas9-NUP98-HOXA9, and dCas9-NUP98-
KDMSA plasmids (and associated EGFP harboring variants)
were created by subcloning the corresponding amplified frag-
ments into a BamHI-digested plasmid (modified from Ad-
dgene, 83889) backbone via NEBuilder HiFi DNA Assem-
bly (NEB, E2621). The doxycycline inducible TRE-dCas9-
NUP98a was created by subcloning the NUP98a fragments
into a BamHI digested TRE-dCas9-p300 plasmid (unpub-
lished). For constructs without dCas9, the cloning backbone
was modified from pLV-dCas9-p300-P2A-Puro (Addgene,
83889) by replacing the dCas9-p300-p2a-puro cassette with
a hPGK-puro cassette using NEBuilder HiFi DNA Assembly
(NEB, E2621). NUP98a-EGFP, NUP98b-EGFP, various FG
domains-EGFP, NUP98a/b-HOXA9-EGFP, and NUP98a/b-
KDMSA-EGFP were subcloned into Xbal/BamHI digested
backbone by NEBuilder HiFi DNA Assembly (NEB, E2621).
All amplified PCR products or gBlocks were cloned onto the
N-terminus of dCas9 and dCas9-eNUP98 vectors by NEB-
uilder HiFi DNA Assembly (NEB, E2621). Protein sequences
of all dCas9 constructs are shown in Supplementary Note 1.
All gRNAs were cloned into the pSPgRNA backbone (Ad-
dgene, 47108) and all gRNA protospacer targets are listed in
Supplementary Table S3.
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Live cell imaging

4.0e5 HEK293T cells or 2e5 U20S P21-MS2 cells were
seeded in 35 mm glass-bottom petri dishes with 10 mm mi-
crowells (MatTek, P35G-1.5-10-C). In experiments with only
one fluorophore and no dCas9/gRNA, 500 ng of indicated
EGFP/mCherry containing vectors were used. In experiments
using dCas9 and gRNAs, 375 ng of dCas9 and EGFP fu-
sion encoding vector and 125 ng of gRNA vector were used.
In experiments using two fluorophores (i.e. p300-mCherry
and FG-EGFP), 250 ng of EGFP containing vector, and
250 ng of mCherry containing vector were used. Cells were
transiently transfected using Lipofectamine 3000 (Invitrogen,
L3000015). HEK293T cells were stained using NucBlue Live
ReadyProbes Reagent (Hoechst 33342; Invitrogen, R37605)
~20 or ~6-20 h post-transfection. U20S P21-MS2 cells were
stained using NucBlue Live ReadyProbes Reagent (Hoechst
33342; Invitrogen, R37605) ~10 h post-transfection. After
incubation, cells were imaged using a Nikon ECLIPSE Ti2-
E (541094). Fluorescence quantification was performed using
NIS-Elements AR (v5.10.01).

Flow cytometry

EGFP fusions were transfected into HEK293T cells. Cells
were harvested ~20 h post-transfection and then washed with
phosphate-buffered saline (PBS, Fisher, BP3994) and then re-
suspended in 1% bovine serum albumin (BSA, Fisher, BP9706-
100). Cells were then analyzed using a Sony SA3800 flow cy-
tometer. Data were analyzed using Flow]o software (v.10).

Reverse-transcription quantitative PCR

HEK293T cells were transiently transfected with respective
dCas9 expression vector (375 ng) and single gRNA vec-
tors or equimolar pooled gRNA expression vectors (125
ng) in 24-well plates using Lipofectamine 3000 (Invitrogen,
1L3000015). RNA was extracted from HEK293T cells ~72
h post-transfection using the Qiagen RNeasy Plus mini kit
(Qiagen, 74136). One microgram of RNA was used for
c¢DNA synthesis using the iScript advanced ¢cDNA synthe-
sis kit (Bio-Rad, 1725038). Reverse-transcription quantita-
tive PCR (RT-qPCR) was performed using Luna Universal
qPCR Master Mix (NEB, M3003E) on a CFX96 Real-Time
PCR Detection System with a C1000 Thermal Cycler (Bio-
Rad, 1855195). Baselines were subtracted using the baseline
subtraction curve fit analysis mode and thresholds were au-
tomatically calculated using the Bio-Rad CFX Manager soft-
ware (version 2.1). Results are expressed as fold change above
mock-transfected cells after normalization to GAPDH expres-
sion using the AACt method. The messenger RNA (mRNA)
nonlinear curves were performed using the log (agonist) ver-
sus response function of GraphPad Prism version 10.0.0. All
qPCR primers and conditions are listed in Supplementary
Table S4.

Lentivirus production

HEK293T cells were seeded at ~40% confluency in 10 cm
plates 1 day prior to transfection. Cells were transfected with
lentiviral production plasmids at ~80%-90% confluency on
the next day. For each transfection, 10 ug of plasmid con-
taining the vector of interest, 10 ug of pMD2.G (Addgene,
12259), and 15 pg of psPAX2 (Addgene, 12260) were trans-
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fected using Lipofectamine 3000 (Invitrogen, L3000015). Six
hours post-transfection the media was changed. The super-
natant was harvested at ~24 and ~48 h post-transfection
and filtered through a 0.45 pum PVDF filter (Millipore,
SLGVMB33RS). Viruses were concentrated using Lenti-X Con-
centrator (Takara, 631232), aliquoted, and stored at —80°C.
Lentiviral titers were measured by the Lenti-X qRT-PCR
Titration Kit (Takara, 631232).

Lentiviral transduction

Twenty-four-well plates were treated with 20 pg/ml
RetroNectin (Takara Bio, T100B) as per manufacturer’s
instruction. 2e6 CD34* human HSCs (StemCell, 70060) were
then mixed with 2.0e9 lentiviral particles and Lentiboost-P
(1:100 dilution, Siron Biotech), and were then seeded onto
the RetroNectin-treated plates. After centrifugation at 800
g at 4°C for 90 min, plates were placed at 37°C overnight.
The cell medium was changed, and cells were cultured for
another ~48 h. The transduced cells were imaged using a
fluorescent microscope (Nikon ECLIPSE Ti2-E; 541094) and
EGFP-positive cells were isolated using FACS cell sorting
(Sony Biotechnology, MA900) and cultured in Complete
MethoCult Optimum media (StemCell, H4034) for 2 weeks.

HEK293T cells were transduced with lentiviruses encoding
EGFP, NUP98a-HOXA9-EGFP, NUP98a-KDMSA-EGEFP, or
TRE-dCas9-NUP98a in 6-well plates at an MOI of 1. Briefly,
1e6 cells in 2 ml of media supplemented with 8 pg/ml poly-
brene (Sigma, TR-1003-G) were added to each well. Then, 48
h post-transduction, cells were passaged and EGFP positive
cells were isolated by FACS cell sorting (Sony Biotechnology,
MA900) and cultured in complete DMEM media for 2 weeks
with passaging every 3 days. TRE-dCas9-NUP98a trans-
duced HEK293T cells were selected with DMEM medium
supplemented with 1 pg/ml puromycin for 1 week. The
selected cells were transfected with indicated gRNA pools
and rtTA plasmids. Doxycycline (0-100 nM) was added ~6
h post-transfection. The cells were visualized at ~20 h post-
transfection. Cells were collected at 72 h post-transfection for
RT-qPCR and Western blotting analysis.

