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% Check for updates Anillin (ANLN), a mitotic protein that regulates contractile ring assembly, has

been reported as an oncoprotein. However, the function of ANLN in cancer
cells, especially in the nucleus, has not been fully understood. Here, we report
arole of nuclear ANLN in gene transcriptional regulation. We find that nuclear
ANLN directly interacts with the RNA polymerase II (Pol II) large subunit to
form transcriptional condensates. ANLN enhances initiated Pol II clustering
and promotes Pol Il CTD phase separation. Short-term depletion of ANLN
alters the chromatin binding and enhancer-mediated transcriptional activity of
Pol II. The target genes of ANLN-Pol Il axis are involved in oxidoreductase
activity, Wnt signaling and cell differentiation. THZ1, a super-enhancer inhi-
bitor, specifically inhibits ANLN-Pol Il clustering, target gene expression and
esophageal squamous cell carcinoma (ESCC) cell proliferation. Our results
reveal the function of nuclear ANLN in transcriptional regulation, providing a
theoretical basis for ESCC treatment.

Anillin (ANLN) is a unique scaffold protein that interacts with cytos-
keletal elements such as F-actin, myosin II, and RhoA to regulate cell
division'”. ANLN promotes mitotic progression by organizing con-
tractile ring components, a process that lasts approximately
40-60 min®*. In a previous study, we found that the abundance of
ANLN protein mediated by the ubiquitin system is essential for eso-
phageal squamous cell carcinoma (ESCC) cell division and malignant
progression®. However, during an interphase of up to 20 h, ANLN is
distributed in the nucleus and may perform unknown functions’. It is
difficult to fully explain the cancer-promoting mechanism of ANLN

only by regulating contractile ring assembly. Previous studies have
shown that ANLN plays several non-mitotic functions in different types
of cells, such as regulating cell-cell junctions, signal transduction and
cell motility®”. Whether ANLN is directly involved in these processes,
especially nuclear ANLN, remains unresolved.

RNA polymerase II (Pol II) consists of 12 subunits and transcribes
all protein-coding genes in eukaryotic genomes®’. Various proteins
and protein complexes interact with Pol Il to regulate its activity. These
complexes accumulate at specific regions within the nucleus through
liquid-liquid phase separation (LLPS), previously named transcription
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condensates or Pol Il clusters'. The central hub driving Pol Il clustering
is the carboxyl-terminal domain (CTD) of its largest subunit POLR2A,
which is an intrinsically disordered region (IDR) consisting of 52 hep-
tapeptide repeats”. Although CTD is sufficient to form phase separa-
tion droplets in vitro, the formation of Pol Il clusters in the nucleus is
regulated by multiple mechanisms, including RNA concentration,
chromatin conformation, and interactions with transcriptional reg-
ulators containing IDRs"". Different types of Pol Il clusters are
involved in transcriptional activation, RNA processing and 3D genome
organization®. In particular, the recently reported large Pol Il clusters,
which contain transcription initiation related Pol II, are enriched at
super-enhancer regions'®. The regulation of Pol Il clusters is intimately
associated with the transcriptional amplification mechanism in
cancers”. Consequently, investigating the molecular mechanisms
underlying Pol Il clustering is essential.

Here, we identified nuclear ANLN as a transcription regulator in
cancer cells, which regulates Pol Il clustering and target gene expres-
sion. Mechanistically, ANLN directly interacts with the large subunit of
Pol Il and enhances the phase separation of Pol Il CTD. Short-term
depletion of ANLN alters the chromatin binding of Pol Il and enhancer-
mediated gene transcriptional activity. We also identified 84 direct
target genes regulated by the ANLN-Pol II axis, which are associated
with tumor-related signaling pathways and biological processes. The
specificity of ANLN-Pol II axis in regulating gene expression may be
determined based on its interaction with various transcription factors
and super-enhancers. The small-molecule THZ1 specifically inhibits
ANLN-Pol II clusters, target gene expression, and ESCC cell viability,
providing a potential cancer treatment strategy.

Results

Nuclear ANLN directly interacts with Pol Il large subunit

ANLN is present in the nucleus during interphase and on the con-
tractile rings during mitosis, as confirmed in several types of cancer
cells (Fig. 1A). Cellular fractionation further showed that ANLN in the
nucleus is associated with chromatin (Fig. 1B). Previous tran-
scriptome data from cancer cells demonstrated that knockdown of
ANLN altered the expression of a series of genes; however, it
remained unclear whether these changes were directly mediated by
ANLN. We then asked whether the distribution of nuclear ANLN is
associated with nascent RNAs. Consequently, 5-bromouridine 5-tri-
phosphate (BrUTP) was used to label nascent transcripts, followed by
the visualization of active transcription sites using BrdU antibody*.
As depicted in Fig. 1C and supplementary fig. 1A, a clear colocaliza-
tion was observed between ANLN and nascent transcripts. Con-
sistently, a variety of proteins related to gene transcription events,
especially the subunits of Pol II, were identified from the ANLN
interactome (Fig. 1D, Supplementary fig. 1B). Following endogenous
co-immunoprecipitation, ANLN was found to exist in Pol II com-
plexes, including phosphorylated and unphosphorylated Pol I, as
well as transcription initiation factors TBP and CDK7. To identify
which amino acid regions within ANLN are necessary for ANLN-Pol Il
interaction, a co-immunoprecipitation analysis was performed on
HEK293T cells expressing different HA-ANLN deletion mutants. The
N-terminal 1-300 and 454-712 aa of ANLN were sufficient to maintain
interaction, but both were less effective than the wild-type (WT),
while the C-terminal 712-1124 aa did not mediate the interaction (Fig.
1F). To determine whether the ANLN-Pol Il interaction is direct, we
generated and purified recombinant ANLN and Pol Il subunits. In
vitro pulldown assays showed that ANLN directly interacted with
both 846-1592 aa and CTD domains in the C-terminal of Pol Il large
subunit under cell free conditions, but not with the N-terminal 1-845
aa or Pol II small subunit (POLR2E) (Fig. 1G, H and Supplementary
fig. 1C). Consistent with this, a proximity ligation assay (PLA) con-
firmed that ANLN interacts with the Pol Il large subunit in the nucleus
(Fig. 11, Supplementary fig. 1D).

ANLN and Pol Il form condensates and colocalize at the gene TSS
regions

As expected, the colocalization of ANLN and Pol Il was observed in the
nucleus during interphase, but not during mitosis (Supplementary
fig. 2A). This observation led us to investigate the chromatin occu-
pancy of nuclear ANLN and Pol Il. A cleavage under targets and tag-
mentation (CUT&Tag) assay was conducted in KYSE150 cells with
ANLN and Pol II antibodies. Heatmaps and profile plots showed that
Pol Il and ANLN colocalized in the genome, and both of them occupied
the transcription start site (TSS) of many active genes (Fig. 2A, B).
62.67% of Pol Il and 64.60% of ANLN signals were distributed in the
gene promoter regions, with 84.38% of ANLN overlapping with Pol II
signals (Fig. 2C, D). These data suggest that the ANLN-Pol Il complex is
more likely to function in transcription initiation.

To better understand the nuclear spatial organization of the two
proteins, ANLN and initiated Pol II (Pol II-pS5) were labeled with
antibodies', and the nuclei were subsequently analyzed with super-
resolution imaging. To this end, a 60 nm spatial resolution structured
illumination microscopy (SIM) was used to acquire super-resolution
imaging, which illuminates the sample through a highly inclined and
laminated optical (HILO) method to specifically excite a narrow 0.4 um
band across the nucleus while excluding the cytoplasm above and
below. It was observed in HeLa and KYSE150 cells that Pol I1I-pS5 gen-
erated protein clusters with different sizes, whereas ANLN only formed
small-size clusters (Fig. 2E and Supplementary fig. 2B). We also found
that treatment of 1,6-hexanediol (1,6-HD), commonly used to dissolve
LLPS condensates by perturbing hydrophobic protein interactions,
led to a reduction in ANLN and Pol Il clusters without affecting protein
expression levels (Fig. 2E-H and Supplementary fig. 2D, E). To observe
chromatin-bound clusters, cells were pre-extracted to release free
proteins from the nucleoplasm®?. After pre-extraction, the protein
level and cluster number of nuclear ANLN decreased, while Pol II-pS5
cluster slightly decreased, indicating that these clusters partially
bound to chromatin (Supplementary fig. 2F-H). We next identified the
types of ANLN and Pol II-pS5 clusters in human cancer cells. Clusters
smaller than 12675 nm? were excluded based on previous studies” >,
Pol II-pS5 was subsequently found to form two types small-size clus-
ters, namely type I (12675-25350 nm?) and type Il (25351-63375 nm?),
and a large-size type Il cluster (> 63375 nm?), but ANLN rarely forms
type Il clusters (Fig. 2I, J and Supplementary fig. 2C). Pol II type III
clusters show distinctive shapes and are particularly sensitive to 1,6-HD
(Fig. 2K, L), in line with previous reports in zebrafish embryos®.
Interestingly, ANLN clusters usually gather around the periphery of Pol
II type IlI, accounting for 83.33% of the 60 fields observed (Fig. 2L).
Taken together, these results suggest that ANLN and initiated Pol II
form condensates and are co-located in the gene TSS regions.

