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PML nuclear bodies via orchestrating phase separation
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Acute promyelocytic leukemia (APL) is driven by the oncoprotein PML/RARα, which destroys the architecture of PML nuclear bodies
(NBs). PML NBs are critical to tumor suppression, and their disruption mediated by PML/RARα accelerates APL pathogenesis.
However, the mechanisms of PML NB disruption remain elusive. Here, we reveal that the failure of NB assembly in APL results from
neddylation-induced aberrant phase separation of PML/RARα. Mechanistically, PML/RARα is neddylated in the RARα moiety, and
this neddylation enhances its DNA-binding ability and further impedes the phase separation of the PML moiety, consequently
disrupting PML NB construction. Accordingly, deneddylation of PML/RARα restores its phase separation process to reconstruct
functional NBs and activates RARα signaling, thereby suppressing PML/RARα-driven leukemogenesis. Pharmacological inhibition of
neddylation by MLN4924 eradicates APL cells both in vitro and in vivo. Our work elucidates the neddylation-destroyed phase
separation mechanism for PML/RARα-driven NB disruption and highlights targeting neddylation for APL eradication.
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INTRODUCTION
In more than 90% of acute promyelocytic leukemia (APL) cells,
promyelocytic leukemia (PML) fuses to retinoic acid receptor α
(RARα) because of t (15; 17) chromosomal translocation, which
destroys the architecture of PML nuclear bodies (NBs) [1]. PML NB
is a membraneless structure 0.2–1 μm in diameter that is critical to
tumor suppression [2]. PML NBs recruit partners to promote cell
apoptosis and/or senescence, regulate the cell cycle, inhibit cell
migration, and hinder tumor-associated angiogenesis to finally
inhibit carcinogenesis [3–5]. Thus, PML NB disruption by PML/
RARα is crucial to leukemogenesis [6]. Although the phenomenon
of NB disruption has been observed for a long time, its mechanism
remains poorly understood. Elucidating the mechanism of PML/
RARα-mediated NB disruption is of critical importance to under-
stand the pathogenesis of APL.
To determine the mechanism of PML/RARα-mediated NB

disruption, we screened ~300 signaling pathway inhibitors and
identified two neddylation inhibitors that could induce PML/RARα
to reform NBs. Neddylation is a posttranslational modification in
which the ubiquitin-like (UBL) molecule NEDD8 conjugates to
substrates by the E1/E2/E3 enzymatic cascade, which is involved
in multiple physiological and pathological processes [7, 8]. Here,
we discuss the role of neddylation in the PML/RARα-disrupted NB
process.

Recently, mounting evidence has suggested that phase
separation, a physical process, plays a pivotal role in cellular
condensate assembly [9, 10], such as several membraneless
organelles (nucleolus, Cajal body, and Notch intracellular domain
(NICD) nuclear body) [11–13]. Considering that PML NB is a
classical membraneless organelle, it may also show the same
liquid-like features. Importantly, PML NBs appear to be dynamic in
cellulo [14, 15]. Different quantities, sizes, and concentrated
partners of PML NBs are frequently observed in the same cell
type, and these dynamic characteristics are highly stress-sensitive.
Additionally, the PML NB architecture is highly consistent with the
scaffold-client model of phase separation [16]. Consistent with the
dynamic characteristics and phase separation-like structural
composition of PML NBs, we suspect that PML may induce phase
separation to construct PML NBs. In contrast, the PML/RARα fusion
protein cannot form an NB structure, which perhaps just results
from aberrant phase separation. Moreover, posttranslational
modification is recognized as a pivotal regulator of phase
separation [17]. Therefore, the correlation among neddylation,
phase separation and PML NB disruption warrants further
investigation.
In this study, we report that PML/RARα is neddylated in the

RARα region, and inhibition of the neddylation of PML/RARα
markedly induces the reassembly of PML NBs. Mechanistically, the
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neddylation of PML/RARα enhances its DNA-binding ability and
further disrupts the phase separation of the PML moiety,
consequently destroying PML NB formation. Deneddylation of
PML/RARα can restore the phase separation of fusion proteins,
followed by PML NB reconstruction as well as RARα signaling
reactivation, significantly blocking the self-renewal of APL cells
and suppressing leukemogenesis. Herein, we offer new insights
into the mechanism by which the neddylation of PML/RARα
disrupts PML NB formation through weakening phase separation
and suggest targeting neddylation as a potential therapeutic
option against APL.

RESULTS
High-content screening identifies neddylation inhibitors that
induce PML/RARα to reassemble NB structures
In APL, PML NBs are known to be disrupted by PML/RARα, which
contributes to leukemogenesis. Accordingly, we found that PML/
RARα disrupted PML NBs in a dose-dependent manner (Fig. 1A).
To explore the mechanism by which PML/RARα disrupts NBs, we
established a cell-based high-content screening assay to screen
for signals that would induce PML/RARα to reform NBs (Fig. 1B).
ATO is the positive control that induces the reaggregation of PML/
RARα [18, 19]. As displayed in Fig. 1C and Table S1, among the
~300 signaling pathway inhibitors, MLN4924 and TAS4464, two
inhibitors of the NEDD8-activating enzyme E1, exerted the
strongest upregulation effect on the large foci numbers of PML/
RARα-GFP. Further immunofluorescence results showed that
MLN4924 induced PML/RARα-HA to reassemble NB-like foci,
whose number and diameter were similar to classic PML NBs
rather than ATO-induced PML/RARα aggregates (Fig. 1D). Addi-
tionally, the MLN4924-restored PML/RARα NBs exhibited good
solubility in detergent-containing buffers (RIPA buffer), similar to
classic PML NBs but not to ATO-bonded aggregates (Fig. S1).
These results indicate the similarity between reformed PML/RARα
NBs and classic PML NBs.
In APL, PML/RARα fusion coexists with PML; thus, we used a

system that accounts for the allelic balance to verify the effect of
MLN4924. Similarly, PML NB structures destroyed by different
dosages of PML/RARα were all strongly reassembled by MLN4924
(Fig. 1E). More supportively, MLN4924 promoted the reformation
of endogenous PML NBs in PML/RARα-positive APL cells (NB4)
(Fig. 1F). Similar results were also obtained in two ATRA-resistant
APL cell lines (NB4R1 and NB4R2) (Fig. 1G). Thus, it appears that
neddylation inhibitors block the disruption of PML/RARα on PML
NBs to finally reassemble NB structures.