Western blotting

Twenty microgram of protein was loaded for SDS PAGE and
transferred onto a PVDF membrane for Western blots. Pri-
mary antibodies (x-FLAG; Sigma-Aldrich, F1804) were used
at a 1:1000 dilution in 1x Tris Buffered Saline with 1% Ca-
sein (Bio-Rad, 1610782EDU). Secondary oc-mouse HRP (Cell
Signaling, 7076) was used at a 1:3000 dilution in 1x Tris
Buffered Saline with 1% Casein (Bio-Rad, 1610782EDU).
Membranes were exposed after addition of ECL (Bio-Rad,
170-5060). Tubulin was detected with hFAB™ Rhodamine
Anti-Tubulin Primary Antibody (Bio-Rad, 12004166).

CUT&RUN assays

CUT&RUN assays were carried out using the Epicypher CU-
TANA ChIP/CUT&RUN Kit (Epicypher 14-1048). Briefly,
5.0e5 transfected cells were harvested, immobilized on con-
canavalin A beads, and permeabilized in 0.01% digitonin
cell permeabilization buffer. The cell-bead conjugate mixture
was then divided equally into 2 aliquots and incubated in
50 ul antibody buffer with either 0.5 pg of anti-H3K27ac
antibody (Abcam, 4729) or 0.5 pg of control rabbit IgG
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antibody (Abcam, 37415) overnight at 4°C. After washing the
beads, pAG-MNase was added to the immobilized cells and
the solution was incubated for 2 h at 4°C to digest and re-
lease chromatin DNA. For CUT&RUN-qPCR assays, 1 pl of
purified DNA from both H3K27ac antibody treatment and
rabbit IgG control treatment was then assayed using qPCR.
Relative enrichment of H3K27ac is expressed as fold change
relative to the corresponding rabbit IgG control samples using
the AACt method. All qPCR primers and conditions are listed
in Supplementary Table S4.

RNA-seq and analysis

RNA sequencing (RNA-seq) was performed in duplicate for
each experimental condition. RNA was isolated from trans-
duced CD34* human hematopoietic stem cells (HSCs) us-
ing the RNeasy Plus mini kit (Qiagen, 74136). Total RNA
samples were normalized to 10 ng each, based on picogreen
quantitation. RNA-seq libraries were constructed using the
Takara SMARTer Stranded Total RNA-Seq Kit v3 - Pico In-
put Mammalian (Takara, 6344835). The Switching Mechanism
at 5’ end of RNA template (SMARTer) cDNA synthesis tech-
nology generates directionally identifiable ds-cDNA, incorpo-
rated with [llumina sequencing adapters and sample barcodes.
Following cDNA synthesis and purification, ribosomal cDNA
reduction is achieved by using probes (R-Probes v3) that target
mammalian ribosomal cDNA and human mitochondrial ribo-
somal cDNA and ZapR v3 cleaves these fragments. Following
amplification of the library using universal primers and a final
purification using Takara NucleoMag NGS Clean-up and Size
Select beads, the final library is ready for quantification and se-
quencing. Read 1 sequenced reads map to the antisense strand
of the original RNA. The resulting libraries were quantitated
by picogreen and fragment size assessed with the Agilent 2100
Bioanalyzer.

All samples were pooled equimolarly and re-quantitated by
qPCR using the Applied Biosystems ViiA7 Quantitative PCR
instrument and a KAPA Library Quant Kit (p/n KK4824), and
also re-assessed on the Bioanalyzer. Cluster generation by ex-
clusion amplification (ExAMP): using the concentration from
the ViiA7 TM qPCR machine above, 150 pM of equimolarly
pooled library is loaded onto one lane of the NovaSeq S1 flow-
cell (Illumina p/n 20028317) following the XP Workflow pro-
tocol (Illumina kit p/n 20021664) and amplified by ExAMP
onto a nanowell-designed, patterned flowcell using the Illu-
mina NovaSeq 6000 sequencing instrument. A combination
of PhiX Control v3 adapter-ligated library (Illumina p/n FC-
110-3001) and RNA library are spiked-in at 10% by weight
to ensure balanced diversity and to monitor clustering and se-
quencing performance. A paired-end 150 bp cycle run was
used to sequence the flowcell on a NovaSeq 6000 Sequenc-
ing System. An average of 60 million read pairs per sample
was sequenced. Fastq file generation was executed using Illu-
mina’s cloud-based informatics platform, BaseSpace Sequenc-
ing Hub. Reads were aligned to the GRCh38 transcriptome
using HISAT2 (2.2.1) [25]. Transcript abundance was calcu-
lated using feature Counts from the subread package (v2.0.3)
[26], and differential expression was determined in R studio
(v2022.07.2, R 4.2.2) using the DESeq2 (v1.38.3) [27] anal-
ysis package with default parameters. Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis was performed using
clusterProfiler (v4.6.0) [28] and sequence read coverage was
visualized by the IGV (2.16.0) [29].

Colony formation assay

One thousand CD34* human HSCs transduced with EGFP,
NUP98a-HOXA9-EGFP, or NUP98a-KDMS5A-EGFP. Cells
were sorted for EGFP positivity 3 days post-transduction and
then plated in Complete MethoCult Optimum media (Stem-
Cell, H4034). After 2 weeks of growth, colonies were counted,
and cells were washed with PBS before being replated in Com-
plete MethoCult Optimum media. After another 2 weeks of
growth, colonies were counted again.

ChlIP-sequencing and analysis

HEK293T cells were transfected with indicated NUP98 fu-
sions (10 pg) or cotransfected with indicated dCas9 fusion
(7.5 ng) expression vectors and gRNA (2.5 ug) constructs in
10 cm plates in biological duplicates for each condition tested.
Approximately 72 h post-transfection, cells were cross-linked
for 10 min at RT using 1% formaldehyde (Sigma F8775-
25ML) and then the reaction was stopped by the addition of
glycine to a final concentration of 125 mM. Cells were har-
vested and washed with ice cold 1x PBS and suspended in
Farnham lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 0.5%
NP-40) supplemented with protease inhibitor (Thermo Scien-
tific, A32965). Cells were then pelleted and resuspended in
RIPA buffer (1x PBS, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) supplemented with protease inhibitor. Approxi-
mately 2.5e7 cells were used for each ChIP experiment. Chro-
matin in RIPA buffer was sheared to a median fragment size
of around 250 bp using a ioruptor XL (Diagenode). Five mi-
crogram of a-FLAG antibody (Sigma—Aldrich, F1804) was in-
cubated with 50 ul Mouse IgG magnetic beads (Life Tech-
nologies, 11202D) for ~16 h at 4°C, respectively. Antibody-
linked magnetic beads were washed three times with PBS/BSA
buffer (1x PBS and 5 mg/ml BSA) and sheared chromatin
was incubated with corresponding antibody-linked magnetic
beads at 4°C overnight and then washed five times with LiCl
IP wash buffer (100 mM Tris, pH 7.5, 500 mM LiCl, 1% NP-
40, 1% sodium deoxycholate). Cross-links were then reversed
via overnight incubation at 65°C and DNA was purified using
QIAquick PCR purification kit (Qiagen, 28106) for ChIP-seq.
Input DNA was prepared from ~1.0e6 cells.