ANLN enhances initiation related Pol Il clustering

Several transcription factors and coactivators have been reported to
contribute to the formation of initiated Pol II clusters'®”. To investi-
gate the role of ANLN in Pol Il clustering, the expression of ANLN was
silenced by siRNA in HelLa cells, and the spatial organization of Pol Il
was subsequently analyzed by super-resolution imaging. Results
showed that depletion of ANLN specifically reduced Pol II-pS5 type Il
clusters, and had no effect on the number of small-size clusters and the
expression level of Pol II-pS5 (Fig. 3A-C). Since ANLN also functions
during mitosis, to exclude the effects of mitotic defects, we next
adopted a short-term depletion method to study the role of nuclear
ANLN. In line with previous reports**%, long-term depletion (48 h) of
ANLN resulted in multinucleation in approximately 80% of cells, a
defective phenotype caused by mitotic failure, while short-term
depletion (24 h) did not affect cell morphology and size (Supplemen-
tary fig. 3A). To precisely control the timing of ANLN depletion, a
doxycycline (Dox) induced rapid knockdown of ANLN in KYSE150 cells
was generated. It was observed that Dox treatment for 24h
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significantly decreased the expression level of ANLN and reduced Pol Il
type Il clusters (Supplementary fig. 3B, C, H), without affecting the
small-size clusters and expression level of Pol II-pS5 (Supplementary
fig. 3C, D), similar to the results observed in HeLa cells. Reintroduction
of HA-tagged ANLN rescued the reduction of Pol Il clusters (Supple-
mentary fig. 3B, C). We also evaluated whether ANLN regulates addi-
tional transcriptional steps such as elongation. Following the rapid

Merge--

depletion of ANLN, the elongating Pol Il was labeled with pS2 antibody
and observed via super-resolution microscopy. Results showed that
the depletion of ANLN slightly affected the generation of elongating
clusters, reducing it by approximately 13.6%, without affecting the
expression level of Pol 1I-pS2 (Supplementary fig. 3E-G). To further
exclude the interference of mitotic defects, an ANLN mutant with
nuclear localization defect was introduced into the ANLN rapid
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Fig. 1| Nuclear ANLN directly interacts with Pol II large subunit.

A Representative immunofluorescence staining images of ANLN (pink) and DNA
(blue) in different cell cycles. Scale bar, 5 um. B Western blotting was performed to
examine the different subcellular fractions of the indicated cells. Lamin B1 and
histone H3 were used as marker proteins of the chromatin. GAPDH was used as a
marker of the cytoplasm. C BrUTP was transfected into HeLa cells using liposomes
for 15 min, and then cultured in fresh medium for another 15 min. Immuno-
fluorescence staining was performed using ANLN (green) and BrdU (red) anti-
bodies. Scale bar, 5 um. D The enrichment analysis of ANLN interacting proteins
identified by mass spectrometry was performed using Metascape database. Based
on the selected terms, accumulative hypergeometric P-values and enrichment
factors were calculated and used for filtering. Remaining significant terms were

hierarchically clustered into a tree based on Kappa-statistical similarities among
their gene memberships. The 0.3 kappa score was applied as the threshold to cast
the tree into term clusters. E Immunoprecipitation was performed using ANLN
antibody, and the indicated antibodies were subsequently used for the western
blotting. F The indicated plasmids were transfected into HEK293T cells for 48 h,
and then the cells were lysed and subjected to immunoprecipitation with HA
magnetic beads. G, H The interaction between recombinant POLR2A fragments and
ANLN full-length protein was examined using an in vitro pulldown assay.

1 Representative PLA images for the interaction between endogenous ANLN and Pol
IIin KYSESIO cells. Scale bar, 5 um. The data are representative of at least three
independent experiments with similar results. Source data are provided as a Source
Data file.

depletion cell line. Mutation of 5 amino acids in the previously pre-
dicted nuclear localization sequence (NLS) resulted in obvious nuclear
localization defect of ANLN (Fig. 3D)*°*% As expected, the reduction of
Pol II-pS5 clusters caused by rapid depletion of ANLN could be rescued
by ANLN WT but not NLS mutant (Fig. 3D-G).

ANLN was initially reported as an actin binding protein that
functions during mitosis*. Therefore, it was explored whether the
promotion of Pol II clustering by ANLN was dependent on actin
binding. The amino acids near the actin binding domain of ANLN were
deleted to generate different mutants, and then it was found that the
deletion of 100-150 or 150-200 aa eliminated ANLN-actin interaction,
but did not reduce ANLN-Pol II interaction (Supplementary fig. 3I).
Further investigation found that ANLN mutants with actin interaction
defects rescued the Pol II-pS5 cluster reduction caused by ANLN
depletion, similar to the effect of ANLN WT (Supplementary fig. 3)-M).
This indicates that the regulation of Pol II clustering by ANLN is inde-
pendent of actin binding.

CTD is a hub domain that drives Pol Il phase separation during the
transcription initiation stage. Typically, transcriptional regulators bind
to the CTD via its IDRs to enhance transcriptional condensate
formation®***, Indeed, we not only found that ANLN directly binds to
CTD (Fig. 1H), but also identified the presence of IDR in the N-terminus
of ANLN, approximately from 1 to 700 aa, using the Predictor of Nat-
ural Disordered Regions (PONDR) program (Fig. 3H)*°. To determine
whether ANLN enhanced Pol Il clustering is related to phase separa-
tion, PSPHunter, a machine learning method, was used to predict the
key amino acids driving phase separation®. PSPHunter combined with
amino acid sequence analysis indicated that the IDR of ANLN protein
contains three potential phase separation driving sequences, which are
composed of 46 amino acids rich in stickers and spacers (Fig. 3, J)*°.
Co-immunoprecipitation showed that only deletion of all 46 key amino
acids attenuated the ANLN-Pol II interaction, and we defined this
mutant as PS mut (ANLN phase separation mutant) (Fig. 3K). In con-
trast, random deletion of 50 amino acids in the IDR of ANLN did not
weaken the ANLN-Pol Il interaction (Supplementary fig. 3I). Further-
more, the reduction of Pol II-pS5 clusters caused by rapid depletion of
ANLN could be rescued by ANLN WT but not PS mut (Fig. 3L-0). In
summary, these findings suggest that nuclear ANLN promotes Pol Il
clustering through the key residues of its IDR, and this is a novel
function related to phase separation but independent of actin binding.

ANLN promotes Pol Il CTD phase separation in vitro

To determine whether ANLN promotes Pol Il CTD phase separation
in vitro, the proteins were expressed and purified from prokaryotic
cells, and their biomolecular condensate features were examined
through droplet assay. CTD or ANLN recombinant proteins formed
condensates in a concentration dependent manner in dextran working
buffer, while disrupting hydrophobic interactions reduced droplet
formation (Fig. 4A). FRAP analysis also showed that CTD or ANLN
droplets could fuse and recover rapidly after photobleaching (Fig. 4B).
Importantly, ANLN increased the size and condensate fractions of CTD
droplets in a concentration dependent manner (Fig. 4C, D and

Supplementary fig. 4A). At near physiological concentration (0.5 pM),
ANLN was distributed in the periphery of CTD droplets, similar to our
observations in the nucleus, which follows the Pickering emulsion
theory (Fig. 4C, D and Supplementary fig. 4B-D)*. Moreover, ANLN
promoted phase separation of CTD at extremely low concentrations
(Fig. 4D), and ANLN-CTD droplets were much larger than ANLN or CTD
droplets alone (Fig. 4E). Taken together, these results indicate that the
multivalent interactions between ANLN and Pol Il CTD promote the
assembly of large condensates.

The equilibrium behavior of transcriptional condensates is regu-
lated by RNA or DNA mediated electrostatic effects'>***. To investi-
gate the effect of RNA or DNA on ANLN-CTD condensates, total RNA
and genomic DNA were purified from KYSE150 cells. Droplet assay
showed that low RNA level promoted and high RNA level inhibited the
formation of ANLN-CTD condensate (Fig. 4F), similar to previously
reported mediator condensates”. Although DNA has a negative
charge, its regulatory effect on ANLN-CTD condensates is smaller than
that of RNA at the same concentrations (Fig. 4G). These results indicate
that ANLN-Pol Il CTD condensates conform to the general mechanism
by which transcription initiation complexes are regulated by
polyanions.

We next expressed and purified ANLN PS mut recombinant pro-
tein (lacking 46 key amino acids), and then evaluated its effect on CTD
phase separation in vitro. Droplet assay showed that the ability of PS
mut to promote CTD phase separation was significantly weakened
compared with ANLN WT (Fig. 4H-J). The size and dynamics of con-
densates are regulated by protein clusters adsorbed on its
interface’”. Interestingly, ANLN WT aggregated at the edge of con-
densates (about 90% of the radius) and CTD was evenly distributed
inside, while unstable PS mut localization led to disordered CTD dis-
tribution (Fig. 4K-M). This indicates that the absence of key phase
separation driving amino acids impairs the interaction pattern of
ANLN-CTD, which may reduce the steric stabilization of condensates.