PML/RARα NBs reformed by neddylation inhibitors show
functional similarity to classic PML NBs
Because of the high similarity between reformed PML/RARα NBs
and classic PML NBs both in foci size and solubility, we next
investigated whether the reformed PML/RARα NBs had the same
recruitment function as classic PML NBs. The recruitment of
partners into NBs is strongly associated with PML sumoylation
[20]. Thus, we first tested the sumoylation of PML/RARα. As
presented in Fig. 2A and S2, PML/RARα NBs reformed by MLN4924
were colocalized with SUMO-1 and SUMO-2/3. Similar results were
also obtained for ATRA-resistant PML/RARα mutants (ΔF286 and
R276Q) and ATO-resistant mutants of PML/RARα (A216V and
L218P) (Fig. S3) [21]. Moreover, a marked increase in SUMO-
conjugated PML/RARα species was induced by MLN4924 (Fig. 2B).
We further verified that DAXX, a well-studied sequestered partner
in PML NBs [22], was highly colocalized with MLN4924-reformed
PML/RARα NBs (Fig. 2C). These results suggest that MLN4924-
reformed PML/RARα NBs may have the same recruitment function
as PML NBs.
To further confirm this hypothesis, we examined the partner

proteins in the reformed PML/RARα NBs. Because of the

remarkable dynamic activities of NBs, we identified the transient
partner proteins in NBs utilizing the proximity-dependent biotin
identification (BioID) method [23, 24] (Fig. 2D). In total, 159
proteins were identified to physically interact with both
reformed PML/RARα NBs and classic PML NBs (Fig. 2E and Table
S2). Notably, 25 proteins, as indicated in Fig. 2E, were previously
reported as recruited proteins in classic PML NBs [25–30]. Gene
Ontology (GO) analysis revealed that these 159 proteins were
highly enriched in four pathways associated with classic PML
NBs, including sumoylation of transcription cofactors, DNA
repair, sumoylation of DNA replication proteins and transcrip-
tional regulation by TP53 (Fig. 2F). These results suggest that
MLN4924-reformed PML/RARα NBs recruit similar partners to
classic PML NBs, indicating that they may show functional
similarity.
A critical question is whether the reconstructed NBs simply

result from PML/RARα and are independent of PML. In the four
PML KO subclones generated by CRISPR/Cas9 (Fig. S4A, B),
MLN4924-treated PML/RARα also reformed into NBs (Fig. 2G, H
and S4C), revealing that this NB reconstruction is independent
of PML.

PML/RARα is neddylated at the Lys227 and Lys360 sites in the
RARα moiety
To dissect the mechanisms underlying neddylation inhibitor-
induced NB reassembly, we first investigated whether their own
deneddylation activities played key roles in this process. The
results demonstrated that both shNEDD8 and shUbc12 as well as
the deneddylation enzyme NEDP1 dramatically induced the
reconstruction of PML/RARα NBs (Fig. S5), suggesting the
involvement of neddylation in the process of PML/RARα NB
reassembly. Further considering the fact that PML/RARα NB
reformation is independent of PML (Fig. 2G), we hypothesized
that PML/RARα might be directly modified by NEDD8. As
expected, NEDD8 was covalently conjugated to PML/RARα, which
was completely prevented by MLN4924 (Fig. 3A). Consistently,
Ubc12 dramatically increased the level of neddylated PML/RARα,
while the dominant-negative mutant of Ubc12 (C111S) did not
(Fig. 3B). Moreover, PML/RARα neddylation was strongly attenu-
ated by NEDP1 (Fig. 3C). Together, these results clearly indicate
that PML/RARα is a target for neddylation.
Next, we sought to identify the potential neddylation sites of

PML/RARα. First, NEDD8 was conjugated to both PML/RARα and
RARα, but not the PML protein (Fig. 3D), indicating that PML/RARα
was neddylated in the RARα moiety. Then, we generated two
RARα segment mutants: (1) 61-183aa, containing the DNA-
binding domain DBD (88-153aa); (2) 183-417aa: the ligand-
binding domain LBD [31]. The LBD segment was neddylated,
whereas the RARα segment (61-183aa) containing DBD was not
(Fig. S6A). Next, we enriched the neddylated LBD segment for
mass spectrometry analysis and found five lysines as candidate
neddylation sites (Fig. S6B, C). Mutagenesis scanning revealed
that Lys227 and Lys360 were critical sites (Fig. 3E), as K227R,
K360R, and the double mutation 2KR (K227/360R) obviously
reduced PML/RARα neddylation (Fig. 3F), while the other 3 lysine
mutations did not (Fig. S6D). Additionally, because the LBD
segment possesses 14 lysines, we also generated lysyl replace-
ment mutants to further confirm the neddylation sites. K227R,
K360R, and K399R of RARα showed significantly reduced
neddylation levels (Fig. S6E). In PML/RARα, K227R, and K360R,
but not K399R, the neddylation levels weakened (Fig. S6F).
Furthermore, robust neddylation of the recombinant LBD
segment was also observed in a cell-free system using rabbit
reticulocyte lysate (RRL) (Fig. 3G). In contrast, the neddylation
level was downregulated by the double mutation 2KR (K227/
360R) (Fig. 3H). Overall, these findings demonstrate that the
Lys227 and Lys360 sites in the RARα region are the major
neddylation sites of PML/RARα.
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Neddylation of PML/RARα impedes NB assembly by inhibiting
the initial nucleation process
To further characterize the role of neddylation of PML/RARα in NB
assembly, we first examined the subcellular localization of
neddylation-deficient mutants of PML/RARα. The results showed

that K227R, K360R, and 2KR all facilitated PML/RARα NB structures
(Fig. 4A). Similarly, PML NBs disrupted by PML/RARα were also
reconstructed by neddylation-deficient mutation (Fig. S7). Further-
more, K227R, K360R, and 2KR condensates were colocalized
with SUMO (Fig. S8) and DAXX (Fig. 4B). Similar results were
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obtained in PML KO subclones (Fig. S9). Moreover, a marked
increase in sumoylated PML/RARα was also observed in
neddylation-deficient mutants (Fig. 4C). Taken together, these
results establish that deneddylation of PML/RARα promotes
functional NB reconstruction.
The formation of PML NBs is a multistep process, that includes

nucleation, PML sumoylation, and the recruitment of partners
[20, 32, 33]. Thus, we wanted to deeply elucidate the direct step
that is disrupted by the neddylation of PML/RARα. Time-course
experiments showed that the neddylation of PML/RARα dropped
immediately after exposure to MLN4924 for 2 h, while the
sumoylation of PML/RARα was slightly elevated during the first
8–12 h and then sharply increased over 24 h (Fig. 4D). Meanwhile,
cells began to form small NB structures at 4–6 h, and the
structures became larger at 8–12 h (Fig. S10). Furthermore,
colocalization of DAXX with reformed NBs was obviously observed
until 24 h (Fig. 4E). Therefore, the process is initiated by the loss of
PML/RARα-NEDD8 conjugation (2 h), followed by initial renuclea-
tion (4–12 h), hypersumoylation (8–12 h), and DAXX colocalization.
These results indicated that deneddylation-induced PML/RARα
nucleation occurred earlier than sumoylation and DAXX recruit-
ment. We further examined the impact of neddylation on a
sumoylation-deficient mutant of PML/RARα (SUMO-3KR), which is
considered to hardly affect the formation of NBs but fails to recruit
NB-related proteins [32]. As presented in Fig. 4F and S11, SUMO-
3KR lost the ability to promote the colocalization of DAXX, as
expected, but retained the renucleation ability induced by
abolishing neddylation (NEDD8+ SUMO-5KR) or MLN4924 treat-
ment without the accumulation of sumoylation modification.
These results suggest that sumoylation modification is dispen-
sable for PML/RARα nucleation, which is consistent with a previous
study showing that PML sumoylation does not underlie NB
formation [32]. Collectively, we infer that neddylated PML/RARα
impedes NB assembly by inhibiting the initial nucleation process.

