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ABSTRACT: Phase separation of DNA is involved in chromatin N F'ff,‘.““ifﬁa'”mphh

packing for the regulation of gene transcription. Visualization and

manipulation of DNA phase separation in living cells present great Intercalation
challenges. Herein, we present a Ru(II) complex (Rul) with high ’\N j:j Minor groove binding
DNA binding affinity and DNA “light-switch” behavior that can N

induce and monitor DNA phase separation both in vitro and in
living cells. Molecular dynamics simulations indicate that the two
phen-PPh; ligands with positively charged lipophilic triphenyl-
phosphine substituents and flexible long alkyl chains in Rul play
essential roles in the formation of multivalent binding forces
between DNA molecules to induce DNA phase separation. Importantly, the unique environmental sensitive emission property of
Rul enables direct visualization of the dynamic process of DNA phase separation in living cells by two-photon phosphorescent
lifetime imaging. Moreover, Rul can change the gene expression pattern by modulating chromatin accessibility as demonstrated by
integrating RNA-sequencing and transposase-accessible chromatin with high-throughput sequencing. In all, we present here the first
small-molecule-based tracer and modulator of DNA phase separation in living cells and elucidate its impact on the chromatin state
and transcriptome.

Electronic Interaction

7—7 interaction

Intercalating Ligand C-H---7 interaction
A~ P(Ph);

Induction and monitoring of DNA phase separation

H INTRODUCTION The regulation machinery of DNA phase separation is

Recent studies show that cells are compartmentalized by both large}y unknown; hqwever, _lt 'S cor.151der.ed to -be impacted by
. multiple weak multivalent interactions including the electro-
membrane-bound and membraneless organelles to precisely

control the cellular activities spatially and temporally.' > The Is)tatll(% 1nteracti10ns l.at.etwieenh the c111ega.tcllvely th }?thed gggsz%’hat;
molecular assembly mechanisms and functions of membrane- ac. ones .an positive Yzf arge I;Sl ,ues ° ,12592(1)1 € ) an31
less compartments. assembled via liquid—liquid oh various cations (eg,Mg and Ca )m nuclei,”””" cation-7,
P ’ qmaTiquic phase hydrophobic interactions including 7—7 interactions,”””* and
separation (LLPS) of biomacromolecules, have been recently yarop & ’
. . 4-8 . . hydrogen bonds between amino acid residues and nucleo-
intensively explored.” ~ Phase separation of biomacromole- tides 2> Altered DNA oh “ It i
cules is found to participate in a variety of biological dl es. lati e;e ) p a'se t.separadlon. cant'resu hi 1E
functionalities, including gene expression,9 protein degrada- CZ::Eigk;lu:elsoréoo dirsl::s:aznirigzronrfa;r?g arrxo reeF; lsgi(e)rrllel;?;’ leecs-
tion,'® assembly of signaling clusters,"" synapse formation and prog '

12 AR . tigation of mechanisms governing phase separation can
plasticity, © cell polarization initiation, ° and higher-order & 89 § ph pa
. L 14-17 L . uncover new pathomechanisms, and intervention of the
chromatin organization. Phase separation is also consid-

. . . 35,36
ered to play important roles in the occurrence and develop- process 1s promising for new therap eutic methods. .
. . . 18 Despite the importance of dynamic phase separation of
ment of many diseases, e.g., neurodegenerative diseases, . _ o
developmental disorders, and cancers.’ DNA under physiological and pathological conditions,
The cell nuclei con tai;1 a variety o f membraneless compart- currently, there is no small-molecule-based tracer or modulator
ments implicated in DNA damage repair transcripI;ion available, which largely hinders the further investigation of
. “amag ’ DNA phase separation in living cells. Only one case of a DNA
regulation, and genome organization, e.g, nuclear speckles,

histone locus bodies, and the nucleolus.”’~** These compart-
ments are considered to be formed through different Received: February 9, 2021
mechanisms, among which LLPS has become a default Published: July 22, 2021
explanation for nuclear compartmentalization.14’23 LLPS is

involved in the generation of distinct chromatin compartments

and also the formation of functional assembly to recruit

genomic elements for transcription enhancement.”**~>¢
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LLPS small-molecule inducer, a light-responsive azobenzene
cation that can induce the coacervate droplet formation of
double-stranded DNA in vitro, has been reported.”” Small
molecules that can induce DNA phase separation in living cells
have not been presented yet. The main obstacles include the
lack of structure—activity relationships, rational molecular
design strategies for DNA phase separation inducers, as well as
valid in-cell detection methods.