ChIP DNA samples were quantified using Qubit 2.0 Fluo-
rometer (ThermoFisher Scientific) and the DNA integrity was
checked with 4200 TapeStation (Agilent Technologies). ChIP-
seq libraries were prepared using the NEB NextUltra DNA
Library Preparation kit (NEB, 7645). Briefly, the ChIP DNA
was end-repaired and adapters were ligated after adenylation
of the 3’ ends. Adapter-ligated DNA was size-selected, fol-
lowed by clean up, and limited cycle PCR enrichment. The
ChIP library was validated using Agilent TapeStation (Agi-
lent) and quantified using Qubit 2.0 Fluorometer as well as
real time PCR (KAPA Biosystems). The sequencing libraries
were multiplexed and clustered onto one lane of a flow-
cell. After clustering, the flowcell was loaded on the Illu-
mina HiSeq 4000 equivalent instrument. Sequencing was per-
formed using a 2 x 150 paired end conFiguration. Image anal-
ysis and base calling were conducted by the HiSeq Control
Software. Raw sequence data (.bcl files) generated from Illu-
mina HiSeq was converted into Fastq files and de-multiplexed
using the bcl2fastq (v2.17). One mismatch was allowed for
index sequence identification. For ChIP-seq analysis, reads
were aligned to the GRCh38 reference genome using Bowtie2
(v2.4.5) [30] and peaks were called using MACS2 (v2.2.7.1)
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[31] with a g-value < 0.01. Resulting peaks were assessed and
analyzed with deepTools (v3.5.4) [32], DiffBind (v3.8.4) [33],
and ChIPSeeker (v1.34.1) [34].

3C-qPCR

1.0e7 transduced HEK293T cells were crosslinked in 9.5 ml
of 1% formaldehyde in PBS with 10% FBS (Sigma-Aldrich,
F8775) and then incubated at room temperature for 10 min.
1.425 ml of ice-cold 1M glycine was added to a final con-
centration of 130 mM glycine to quench crosslinking similar
to previous methods [35]. Briefly, crosslinked cells were then
pelleted and then lysed in 5 ml of lysis buffer (10 mM Tris—
HCI, pH 7.5; 10mM NaCl; 5 mM MgCl,; 0.1 mM EGTA;
1 x complete protease inhibitor; Fisher, A32965) on ice for
10 min, and then centrifuged for 5 min at 400 g at 4°C
for nuclei extraction. The extracted nuclei were transferred
to 1 x CutSmart digestion buffer (NEB, B7204) with 0.3%
SDS (Invitrogen 24730020) and then shaken at 900 rpm for
1 h at 37°C, after which, 2% Triton X-100 (Sigma-Aldrich,
T9284) was added, and another 1 h incubation with shaking
at 900 rpm at 37°C was performed. 400 U of HindIIl (NEB
R0104) was then added, and the nuclear DNA was digested at
37°C while shaking at 900 rpm overnight. The solution was
then brought to 7 ml total volume in T4 ligation buffer (NEB
B0202) with a final concentration of 1.6% SDS and 1% Tri-
ton X-100. The mixture was then gently shaken at 37°C for 1
h. One hundred Weiss units of T4 DNA ligase (NEB M0202)
was then added to the nuclear DNA, and the solution was lig-
ated for 4 h at 16°C and then for 30 min at room temperature.
The reaction was then incubated with 300 ug of proteinase K
(Qiagen 19131) at 65°C overnight. The next day 300 ng of
RNase (Qiagen 9101) was added and the solution was incu-
bated at 37°C for 45 min. The nuclear DNA was then pu-
rified using phenol—chloroform (Fisher BP17521400) extrac-
tion. One thousand nanogram of extracted DNA was used
for qPCR. Results are expressed as relative contact normal-
ized to the non-transfected HEK293T cells. All gPCR primers
and conditions are listed in Supplementary Table S4.

Results

IDRs from diverse human proteins are sufficient to
stimulate endogenous gene expression when
localized to endogenous promoters

The IDRs from EWSR1, SS18, NONO, and NUP98 can
aberrantly fuse with DNA-binding/chromatin-associating do-
mains, which disrupts transcription and promotes oncogene-
sis [6, 7, 11, 12]. To clarify the phase separation capacity and
potential oncogenic role of these IDRs, we first fused EGFP
to the C-terminus of the EWSR1, SS18, NONO1 (NONO
variant 1), NONO2 (NONO variant 2), NUP98a (longer
IDR isoform of NUP98), and NUP98b (shorter IDR iso-
form of NUP98) IDRs (Supplementary Fig. STA and B) and
then monitored the expression levels and cellular distribu-
tions of these fusions when transfected into human HEK293T
cells. IDR-EGFP fusions exhibited varied expression levels,
and each IDR tested facilitated increases in the nuclear frac-
tion of EGFP compared to EGFP controls (Fig. 1A, top and
Supplementary Fig. S1C and D). In addition, each IDR-EGFP
fusion formed biomolecular condensates in HEK293T cells
(Fig. 1A, top and Fig. 1B). Although the expression level
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of the NUP98a-EGFP fusion was lower than other IDR fu-
sion proteins, NUP98a-EGFP nevertheless exhibited particu-
larly sharp, clustered EGFP puncta in transfected cell nuclei
(Supplementary Fig. S1C and E, Fig. 1A, top and Fig. 1B).
Notably, adding a nuclear localization sequence (NLS) to each
IDR fusion further increased nuclear import of all IDR fusions
and phase separation behaviors of NONO1, NONO2, and
NUP98b (Fig. 1A, bottom; Fig. 1B and Supplementary Fig.
S1B-E), suggesting that higher nuclear protein concentrations
of IDRs bolster these activities.

To quantify the gene-regulatory role of IDRs at endoge-
nous human loci, we next fused each of these IDRs to the C-
terminus of dCas9 (Fig. 1C) and targeted these fusion proteins
to the IL1RN promoter using four specific gRNAs. All dCas9-
IDR fusions significantly activated IL1RN transcription (Fig.
1D), albeit this activation was relatively modest compared
to other conventional CRISPRa tools {e.g. dCas9-p300 [36]
or dCas9-VPR [37]}. Importantly, transfection of these IDRs
alone had no effect upon IL1RN expression (Supplementary
Fig. S1F), demonstrating that dCas9-mediated targeting of
these IDRs is required for transcriptional activation of
IL1RN. Altogether, these data demonstrate that human
IDRs can undergo different degrees of nuclear import and
spontaneous condensation in a concentration-related (i.e.
enhanced via NLS) manner in human cells, and further,
that human IDRs can be sufficient to initiate gene ex-
pression upon targeted binding within endogenous human
promoters.