ANLN regulates gene transcriptional activity and Pol II chro-
matin binding

To evaluate the role of ANLN in global gene expression, RNA-Seq
analysis was performed under normal and ANLN knockdown condi-
tions. The expression of thousands of genes was changed, with a total
of 1227 down-regulated and 1270 up-regulated genes. Among them,
434 genes were down-regulated and 333 were up-regulated with a fold
change greater than 1.5, while 168 genes were down-regulated and 75
were up-regulated with a fold change greater than 2, which highlighted
the negative impact of ANLN deletion on transcription (Fig. 5A). An
enrichment analysis revealed that down-regulated genes were speci-
fically involved in several canonical cancer-related pathways, such as
Wnt, KRAS, and Hippo signaling (Fig. 5B). The majority of the up-
regulated genes are associated with cell stress, DNA damage response,
and apoptosis, indicating the role of ANLN in cell survival (Fig. 5C).
Next, we observed that the promoters of down-regulated genes usually
have more ANLN binding than those of up-regulated genes, suggesting
that down-regulated genes are more likely to be directly dependent on

Nature Communications | (2025)16:1271


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56645-9

A

D

Pol Il ANLN
— = 0.400
= 25 Pol Il
= = 0.300 1 Pol Il
0 E z
X = = 27633 2377 440
S = 2.0 0.200
o £
= = ANLN
| Ed 0.100
<Z( £ 15
= TES 3.0Kb
®
% 0150 O Promoter (1-2kb)
© 10 . b B Promoter (<=1kb)
e ANLN = Promoter (2-3kb)
= 0.125 ® 5 UTR
8 = 3UTR
05 ] @ 1st Exon
0.100 @ Other Exon
@ 1stIntron
0.075 4 m Other Intron
Lloo O Downstream (<=300)
3.0 0 3.0 -3.0 0 3.0Kb S8 TES 3.0Kb B Distal Intergenic
Pol II-pS5 - 2
5 250 P<0.0001 £ 26000~ P<0.0001 2 en Pol II-pS5
o £ L~
=
E 2004 g 24000 s
5 S 22000-] s ™
% 150 5] <]
E @ 200004 S 104
- o° o
w 10 5 180004 2
[-% [} 0.5+
= 50 £ 16000 ;3
g o S 14000 T T E 0.0
Control  1,6-HD Control  1,6-HD ZD Cantro\ 16HD
: =
1,6-hexanediol 4004 P=0.0001 <~ 24000 P=0.0004 2 20- ANLN
& g £
2 < 22000 ‘9
5 g ‘L:) 1.54
c & 20000 8
2 3 S 1.04
E é 18000 é
16000 g
o 14000 T T g o,
Control  1,6-HD Control  1,6-HD 2 Conto 16 HD
1.53% ”
22.50/plane o @ Control
[%]
| 2 4 > 1,6-hexanediol
17.86% o P<0.0001
~29/plane § (g_ 3 °
' Pol 1I-pS5 = °
& P<0.0001
“ 2 -
80.61% 5 P<0.0001
~134/plane 2
e 1
=]
[=4
[
- =~
0.06% <
~0.16/plane & Type | Type Il Type I
18.56%
~46/plane ® Control
® ontrol
ANLN 5]
% 3 ) 1,6-hexanediol
=3
©
81.37% P=0.0001
~201/plane 2
k]
E 1 Without ANLN at periphery
Area of cluster (nm?) g 1 1 With ANLN at periphery
c
[ 12675~25350 (Type I) ° n=60 83.33 ‘16_67
1 25351~63375 (Type Il) 3 0
© T T T 1
T > 63375 (Type IlI) 14 0 25 50 75 100

Type |

Type Il Type lll

the transcriptional regulation of ANLN (Fig. 5D, E). To explore the
direct effect of ANLN on gene transcriptional activity, CUT&Tag ana-
lysis of Pol Il and H3K27ac was performed under the condition of short-
term depletion of ANLN. Surprisingly, it was observed that the
H3K27ac signal decreased near the TSS, while the deposition of Pol Il
on chromatin increased (Fig. 5F, G). This is similar to the previously
reported abnormal pausing and accumulation of Pol II caused by

Proportion of overlap (%)

topoisomerases or BRD4 deletion***, as the mature transcripts of

down-regulated genes were typically observed to be reduced, while
housekeeping or up-regulated genes were less adversely affected by
ANLN depletion (Fig. 5H, I and Supplementary fig. 5A, B). Furthermore,
the representative target genes regulated by ANLN were labeled by
DNA fluorescence in situ hybridization (DNA FISH), and their dis-
tribution with ANLN and Pol Il was observed by combined
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Fig. 2 | ANLN and Pol Il form condensates and colocalize at the gene TSS
regions. A Heatmap shows the CUT&Tag signals of ANLN and Pol Il on the genome
of KYSE150 cells. B Relative enrichment of CUT&Tag signals of ANLN and Pol Il on
TSS-gene body region. C Pie chart of ANLN and Pol Il signals distribution in different
regions at the genome. D Venn diagram of ANLN and Pol Il peaks in KYSE150 cells.
E Representative super-resolution images of nuclear ANLN (pink) and Pol II-pS5
(green) in Hela cells. Scale bar, 3 um. Cells were treated with or without 5% 1,6-HD
for 60s. Scale bar, 3 um. F, G The number (F) and average area (G) of protein
clusters per cell per focal plane. Clusters smaller than 12675 nm? were excluded
based on previous studies. n =57 (Control); n =51 (1,6-HD). The error bars indicate
the mean + SDs. Box plots indicate the median (middle line, red), 25th and 75th
percentiles (boxes), and minimum and maximum percentiles (whiskers). Two-
tailed Student’s ¢ tests were performed to determine the significance. H Relative

fluorescence intensity of protein signals per cell per focal plane. n =57 (Control);
n=>51(1,6-HD). The error bars indicate the mean + SDs. Two-tailed Student’s ¢ tests
were performed to determine the significance. I, J Classify the identified clusters as
type 1 (12675-25350 nm?), type Il (25351-63375 nm?), and type Ill (> 63375 nm?),
showing the proportion of each cluster (n=>57). Scale bar, 3 um. K Effect of 1,6-HD
on the number of different types of clusters. n =57 (Control); n=>51 (1,6-HD). The
error bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to
determine the significance. L Representative raw and reconstructed images of the
interaction patterns between ANLN (pink) and Pol II-pS5 (green) large clusters
(Type II). Scale bar, 3 um. CUT&Tag analysis representative of two independent
experiments, and other data are representative of at least three independent
experiments with similar results. Source data are provided as a Source Data file.

immunofluorescence (Supplementary fig. 5C). CCND1 and TXNRD1 are
canonical oncogenes, which were previously found to be amplified in
cancer cells****>, We found that ANLN protein occupied most loci of
target genes but less housekeeping genes, while Pol Il occupied these
loci indiscriminately (Supplementary fig. 5C, D). These results suggest
that ANLN-mediated gene transcription is a gene-specific rather than a
general transcription mechanism, which is consistent with the limited
regulation of ANLN on the levels of transcription products. To further
understand the effect of ANLN on Pol II activity, a previously estab-
lished chromatin association biochemical assay was used to determine
the affinity between Pol Il and chromatin***>. Despite the absence of
ANLN results in the accumulation of Pol Il CUT&Tag signals, these Pol Il
are readily dissociated from chromatin under high salt washing con-
ditions, suggesting that Pol Il activity may be reduced (Fig. 5J). Con-
sistently, luciferase reporter gene assays showed that ANLN rapid
depletion led to a decrease of about 20% in Pol Il activity, while over-
expression of ANLN WT instead of NLS mut rescued Pol Il activity (Fig.
5K). Recent studies have shown that Pol Il and transcriptional reg-
ulators form large-size phase-separated condensates at super-
enhancers'®*, aligning with our observations of Pol Il type Ill clus-
ters. Therefore, the effect of ANLN depletion on super-enhancers was
investigated. The super-enhancer regions of KYSE150 cell line were
obtained from SEdb database*¢, and then the CUT&Tag signals with or
without short-term knockdown of ANLN were mapped to these
regions*’. Compared with TSS proximal regions, short-term depletion
of ANLN strongly inhibited H3K27ac signal on both typical and super
enhancers (Fig. 5L-N). Taken together, the rapid depletion of ANLN
expression altered Pol Il chromatin binding and enhancer-mediated
gene transcriptional activity, thereby regulating the expression level of
a subset of specific genes.

Identification of direct target genes of ANLN

To further clarify the functional relevance of the role played by ANLN
in transcriptional regulation, the direct targets of the ANLN-Pol II axis
in KYSEL50 cells were identified. Previous RNA-Seq or microarray
studies with knockdown cells revealed ANLN regulated genes*®*°,
However, the genes directly targeted by ANLN are still unknown. Here,
we combined RNA-Seq and CUT&Tag to screen candidate targets,
especially genes with ANLN occupancy and exhibiting altered
expression under short-term depletion conditions (Fig. 6A). As shown
in Fig. 6B, 84 targets were identified as being directly regulated by the
ANLN-Pol II axis. Consistent with this, ANLN and Pol Il binding in the
promoter regions of these target genes was verified by ChIP-qPCR (Fig.
6C). Functional annotations revealed that 84 target genes are asso-
ciated with biological processes or signal transduction involved in
cancer progression, particularly with oxidoreductase activity, cell dif-
ferentiation, and Wnt signaling (Fig. 6D). The CUT&Tag signals of 12
representative targets were displayed, revealing a high degree of
overlap between ANLN and Pol Il peaks, especially in the promoter
region (Fig. 6E). Reverse transcription-quantitative PCR (RT-qPCR)
analysis further demonstrated that the expression level of 12 target

genes decreased with the depletion of ANLN in a time-dependent
manner (Fig. 6F). Consistently, rapid depletion of ANLN resulted in
downregulation of target genes, and most of them could be rescued by
overexpression of ANLN WT rather than PS mut (Supplementary
fig. 6A). Given that ANLN regulates super-enhancer activity (Fig. 5N),
whether the target genes are regulated by super-enhancers was
investigated. A public super-enhancer database was used, which con-
tains extensive super-enhancer information obtained from human
H3K27ac ChIP-Seq data*®. All 12 targets we validated were confirmed as
super-enhancer regulated genes, with 9 identified in ESCC cells or
esophageal epithelium samples (Fig. 6G). By mapping our CUT&Tag
data to the identified super-enhancer regions in KYSE150 cell line, as
expected, these regions contain abundant H3K27ac signals. ANLN and
Pol Il peaks were found to occupy H3K27ac enriched active sites,
suggesting that the ANLN-Pol Il complex regulates targets by binding
to super-enhancers (Fig. 6H). Transcription factors control the aggre-
gation and activity of Pol Il by forming multiple complexes, resulting in
transcriptional selectivity. To understand which transcription factors
cooperate with ANLN, candidates were screened from the ANLN
interactome and the Cistrome, a transcription factor database*’. The
results showed that there were at least 200 transcription factors
directly or indirectly interacting with ANLN protein, many of which
were reported as oncogenic transcription factors, such as RUVBL1/2,
CSNK2A1, CEBPZ, UBTF, and EWSR1 (Fig. 61, J). We compared the peaks
of transcription factors downloaded from the Cistrome database with
our ANLN and Pol Il peaks and found that these transcription factors
commonly co-localize with ANLN and Pol Il at the promoter or super-
enhancer regions of target genes (Fig. 6) and Supplementary
fig. 6B-D). These transcription factors did not occupy ANLN binding
sites on all target genes, indicating that ANLN co-regulates specific
targets with different transcription factors in different cellular back-
grounds and conditions (Fig. 6] and Supplementary fig. 6B-D). Based
on these data and recent reports, we hypothesized a model: ANLN and
Pol Il may form large-size transcriptional condensates with multiple
transcription factors at the super-enhancer regions, regulating the
expression of target genes of cancer-related pathways and processes
(Flg 6K)15’16'24’26.