Neddylation of PML/RARα disrupts the nucleation process by
weakening the phase separation ability of the PML moiety
To further gain insight into the mechanism underlying
deneddylation-induced PML/RARα renucleation, we carefully
analyzed the formation processes of PML/RARα NBs. Interestingly,
the PML/RARα microspeckles underwent fusion processes to form
larger PML/RARα foci upon MLN4924 treatment (Fig. 5A and
Movie S1), which was very similar to the phase separation process.
Furthermore, FRAP analysis revealed that the recovery ability of
PML NBs was high as assessed by the mobile fraction (Mf= 0.71)
and half-life (t1/2= 3.38 min), and the recovery curve showed an
exponential time dependence (Fig. 5B). In contrast, PML/RARα
microspeckles recovered less efficiently than PML NBs. Then,
MLN4924- or neddylation-deficient mutation-reconstructed NBs
exhibited a higher recovery extent as assessed by the mobile

fraction (Mf), which was similar to PML NBs but different from
ATO-induced aggregates (Fig. 5C and Table S3). Thus, we suspect
that PML may induce phase separation to construct PML NBs,
while PML/RARα fails to form NBs due to aberrant phase
separation, and deneddylation of PML/RARα may recover the
phase separation process to reconstruct NBs.
Phase separation is presumed to play a pivotal role in the

formation of PML NBs [3, 34], but vigorous experimental evidence
is lacking. Here, we performed an in vitro phase separation assay.
Purified PML-GFP rapidly formed microsized liquid droplets under
the nonionic crowder dextran-70 in a protein concentration-
dependent manner, and its saturation concentration (Csat) was
0.36 μM (Fig. 5D, S12A). Moreover, droplet formation was sensitive
to salt concentration (Fig. 5E, S12B). Meanwhile, PML droplets
underwent fusion with an inverse capillary velocity of η/γ ≈ 8.06 s/
μm, which is a ratio of the viscosity to surface tension [16, 35],
indicating that PML droplets are viscous liquids (Fig. 5F, S12C). In
vitro FRAP analysis also indicated that PML-GFP molecules
diffused within droplets and exchanged between droplets and
the surrounding solution (Fig. 5G). Additionally, the in vitro-
formed PML drops were dissolved in 10% 1,6-hexanediol (1,6-HD),
an aliphatic alcohol that disrupts weak hydrophobic interactions in
phase separation [24, 36, 37] (Fig. S12D). Meanwhile, recombinant
DAXX (rDAXX), rather than the SUMO-interacting motif (SIM)
mutant of DAXX (ΔSIM), colocalized with PML drops in vitro (Fig.
S12E). Overall, these results indicate that PML possesses the ability
to promote phase separation to assemble PML NBs.
Next, we detected the phase separation ability of wild-type

PML/RARα and deneddylated PML/RARα. Enriched PML/RARα from
MLN4924-treated cells or PML/RARα(2KR)-transfected cells were
found to be indeed deneddylated (Fig. S13), and deneddylated
PML/RARα typically formed liquid droplets under dextran-70,
whereas the phase separation of wild-type PML/RARα was
weakened considerably at the same protein concentration (Fig. 5H,
I). Moreover, under serial protein concentrations, the fraction of
phase-separated PML/RARα in the deneddylated groups (P/R+
MLN4924 and P/R(2KR)) was significantly higher than that in the P/
R(WT) group (Fig. 5J, S14A). Additionally, rDAXX also colocalized
with PML/RARα(2KR) lipid droplets (Fig. S14B). Taken together,
these data confirm that inhibition of neddylation recovers the
phase separation process of PML/RARα and leads to NB
reconstruction.
Finally, considering that neddylation may strengthen the

protein’s DNA-binding ability [38] and the DNA binding is involved
in regulating phase separation [39], we wanted to investigate the
role of DNA binding in recovered phase separation by deneddyla-
tion. First, in CHIP analysis, similar to DNA-binding defective
mutants (PML/RARα(ΔDBD) and PML/RARα(C88G)) [40],
neddylation-deficient PML/RARα (2KR) almost completely lost its
ability to bind the RARB promoter region (Fig. 5K). Meanwhile, we

Fig. 1 High-content screening identifies neddylation inhibitors that induce PML/RARα to reassemble NB structures. A The effect of PML/
RARα on the PML NBs formation. H1299 cells were infected with PML-Flag and different dosage of PML/RARα-HA lentivirus. B Schematic view
of the cell-based PML/RARα-GFP high-content screening (HCS) system. H1299 cells were infected with PML/RARα-GFP lentivirus and then
treated with a collection of ~300 signaling pathway inhibitors (1 μM). ATO is the positive control that induces the reaggregation of PML/RARα
by directly binding to cysteine residues of PML/RARα. C The number of large foci (foci size≥200 nm) per 200 cells in each well after inhibitor
treatment as shown in Fig. 1B. D Representative fluorescence images of PML and PML/RARα treated with MLN4924 or ATO. H1299 cells were
infected with PML/RARα-HA or PML-HA lentivirus followed by treatment with MLN4924 (1 μM) for 48 h and ATO (1 μM) for 12 h. The average
diameter of foci was calculated and the number of large foci (foci size ≥ 200 nm) per 100 cells was counted. E The PML NBs formation when co-
expressed with different dosage of PML/RARα upon MLN4924 treatment. H1299 cells were infected with PML-Flag and different dosage of
PML/RARα-HA lentivirus, followed by treatment with MLN4924 (1 μM) for 48 h. F Formation of PML NBs in NB4 cells triggered by MLN4924.
NB4 cells were treated with MLN4924 (40 nM) for the indicated times and then immunostained with anti-PML antibody and DAPI staining. G
The endogenous PML NBs in ATRA-resistant APL cell lines after exposed to MLN4924. NB4R1 and NB4R2 cells were treated with MLN4924 (40
nM) for 24 h and immunostained with anti-PML antibody and DAPI staining. (F, G) The average diameter of foci was calculated and the
number of large foci (foci size≥200 nm) per 100 cells was counted. Data are represented as mean ± SD (n= 3). **, p < 0.01; ***, p < 0.001, vs.
PML/RARα (D) or Control group (F, G). Statistical significance of differences between groups was determined with one-way ANOVA analysis (D
and F) or two-tailed unpaired Student’s t-test (G).
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Fig. 2 PML/RARα NBs reformed by neddylation inhibitors show functional similarity to classic PML NBs. A Co-localization of PML/RARα
and SUMO1 in NBs following MLN4924 treatment. H1299 cells were infected with PML/RARα-HA lentivirus followed by treatment with
MLN4924 (1 μM) for 48 h. B MLN4924 upregulates the sumoylation modification level of PML/RARα. COS7 cells were transfected with
pCDNA3.0-PML/RARα-HA for 24 h, followed by MLN4924 treatment (1 μM) for 48 h. The input band at ~100 KDa detected by anti-NEDD8
antibody on input is Cullin-NEDD8 conjugates. C Co-localization of DAXX with reformed NBs induced by MLN4924. PML/RARα-HA expressing
H1299 cells were treated with MLN4924 (1 μM) for 48 h. D Schematic view of the BioID method to identify the transient partner proteins in
reconstructed PML/RARα NBs and classical PML NBs. H1299 cells were infected with pCDH-PML/RARα-BirA*, pCDH-PML-BirA* or pCDH-NLS-
BirA* lentivirus for 5 days, and the PML/RARα-BirA* group was treated with MLN4924 (1 μM) for 48 h before harvest. The specific biotin-labeled
proteins in cells were assessed by the peptide intensity ratio (vs. NLS) ≥ 2. E Overlay proteins both specifically identified in PML/RARα-BirA*
cells treated with MLN4924 and in PML-BirA* cells. The proteins are arranged in order by their score. Red star represents the proteins
previously reported as recruited partners in classic PML NBs. F Top 20 clusters from Metascape pathway enrichment analysis of the overlay
proteins. The heatmap of enriched terms is colored based on p-values. G Effect of MLN4924 on PML/RARα NB reconstruction in two different
PML KO subclones. PML KO H1299 subclones (#1 and #2) were infected with PML/RARα-HA lentivirus, followed by treatment with MLN4924 (1
μM) for 48 h. H The average diameter of foci was calculated and the number of large foci (foci size ≥ 200 nm) per 100 cells was counted in
Fig. 2G. Data are represented as mean ± SD (n= 3). ***, p < 0.001, vs. Control group. Statistical significance of differences between groups was
determined with two-tailed unpaired Student’s t-test.
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overexpressed wild-type PML/RARα(WT) or neddylation-deficient
PML/RARα(2KR) in mouse hematopoietic stem/progenitor cells
(mHSPCs) (Fig. S15A). The results showed that the mRNA levels of
RARα target genes (such as Tgm2 and Rarb) were actually
diminished in the PML/RARα(WT)-transformed cells, whereas this
was moderately reversed in PML/RARα(2KR)-transformed mHSPCs
(Fig. S15B). Similar upregulation of RARα target genes could be
also found upon MLN4924 treatment in NB4 cells (Fig. S15C).
These results suggest that deneddylation interferes with the DNA-
binding ability of PML/RARα and reverses the suppression of RARα
signaling. Based on this, we detected localization of these two
DNA-binding-defective PML/RARα mutants, PML/RARα(ΔDBD) and
PML/RARα(C88G). As shown in Fig. 5L, both mutants showed NB-
like structures, whose foci diameter and large foci number were
similar to those of PML/RARα(2KR). Meanwhile, the FRAP analysis
also indicated the high recovery ability of PML/RARα(ΔDBD),
which was similar to that of PML/RARα(2KR) (Fig. 5M). More
importantly, we found that compared to PML/RARα (2KR), RARE-
containing DNA induced a stronger inhibitory effect on droplet
formation of PML/RARα (WT) in vitro (Fig. 5N). Altogether, these
results suggest that inhibition of DNA binding underlies the
mechanism by which deneddylation promotes the phase separa-
tion of PML/RARα.