Biomolecular condensation of the NUP98 IDR at
human promoters drives gene expression

Given the condensation behavior of IDRs (Fig. 1), we hypoth-
esized that IDRs functioned via the formation of so called
transcriptional condensates [38, 39], in which protein con-
centration and binding density tightly govern gene regula-
tory control [40-42]. To test this hypothesis, we constructed
a doxycycline (dox) inducible dCas9-NUP98a fusion and de-
livered this fusion protein into HEK293T cells using lentivi-
ral transduction (MOI = 1.0). We measured the fraction
of dCas9-NUP98a-EGFP positive cells and dCas9-NUP98a-
EGFP protein levels using a range of dox concentrations (0
100 nM) using flow cytometry and observed that even though
the number of dCas9-NUP98a-EGFP positive cells saturated
at 20 nM dox, the dCas9-NUP98a-EGFP protein levels con-
tinued to increase with higher dox concentrations (>20 nM;
Supplementary Fig. S2A—C). Further, we found that dCas9-
NUP98a-EGFP condensed into puncta and activated gRNA-
targeted promoters at very low dox concentrations (5 nM),
which became more pronounced at higher dox concentra-
tions (Fig. 2A-C). We also observed that increasing the bind-
ing density/local dCas9-NUP98a concentration by modulat-
ing the gRNA target site frequency at promoters resulted in
dose-responsive increases in gene expression (Fig. 2D) and
that there was a nonlinear relationship between the concen-
tration of dCas9-NUP98a and transcriptional activation (Fig.
2C and D, Supplementary Fig. S2D and E). Interestingly, this
activation profile was similar to dCas9 fused to the acidic
transactivation domain VP64 (Supplementary Fig. S2F and
G) but distinct from other enzymatic epigenome editing tools
(i.e. dCas9-p300), which have been shown to activate gene
expression more linearly [36, 43]. For instance, the dCas9-
p300 epigenome editor, which is capable of direct histone

G20z Aenuged | uo Jesn JAILOVNI A9 Z£G8008/9504ex6/¥/£G/l01 e /leu/woo dno-olwepede//:sdiy wolj pspeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf056#supplementary-data

6 Li et al.

EWSR1-EGFP

A EGFP SS18-EGFP

NONO1-EGFP NONO2-EGFP NUP98a-EGFP NUP98b-EGFP

no NLS
with NLS
B enoNLS = with NLS C D
100+ N 5 ns NLS FLAG
g 2 4y oY Caso ||
< 7oz et Y 1409/L1RN *
S ns 2 o * dcase-Ewsr1 [IECETIEN | <120 7
8 604 1 ~ 1 410 r
i s £ . dcaso-ss18 [IIEIEECIN ] £100
o ' 1 377 ©
3 dCas9-NONO1 = 80
% 1 427 o 10 ) *
i dCasg-NONO2 & * *
S 1 499 5 a2 =
o dCas9-NUP98a [m
1 499 NN N
acass-Nupss» (ISl S E S S S
< A 253-443 L e FPP
& &

Figure 1. IDR domains are sufficient to stimulate human gene promoters. (A) Expression and cellular localization of EGFP-tagged IDRs from EWSR1,
SS18, NONO1, NONO2, NUP98a, and NUP98b in HEK293T cells ~20 h post-transfection. Top: IDR fusions without NLS and bottom: IDR fusions with
NLS. Dotted lines encircle nuclei and scale bar = 10 um. (B) Quantification of condensed EGFP fractions in HEK293T cells ~20 h post-transfection of
EGFP tagged IDR domains from EWSR1, SS18, NONO1, NONO2, NUP98a, and NUP98b with or without NLS. n = 10 randomly selected cells; error
bars, s.e.m. (C) Schematics of dCas9, dCas9-EWSR1, dCas9-SS18, dCas9-NONO1, dCas9-NONO2, dCas9-NUP98a, and dCas9-NUP98b. (D) RT-qPCR
for ILTRN mRNA levels ~72 h post-transfection of dCas9 or indicated dCas9-IDR fusions and 4 corresponding /L 7RN promoter-targeting gRNAs. mRNA
levels were normalized to non-transfected control cells. Asterisks (*) indicate P < 0.05 via two-tailed student’s t-test. n = 3 independent experiments;

error bars; s.e.m.

acetylation (and lacks natural p300 IDRs found in full length
p300), exhibited a linear relationship between the number
of gRNA target sites and gene expression (Supplementary
Fig. S2H and I).

We also observed that constitutively expressed dCas9-
NUP98a-EGFP formed clear nuclear puncta when transiently
transfected into HEK293T cells (Fig. 2E, top; Supplementary
Fig. S2J, top). In contrast, dCas9-p300-EGFP, did not form
puncta under the same conditions. Moreover, puncta cat-
alyzed by dCas9-NUP98a-EGFP were highly sensitive to
10% 1,6-hexanediol (Fig. 2E, bottom; Supplementary Fig.
S2], bottom), which is a commonly used reagent to inter-
rogate phase separation behavior [44]. To further investi-
gate the link between phase separation behavior and dCas9-
NUP98a-mediated gene activation, we treated cells with low
dose (0.4%) 1,6-hexanediol at 6 h post-transfection. Even
at this relatively low concentration, the ability of dCas9-
NUP98a to activate gene expression from human promot-
ers was significantly diminished (Fig. 2F). However, similar
treatment did not significantly alter the ability of dCas9-
p300 to activate gene expression (Fig. 2G). To next deter-
mine whether dCas9-NUP98a condensates were physically
localized with gRNA target sites and linked with transcrip-
tion, we transfected U20S p21-MS2 + MCP-EGFP cells [24]
with dCas9-NUP98a-mCherry and p21 promoter-targeting
gRNAs and observed that indeed, dCas9-NUP98a-mCherry
condensates were co-localized with p21 transcripts (Fig. 2H

and Supplementary Fig. S2K). Altogether, these data demon-
strate that biomolecular condensation is an intrinsic property
of NUP98a in human cells that is required for stimulating gene
expression from promoters.