THZ1 inhibits ANLN-Pol II clusters and ESCC cell proliferation

We previously reported the small-molecule FW-04-806 (F806), which
inhibits ANLN expression in the cytoplasm and suppresses mitosis and
proliferation of ESCC cells’. However, there is a lack of effective inhi-
bitors targeting the nuclear ANLN function. Inspired by recent
evidence®, we asked whether super-enhancer inhibitors target the
ANLN-Pol Il axis in ESCC cells. Small-molecule THZ1 has been shown to
suppress the progression of ESCC by inhibiting transcripts regulated
by super-enhancers™. To reveal the direct role of THZ1, a treatment
condition was determined that did not cause cell morphology changes
and cell death (Supplementary fig. 7, 0.1 uM for 3 h). Super-resolution
imaging showed that a 3h THZI treatment almost completely dis-
solved the type Il clusters of ANLN-Pol II, with less impact on small-size
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clusters (Fig. 7A-D). Based on this observation, we wondered whether
the target genes of the ANLN-Pol II axis are sensitive to THZ1. To
examine this, a previously published transcriptome data of THZI-
treated ESCC cells were downloaded and analyzed®. As expected,
THZ1 treatment resulted in global downregulation of steady-state
mRNA levels and super-enhancer-regulated genes, and 84 target genes
of the ANLN-Pol II axis were found to be particularly sensitive to THZ1
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treatment (Fig. 7E, F). RT-qPCR analysis validated several representa-
tive target genes and found that THZ1 treatment led to a time-
dependent decrease in the expression of these genes (Fig. 7G). Given
the previous findings that F806 reduces cytoplasmic ANLN expression
and specifically suppresses ESCC cell growth®**, we subsequently
assessed the effect of THZ1 on ESCC cell viability. The MTS cell pro-
liferation assay showed that THZ1 inhibited the viability of seven ESCC
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Fig. 3 | ANLN enhances initiation related Pol II clustering. A Representative
super-resolution and wide field images showing Pol 1I-pS5 (green) in HeLa cells after
48 h of ANLN knockdown. Scale bar, 3 um. B The relative number of different types
of Pol II-pS5 clusters after ANLN knockdown. n =45 (si-NC); n =45 (si-ANLN). The
error bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to
determine the significance. C Relative fluorescence intensity of Pol II-pS5 signals
per cell per focal plane. n =45 (si-NC); n =45 (si-ANLN). The error bars indicate the
mean * SDs. Two-tailed Student’s ¢ tests were performed to determine the sig-
nificance. D Representative super-resolution images showing Pol II-pS5 (green) in
ANLN rapid depletion KYSE150 cells introduced with ANLN WT or NLS mutant.
Scale bar, 3 um. E The relative number of different types of Pol II-pS5 clusters. n = 84
(Control); n=66 (ANLN KD); n =81 (ANLN KD + WT); n=48 (ANLN KD + NLS mut).
The error bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed
to determine the significance. F Relative fluorescence intensity of Pol II-pSS5 signals
per cell per focal plane. n =84 (Control); n = 66 (ANLN KD); n =81 (ANLN KD + WT);
n=48 (ANLN KD + NLS mut). The error bars indicate the mean + SDs. Two-tailed
Student’s ¢ tests were performed to determine the significance. G Western blot

showing the efficiency of ANLN depletion and rescue in KYSE150 cells. H Prediction
of intrinsically disordered residues in ANLN and POLR2A protein by PONDR pro-
gram. I, ] The key amino acid regions that mediate the phase separation ability of
ANLN were predicted by PSPHunter. K The indicated plasmids were transfected
into HEK293T cells for 48 h, the cells were lysed and subjected to immunopreci-
pitation with HA magnetic beads. L Representative super-resolution images
showing Pol II-pS5 (green) in ANLN rapid depletion KYSE150 cells introduced with
ANLN WT or PS mutant. Scale bar, 3 um. M The relative number of different types of
Pol II-pS5 clusters. n = 42 (Control); n =45 (ANLN KD); n =39 (ANLNKD + WT); n=51
(ANLN KD + PS mut). The error bars indicate the mean + SDs. Two-tailed Student’s ¢
tests were performed to determine the significance. N Relative fluorescence
intensity of Pol 1I-pSS5 signals per cell per focal plane. n =42 (Control); n =45 (ANLN
KD); n=39 (ANLN KD + WT); n =51 (ANLN KD + PS mut). The error bars indicate the
mean * SDs. Two-tailed Student’s ¢ tests were performed to determine the sig-
nificance. O Western blot showing the efficiency of ANLN depletion and rescue in
KYSEI150 cells. The data are representative of at least three independent experi-
ments with similar results. Source data are provided as a Source Data file.

cell lines in a concentration-dependent manner, with an IC50 range of
approximately 0.009-0.167 uM (Fig. 7H). Notably, compared to ESCC
cell lines, THZ1 exhibits a significantly lower cytotoxic effect on normal
cell lines such as human embryonic kidney cells (HEK293T) and human
umbilical vein endothelial cells (HUVEC) (Fig. 7H). To enhance the
treatment efficacy and reduce drug dosage, a dual drug combination
strategy was established to simultaneously inhibit the functions of
ANLN in both cytoplasm and nucleus. Results showed that the com-
bined effect of F806 and THZ1 was 30-60% greater than the sum of
their individual effects, which was validated in three ESCC cell lines
(Fig. 71). These data demonstrate that THZ1 specifically inhibits the
type Il clusters and target genes of ANLN-Pol II, as well as the pro-
liferation of ESCC cell lines.

Discussion

ANLN is a potential therapeutic target, which is overexpressed in var-
ious types of cancer and promotes cancer cell proliferation and
progression’. Besides regulating cell division, several studies have
shown that ANLN contributes to signal transduction within cancer
cells®*$, but it remains uncertain whether this is mediated by nuclear
ANLN. The function of nuclear ANLN has been under fierce debate,
and it is difficult to define the cancer-promoting mechanism of ANLN.
In this study, we identified a direct interacting protein of nuclear ANLN
by combining mass spectrometry and biochemical studies, observed
their distribution characteristics by super-resolution imaging, and
then employed short-term depletion and NLS mutation strategies to
study the function of nuclear ANLN, effectively eliminating the inter-
ference of mitotic defects. Briefly, we identified nuclear ANLN as a
transcriptional regulator that promotes initiated Pol II clustering and
target gene expression based on direct interaction with the Pol Il large
subunit. ANLN was found to regulate the expression of specific gene
subsets by mediating the activity of typical and super enhancers.
ANLN-Pol Il may cooperate with different transcription factors to bind
and form active transcriptional clusters in super-enhancer regions.
THZ1, a super-enhancer inhibitor, preferentially suppresses the ANLN-
Pol Il clusters, target gene expression, and ESCC cell proliferation. Our
work established a direct relationship between nuclear ANLN and Pol Il
transcription factory, unveiling the authentic role of ANLN in tran-
scriptional regulation, and provided a crucial insight for cancer
research targeting ANLN.

ANLN promotes the formation of Pol II-pS5 clusters, but has a
lesser effect on Pol II-pS2 clusters, indicating that ANLN mainly plays a
role in the transcription initiation stage (Supplementary fig. 3B-H).
However, increasing evidence suggests that transcriptional regulators
are frequently involved in multiple transcription steps. For example,
the elongation factor SPT5 was reported to regulate Pol Il stabilization,
enhancer activation, elongation, and termination®. In addition, PHF3

was found to facilitate Pol Il phase separation and transcription elon-
gation, while also negatively regulating the mRNA stability of certain
genes®. Similarly, RUVBL2 is a positive regulator of Pol II clusters.
Although depleting RUVBL2 leads to a global reduction in nascent
transcripts, it also disrupts the nonsense-mediated decay (NMD)
pathway, resulting in increased mRNA stability*. Therefore, both
upregulation and downregulation of static gene expression was
observed after RUVBL2 depletion, similar to ANLN knockdown (Fig.
5A). Consistently, a series of proteins involved in RNA metabolism
were identified by the ANLN interactome. Therefore, future research
should focus on elucidating the functions of ANLN in different
transcription steps.