Neddylation is critical for PML/RARα-driven leukemogenesis
PML/RARα is a crucial driving factor of APL pathogenesis. To
explore the role of PML/RARα neddylation during APL pathogen-
esis, we overexpressed wild-type PML/RARα (WT) or neddylation-
deficient PML/RARα (2KR) in mHSPCs and evaluated their
oncogenic ability both in vitro and in vivo (Fig. 6A). First, we
confirmed the NB reconstruction of PML/RARα (2KR) in mHSPCs
(Fig. 6B). Moreover, PML/RARα (WT)-expressing cells could be
indefinitely replated in methylcellulose as expected, while PML/
RARα (2KR)-expressing cells failed (Fig. 6C), demonstrating that
inhibiting neddylation of PML/RARα destroyed its ability to
immortalize primary hematopoietic stem/progenitor cells. Addi-
tionally, PML/RARα (WT)-transformed cells, rather than 2KR-
expressing cells, grew faster than cells transduced with blank
pMSCV in liquid culture (Fig. S16A). More differentiation-blocked
promyelocytes were observed in cells expressing PML/RARα (WT),
rather than PML/RARα (2KR) (Fig. S16B). Furthermore, an in vivo
leukemogenesis assay showed that compared with the 2KR-
overexpressing mHSPC group, apparent weight loss was only
observed in mice injected with WT-overexpressing mHSPCs
(Fig. 6D). Finally, overall survival was significantly extended in
mice transplanted with 2KR-overexpressing mHSPCs compared
with WT-overexpressing mHSPCs (Fig. 6E). Therefore, these data

Fig. 3 PML/RARα is neddylated at the Lys227 and Lys360 sites in the RARα moiety. A MLN4924 inhibits the neddylation of PML/RARα.
COS7 cells were transfected with PML/RARα-HA for 24 h followed by MLN4924 treatment (1 μM) for 24 h. B The neddylation E2-conjugating
enzyme Ubc12 promotes the neddylation of PML/RARα. COS7 cells were transfected with PML/RARα-HA combined with Ubc12-Flag or Ubc12
(C111S)-Flag. l.e., long exposure; s.e., short exposure. C Deneddylation enzyme NEDP1 attenuates the neddylation of PML/RARα. COS7 cells
were transfected with PML/RARα-HA combined with NEDP1-Flag. D Neddylation levels of PML/RARα, PML, and RARα. COS7 cells were
transfected with PML/RARα-HA, PML-HA, and RARα-HA for 48 h. E Representative tandem mass spectrometry spectra of peptides
VSLDIDLWDKFSELSTK and VDMLQEPLLEALKVYVR. Lysine 227 and 360 were the potent neddylation sites. F Effect of potential neddylation site
mutations on PML/RARα neddylation. COS7 cells were transfected with different PML/RARα-HA (WT, K227R, K360R, and 2KR (K227/360R)) for
48 h. The neddylation of RARα segment in the RRL cell-free system. G Recombinant GST-RARα (LBD) were incubated with or without RRL at 37
°C for 30mins. H Recombinant GST-RARα (LBD) (WT) and GST-RARα (LBD) (2KR) were incubated with or without RRL.
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Fig. 4 Neddylation of PML/RARα impedes the NB assembly by inhibiting the initial nucleation process. A The effect of neddylation site
mutations on PML/RARα NB formation. H1299 cells were infected with different PML/RARα-HA contrasts (WT, K227R, K360R, and 2KR)
lentivirus for 5 days. The average diameter of foci was calculated and the number of large foci (foci size ≥ 200 nm) per 100 cells was counted.
***, p < 0.001, vs. PML/RARα(WT). Statistical significance of differences between groups was determined with one-way ANOVA analysis. 2KR
means K227R and K360R in RARα moiety. B Localization of DAXX in reformed PML/RARα NBs when its neddylation sites were mutated. H1299
cells were infected with different PML/RARα-HA contrasts (WT, K227R, K360R, and 2KR) lentivirus for 5 days. C PML/RARα neddylation-defect
mutants exhibit obvious sumoylation modification. COS7 cells were transfected with different PML/RARα-HA constructs (WT, K227R, K360R,
and 2KR) for 48 h. D Time course of PML/RARα sumoylation modification during MLN4924 treatment. COS7 cells were transfected with PML/
RARα-HA, followed by treatment with MLN4924 (1 μM) for the indicated times. E Time course of DAXX recruitment into reformed PML NBs
during MLN4924 exposure. H1299 cells were infected with PML/RARα-HA lentivirus, and then were treated with MLN4924 (1 μM) for the
indicated times. F Effect of classical sumoylation site mutations on NB reformation and DAXX recruitment induced by neddylation inhibition.
H1299 cells were infected with different PML/RARα-HA constructs (WT, NEDD8-2KR, SUMO-3KR, or NEDD8+ SUMO-5KR) lentivirus for 5 days.
NEDD8-2KR means K227R and K360R in RARα moiety, SUMO-3KR means K65R, K160R, and K499R in PML moiety, and NEDD8+ SUMO-5KR
means above 5 lysine mutations both in PML and RARα.
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indicate that the deneddylation of PML/RARα abolishes its
oncogenic transformation ability and APL leukemogenesis.
To genetically gain more genetic insight into the reduced