FG repeat numbers within the NUP98 IDR dictate
phase separation and transactivation intensities
The NUP98 IDR is made up of FG repeats, and different
numbers of FG repeats (from 19 to 39 FG repeats) are de-
tected in NUP98-assocated cancers [14, 17, 18]. This moti-
vated us to next test how different FG repeat numbers con-
trol NUP98 fusion protein properties. We constructed a se-
ries of EGFP-tagged NUP98 FG repeats (spanning 0, 11, 21,
30, and 39 repeats) and associated EGFP-tagged dCas9-FG
repeat fusions and measured their expression levels and the
ability of these fusion proteins to form puncta in transfected
cell nuclei (Supplementary Fig. S3A and B). Interestingly, ex-
pression levels were inversely correlated with FG repeat num-
bers, however nuclear localization and condensation behav-
iors increased in proportion to increasing FG repeats (Fig.
3A, top; Fig. 3B, left; Supplementary Fig. S3C and E, top;
Supplementary Fig. S3D). Although puncta were observed in
HEK293T cell nuclei harboring as few as 21 NUP98 FG re-
peats, a marked increase in numbers of puncta was observed
above 30 NUP98 FG repeats (Fig. 3A, top; Supplementary Fig.
S3F, top). Similar results were obtained when this series of FG
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Figure 2. Biomolecular condensation of the NUP98 IDR at human promoters stimulates gene expression. (A) Expression and localization of
dCas9-NUP98a in HEK293T cells transduced with TRE-dCas9-NUP98a lentivirus over indicated ranges of doxycycline (dox) for ~20 h. Dotted lines
encircle nuclei and scale bar = 10 um. (B) Expression of dCas9-NUP98a in HEK293T cells transduced with TRE-dCas9-NUP98a lentivirus over indicated
ranges of dox for ~48 h. (C) RT-qPCR for ILTRN (left), OCT4 (middle), or HBG1 (right) in HEK293T cells transduced with TRE-dCas9-NUP98a lentivirus
over indicated ranges of dox ~72 h post-transfection of corresponding gRNAs. Dox was added to cells 6 h post-transfection of gRNAs. The
dose-response curve across dox concentrations is indicated. mRNA levels were normalized to cells transfected with a non-targeting gRNA. (D) mRNA
levels of ILTRN, OCT4, or HBG1 were measured by RT-gPCR ~72 h after co-transfection of dCas9-NUP98a and increasing numbers of
promotertargeting gRNA (s). The dose-response curve across gRNA-targeted sites is indicated. (E) Expression and localization of dCas9-EGFR.
dCas9-NUP98a-EGFP, or dCas9-p300-EGFP ~8 h post-transfection in HEK293T cells before and 1 min after treatment with 10% 1,6-hexanediol. Scale
bar = 10 um. (F) RT-gPCR of IL1RN (left), OCT4 (middle), or HBG1 (right) mRNA ~72 h post-transfection of dCas9-NUP98a fusions and corresponding
gRNAs in the absence or presence of 0.4% 1,6-hexanediol. (G) RT-qgPCR of /L7TRN mRNA ~72 h post-transfection of dCas9-p300 and 4 corresponding
gRNAs in the absence or presence of 0.4% 1,6-hexanediol. (H) Expression and localization of dCas9-NUP98a-mCherry in U20S p21-MS2 + MCP-EGFP
cells ~10 h post-transfection of p27 targeting or nontargeting control gRNAs. Dotted lines encircle nuclei, arrows indicate NUP98 condensation
(mCherry), p27 mRNA (EGFP), or colocalization and scale bar = 10 um. For panels (C) and (D), Hill coefficients (H) were determined using nonlinear
regression in GraphPad Prism 10. For panels (D), (F), and (G), mRNA levels were normalized to non-transfected control cells. Asterisks (¥*) indicate

P < 0.05 via two-tailed student’s t-test. n = 3 independent experiments; error bars; s.e.m. ns; not significant.
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Figure 3. NUP98 IDR FG repeat numbers dictate phase separation and transactivation intensities. (A) Expression and cellular localization of EGFP-tagged
NUP98 FG or phenylalanine to serine (F/S) mutant and dCas9-NUP98 FG (or F/S mutant) repeat variants (top and bottom, respectively) in HEK293T cells
~20 h post-transfection. Dotted lines encircle nuclei and scale bar = 10 um. (B) Quantification of condensed EGFP fractions in HEK293T cells ~20 h
post-transfection of EGFP tagged NUP98 FG (or F/S mutant, left), and dCas9-NUP98 FG (or F/S mutant, right) repeat variants. n = 10 randomly selected
cells; error bars, s.e.m. (C) RT-gPCR for ILT1RN (left), OCT4 (middle), or HBGT (right) mRNA level ~72 h post-transfection of dCas9-EGFP or indicated
dCas9-FG repeat variants and corresponding gRNAs. mRNA levels were normalized to non-transfected control cells. (D) Co-expression of NUP98
FG-EGFP fusion variants and p300-mCherry. Dotted lines encircle nuclei and scale bar = 10 um. (E) Relative enrichment of H3K27ac at ILTRN (left),
OCT4 (middle), and HBGT (right) promoters ~72 h post-transfection with dCas9 or indicated dCas9-NUP98 fusions and corresponding gRNAs. H3K27ac
levels were normalized to IgG control samples. (F) RT-qgPCR for /L1RN (left), OCT4 (middle), and HBGT (right) mRNA levels ~72 h post-transfection of
dCas9 or indicated dCas9-NUP98 fusion proteins and corresponding gRNAs in the presence of DMSO or the p300 inhibitor A485. 20 uM of A485 or an
equal volume of DMSO was added to cells ~6 h post-transfection. mRNA levels were normalized to non-transfected control cells. For panels C, E, and F,
asterisks (*) indicate P < 0.05 via two-tailed student’s t-test. n = 3 independent experiments; error bars; s.e.m.
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repeats and EGFP was fused to dCas9, despite puncta being
more diffuse in the context of dCas9-FG repeat fusions. (Fig.
3A, bottom; Fig. 3B, right; Supplementary Fig. S3C and E-F,
bottom). These effects had no significant impact on cell nuclei
sizes (Supplementary Fig. S3G).

Consistent with this continuum of phase separation behav-
ior, although 21 NUP98 FG repeats activated gene expression
when localized to human promoters, potency was enhanced
upon localization of 30 or 39 NUP98 FG repeats (Fig. 3C
and Supplementary Fig. S3H). Thus, these data connect the
critical threshold of NUP98 FG repeats observed in onco-
genic NUP98 fusions to gene regulatory properties. Impor-
tantly, mutation of phenylalanine to serine (F-S) completely
abolished nuclear import, puncta formation, and gene activa-
tion capabilities (Fig. 3A—C and Supplementary Fig. S3A) and
restoration of nuclear localization to the 39 F/S repeat mutant
through the addition of NLSs failed to rescue condensation ca-
pacity, demonstrating that NUP98 IDR composition (i.e. the
FG repeats) are key factors driving phase separation and gene
activation (Fig. 3A—C and Supplementary Fig. S31).

Immunoprecipitation [45] and Bio-ID [13] have also shown
that NUP98 FG repeats can interact with the transcrip-
tional cofactor p300. Therefore, we hypothesized that NUP98
FG repeats might activate gene expression, at least in part,
though interaction with p300 and changes to acetylation
status at occupied sites. To test this hypothesis, we co-
expressed p300 fused to mCherry and various FG repeats
in HEK293T cells and observed that p300 and NUP98 FG-
mediated condensates co-localized at >21 FG repeats (Fig.
3D and Supplementary Fig. S3]). Notably, this is also the
minimum FG repeat number that showed biomolecular con-
densation and gene activation (Fig. 3C). Consistent with
this co-condensation, we also observed that targeting dCas9-
NUP98a, or the shorter NUP98b isoform (21 FG repeats) to
human promoters resulted in increased H3K27ac levels (Fig.
3E) and further, that treatment of cells with the p300 inhibitor
A485, abolished the ability of dCas9-NUP98 fusions to acti-
vate gene expression from targeted promoters (Fig. 3F). Alto-
gether these data demonstrate that co-condensation of NUP98
FG repeats and other transcriptional co-factors, such as p300,
and associated epigenetic modifications (such as H3K27ac)
play an essential role in NUP98 FG repeat-mediated gene ac-
tivation, and potentially oncogenesis.