The interactions between intrinsically disordered proteins (IDPs)
typically exhibit dynamic and multivalent features. Unlike structured
proteins, IDPs lack a fixed fold and their binding partners exhibit
multiple interaction modes, particularly dynamic multivalent interac-
tions (DMI)***”. DMI of IDPs and their partners leads to a dynamic
ensemble of protein complexes with heterogeneous conformations,
promiscuous binding, stoichiometry, and kinetics, allowing for fine-
tuning of the interaction profile serving in promiscuous functional
roles®*’. Our data showed that the N-terminal 1-700 aa of ANLN as well
as Pol Il CTD contained IDR (Fig. 3H). The full-length ANLN interacts
with the C-terminal and CTD of Pol II large subunit (Fig. 1G, H), while
Pol Il large subunit interacts with three short sequences on the IDR of
ANLN (Fig. 3K). This complex multiple-site interactions may contribute
to the rapid formation and breakage of interactions at the binding
interface, which is prevalent in nuclear pore complexes as well as
transcription activator-coactivator complexes®. Flory-Huggins theory
describes LLSP polymers composed of IDPs through a stickers-and-
spacers model*. Glycine and proline tend to form spacers, while
stickers are typically composed of aromatic amino acids such as tyr-
osine, phenylalanine, and tryptophan. The parts involved in attractive
interactions are considered as stickers, while the parts scattered
between stickers but not significantly driving attractive interactions
are regarded as spacers. Non-covalent interactions between stickers
within or from different chains induce reversible physical crosslink
formation®*. We found that deletion of phase separation driving
sequences on ANLN IDR weakened the ANLN-Pol II interaction, and
these sequences were rich in glycine, proline, and aromatic amino
acids (Fig. 31-K). Therefore, these key amino acids may follow the
stickers-and-spacers model to promote multivalent interactions
between ANLN and Pol II, thereby generating large condensates.

The regulation of Pol Il clusters by nuclear actin, especially under
serum stimulation, was previously reported to depend on actin
polymerization®®. This process requires the participation of N-WASP,
an actin nucleation-promoting factor’®. However, the precise mole-
cular mechanisms of how actin scaffolds Pol Il clusters on specific
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genes in response to stimuli remain to be elucidated. On the other
hand, the actin binding protein Myosin VI has been demonstrated to
possess similar functions®®, highlighting the extensive role of actin and
its binding proteins in Pol Il clusters and gene transcription regulation.
ANLN was initially identified as an actin binding protein that promotes
F-actin recruitment at the contractile rings during mitosis®’. However,
our data indicate that the promoting effect of ANLN on Pol Il clustering

Scan length % of radius

Coomassie blue staining

is independent of actin binding (Supplementary fig. 31-M). The pro-
motion of Pol Il clustering and phase separation by ANLN is deter-
mined by 46 key phase separation driving residues on its IDR (Figs.
31-0 and 4H-J), providing an insight into the regulatory role of actin
binding proteins in Pol Il clustering.

We attempted to overexpress ANLN in several human normal cells
and to observe the expression of 12 target genes. Interestingly, the
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Fig. 4 | ANLN promotes Pol II CTD phase separation in vitro. A Representative
images and statistical data of in vitro droplet assays with different concentrations
of CTD-mEGFP (green) or ANLN-mCherry (red). Proteins were incubated in phase
separation buffer with or without 10% 1,6-HD. Scale bar, 20 um. CTD in order n=0,
29, 53, 78,199, 209 and 260, respectively. ANLN in order n=0, 10, 41, 89, 107, 223
and 172, respectively. The error bars indicate the mean + SDs. Two-tailed Student’s ¢
tests were performed to determine the significance. B Representative images and
quantification of droplet photobleaching recovery at the indicated time points.
Scale bars, 5 um. n =3 for each condition. The error bars indicate the mean + SDs.
C, D Representative images and statistical data of in vitro droplet assays with 5 uM
CTD-mEGFP (green) and different concentrations of ANLN-mCherry (red). Scale
bar, 20 pm. n =114, 100, 84, 130, 169, 76, 122, 145, 105, 162, respectively. The error
bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to
determine the significance. E Statistics of droplet area. The droplet size of ANLN or
CTD alone and the droplet size formed by both were compared. n =114, 10, 122, 114,
41,145,114, 89,105, respectively. The error bars indicate the mean + SDs. Two-tailed
Student’s ¢ tests were performed to determine the significance. F Droplet assays of

CTD (5pM, green) and ANLN (0.5 uM, red) in the presence of different con-
centrations of total RNA isolated from KYSEL50 cells. Scale bar, 20 pm. n = 80, 159,
155, 155, 226, 120, 82, respectively. The error bars indicate the mean + SDs. Two-
tailed Student’s ¢ tests were performed to determine the significance. G Droplet
assays of CTD (5 puM, green) and ANLN (0.5 pM, red) in the presence of different
concentrations of genomic DNA isolated from KYSE150 cells. Scale bar, 20 pm.
n=130, 212, 272, 241, 115, 146, 106, respectively. The error bars indicate the

mean + SDs. Two-tailed Student’s ¢ tests were performed to determine the sig-
nificance. H Coomassie blue staining of purified proteins. I, ] Representative images
and statistical data of in vitro droplet assays with 5 uM CTD-mEGFP (green) and
different concentrations of ANLN-mCherry WT or PS mutant (red). Scale bar,

20 um. n =51, 132, 108, 128, 198, respectively. The error bars indicate the mean +
SDs. Two-tailed Student’s ¢ tests were performed to determine the significance.
K-M The distribution characteristics of CTD-mEGFP and ANLN-mCherry WT or PS
mutant were analyzed using clock scan. The data are representative of at least three
independent experiments with similar results. Source data are provided as a Source
Data file.

expression levels of only a few target genes were changed (Supple-
mentary Fig. 8A-D). Therefore, the regulation of most identified target
genes by ANLN may be specific in cancer cells. The mechanism of
ANLN regulating gene expression may change in different cellular
backgrounds, as our data show that ANLN regulates gene expression
not only with Pol II, but also with cancer-related transcription factors
(Fig. 61-K and Supplementary Fig. 6B-D). Therefore, exploring the
transcriptional regulation function of nuclear ANLN in different nor-
mal cells requires a lot of additional work. On the other hand, ANLN has
unique non-mitotic functions in different normal cells and tissues,
such as regulating neuronal cell migration and growth cone extension
by stabilizing the F-actin network at the leading edge’. It was also found
that ANLN stabilizes adherens junctions and tight junctions by
recruiting RhoA in embryonic cells®®. Overall, our future work will
further focus on these unique functions and mechanisms of ANLN in
normal and cancer cells.

Methods

Cell culture, cell lines generation and cell treatments

KYSE150, KYSE510, KYSE140, KYSE180, KYSE70, TE1, TE3 and NCM460
cells were maintained in RPMI-1640 medium (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (GIBCO), 100 U/mL peni-
cillin G, and streptomycin. DMEM medium (GIBCO) supplemented
with 10% fetal bovine serum was used for HEK293T, HeLa and FHC cell
culture. HUVEC cells were grown in a fully supplemented Endothelial
Cell Medium (ScienCell). ARPE-19 cells were cultured with DMEM-F12
containing 10% fetal bovine serum. ESCC cell lines were established
and provided by Dr. Shimada Yutaka (Faculty of Medicine, Kyoto
University, Japan) and Dr. Nishihira (Tohoku University School of
Medicine, Japan)®'*>, NCM460 cells were established and provided by
Dr. M.P. Moyer (University of Texas, San Antonio, TX)**. ARPE-19
(GNHu45) and Hela (SCSP-504) cells were obtained from National
Collection of Authenticated Cell Cultures (Shanghai, China). HEK293T
(CRL-3216) and FHC (CRL-1831) cells were obtained from American
Type Culture Collection (ATCC). Cells were cultured at 37°C in a
humidified atmosphere containing 5% CO,. Cell lines were authenti-
cated by short tandem repeat profiling and were routinely tested for
mycoplasma contamination®’. For small interfering RNA (siRNA)
knockdown, siRNAs targeting human ANLN or negative control siRNA
were diluted in Opti-MEM reduced serum medium (Life Technologies,
31985070) and mixed with siRNA Transfection Reagent (Life Tech-
nologies, 13778150), according to the manufacturer’s instructions.
Cells were harvested 24 or 48 h after transfection’. Dox-induced ANLN-
depleted and control cells were generated in KYSE150 cells as pre-
viously described®. Short hairpin RNA (shRNA) targeting the 3° UTR
region of ANLN was constructed into a Dox-induced expression

plasmid and stably expressed in KYSE150 cells by lentiviral infection.
For rapid depletion of ANLN, cells were treated with 2 pug/mL Dox for
24 h. The sequences of siRNA and shRNA are listed in Supplementary
Data 1. For 1,6-HD (Sigma, 240117) treatment, HeLa cells were cultured
in 24 well plates containing glass coverslips, treated with 5% 1,6-HD for
60 s, immediately fixed with 4% paraformaldehyde and then used for
immunofluorescence assay. For THZ1 (MedChemExpress, HY-80013)
treatment, KYSEIS0 cells were cultured in 24 well plates, treated with
different concentrations of THZ1 for 3 h, and observed with an inver-
ted microscope to determine a low toxicity concentration, which was
selected for immunofluorescence assay. For pre-extraction, cells were
treated with cold cytoskeleton buffer (0.5% Triton X-100, 10 mM PIPES
pH 6.8, 3 mM MgCl,, 200 mM NaCl, 300 mM sucrose) for 5 min at 4 °C,
followed by fixation with 4% paraformaldehyde, and the samples were

used for immunofluorescence assay”*.