clonogenicity caused by PML/RARα neddylation, we performed
RNA-Seq analysis. In total, 1380 genes (558 upregulated and 822

downregulated) were markedly changed in the 2KR group
compared with the WT group (Fig. 6F and Table S4). The top 15
enriched pathways were listed from Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis, and 18 genes involved in
regulating the pluripotency of stem cells were dramatically
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enriched (Fig. 6G). Furthermore, 16 of the 18 genes (88.9%) were
downregulated in the 2KR group (Fig. 6H), indicating that the
stemness of 2KR-overexpressing mHSPCs might be lower than
that of WT-overexpressing mHSPCs. Consistent with these results,
the expression levels of early progenitors and stem cell markers
(SCA-1, CD117, and CD34) were significantly downregulated in
2KR-transduced mHSPCs compared with WT-expressing mHSPCs
(Fig. 6I). Thus, these results indicate that deneddylation of PML/
RARα suppresses stemness pathways to reduce the self-renewal
ability of APL cells. Together, these data strongly demonstrate that
the neddylation of PML/RARα is critical to its transforming
potential and that inhibiting the neddylation of PML/RARα
obviously suppresses APL leukemogenesis.

Inhibiting the neddylation of PML/RARα leads to APL
eradication
Finally, to assess whether the deneddylation of PML/RARα induced
by MLN4924 was beneficial for APL treatment, we first detected
the impact of MLN4924 on APL cell proliferation and cell viability.
We found that MLN4924 effectively inhibited the proliferation and
viability of NB4 cells (Fig. 7A) and induced cell apoptosis in a time-
dependent manner (Fig. 7B). Notably, MLN4924 also obviously
induced apoptosis in primary APL blasts (Fig. 7C, S17). Interest-
ingly, cell apoptosis was selectively induced by MLN4924 in APL
cells (NB4 and drug-resistant NB4R1 and NB4R2) but not in non-
APL cells (HL60 and OCI-AML2) (Fig. 7D). Next, we further detected
the effect of MLN4924 on the clone formation ability of APL cells.
From the clonogenic activity in methylcellulose, we found that in
contrast to normal mHSPCs, PML/RARα-expressing mHSPCs were
more sensitive to MLN4924 than another oncogenic driver (AML1/
ETO)-transduced cells (Fig. 7E). Meanwhile, MLN4924 also
selectively destroyed the clone formation ability of APL cells
(NB4, NB4R1, and NB4R2). In contrast, MLN4924 at the same
concentration did not influence the clone formation activity of
non-APL AML cells (HL60 and OCI-AML2) (Fig. 7F). Additionally, we
determined the effect of the neddylation inhibitor on cell
differentiation. MLN4924 partially induced the differentiation of
NB4 cells, as assessed by increased expression of CD11b (Fig. 7G)
and enhanced NBT reduction activity (Fig. S18). In conclusion,
these results together indicate that neddylation inhibitors can
selectively eradicate PML/RARα-positive APL cells in vitro.

Thus, we evaluated the in vivo antitumor activity of MLN4924 in
an APL xenograft mouse model (Fig. 7H). First, the reduction in
leukemic blasts in bone marrow after MLN4924 treatment was
confirmed by Wright-Giemsa staining (Fig. 7I). In addition, the
proportion of hCD45+mCD45- cells, which reflected the overall
leukemic burden, was significantly increased in the control group
but not in the MLN4924 group (Fig. 7J). Furthermore, compared
with control leukemic mice, MLN4924 completely reversed the
APL burden-induced body weight decline (Fig. 7K) and signifi-
cantly prolonged the survival of APL leukemic mice (Fig. 7L).
Collectively, these results demonstrate that MLN4924 represses
the invasion of leukemic blasts in APL mice, further supporting the
therapeutic potential of neddylation inhibitors in APL patients.

DISCUSSION
PML/RARα is recognized as a major oncogenic driver of APL [41].
Here, we reveal that the carcinogenicity of PML/RARα is
dependent on its neddylation. A subsequent study indicated that
PML/RARα is neddylated in the RARα region. Interestingly, we
provide the experimental evidence for the first time to confirm
that PML NB assembly is a process of phase separation. In contrast,
neddylation of PML/RARα in the RARα region disrupts the phase
separation of its PML moiety by enhancing its DNA-binding ability,
which further destroys the construction of PML NBs. Finally,
deneddylation of PML/RARα reconstructs functional PML NBs,
reactivates RARα signaling, and leads to APL eradication,
suggesting deneddylation of PML/RARα as a novel therapeutic
strategy against APL. Overall, the identification of PML/RARα
neddylation provides a better understanding of the fundamental
mechanism responsible for the disruption of the phase separation
of PML NBs by PML/RARα in APL pathogenesis, but also potentially
provides a rationale for targeting neddylation for APL treatment.
PML/RARα has been reported to be modified by phosphoryla-

tion [42], sumoylation [43], ubiquitination [44, 45], and ISG15yla-
tion [46], but this is the first time that neddylation has been found.
In addition to Cullin-RING ubiquitin ligases, a small number of non-
Cullin targets of NEDD8 have been identified, including several
transcription factors (such as p53, TAp73, E2F1, SREBP1c, IRF7, and
JunB). Neddylation regulates their transcriptional activity by
altering protein subcellular localization, protein-protein, and