Different NUP98 fusions provoke a shared
leukemogenic gene expression program in primary
human HSCs

Having demonstrated that IDRs can stimulate endogenous hu-
man gene expression upon site-specific binding to promoters
using dCas9 (Figs 1-3), we next sought to determine how
IDR fusions observed in human pathologies disrupt transcrip-
tion in clinically proximal cell types. Therefore, we selected
paradigms from two major classes of NUP98 IDR fusions that
have been frequently observed in leukemia patients NUP98-
HOXA9 (DNA-binding) and NUP98-KDMS5A (chromatin-
associating) [14, 46-48] for genome-scale analysis in pri-
mary human HSCs. We first constructed NUP98-HOXA9
and KDMSA fusions harboring the most common oncogenic
NUP98 IDR fragment (NUP98a; 39 FG repeats). We also
fused EGFP to the C-terminus of each fusion for simple
and robust analysis. NUP98a-HOXA9-EGFP and NUP98a-

The transcriptional and oncogenic role of IDR fusions 9

KDMS5A-EGFP (hereafter NUP98a-HOXA9 and NUP98a-
KDMS5A) strongly localized to the nuclei of primary mobi-
lized donor-derived human peripheral blood CD34 + HSCs
and formed clear nuclear puncta after lentiviral transduc-
tion (Fig. 4A and Supplementary Fig. S4A). RNA-seq analysis
on EGFP positive HSCs showed that NUP98a-HOXA9 and
NUP98a-KDMSA displayed distinct transcriptomes relative
to one another and to EGFP control transduced cells (Fig. 4B).
In fact, only ~17% (410 out of 2434) of all differentially ex-
pressed genes (DEGs) overlapped between HSCs transduced
with NUP98a-HOXA9 and NUP98a-KDMSA (Fig. 4C and
Supplementary Table S1).

Further comparative RNA-seq analyses revealed that de-
spite this largely non-overlapping transcriptomic dysregu-
lation, both NUP98-HOXA9 and NUP98-KDMS5A caused
substantial perturbations in the KEGG [49] transcriptional
misregulation in cancer pathway (Fig. 4D and E). In par-
ticular, each fusion markedly upregulated the expression of
the HOXA9/MEIS1 transcriptional program [50] as well as
several other leukemia-associated transcription factors {e.g.
RUNX2 [51], WT1 [52], ZBTB16 [53],and MLLT3 [54]} that
together stimulate the proliferation and aberrant transcrip-
tion of leukemia cells. A key cytokine in HSC lineage commit-
ment, CSF1 [55], was also downregulated in HSCs transduced
with either NUP98a-HOXA9 and NUP98a-KDMSA (Fig.
4D and F), consistent with emerging evidence that NUP98
IDR fusions can disrupt human HSC differentiation pro-
grams [56]. Notably, we observed important exceptions to this
shared core leukemogenic factors between NUP98a-HOXA9
and NUP98a-KDMSA, in that only NUP98a-HOXA9 trig-
gered the expression of additional oncogenes {e.g. PBX3 [57],
SUPT3H [58],and FUTS [59], Fig. 4D}, which likely act syn-
ergistically to facilitate leukemic transformation in NUP98-
HOXAD9-associated cancers. Importantly, we also observed
that NUP98a-HOXA9 and NUP98a-KDMS5A also activated
leukemogenic factors (MEIS1, MLLT3, PBX3, SUPT3H, and
FUTS8) in HEK293T cells (Supplementary Fig. S4I).

In rare cases, shorter NUP98 FG repeats (<30 FG re-
peats) have also been detected in NUP98-associated leukemias
[17, 18]. Therefore, we also tested how shorter isoforms of
NUP98 (i.e. NUP98b; 21 FG repeats) affected transcriptional
programs in human HSCs (Supplementary Fig. S4). We found
that NUP98b fusions also potently localized to HSC nuclei,
stimulated the transcriptional misregulation in cancer KEGG
pathway and promoted the proliferation of human HSCs;
albeit to a lesser extent than longer NUP98a (39 FG re-
peats) IDR fusions (Supplementary Fig. S4C-H and ]). These
data demonstrate that NUP98 IDR fusions with different C-
terminal fusion partners and FG repeat lengths have the capac-
ity to promote leukemogenic gene expression in human cells,
including primary human HSCs.

NUP98a-HOXA9 and NUP98a-KDM5A display
vastly different patterns of engagement with the
human genome

To further clarify the global effects of the NUP98 IDR in hu-
man cells, we investigated how oncogenic fusion partners al-
tered the cellular localization and genomic binding profiles
of the NUP98 IDR. To do so, we transfected NUP98a-EGFP,
NUP98a-KDMSA, or NUP98a-HOXA9 into HEK293T cells,
and then monitored fusion protein expression and measured
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Figure 4. NUP98-HOXA9 and NUP98-KDMBA drive a shared leukemogenic transcriptional program in primary human HSCs. (A) Expression of EGFP
control, NUP98a-HOXA9-EGFP, or NUP98a-KDM5A-EGFP ~72 h post lentiviral transduction in primary human HSCs. Dotted lines encircle nuclei and
scale bar = 10 um. (B) PCA analysis of HSC transcriptomes after transduction with EGFR NUP98a-HOXA9-EGFP, or NUP98a-KDMb5A-EGFP (C) Venn
diagram showing the number and overlap of significantly upregulated (left) and downregulated (right) genes ~14 days post lentiviral transduction. (D)
Heatmap showing DEGs in human HSCs transduced with EGFP, NUP98a-HOXA9-EGFR, or NUP98a-KDM5A-EGFP (E) KEGG analysis of all upregulated
genes in human HSCs transduced with NUP98a-HOXA9-EGFP or NUP98a-KDMB5A-EGFP (F) KEGG analysis of all downregulated genes in human HSCs

transduced with NUP98a-HOXA9-EGFP or NUP98a-KDM5A-EGFP.

genomic binding profiles using ChIP-seq. HEK293T cells
were used due to technical difficulties associated with per-
forming ChIP-seq in primary human HSCs. NUP98a-EGFP
displayed potent nuclear import and condensed into sharp
puncta in HEK293T cell nuclei but did not display signif-
icant levels of interaction with the human genome relative
to mock transfected cells (Fig. 5A). However, fusion of ei-
ther HOXA9 or KDMSA C-terminal domains to NUP98a
resulted in a far more diffuse pattern of puncta forma-
tion in HEK293T cell nuclei and led to significant occu-
pancy at thousands [~18 000 and ~2000, respectively, us-
ing DiffBind with a threshold of false discovery rate (FDR)
< 0.05] of sites in the human genome (Fig. 5B and C). In-
terestingly, although the shorter NUP98b fragment formed
fewer puncta and was more diffusely distributed compared to
NUP98a, HOXA9, and KDMSA nevertheless drastically in-
creased the nuclear localization and condensation of NUP98b,
again with no effects on nuclei sizes (Supplementary Fig.
S5A-C). These data demonstrate that fusion partners or-
chestrate the genomic binding of NUP98 FG repeats and
likely also promote or reinforce their nuclear import, which
we suspect is related to the oncogenic potential of NUP98

fusions, particularly those harboring fewer than ~30 FG
repeats.