Plasmids

CTD-mEGFP and mEGFP were cloned into pET28a-sumo expression
vector (gift from Professor Xiong Ji, Peking University, China)**®,
POLR2A-1-845 and 846-1592 were cloned into pGEX-6P-1 vector. Full-
length ANLN and its mutants were cloned into pBOBI-C-3xHA,
pET32a and pET28a-sumo vectors. The C-terminal of ANLN was fused
with mCherry-tag and then cloned into pET28a-sumo vector. pRL-TK,
pGLC (pGL3-Control) and pGLB (pGL3-Basic) plasmids were pur-
chased from Promega. All plasmids were sequenced at the Beijing
Genomics Institute (BGI). Primers used in the study are listed in
Supplementary Data 1.

Western blotting

Cells were lysed in SDS sample buffer and proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a 0.45um polyvinylidene fluoride
membrane*®’. Subsequently, the membrane was blocked with 5% non-
fat milk in TBST for 1h, and then incubated with antibodies against
ANLN (1:3000, Abcam, ab211872), Pol Il-total (1:5000, Abcam,
ab26721), Pol II-pS5 (1:5000, Abcam, ab5131), Pol II-pS2 (1:5000,
Abcam, ab238146), TBP (1:2000, Abcam, ab220788), CDK7 (1:2000,
Abcam, ab256787), Lamin Bl (1:10000, Proteintech, 66095-1-1g), His-
tone H3 (1:3000, Cell Signaling Technology, 4499S), a-Tubulin
(1:5000, Proteintech, HRP-66031), GAPDH (1:5000, Proteintech,
60004-1-g), GFP-tag (1:10000, Proteintech, HRP-66002), His-tag
(1:5000, TransGen Biotech, HT501-01) and HA-tag (1:3000, Cell Sig-
naling Technology, C29F4). Proteins were detected by incubation with
horseradish peroxidase-conjugated secondary antibodies and visua-
lized using ECL substrate (Biosharp). The raw data of western blotting
have been submitted to the Source Data file.
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Cellular fractionation

Cells were washed with PBS and resuspended in 400 pL of Buffer A
(10 mM HEPES pH 7.4, 5mM MgCl,, 250 mM sucrose, 1% protease
inhibitor cocktail) and incubated on ice for 5min. NP-40 (1%) was
added to a final concentration of 0.1%°. Subsequently, nuclei were
pelleted by centrifugation at 940 g for 10 min at 4°C. The cytoplasmic
fraction was removed and the pellet was washed with 1 mL buffer A.

After centrifugation at 940 g for 10 min, the supernatant was removed
and the pellet was resuspended in 200 pL buffer B (10 mM HEPES pH
7.9,150 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 1% NP40 and 1%
protease inhibitor cocktail) and incubated on ice for 10 min. Soluble
nuclear proteins were isolated from chromatin by centrifugation at
2600¢g for 5 min**. To determine the affinity between Pol Il and
chromatin, chromatin components were further washed using a high
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Fig. 5 | ANLN regulates gene transcriptional activity and Pol Il chromatin
binding. A Volcano plots depicting gene expression changes in control and ANLN
knockdown KYSEI150 cells. The false discovery rates (FDRs) are extracted from
DESeq2 by adjusting P-values using empirical Bayes approach. B, C Metascape
database was used for enrichment analysis of differential genes in RNA-Seq data.
Based on the selected terms, accumulative hypergeometric P-values and enrich-
ment factors were calculated and used for filtering. Remaining significant terms
were hierarchically clustered into a tree based on Kappa-statistical similarities
among their gene memberships. The 0.3 kappa score was applied as the threshold
to cast the tree into term clusters. D, E Proportion of 2-fold differentially expressed
genes with or without ANLN bound within 3 kb of TSS (D), and the average signal
intensity of ANLN occupancy (E). n=168 (Down); n =75 (Up). The error bars indi-
cate the mean + SDs. Two-tailed Student’s ¢ tests were performed to determine the
significance. F, G Metaplots and heatmaps showing the occupancy of H3K27ac and
total Pol Il measured by CUT&Tag in NC and ANLN short-term depletion (24 h) cells.
H Representative track examples of down-regulated genes (TXNRD1, CCND1) and
housekeeping genes (GAPDH) showing the occupancy of H3K27ac and Pol II after

short-term depletion of ANLN. I FPKM of representative genes in RNA-Seq data.

n =3 for each group. The error bars indicate the mean + SDs. Two-tailed Student’s ¢
tests were performed to determine the significance. J Western blot showing the
whole cell lysate, chromatin pellets, and chromatin supernatant in ANLN short-term
depletion cells. Pellets and supernatant were obtained by eluting chromatin com-
ponents with 400 mM NaCl followed by centrifugation. K pGLC or pGLB plasmids
were transfected into Dox-induced ANLN knockdown KYSE150 cells or control
cells. Cells were treated with Dox 24 h after transfection, and luciferase activity was
measured 48 h after transfection. Renilla luciferase activity served as an internal
control. n =4 for each group. The error bars indicate the mean + SDs. Two-tailed
Student’s ¢ tests were performed to determine the significance. L-N Metaplots
comparing the average H3K27ac signal in NC and ANLN short-term depletion cells.
Flow chart for identifying signals in the super-enhancer regions of KYSE150 cells (L).
CUT&Tag signal is shown for typical enhancer (M) and super-enhancer regions (N).
CUT&Tag analysis representative of two independent experiments, and other data
are representative of at least three independent experiments with similar results.
Source data are provided as a Source Data file.

salt buffer (buffer C). Specifically, the pellet was solubilized using
sonication in buffer C (10 mM HEPES pH 7.9, 400 mM NacCl, 0.1mM
EDTA, 1% NP40, 1 mM dithiothreitol and 1% protease inhibitor cocktail)
and the association of Pol Il to chromatin was analyzed by western
blotting***.

Immunofluorescence assay

Cells on glass coverslips were washed twice with PBS and then fixed
with 4% paraformaldehyde for 15 min. After three times washing with
PBS, cells were permeabilized with 0.1% Triton X-100 for 8 min. After
washing three times with PBS, cells were blocked with 5% BSA for 1h at
25°C, and then incubated with antibodies against ANLN (1:2000,
Abcam, ab211872), Pol Il (1:500, Abcam, ab26721), Pol II-pS5 (1:4000,
Abcam, ab5131) or Pol II-pS2 (1:4000, Abcam, ab238146) at 4 °C over-
night. Cells were washed three times with PBS and incubated with
Alexa fluor 647 donkey anti-rabbit IgG (1:200, Jackson, 711-605-152),
Alexa fluor 488 donkey anti-mouse IgG (1:200, Jackson, 715-545-150)
and DAPI (1:2000, Beyotime, C1005) for 1 h in the dark. Coverslips were
subsequently mounted onto slides containing anti-fading reagent
(Beyotime, P0126)°.

PLA assay

For PLA duolink experiment, cells were fixed with 4% paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton X-100 for 10 min, and
blocked with 5% BSA for 1 h. Cells were incubated with ANLN and/or Pol
Il antibodies overnight at 4 °C. Cells were subsequently treated with a
Proximity Ligation Assay reagent (Sigma) according to the manu-
facturer’s instructions. Briefly, cells were incubated with diluted sec-
ondary probes at 37 °C for 1 h, and then ligation solution was added at
37°C for 30 min. Then, amplification solution was added and incu-
bated at 37 °C for 100 min®. Cells were incubated with DAPI (1:1000)
for 10 min and observed using LSM800 confocal laser scanning
microscope (Carl Zeiss, Oberkochen, Germany).

Super-resolution imaging and data analysis

Super-resolution imaging within the nucleus was performed using
commercialized Hessian-SIM, termed HIS-SIM (High Intelligent and
Sensitive SIM) provided by CSR Biotech (Guangzhou) Co., Ltd’®"",
Images were acquired using a 100x/1.5 NA oil immersion objective
(Olympus). For image reconstruction, SIM Pattern Denoise (notch fil-
ter) was used to remove periodic artifacts based on the previous
description (equation 17 in supplementary information of Huang
et al.”%). The parameters of notch filter were as follows: v=2, ap=1/
(2*sigma*sigma), sigma=5. In addition, a 3D Pattern Denoise (equation
11 in Gustafsson et al., parameter w=0.3) was used to suppress
reconstruction artifacts’”. Sparse deconvolution was performed
according to the method and parameters reported by Zhao et al.”. All

raw images were super-resolution reconstructed using the same
parameters, and those reconstructed images were further analyzed by
Fiji software. For cluster identification, the average threshold of at least
20 images was calculated by using the “Auto Threshold” in Fiji soft-
ware, and then a “12-Infinity (pixel units)” in “Analyze Particles” was
employed to measure the number of clusters®. Clusters smaller than
12675 nm? (12 pixel units) were excluded, and the same threshold was
applied to the images in each condition®*. The number of clusters per
cell per focal plane from independent fields was counted and nor-
malized, and then statistical analysis was done using a t-test.

DNA FISH combined with immunofluorescence

KYSE150 cells were fixed with 4% paraformaldehyde, and then covered
with a reaction chamber to perform the following reactions. The
samples were dehydrated and denatured with methanol, and the
hybridization buffer (10% formamide in 2xSSC) containing specific
targeting probes was added to the chamber and incubated at 37 °C
overnight. The samples were washed three times with PBST, followed
by ligation of targeting probes in ligation mix (0.2 U/uL T4 DNA ligase
in 1xligation buffer with 0.2 ug/uL BSA) at 25 °C for 3 h. Next, samples
were washed three times with PBST and subjected to rolling-circle
amplification (1U/uL Phi29 DNA polymerase, 1xPhi29 buffer, 0.25uM
dNTP, 0.2 ug/uL BSA, 5% glyceryl and 2 uM dUTP) at 30 °C overnight.
After washing twice with PBST, samples were incubated with fluor-
escent detection probes in 2xSSC with 10% formamide at 37 °C for 1 h.
For DNA FISH combined with immunofluorescence, the prepared FISH
samples were treated with 0.1% Triton X-100 for 15 min at 25 °C, and
then washed three times with PBS. Subsequently, samples were incu-
bated with PBS containing 5% BSA for 1 h at 25 °C, and then incubated
with the primary antibody at 4 °C overnight. After washing three times
with PBS, Alexa fluor secondary antibodies were mixed into PBS and
incubated with the samples for 1 h at 25 °C. Samples were washed three
times with PBS and then immersed in the anti-fading reagent for super-
resolution imaging’. The sequences of DNA FISH probes used in this
study are listed in Supplementary Data 1.