Ruthenium complexes represent the most prominent
nonplatinum metallo-anticancer candidates.”* ™' Especially,
phosphorescent Ru(II) polypyridyl complexes have been
extensively explored as fluorescent ?robes or imaging
agents,“_46 anticancer agents,47—5( and photosensi—
tizers*”>'™>® due to their convenient structural modifications,
anticancer mechanisms alternative to those of platinum drugs,
phototherapeutic applications, multifunctionalities integrating
imaging and ther;}gy, good biocompatibility, and tumor
selectivity.*”>"**7>® Complexes containing ligand dppz
(dipyridophenazine) and its derivatives show interesting
DNA “light-switch” effects, as the interaction between the N
on phenazine and the surrounding water molecules quenches
their luminescence in water and binding with DNA recovers
their luminescence.”””® Their microenvironment-sensitive
phosphorescence intensity and lifetimes are used to discrim-
inate different DNA secondary structures, e.g., double-stranded
and G-quadruplex DNA.** However, the impact of their
interactions with DNA on the alternations in the chromatin
state and transcriptome has not been elucidated yet.

In this work, we designed a Ru(II) complex (Figure 1A;
Rul: [Ru(phen-PPh,),(dppz)](NO,;),; phen-PPh; = (6-
(1,10-phenanthroline-S-carboxamido)hexyl)-
triphenylphosphonium; phen 1,10-phenanthroline) that
could induce and monitor DNA phase separation in living
cells, and two structural analogues Ru2 and Ru3 are used as
controls. Two ligands containing flexible alkyl chains with
triphenylphosphonium (PPh;*) substituents and a planar dppz
ligand are introduced into Rul to increase the electrostatic
interaction, hydrophobic interaction, and 7—7 stacking that are
key factors for DNA phase separation (Figure 1B). The
capabilities and the mechanisms of the induction of DNA
phase separation by Rul are investigated by dynamic fusion,
fluorescence recovery after photobleaching, and molecular
dynamics (MD) simulations. The process of DNA phase
separation induced by Rul in living cells is monitored by two-
photon phosphorescence lifetime microscopy (TPPLIM) and
super-resolution imaging technologies in a real-time manner.
Finally, the impact of Rul on chromatin states and gene
expression profiles is demonstrated. In all, we present here the
first small molecule that can induce and monitor DNA phase
separation in living cells and elucidate its effect on the
chromatin state and gene expression profiles.

B RESULTS

Ru1 Can Induce DNA LLPS in Vitro. Rul was synthesized
by reacting cis-[Ru(dppz) (DMSO),Cl,]** (DMSO = dimethyl
sulfoxide) with 2 equiv of phen-PPh; at 140 °C for 6 h
(Scheme S1). Ru2 was synthesized by sequential reaction of
cis-[Ru(dppz) (DMSO),Cl,] with 1 equiv of phen and phen-
PPh; at 140 °C for 6 h. Ru3 was synthesized by literature
methods.”” Rul and Ru2 are characterized by "H NMR, *C
NMR, *'P NMR, ESI-MS, and HPLC (Figures S3, S4, S8, S9,
S12, S13, and S16—S18).
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Figure 1. (A) Chemical structures of Rul—Ru4. (B) Illustration of
the mechanisms of DNA phase separation induced by Rul.

The absorption spectra of Rul and Ru2, obtained at 298 K
in CH,Cl,, CH;CN, and PBS (phosphate-buffered saline), are
characterized by a high energy band (<320 nm) assigned to
spin-allowed intraligand 7—z* transitions and a lower energy
band (320—520 nm) assigned to the mixed spin-allowed and
spin-forbidden metal-to-ligand charge transfer transitions and
ligand-to-ligand charge-transfer transitions (Figure $19).%°
Like Ru3,”” Rul and Ru2 are nonluminescent in aqueous
solutions, but they show strong emission with maxima at
around 610 nm in nonprotonic solvents including CH,Cl, and
CH,CN (Figure S20 and Table S1).