ChIP-seq analyses also revealed that NUP98a-HOXA9 and
NUP98a-KDMS5A exhibited non-overlapping genomic bind-
ing profiles (Supplementary Fig. S5D and E), particularly
with respect to human TSSs (Fig. 5D). In fact, ~94% of
NUP98a-KDMS5A binding sites were located within promoter
regions (<1 kb from TSSs), whereas only ~5% of NUP98a-
HOXA9 bound within 1 kb of annotated TSSs (Fig. SE and
F, Supplementary Fig. SSF). Instead, most NUP98a-HOXA9
binding sites (~80%) were located within introns and distal
intergenic regions >10 kb from TSSs (only ~2% of NUP98a-
KDMSA bound introns or distal intergenic regions). Using
ChIPseeker [34] we also found that NUP98a-HOXA9 and
NUP98a-KDMSA bound within annotated promoters, UTRs,
exons, introns, downstream, or distal intergenic regions of
~5475 and ~2325 genes, respectively. However, only ~738
of these genes were shared between fusions (Supplementary
Fig. S5G and Supplementary Table S2). KEGG analyses also
showed that while the binding of NUP98a-HOXA9 and
NUP98a-KDMSA was associated with different biological
pathways, one important exception was a shared association
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Figure 5. NUP98a-HOXA9 and NUP98a-KDMB5A exhibit non-overlapping binding landscapes in human genome. (A-C) (upper panels) Fluorescence
microscopy of NUP98a-EGFP control (panel A), NUP98a-HOXA9 (panel B), and NUP98a-KDMBA (panel C) in HEK293T cells ~20 h post-transfection. All
plasmid constructs harbor C-terminal EGFP fusions. Dotted lines encircle nuclei and scale bar = 10 um. (lower panels) Genome-wide binding analysis of
NUP98a control (panel A), NUP98a-HOXA9 (panel B), and NUP98a-KDMBA (panel C) ~72 h post-transfection in HEK293T cells. Significant binding (FDR
< 0.05) is indicated. (D) Genomic distribution of NUP98a-HOXA9 and NUP98a-KDMGBA relative to all human transcription start sites (TSSs) ~72

h post-transfection in HEK293T cells. (E and F) The distribution of NUP98a-HOXA9 and NUP98a-KDMJ5A binding with respect to genomic annotations

(panel E) and distance to TSSs (panel F) using ChiPseeker.

with genes involved in oncogenic pathways (Supplementary
Fig. S5H). Collectively, these data demonstrate that although
the genomic binding landscapes of NUP98a-HOXA9 and
NUP98a-KDMS5A are largely non-overlapping in terms of an-
notated genomic sites (i.e. intergenic regions versus promot-
ers) and in enriched genes and associated signaling pathways,
these fusion proteins nevertheless share a propensity for bind-
ing key sites in the human genome associated with the onset
and maintenance of oncogenesis.

NUP98-HOXA9 and NUP98-KDM5A activate human
genes via distinct mechanisms

To better understand how NUP98a-HOXA9 and
NUP98a-KDMSA stimulated the expression of leuke-
mogenic genes {MLLT3, MEIS1, FUTS, HMGA2, PBX3,
SUPT3H, RUNX2, and HOXA9, ZBTB16; Fig. 4,
Supplementary Fig. S4, and reference [60]}, we more deeply
interrogated our ChIP-seq data at these key loci in HEK293T
cells (Fig. 6A and Supplementary Fig. S6A). These loci were
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Figure 6. NUP98-HOXA9 and NUP98-KDMBA activate human genes via distinct mechanisms. (A) The genomic regions encompassing the MLLT3 and
MEIST genes are shown along with ChlP-seq signals from wildtype HEK293T cells and HEK293T cells transfected with either NUP98a-HOXA9 or
NUP98a-KDMBA. Genomic coordinates are based upon GRCh38/hg38. Bars indicate gRNA locations and arrows denote 3C-qPCR primers. Chromatin
contacts detected via 3C-qPCR are labelled as arced lines. (B) Relative contact (using 3C-qPCR) between the MLLT3 or MEIST promoters and
NUP98a-HOXA9 bound introns 2-weeks post-transduction with EGFP, NUP98a-HOXA9-EGFR, and NUP98a-KDMBbA-EGFP in HEK293T. nd; not detected.
Relative contact was normalized to non-transfected control cells. Asterisks (*) indicate P < 0.05 via two-tailed student’s t-test. n = 3 independent
experiments; error bars; s.e.m. (C) RT-gPCR for MLLT3 (top) and MEIST (bottom) mRNA ~72 h post-transfection of dCas9-NUP98a and corresponding
gRNAs in HEK293T cells. mRNA levels were normalized to non-transfected control cells. Different letters above error bars indicate significant difference
between different groups (P < 0.05) using one-way analysis of variance followed by Tukey's post-hoc test. (D) lllustration of gene activation models for

NUP98-HOXA9 and NUP98-KDMBA.

indeed bound by NUP98a-HOXA9 and NUP98a-KDMSA,
albeit with strikingly different binding patterns. For instance,
NUP98a-HOXA9 was highly enriched across multiple bind-
ing sites spanning entire gene bodies, while NUP98a-KDMSA
showed highly localized enrichment near promoters. Binding
of NUP98 IDR fusions has been shown to modulate chro-
mosomal contacts [13], therefore we hypothesized that the
binding of NUP98a-HOXA9 and NUP98a-KDMJSA at these
genes was also changing chromatin conformation. To test this
hypothesis, we performed 3C-qPCR in HEK293T cells trans-
duced with EGFP, NUP98a-HOXA9, or NUP98a-KDMSA.
We observed that NUP98a-HOXAY9 catalyzed increased de
novo chromatin contacts between NUP98a-HOXAY sites
near the MLLT3 and MEIS1 promoters and other binding
sites within the introns of these genes (Fig. 6B). In contrast,

no increases in chromosomal contacts were observed in
NUP98a-KDMSA transfected cells (Fig. 6B). These data
suggest NUP98a-KDMSA directly activates human genes by
localization of the NUP98 IDR at promoters, while NUP98a-
HOXAJ likely controls transcription through the creation of
chromatin contacts between promoters and other bound sites
across gene bodies and/or intergenic regions.

To study the transcriptional effects of the NUP98 IDR
at specific ChIP-seq enriched sites within these loci, we
next targeted the engineered dCas9-NUP98a to genomic seg-
ments matching the sites occupied by NUP98a-HOXA9 and
NUP98a-KDMSA within MTTL3 and MEIST (Fig. 6A). We
found that targeting of dCas9-NUP98a to the MTTL3 or
MEIS1 promoters significantly stimulated the transcription of
these genes (Fig. 6C). However, we were unable to stimulate
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MLLT3 or MEIS1 expression by targeting dCas9-NUP98a to
any distal genomic segments occupied by NUP98a-HOXA9
(Fig. 6C). Interestingly, dCas9-NUP98a was also unable to
stimulate gene expression when targeted to intergenic OCT4
or HBG1 enhancers, or to augment gene expression when
targeted to enhancers and cognate promoters [36, 61, 62]
(Supplementary Fig. S6B and C). Collectively, we conclude
that the transcriptional effects of the NUP98 IDR are exerted
via high-density localization or proximity to human promot-
ers, which is sufficient to drive pathological gene expression
in NUP98 IDR-associated cancers. Our data also suggest that
the targeting of the NUP98 IDR to short segments (<500 bp)
in introns or distal enhancers using dCas9-NUP98a is insuffi-
cient to activate human genes, however, the high-density bind-
ing across longer genomic segments (>5 kb) as observed in
NUP98a-HOXA9 binding, likely catalyzes increased de novo
chromatin contacts/looping, which ultimately results in re-
cruiting high levels of NUP98 FG repeats to promoters and
in turn pathological gene activation (Fig. 6D).