Immunoprecipitation assay

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM Nacl, 0.5%
NP-40, 1% protease inhibitor cocktail), followed by brief sonication”.
After centrifugation at 17,600 g for 10 min at 4 °C, the supernatant was
incubated with 2 pg ANLN antibody (Santa Cruz, sc-271814) or normal
mouse IgG (Santa Cruz, sc-2025) and 20 pL of protein A/G magnetic
beads (MedChemExpress, HY-K0202) at 4 °C overnight. The immu-
noprecipitated protein complexes were washed four times with EBC
buffer; the supernatant was removed; the complexes were resus-
pended in 60 pL SDS sample buffer, boiled for 10 min, and assayed
using western blotting. For the interaction between ANLN mutants and
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Pol II, HEK293T cells were transfected with full-length or mutated HA-
ANLN for 48 h, followed by immunoprecipitation using HA magnetic

beads (Thermo Fisher Scientific, 88837).

Protein expression and purification

Transetta (DE3) chemically competent cells (TransGen Biotech,
CD801-03) were transformed with plasmids overnight, and the cells

ZBTB7B

were grown in LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
NaCl) at 37 °C to an ODggo nm Value of 1.0, induced with 1 mM isopropyl

-D-1-thiogalactopyranoside (Amresco, 0487) and incubated at 16 °C
for 24 h. Bacteria were collected by centrifugation at 2600 g for 5 min
and lysed with GST lysis buffer (4.3 mM Na,HPO,, 1.47 mM KH,PO,,

137 mM NaCl pH 7.3, 0.1% Triton X-100) and 1 mg/mL lysozyme (Sigma,
62971). The lysates were centrifuged at 10,400 g for 10 min, and the
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Fig. 6 | Identification of direct target genes of ANLN. A Flowchart of the process
used to identify the genes directly targeted by ANLN. B Heatmap showing the RNA-
Seq expression and CUT&Tag signals of 84 direct target genes. C ChIP-qPCR
experiments measuring ANLN and Pol I binding enrichment on promoter regions
of target genes. n =3 for each group. The error bars indicate the mean + SDs.

D Metascape database was used for enrichment analysis of 84 target genes. Based
on the selected terms, accumulative hypergeometric P-values and enrichment
factors were calculated and used for filtering. Remaining significant terms were
hierarchically clustered into a tree based on Kappa-statistical similarities among
their gene memberships. The 0.3 kappa score was applied as the threshold to cast
the tree into term clusters. E Representative tracks of target genes showing the
occupancy of ANLN and Pol II. F Relative mRNA levels of target genes after ANLN
knockdown in KYSE150 cells were measured by RT-qPCR. n =3 for each group. The

error bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to
determine the significance. G H3K27ac ChIP-Seq data from SEdb database were
used to identify the super-enhancer regions of representative target genes, and the
graph shows the information of each super-enhancer regions. H Representative
tracks of super-enhancer regions occupancy of ANLN, Pol Il and H3K72ac. I Screen
potential transcription factors from the Cistrome database and ANLN interactome.
J Occupancy of ANLN, Pol Il and different transcription factors in the promoter and
super-enhancer regions of representative target gene. K A hypothetical model:
ANLN, Pol Il and different transcription factors form an active transcriptional
cluster at super-enhancer regions. CUT&Tag analysis representative of two inde-
pendent experiments, and other data are representative of at least three inde-
pendent experiments with similar results. Source data are provided as a Source
Data file.

supernatant was incubated with GST Bind Resin (Millipore, 70541-5) or
His Bind Resin (Millipore, 70666-3) for 3 h at 4 °C. Then, washed six
times with GST lysis buffer or His wash buffer (50 mM sodium phos-
phate, 300 mM NaCl, 20 mM imidazole). Subsequently, the purified
protein was obtained by eluting the resin with GST elution buffer
(50 mM Tris-HCI pH 8.0 and 50 mM reduced form of glutathione) or
His elution buffer (50 mM sodium phosphate, 300 mM NaCl, and
200 mM imidazole) for 1h. Purified proteins were quantified using a
pierce BCA protein assay kit (Thermo Fisher Scientific, 23225). The
purity and concentration of the proteins were further confirmed by
coomassie brilliant blue staining>**”¢.

In vitro pulldown assay

For GST-pulldown, GST-tag protein was incubated with GST Bind Resin
in GST lysis buffer at 4 °C for 2 h. Resins were washed twice with GST
lysis buffer and then incubated with His-tag protein for 4 h at 4 °C.
Resins were washed six times with PBST buffer and the super-
natant was removed. Resins were boiled in SDS sample buffer for
10 min and analyzed by western blotting®”’. For GFP-pulldown, 50 nM
mEGFP or CTD-mEGFP was incubated with GFP magnetic beads in
50 pL of binding buffer (25 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM
DTT, 5% glycerol, and 0.03% Triton X-100) for 1h at 4 °C. The beads
were washed three times with binding buffer, different concentrations
of His-ANLN proteins were added, and then incubated on ice for
30 min. The beads were washed three times with binding buffer, the
supernatant was removed, then the beads were resuspended in SDS
sample buffer and boiled for 10 min. Samples were subsequently
detected by western blotting®.

Droplet assay

In vitro droplet assays were used to investigate the physicochemical
properties of ANLN and Pol Il CTD proteins****’8, Different con-
centrations of ANLN-mCherry or/and CTD-mEGFP proteins were dilu-
ted in phase separation buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl
and 16% dextran). The mixture was incubated at 25 °C in the dark for
30 min, and then transferred to 96 well glass bottom plate. The droplet
formation was immediately examined using an LSM880 confocal laser
scanning microscope (Carl Zeiss, Oberkochen, Germany) objective
based on the same parameters. Genomic DNA was isolated from
KYSE150 cells using a gDNA miniprep kit (Biomiga, GD2211-01), and
DNA extracts were treated with RNase and then used for droplet assay.
Total RNA was extracted from KYSE150 cells using Trizol (Thermo
Fisher Scientific, 15596018), and RNase inhibitor was included for
assays involving RNA. The concentration of total RNA or DNA was
measured using a Nanodrop 2000 (Thermo Fisher Scientific). For
image analysis, Fiji software was used to process the images to mea-
sure the area of droplets®. The images were converted to 8-bit and set
with an “Auto Threshold”, using “Watershed” to make sure the
boundary of the droplet could be identified, and then calculate the
area of droplets larger than 5 um? To analyze the condensed fraction,
the integrated intensities in all droplets of the acquired field (I-in) and

the total intensity outside the droplets (I-out) were measured using Fiji.
The condensed fraction is calculated as (I-in)/((I-in)+(I-out))**”°. FRAP
analysis was performed on a CSIM 110 confocal microscope (Sunny
Technology) and imaged immediately after droplet formation. The
droplets were imaged once before bleaching. The selected rectangular
area on CTD-mEGFP droplets was bleached with 488 nm laser for 1s, or
ANLN-mCherry droplets were bleached with 561 nm laser for 1s. After
bleaching, recovered droplets were imaged every 20 s. Fiji software
was used to quantify the fluorescence intensity of the bleached area,
and then GraphPad Prism 8 software was used to analyze the molecular
diffusion®,

Mass spectrometry analysis

KYSE150 cells were lysed using EBC buffer, and endogenous ANLN was
enriched with protein A/G magnetic beads and ANLN antibody. Pro-
teins were separated by SDS-PAGE and visualized using coomassie
brilliant blue. The gel slices were cut to cubes and subjected to in-gel
digestion. Peptides were redissolved in HPLC buffer A (0.1% formic
acid) following desalting and injected into the Nano-LC system
(Thermo Fisher Scientific, EASY-nLC 1200). Peptides were separated by
a C18 column (75 pm inner-diameter x 25 cm, 3 pm C18) with a 75 min
HPLC gradient at a flow rate of 300 nL/min. The HPLC gradient was as
follows: 5% to 7% solvent B (0.1% formic acid in 80% acetonitrile) in
2 min, 7% to 22% solvent B in 50 min, 22% to 38% solvent B in 14 min,
38% to 100% solvent B in 3 min and hold for 6 min at 100% solvent B.
The HPLC elute was electrosprayed into an Orbitrap Ecilpse Tribrid
mass spectrometer, and Spray voltage was set to 2.4 KV. Mass spec-
trometry analysis was performed in data-dependent mode, with an
automatic switch between a full MS scan and an MS/MS scan in the
orbitrap. For MS1 survey scan, the resolution was 60,000 and the
MS2 spectra were acquired with 15,000 resolution. For database
search, MS raw files were processed with Proteome Discoverer 3.0.
Trypsin specificity was applied for the peptide sequence search and a
maximum of two missed cleavages was allowed. Carbamidomethyla-
tion on cysteine was specified as a fixed modification. Oxidation of
methionine and acetylation on the peptide N terminus were set as
variable modifications. Mass tolerances for precursor ions were set at +
10 ppm and + 0.02 Da for MS/MS®°.