Fig. 5 Neddylation of PML/RARα disrupts nucleation process through weakening the phase separation ability of PML moiety. A Time-
lapse imaging of the fusion of NBs reformed by MLN4924. H1299 cells were infected with PML/RARα-GFP lentivirus for 3 days, followed by
MLN4924 treatment (1 μM). Images were acquired using an ImageXpress Pico scanner (Molecular Devices). The fusion of two PML/RARα
droplets is indicated by different circles. B The FRAP recovery curve of the PML-GFP fluorescent intensity. H1299 cells were infected with PML-
GFP lentivirus for 3 days. Data are represented as mean ± SD (n= 3). C Recovery rates of reformed NBs after photobleaching. H1299 cells were
infected with PML/RARα(WT)-GFP or PML/RARα(2KR)-GFP lentivirus for 3 days. Then PML/RARα(WT)-GFP infected cells were treated with
MLN4924 (1 μM) for 24 h or ATO (1 μM) for 12 h. Data are represented as mean ± SD (n= 3). D The saturation concentration (Csat) of PML.
Calculation of the apparent phase separated fraction was with (ICondensate)/(ITotal), where ICondensate is the condensate fluorescence intensity,
ITotal the fluorescence intensity of the image. E Formation of PML droplets in buffers containing different concentrations of NaCl. F Decay time
(τ) vs. length scale (l) for PML droplets prepared in 300mM NaCl. The linear slope represents the inverse capillary velocity (η/γ). G Plot showing
the time course of the recovery after photobleaching PML-GFP droplets. Data are represented as mean ± SD (n= 3). (H, I) In vitro phase
separation of PML, PML/RARα and deneddylated-PML/RARα. GFP-His, PML-GFP-His, PML/RARα(WT)-GFP-His, and PML/RARα(2KR)-GFP-His
were expressed in COS7 cells for 48 h. PML/RARα(WT)-GFP-His expressed cells were treated with MLN4924 (1 μM) for 48 h. Then all the
proteins were purified using 6 × His-affinity beads from cell lysate. Droplet formation was performed under the crowding conditions.
Representative fluorescence and DIC images of the droplets (H). Quantification of the size of droplets are shown (I). Data are represented as
mean ± SD (n= 300). J The in vitro phase-separated fraction of PML/RARα and deneddylated-PML/RARα at different protein concentrations.
Proteins were expressed in COS7 cells for 48 h and purified using 6×His-affinity beads from cell lysates. Droplet formation was performed at
room temperature using the nonionic crowder dextran-70 (10%) and 300mM NaCl. K ChIP analysis of wild-type or mutant PML/RARα binding
to the endogenous RARB promoter. 293T cells were transfected with different PML/RARα-HA contrasts (WT, 2KR, ΔDBD, and C88G) for 48 h.
Data are represented as mean ± SD (n= 3). L The effect of DNA-binding defective mutation on PML/RARα NB formation. H1299 cells were
infected with different PML/RARα-HA contrasts (WT, 2KR, ΔDBD, and C88G) lentivirus for 48 h. The average diameter of foci was calculated and
the number of large foci (foci size ≥ 200 nm) per 100 cells was counted. M The FRAP recovery curve of the PML/RARα(ΔDBD)-GFP fluorescent
intensity. H1299 cells were infected with PML/RARα(ΔDBD)-GFP lentivirus for 3 days. Data are represented as mean ± SD (n= 3). N The
effect of DNA on the in vitro phase separation of PML/RARα. Purified PML/RARα(WT)-GFP-His and PML/RARα(2KR)-GFP-His were used to
analysis the droplet formation under the crowding conditions. PGL4.14-RARE plasmid was added to the in vitro system. Representative
fluorescence images of the droplets (Left). Quantification of the size of droplets are shown (Right). Data are represented as mean ± SD
(n= 300). ***, p < 0.001. vs. indicated (I, K, L, N). The significance analysis was conducted by one-way ANOVA analysis (I, K, L, and N).
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protein-DNA interactions, and protein stability [7, 47–49]. Here, we
find that neddylation controls the transcriptional suppressive
activity of PML/RARα by enhancing its DNA-binding ability. For the
mechanisms underlying the DNA-binding regulation of PML/RARα
by neddylation, given that neddylation of Cullin-RING ligases can
induce conformational rearrangement [50], we propose that

neddylation may influence the protein conformation of PML/
RARα to further regulate its DNA binding ability.
Phase separation increasingly appears to be a fundamental

mechanism for organizing intracellular space [51]. We provide
experimental evidence for the first time to confirm phase separation
as an important mechanism to organize PML NBs as an intracellular

Fig. 6 Neddylation is critical for PML/RARα-driven leukemogenesis. A Schematic generation of PML/RARα driven APL cells and evaluation
of the self-renewal capacity of PML/RARα transformed mHSPCs both in vitro and in vivo. B Foci structure of PML/RARα in mHSPCs after
transduction. Cells were immunostained with anti-HA antibody, followed by confocal imaging. The average diameter of foci was calculated
and the number of large foci (foci size ≥ 200 nm) per 100 cells was counted. 2KR means K227R and K360R in RARα moiety. C Replating activity
of mHSPCs in methylcellulose medium. mHSPCs were infected with pMSCV, PML/RARα(WT), or PML/RARα(2KR) lentivirus and then were
cultured in methylcellulose medium. The colony number from the first to the fifth round of colonies is indicated. Data are represented as
mean ± SD (n= 3). D, E Leukemogenesis of PML/RARα(WT) and neddylation-deficient PML/RARα (2KR) in vivo. mHSPCs transduced with PML/
RARα (WT) or PML/RARα (2KR) lentivirus were injected via the tail vein into NSG mice. The body weight and survival times of NSG mice were
recorded. Data are represented as mean ± SD (n= 6). F, G RNA-Seq analysis of mHSPCs infected with PML/RARα (WT) or PML/RARα (2KR)
lentivirus. F Differentially expressed genes between PML/RARα (WT) and PML/RARα (2KR). G Top 15 clusters (including≥10 differentially
expressed genes) from KEGG pathway enrichment analysis of the changed genes. H Heatmap display of 18 differentially expressed genes
involved in pathways regulating the pluripotency of stem cells. I Expression levels of three stem cell markers, SCA-1, CD117, and CD34 in
mHSPCs transduced with PML/RARα (WT) or PML/RARα (2KR). Data are represented as mean ± SD (n= 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001,
vs. PML/RARα (WT). Statistical significance of differences was determined with two-tailed unpaired Student’s t-test (B–D, I) or Log-rank test (E).
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Fig. 7 Inhibiting the neddylation of PML/RARα leads to APL eradication. A The effect of MLN4924 on the proliferation and viability of NB4
cells. NB4 cells were treated with MLN4924 for indicated times, followed by trypan blue exclusion test. Data are presented as mean ± SD (n=
3). B The effect of MLN4924 on the apoptosis of NB4 cells. NB4 cells were treated with MLN4924 (40 nM) for indicated times, and the
apoptosis-inducing ability of MLN4924 was confirmed by PI/Annexin V assay. C The effect of MLN4924 on the apoptosis of primary APL blast
cells. Primary APL blast cells were directly separated from the bone marrow of patients using lymphocyte monocytes separation medium.
Then the apoptosis rate of cells was detected after treated with MLN4924 (2 μM) for 5 days. D The apoptosis rate induced by MLN4924 in APL
and non-APL cells. NB4, NB4R1, NB4R2, HL60, and OCI-AML2 cells were treated with MLN4924 (40 nM) for 5 days. E The effect of MLN4924 on
the clonogenic activity of PML/RARα in methylcellulose. mHSPCs were infected with pMSCV, PML/RARα or AML1/ETO, and then were treated
with MLN4924 (0, 40, 80, 160 and 320 nM) for 24 h. Treated cells were finally cultured in methylcellulose medium for 2 weeks. F The effect of
MLN4924 on clone formation of APL and non-APL cells. NB4, NB4R1, NB4R2, HL60, and OCI-AML2 cells were treated with MLN4924 (40 nM) for
2 weeks. The clone inhibition rate was determined by calculating as 100× (clone numbers of the treated group)/ (clone numbers of the control
group). G The differentiation-inducing ability of MLN4924 in NB4 cells. NB4 cells were treated with MLN4924 (40 nM) for indicated times or
ATRA (40 nM) for 1 day, and then CD11b expression was evaluated. (H–L) The effect of MLN4924 on the tumor burden of NOD/SCID mice. NB4
cells were intravenously transplanted into NOD/SCID mice and then mice were treated with MLN4924 (30 mg/kg and 60mg/kg) (i.p.). H The
schematic diagram of animal experiments. I, J The APL burden detection in bone marrow of the sacrificed mice. When the control leukemic
mice were moribund, we sacrificed three mice in each group to detect the APL burden in bone marrow. Cell morphological analysis of bone
marrow cells were obtained from NOD/SCID mice and subjected to Wright–Giemsa staining (I). The population of human CD45-positive and
mouse CD45-negative (hCD45+mCD45−) leukemia cells in the bone marrow of NOD/SCID mice were detected (J). The effect of MLN4924 on
the body weight of APL-burden NOD/SCID mice. Data are presented as mean ± SE (n= 7). (L) The effect of MLN4924 on the survival times of
APL-burden NOD/SCID mice. n.s., p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. vs. Control (A–D, F, G, and K, L) or vs. pMSCV (E). The
significance analysis was conducted by one-way ANOVA analysis (A, E, K), two-tailed unpaired Student’s t-test (B-D, F-G), or Log-rank test (L).