Discussion

Here, we demonstrate that human IDRs can be sufficient to
initiate transcription at endogenous human promoters. Al-
though we show that several human IDRs (EWSR1, SS18,
NONO, and NUP98) harbor this potential (Fig. 1), we fo-
cus here on the NUP98 IDR due to (i) its transcriptional po-
tency, (ii) its high degree of condensation, and (iii) its role
in treatment resistant cancers. In particular, we dissect the
regulatory role of the NUP98 IDR and associated FG re-
peats at specific loci using synthetic dCas9-NUP98 fusions.
We also study the genome-wide effects of these biomolecules
using paradigmatic NUP98 IDR (FG repeat)-harboring onco-
genic fusions (NUP98-HOXA9 and NUP98-KDMSA). Alto-
gether, our studies and prior reports [11, 13] suggest that the
inappropriate localization and condensation of the NUP98
IDR at key genomic sites is likely an important factor in
NUP98 IDR-driven leukemias. In primary human HSCs this
aberrant activity provokes a leukemic gene expression pro-
gram in which genes encoding differentiation trajectories
are suppressed and those stimulating proliferation are acti-
vated. These findings open new therapeutic opportunities with
respect to NUP98 IDR-associated leukemias, for instance,
through disrupting the ability of NUP98 to import into cell
nuclei, phase separate/condense, and/or to modulate the key
target genes identified here.

IDR-containing proteins can phase separate after exceed-
ing a critical concentration [63], and aromatic amino acid re-
sides can contribute to liquid-liquid phase separation through
pi-pi interactions [64]. The NUP98 IDR, which consists of
aromatic FG repeats, has been shown to spontaneously and
rapidly phase separate in vitro [65]. Here, we observed that
the EGFP-tagged NUP98 IDR and NUP98 IDR-harboring fu-
sion proteins spontaneously phase separate in human cells
(Figs 1-4). We note that we cannot exclude the possibility that
the EGFP tag may slightly affect the phase separation prop-
erties of NUP98 FG repeats. We also showed that the aro-
matic phenylalanine (F) residue within the NUP98 IDR de-
termines phase separation and gene-regulatory capacities at
endogenous sites within human cells (Fig. 3). These findings
align with recent thermodynamic models suggesting a log-
linear relationship between NUP98 FG repeat numbers and
partition coefficients in vitro [66]. We also directly connected
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the condensation behavior of the NUP98 IDR to gene activa-
tion at endogenous human promoters and interestingly, our
data show that the NUP98 IDR, displays a nonlinear dose-
responsive gene regulatory curve at human promoters (Fig.
2A-D), which is considered a defining feature of transcrip-
tional condensates [40-42]. However, we note that dox ad-
ministration is not without limitations with respect to quan-
tification [67]. We further showed that engineered, gRNA-
targeted dCas9-NUP98 condensates are localized to sites of
targeted transactivation in U20S p21-MS2 + MCP-EGFP cells
[24] (Fig. 2H), further supporting a model in which NUP98
FG repeats largely exert their effects as founding members of
transcriptional condensates.

IDR-driven phase separation behavior has also been linked
to transcriptional control and chromatin looping at super en-
hancers in mammalian cells [42, 68 , 69]. The well-defined
phase separation property of the NUP98 IDR [65] and the
binding pattern and chromatin looping catalyzed by NUP98a-
HOXAY9 identified here and previously [13], suggest that
NUP98a-HOXAY adopts super enhancer-like transcriptional
control during leukemic transformation. Moreover, our stud-
ies suggest that the super enhancer-like transcriptional con-
trol of NUP98a-HOXAY fusions is intensified by the high-
density of FG repeats bound across long stretches (>3 kb) of
genomic DNA (Fig. 6A and Supplementary Fig. S6A). For in-
stance, our RNA-seq and ChIP-seq data show that NUP98a-
HOXAJ strongly activates the PBX3 [57], SUPT3H [58], and
FUTS [59] proto-oncogenes through dense clusters of bind-
ing across respective gene bodies, whereas NUP98a-KDMSA
is unable to activate these genes through localized promoter
binding (Supplementary Table S1). This strict dependence on
binding site number and density over a long genomic win-
dow is a hallmark of super enhancers {average window ~8.7
kb [70]} and may explain why targeting dCas9-NUP98a to
short (~500-1000 bp) ‘typical’ enhancers or to short seg-
ments of NUP98a-HOXA9 bound introns is insufficient to
stimulate transcription (Supplementary Fig. S6B). In addition,
our data demonstrate that dCas9-NUP98a functions similarly
to dCas9-KDMSA, in which high levels of focused enrichment
at target promoters leads to phase separation and increased
gene expression (Fig. 6D).

The genomic binding profiles and transcriptional regula-
tory mechanisms of NUP98-HOXA9 and NUP98a-KDMSA
likely exemplify the oncogenic processes of the myriad other
homeodomain-containing and chromatin-modifying NUP98-
IDR fusion proteins observed in cancers. For instance,
homeodomain fusions occur in numerous other NUP98
IDR-associated leukemias (e.g. HOXA11/13, HOXC11/13,
HOXD11/13, PMX1/2, and HHEX) [14]. Furthermore, an-
other chromatin-modifying fusion partner, NSD1 has also
recently been shown to display substantial binding around
promoter regions [71], suggesting that NUP98-NSD1 fusions
act similarly to NUP98-KDMSA and trigger leukemic trans-
formation through aberrant focal condensation at promot-
ers. Nevertheless, our studies identify a shared set of stimu-
lated genes between these two major groups of NUP98 fu-
sions. Therefore, we speculate that NUP98-based malignan-
cies may have common therapeutic dependencies that could
be exploited for effective and ubiquitous treatment options.
For instance, our data and previous studies [46, 50] establish
that HOXA9-based regulatory components, such as HOXA9
and MEIS1 are commonly triggered by NUP98-HOXA9
and NUP98-KDMSA. Indeed, although NUP98-HOXA9 and
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NUP98a-KDMSA are associated with different subtypes of
leukemia [72], unfortunately patients with either fusion ex-
hibit similarly low survival rates [46]. However, we also note
that NUP98-HOXA9 and NUP98-KDMSA have many non-
overlapping effects, and thus unique therapeutic strategies
could also be tailored for specific NUP98 fusions [46].

Altogether, our studies here demonstrate that the NUP98
IDR can drive biomolecular condensation and activate hu-
man genes, which in turn clarifies the biological role of the
NUP98 IDR fusions in oncogenesis. Further interrogation of
these processes could be useful for the treatment of NUP98
IDR-driven human cancers, as well as other cancers caused by
inappropriate fusions between IDRs and proteins that bind
the human genome [19]. Moreover, recent efforts have shown
that the important biomolecular properties of IDRs can be
harnessed to enhance cellular engineering applications [21-
23], suggesting that NUP98 IDR and other IDRs could be fur-
ther developed to create new opportunities for bioengineering
and synthetic biology.
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