RNA-Seq and data analysis

KYSE150 cells with ANLN knockdown for 24 and 48 h were harvested
for total RNA extraction. Cells were lysed with Trizol reagent and total
RNA was extracted according to the manufacturer’s instructions, and
then the concentration of RNA was measured by Nanodrop 2000.
Samples were delivered to Novogene (Beijing) for poly(A) RNA library
generation, and the final libraries were sequenced using lllumina HiSeq
Xten PE150***%, For RNA-Seq data analysis, the paired-end sequencing
fastq files were removed adaptors and low-quality reads with Cutadapt
V1.18. Whole-transcriptome reads were aligned using the STAR V2.7.3a
with the Ensembl Homo_sapiens_Ensembl GRCh38. And the bam files
after removing duplicates were used to count the genes with the
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Fig. 7| THZ1inhibits ANLN-Pol II clusters and ESCC cell proliferation. A KYSE150
cells were treated with 0.1 pM THZ1 for 3 h, ANLN (pink) and Pol Il (green) clusters
were observed with super-resolution imaging. Scale bar, 3 pm. B, C Effect of THZ1
on the number of different types of clusters. n =42 (Control); n =45 (THZ1). The
error bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to
determine the significance. D Relative fluorescence intensity of protein signals per
cell per focal plane. n =42 (Control); n=45 (THZ1). The error bars indicate the
mean + SDs. Two-tailed Student’s ¢ tests were performed to determine the sig-
nificance. E, F Heatmap (E) and box plots (F) showing expression changes of all
protein-coding genes (Total, n =11376), super-enhancer-associated genes (SE,
n=652), and target genes (TG, n = 84) with or without THZ1 treatment. The error

bars indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to
determine the significance. G KYSE150 cells were treated with 0.1 pM THZ1, the
mRNA expression of the indicated target genes was measured. The error bars
indicate the mean + SDs. Two-tailed Student’s ¢ tests were performed to determine
the significance. H The indicated cell lines were treated with different concentra-
tions of THZI for 48 h, and cell viability was subsequently analyzed by MTS assay.
The error bars indicate the mean + SDs. I ESCC cell lines were treated with low
toxicity THZ1 (0.04 pM) or/and F806 (20 uM) for 48 h, and cell viability was mea-
sured by MTS assay. n =3 for each group. The error bars indicate the mean + SDs.
The data are representative of at least three independent experiments with similar
results. Source data are provided as a Source Data file.
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featureCounts method in Subred V2.0.0%%. Differential analysis was
performed with DESeq2 V1.44.0%. Biological processes and pathway
enrichment analyses were performed using the Metascape database®”.

CUT & Tag and data analysis

We performed CUT&Tag experiments according to the manufacturer’s
instructions (Vazyme, TD904). Briefly, 1x10° cells were treated with
wash buffer and incubated with Concanavalin A beads for 10 min at
25 °C. Samples were incubated with ANLN, Pol Il or H3K27ac antibodies
at 4 °C overnight. Then, the diluted secondary antibody was incubated
with the samples at 25 °C for 1 h. After washing, the mixture was treated
with Dig-300 buffer containing Hyperactive pA/G-Transposon Pro for
1h at 25°C. After washing, Trueprep Tagment Buffer L was added to
the mixture and incubated at 37 °C for 1h. Subsequently, 2 pL of 10%
SDS and 1 pg spike-in DNA were added to the samples and incubated at
55°C for 10 min after mixing. Concanavalin A beads were removed,
and the supernatant was mixed with DNA extract beads for 20 min at
25°C. The beads were washed three times, after removing the super-
natant, ddH,O was added to resuspend the beads, and then PCR
amplification was performed using the primers provided by the kit.
VAHTS DNA Clean Beads were added to the sample, and incubated at
25 °C for 5 min after mixing. Supernatant was removed, the beads were
washed twice with 80% ethanol, and the DNA on the beads was eluted
with ddH,0. DNA libraries were subjected to paired-end sequencing on
a single lane of the Illumina NovaSeq system. For the CUT&Tag data
analysis, the paired-end reads were aligned to the human genome
build GRCh38/hg38 using Bowtie. The MACS2 software was used for
peak identification. Alignment files in the bam format were trans-
formed into read coverage files (bigwig format) using DeepTools for
visualization in Integrative Genome Viewer. Genomic binding profiles
were generated using the bamCompare method in DeepTools. Heat-
maps of CUT&Tag signals were generated using computeMatrix and
plotHeatmap functions in DeepTools*. To visualize the CUT&Tag
signals of Pol Il and ANLN on target genes, bigwig files were imported
into IGV software to display the binding peaks on target genes®’. To
investigate super-enhancers, our H3K27ac CUT&Tag data were map-
ped to the super-enhancer region of KYSE150 cells. The super-
enhancer region bed file of KYSE150 cell line was downloaded from
SEdb database. Bigwig files were previously generated, and then
imported into DeepTools along with super-enhancer bed files to gen-
erate genomic binding profiles using computeMatrix***’.

RT-qPCR

Cells were lysed with Trizol and total RNA was extracted, followed by
reverse transcription with HiScript Il 1st Strand cDNA Synthesis Kit
(Vazyme, R312) to generate cDNA. ChamQ Universal SYBR-qPCR
Master Mix (Vazyme, Q711), cDNA and specific primers were mixed,
and then RT-qPCR was performed with ABI 7500 (Applied Biosystems,
USA). A 2% method was used to analyze the data and quantify the
expression level of genes®. Primers used for RT-qPCR can be found in
Supplementary Data 1.

Dual-luciferase reporter assay

Dox-induced ANLN knockdown cells were seeded into a 96 well plate
overnight, and then the cells were co-transfected with HA-ANLN, pRL-
TK, and pGLC or pGLB plasmids. After 24 h, the medium was replaced
with fresh culture containing Dox, and then the cells were cultured for
another 24 h. According to the manufacturer’s protocol, cells were lysed
using a Dual-Luciferase Reporter Assay System Kit (Promega) and mixed
with luciferase assay substrate, and luciferase activity was subsequently
measured on a GloMax™ 96 Microplate Luminometer (Promega)®°.

ChIP-qPCR
Cells were fixed in 1% paraformaldehyde for 10 min at 25 °C, and then
quenched with 125 mM glycine for 5 min, followed by two washes with

PBS. Cells were lysed with lysis/wash buffer containing 1% protease
inhibitor cocktail and transferred to nuclease-free tubes. Cells were
lysed by mechanically pipetting up and down several times. Samples
were centrifuged at 17,600 g for 10 min at 4 °C, and the supernatant
was removed. Pellets were resuspended in a shearing buffer containing
1% protease inhibitor cocktail and sonicated using a Covaris sonicator.
Then, supernatant was transferred to a new nuclease-free tube by
centrifugation at 20,400 g for 10 min at 4 °C. The supernatant was
incubated with dilution buffer containing 1% protease inhibitor cock-
tail and ANLN antibody or normal mouse IgG at 4 °C overnight. Sub-
sequently, protein G beads were added to the samples and incubated
for 6 h at 4 °C. The beads were washed four times with cold lysis/wash
buffer and twice with TE buffer. DNA samples were obtained by reverse
crosslinking using 5M NaCl at 65°C overnight. Purified DNA was
quantified using Qubit dsDNA Assay Kit (Thermo Fisher Scientific,
Q33231), then measured by qPCR using specific primers at the pro-
moter region of target genes, and data were analyzed using the 245
method¥. The primers used are shown in Supplementary Data 1.

Cell viability assay (MTS assay)

Cell viability assays were performed using the CellTiter 96® Aqueous
One Solution Cell Proliferation Assay kit (Promega, G3581) according to
previous protocols. 5000 cells were seeded into 96 well plates over-
night, and the culture medium was removed, and the cells were treated
with culture medium containing different concentrations of THZ1. Fresh
culture medium was replaced after 48 h of incubation. 20 pL MTS was
added to each well and cells were incubated at 37 °C for 2 h. Subse-
quently, the absorbance was measured at 492 nm using an enzyme-
labeled instrument (Thermo Fisher Scientific, Multiskan MK3)®S,

Statistical analysis

All experiments were performed at least three times independently,
unless otherwise indicated in the figure legends. Data are expressed as
mean + standard deviation. Two-tailed Student’s t-tests were per-
formed using GraphPad Prism 8 software, and differences in means
were considered statistically significant at P < 0.05. The exact P-value is
provided in the corresponding figure or legend.

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

Data availability

The data that support the findings of this study are available within the
paper and their Supplementary Information. Source data are provided
with this paper. The CUT&Tag and RNA-Seq data generated in this
study have been deposited in NCBI's Gene Expression Omnibus (GEO)
repository under GEO series accession code GSE285915 and
GSE285916. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium (https://
proteomecentral.proteomexchange.org) via the iProX partner
repository®”°° with the dataset identifier PXD059453. PSPHunter was
used to predict the key amino acids driving phase separation (http://
psphunter.stemcellding.org/). The information of super-enhancer
regions was obtained from the SEdb database (http://www.
licpathway.net/sedb). Transcriptome data of THZI-treated ESCC cells
were obtained from the GEO database (accession code: GSE76860.
ChIP-Seq data of transcription factors were downloaded from the
Cistrome database (http://cistrome.org/db). Accession code for
CSNK2A1 ChIP-Seq data: GSM1415123. Accession code for CEBPZ ChIP-
Seq data: GSM935274. Accession code for RUVBL2 ChIP-Seq data:
GSM2877266. Accession code for RUVBLI1 ChIP-Seq data: GSM2574761.
Accession code for UBTF ChIP-Seq data: GSE91935. Accession code for
EWSR1 ChIP-Seq data: GSM2472082. Source data are provided with
this paper.
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