X. Shao et al.

1664

Cell Death & Differentiation (2022) 29:1654 – 1668



space to suppress cancer pathogenesis. PML/RARα also dramatically
loses its phase separation ability and fails to assemble NBs, followed
by APL initiation. Our work provides a distinct example of phase
separation being necessary for normal cellular function, with the loss
of phase separation leading to disease phenotypes. Additionally,
despite increasing interest in the study of phase separation, the
development of phase separation modulators remains in its infancy
[52]. Here, we show the feasibility of finding phase separation
modulators using a high-throughput screening model in vivo and
provide an example for phase separation reconstruction by altering
the posttranslational modification of scaffold proteins.
Phosphorylation [53], acetylation [54], methylation [55, 56] and

ubiquitination [57, 58] have been found to regulate phase
separation. And this study is the first to connect neddylation with
phase separation. Moreover, loss of DNA-binding ability was found
to be involved in the deneddylation-enhanced phase separation of
PML/RARα in this study. This is similar to the recent observation
that DNA binding regulates the formation of phase-separated
droplets, such as HP1α [59], cGAS [37], and VRN1 [60]. Obviously, it
is worth further dissecting the role and mechanism of DNA-binding
ability in the neddylation-regulated phase separation of PML/RARα.
Both transcriptional repression of RARα signaling and PML NB

disruption by PML/RARα are important for APL leukemogenesis
[1]. Here, the reactivation of RARα target genes upon neddylation
inhibition suggests that deneddylation of PML/RARα reverses the
transcriptional repression of RARα signaling. In addition to
canonical RAREs, PML/RARα is also found to bind noncanonical
RAREs to regulate the expression of genes that are essential for
APL pathogenesis [61]; thus, loss of the DNA-binding ability of
PML/RARα by deneddylation may be beneficial for APL suppres-
sion. The disruption of PML NBs by PML/RARα, which blunts
p53 signaling [5] and impairs DNA damage repair [6], is believed
to contribute to APL pathogenesis. In MLN4924-reformed PML/
RARα NBs, we also enriched posttranslational modification
regulators that activate p53 and DNA damage repair-related
proteins. Meanwhile, new partners were also identified in our
study. Additional studies are needed to further clarify their
contributions to APL pathogenesis and therapy response.
MLN4924, as a NEDD8-activating enzyme (NAE) inhibitor, has

been reported to exhibit promising therapeutic activity in various
malignancies [62–64]. Considering the possible effects of
MLN4924 on other neddylation substrates, such as Cullin-RING
ubiquitin ligases (CRLs), we evaluated the role of PML/RARα in the
inhibitory effect of MLN4924 on APL cells. Our results showed that
MLN4924 selectively eradicated PML/RARα-positive APL cells
rather than PML/RARα-negative cells in vitro (Fig. 7D–F), indicating
that this eradication may mainly result from the neddylation
inhibition of PML/RARα. However, it is undeniable that other
neddylation substrates are possibly influenced when MLN4924 is
exposed to APL cells, which may partly contribute to the relatively
imperfect survival benefit in vivo (Fig. 7L). Therefore, further
investigation of the specific E3 ligases involved in the neddylation
of PML/RARα by applying systems, such as the yeast 2-hybrid
screen, may facilitate the design of a more specific inhibitor.
In summary, we demonstrate for the first time that failed

assembly of PML NBs in APL results from aberrant phase
separation of neddylated PML/RARα, representing a conceptual
leap towards understanding how PML NBs are disrupted in APL.
Furthermore, we discover a therapeutic strategy for APL by
targeting neddylation to reform functional PML NBs and reactivate
RARα signaling. Collectively, this study offers important insight
into PML/RARα-driven APL pathogenesis and treatment.

MATERIALS AND METHODS
Human patient blasts, cells, and cell culture
Primary patient blasts (APL-1~10) from bone marrow of patients (The
First Affiliated Hospital or Children’s Hospital of Zhejiang University)

were isolated using lymphocyte monocyte separation medium (GE
Healthcare).
H1299, NB4, NB4R1, and NB4R2 cells were cultured in RPMI 1640

medium, and 293FT, 293T, and COS7 cells were cultured in DMEM,
supplemented with 10% fetal bovine serum (Gibco BRL) and 0.1%
penicillin/streptomycin. All the cell lines were routinely tested for
mycoplasma using a Mycoplasma Detection Kit (Bimake, Houston, TX,
USA) and were authenticated utilizing short tandem repeat (STR) profiling
every 6 months. The source of all cell lines is supplied in Table S5.

Plasmids and reagents
The coding sequences were subcloned into the pCDNA3.0, pCDH, pCDH-
GFP and/or pCDH-MSCV-GFP (pMSCV) plasmids. The packaging plasmid
pRΔ8.9 and envelope plasmid pMD.G-VSVG were kindly provided by Dr. D.
B. Kohn (University of Southern California). The full-length coding
sequences of PML and RARα were amplified from the cDNA of the cell
lines, the sequence for PML/RARα was synthesized, the cDNAs of Ubc12
and NEDP1 were purchased from Vigene Biosciences (Jinan, China). The
shRNA oligonucleotides were cloned into pLKO.1. The sequences of shRNA
are supplied in Table S6. The specific antibodies used for western blotting,
immunofluorescence, and flow cytometry are listed in Table S7. The
information of all used buffers is supplied in Table S8.
Target selective inhibitor library (299 compounds) was purchased from

Selleck (Houston, USA). MLN4924 was supplied by Cayman Chemical
Company (Ann Arbor, Michigan). ATO, 1,6-hexanediol, and dextran-70
were purchased from Sigma-Aldrich (St. Louis, MO).

Lentivirus production, concentration and transduction
Virus production, titration and transduction were performed as described
previously [65].

High-content screening
H1299 cells were infected with PML/RARα-GFP lentivirus and seeded into
96-well microplates (Corning). Cells were automatically treated with target
selective inhibitor library using a Tecan Fluent 780 liquid handling
workstation (Tecan, Männedorf, Switzerland). After culturing for 12 h, cells
were fixed with 4% paraformaldehyde followed by DAPI staining. Next,
high-throughput acquisition of GFP and DAPI signals from each cell was
performed using an ImageXpress Pico scanner (Molecular Devices). Finally,
the number of large foci (foci size ≥ 200 nm) was counted using the
ImageXpress Pico, and the average diameter of foci was calculated using
ImageJ.

Solubility analysis of NBs
The solubility of NBs was determined according to the literature [18].
H1299 cells were infected with pCDH-PML/RARα-GFP lentivirus for 5 days
and treated with MLN4924 or ATO for 12 h. The cells were subsequently
lysed in 1% NP40 buffer or RIPA buffer. Cell lysates were smeared onto
glass slides, and directly observed under fluorescence microscope.
Additionally, RIPA cell lysates were centrifuged to separate the soluble
and insoluble fractions, followed by western blot analysis.

Identification of recruited proteins in NBs
BioID technique was adopted to identify the recruited proteins by fusing
PML/RARα or PML with humanized BirA (R118G), known as BirA* [24]. The
infected cells were incubated with biotin before harvest and lysed in lysis
buffer B to remove cytoplasmic proteins. Next, the pellets were lysed in 4%
SDS buffer and incubated with anti-streptavidin beads. Finally, the beads
were washed with 1% Briji buffer. Then, the samples were analyzed by
mass spectrometry at Shanghai Biotechnology Corporation. The mass
spectrometry data were analyzed using MaxQuant software version
1.5.3.17 (Max Planck Institute of Biochemistry in Martinsried, Germany),
and two indicators were obtained in the raw data, Peptide intensity, and
Score. Then we calculated the peptide intensity ratio (vs. NLS) of each
group and selected the proteins whose peptide intensity ratio (vs. NLS) ≥ 2.
Finally, we ordered the overlay proteins based on Score.

Generation of PML KO cells by CRISPR/Cas9
The generation assay of PML KO cells mediated by CRISPR/Cas9 was
performed as previously described [24]. The sgRNA oligonucleotide
sequences and primers for PML fragment’s PCR are supplied in Tables S9
and S10.
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Immunoprecipitation
To detect the neddylation and sumoylation of PML/RARα, the cells were
lysed in 4% SDS buffer. Next, the cell lysates were diluted 10 times with
RIPA lysis buffer to the SDS concentration of 0.4%, and incubated with anti-
HA beads. Finally, the beads were washed with 1% NP40 buffer before
being boiled with loading buffer.

Fluorescence recovery after photobleaching (FRAP)
FRAP experiments were performed using an Olympus FV3000 confocal
with microscope a 100× oil objective. A 488 nm laser was used to
photobleach. Time-lapse images were recorded with a 2.4 s interval for a
total of 250 images. The mobile fraction (Mf) and half-life (t1/2) were
measured according to the literature [66].

Protein expression and purification
For eukaryotic purification, COS7 cells were transfected with indicated
plasmids. The cells were lysed in RIPA lysis buffer. Protein was purified
using 6×His-affinity beads. Next, the protein was exchanged into exchange
buffer using Zeba™ Spin Desalting Columns.
For prokaryotic purification, plasmids were transformed into E. coli cells.

The bacteria were lysed using a high-pressure bacteria breaker (Union
Biotech). Protein was purified using a Ni-NTA or GST column (GE
Healthcare). The eluted protein was dialysed in dialysed buffer.

In vitro phase separation assays
The purified protein and the crowding agent were mixed and deposited in
coverslip-bottom, non-binding 384-well plates (Cellvis) at room tempera-
ture. Images of the phase separation of protein were acquired using a Leica
TCS SP8 confocal microscope. The determination of saturation concentra-
tion (Csat) was according to literature [67].

Fusion kinetics
Droplet formation was recorded on an Olympus FV3000 confocal with
microscope a 100× oil objective. Fusion events were manually spotted,
cropped out, and analyzed in ImageJ. The inverse capillary velocity η/γ was
measured according to the literature [35, 68].

ChIP assay
Cells were cross-linked with 1% formaldehyde and stopped by adding
glycine. Harvested cells were resuspended in lysis buffer B and centrifuged
to remove cytoplasmic proteins. Then the nuclei pellet was resuspended in
1% SDS buffer, and sonicated to shear DNA using the Bioruptor
(Diagenode). The supernatant was incubated with HA beads. Then the
beads were washed with low salt buffer, high salt buffer, LiCl buffer, and TE
buffer, and finally eluted with elution buffer. Cross-linking was reversed
with the addition of NaCl (0.2 M) and Proteinase K for 2 h at 42 °C and 8–10
h at 65 °C. DNA was extracted and analyzed by RT-PCR for genomic
sequence from the RARB promoter region containing RARE using PCR
primers in Table S10.

Mouse hematopoietic stem/progenitor cell (mHSPC)
separation, infection, and clonogenic assay
Bone marrow cells were first obtained from the femurs of 5-fluorouracil-
treated C57BL/6 mice, and then mHSPCs were selected using the Easysep
Mouse Hematopoietic Progenitor Cell Isolation Kit (Stemcell Technologies).
The detailed culture condition is supplied in supplemental Methods.
Infection was obtained by centrifugation of the cells in viral supernatant at
1800 rpm for 40min. The transduced mHSPCs were plated in methylcellu-
lose medium (M3434; StemCell Technologies) for the clonogenic assay.
mHSPCs were cultured in IMDM medium supplemented with recombi-

nant mouse SCF (50 ng/ml; Peprotech), recombinant mouse IL-3 (10 ng/ml;
Peprotech), recombinant mouse IL-6 (10 ng/ml; Peprotech), 1% bovine
serum albumin (Yeasen Biotech Co., Ltd.), hydrocortisone (1 μM; Sigma-
Aldrich), 2-mercaptoethanol (100 μM; Sigma-Aldrich), L-glutamine (2 mM),
20% fetal bovine serum (Gibco BRL) and 1% penicillin/streptomycin.

RNA-seq analysis
RNA-seq analysis was performed at Shanghai Biotechnology Corporation
as described previously [69]. Raw data for RNA-sequencing are deposited
at the NCBI GEO (GSE165046).

Animal studies
1 × 107 transduced mHSPCs were injected into 4~5-week-old female NSG
mice (Shanghai Model Organisms Center, Inc.) via the tail vein. There were
6 mice in each group. 1 × 107 NB4 cells were injected into 6–7-week-old
female NOD/SCID mice (SLRC Laboratory Animal Inc.) and then mice were
treated with MLN4924 (30mg/kg and 60mg/kg) (i.p.). There were 7 mice in
each group.

Statistical analysis
Cell-based experiments as well as in vitro phase separation experiments
were performed at least three biological replicates with three technical
replicates. For animal study, the number of mice used was 6-7. The number
of each experiment used for analyses is indicated in each figure legend. For
all the parameters measured, the values for all samples under different
experimental conditions were averaged, and the SD or SE was calculated.
Statistical significance of differences between groups was determined by
unpaired two-tailed Student’s t-test analysis, Tukey tests as part of one-way
ANOVA, or Log-rank test. Statistical test used for a particular experiment is
mentioned in figure legends.

DATA AVAILABILITY
Raw data for RNA-sequencing are deposited at the NCBI Gene Expression Omnibus
(GSE165046). Other data is available in the main text or the supplementary materials.
For more additional data related to this subject, please contact the corresponding
author.
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