The binding properties of Rul—Ru3 toward calf thymus
DNA (ct-DNA) were investigated by UV—vis and fluorescence
titrations (Figure 2A and 2B; Figures S21 and S22). Rul and
Ru2 show a higher binding affinity for ct-DNA than Ru3
(Table S2), which implies that the positively charged PPh,*
substituents can increase the binding affinity. The binding
constants (K;) of Rul toward ct-DNA obtained by UV—vis
titration and fluorescence titration are (6.69 + 0.17) X 10’
M and (1.48 + 0.35) X 10" M, respectively. When the
molar ratio of [DNA]/[Ru] is 8.2:1, the emission intensities of
Rul, Ru2, and Ru3 increase by about 851-, 318-, and 42-fold,
respectively, which indicates that Rul and Ru2 are also “light
switches” for DNA as Ru3. The high binding affinity of Rul
with ct-DNA is further confirmed by isothermal titration
calorimetry (K, = (L.71 + 0.20) x 10" M™'; Figure 2C).
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Figure 2. Rul can induce DNA LLPS in vitro. (A) UV—vis titration of Rul (10.0 M) with ct-DNA (0—200 M) in Tris-HCl buffer (pH 7.4).
The arrows show the changes in the absorbance upon addition of ct-DNA. Inset: plot of (¢, — &;)/(&, — &) vs [DNA]. (B) Fluorescence titration
of Rul (10.0 uM) with ct-DNA (0—200 uM) in Tris-HCl buffer. Inset: plot of F/F, vs [DNA]. (C) ITC measurement of Rul (0—200 yM)
binding with ct-DNA (20.0 yM) in Tris-HCI buffer (pH = 7.4) at 298 K. (D) Agarose gel electrophoresis of pEGFP-C2 plasmid (473S bp; 2.00
uM) in the presence of different concentrations of Rul. FORM I/II/III: supercoiled/nicked/linear DNA. (E) AFM images of aggregation of ct-
DNA caused by Rul. (a and c: free ct-DNA (3.00 uM); b and d: ct-DNA (3.00 uM) + Rul (0.05 uM)). b and d are images captured in the 3D
mode. (F) The photographs of FAM-dsDNA (3.00 mM) in the presence of Rul—Ru3 (50.0 zM) in Tris-HCI buffer. (G) Confocal imaging of the
suspension of FAM-dsDNA (3.00 mM) with Rul (50.0 #M) in Tris-HCl buffer. Confocal imaging showing the fusion (H) and FRAP (I) of the
FAM-dsDNA droplets. (J) The FRAP recovery curves of (I). Means + SEM, n = 3. (K) Phase distribution of FAM-dsDNA driven by Rul. Images
on the right side correspond to the icons indicated by the black arrows, which show the increased droplet area along with the decrease of the molar
ratio of FAM-dsDNA/Rul (R). The FAM-dsDNA droplets were formed by mixed FAM-labeled dsDNA (3.00 mM) with Rul (50.0 M) in Tris-
HCl buffer. Rul: A, = 488 nm; A, = 610 + 20 nm. FAM: 4, = 488 nm; A, = 510 + 20 nm. Scale bars: 10 gm (A) and S um (G, H, I, and K).

Moreover, Fluorescence titration of Rul with two CG- and
AT-rich oligonucleotides shows that it has higher affinity for
the CG sequence (Figure S23).

Interestingly, agarose gel electrophoresis shows that only
Rul can cause retardation of pEGFP-C2 plasmid DNA, while
Ru2 and Ru3 show no impact on DNA mobility under the

same conditions (Figure 2D; Figure S24). Atomic force
microscope (AFM) observation further verifies that Rul can
cause DNA condensation (Figure 2E). Ct-DNA (3.00 M)
treated with Ru3 (0.05 uM) condensates into particles with a
diameter of about 200 nm. In contrast, no significant DNA
aggregation is observed in the presence of Ru2 and Ru3
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Figure 3. Computer simulation of DNA-binding properties of Rul. (A) Snapshot of Rul bound to a DNA fragment in the single-copy all-atom
MD simulation systems. The DNA fragment is shown in white as a cartoon representation. Rul is shown in spheres. The Dppz ligand is shown as a
light blue sphere, and two PPh;* groups with alkyl chains are orange and yellow, respectively. (B) Snapshots of Rul-induced DNA aggregation in
the four copies of all-atom MD simulation systems. The aggregation process among the DNA monomers bound with Rul is mainly induced by the
7—7m and C—H---7 interactions between two adjacent phenyl rings of the triphenylphosphine groups, which are shown in magenta and green stick
representations. Snapshots of Rul coarse-grained MD simulation systems with 27 copies of DNA fragments at 0 s (C) and 2 us (D). DNA
fragments are shown in colored spheres, and Rul is shown in white spheres.

(Figure S25). The results show that the two PPh;* substituents
in Rul not only increase its binding affinity toward DNA but
also are crucial for its capability to induce DNA aggregation.

Because DNA condensation is an important step for DNA
phase separation,”” we then investigated the capability of
Rul—Ru3 to induce DNA LLPS. A turbid suspension is
observed for FAM-dsDNA (S-carboxyfluorescein-labeled
double-stranded DNA) upon the addition of Rul within a
few seconds, which is identical to that observed for DNA LLPS
inducers reported (Figure 2F),**°" while no similar phenom-
enon is observed for Ru2 and Ru3 (Figure 2F). Moreover,
almost uniform fluorescent coacervate microdroplets are
observed by confocal imaging of the turbid solution (Figure
2G). The overlap of the green (FAM) and red (Rul bound
with DNA) emission implies that the DNA LLPS is induced by
Rul.

To verify the necessity of the dppz moiety for Rul to induce
DNA LLPS, we synthesized Ru4 containing a smaller planar
“phen” ligand as the control complex (Figure 1 and Figures SS,
S10, S14, and S18). As expected, the addition of Ru4 (50.0

uM) to a solution of FAM-dsDNA (3.00 mM) does not result
in the formation of coacervate microdroplets (Figure S26).
Therefore, the dppz moiety is necessary for Rul to induce
DNA phase separation.

Next, the fusion and fluorescence recovery after photo-
bleaching (FRAP) experiments with FAM-dsDNA were
conducted to testify the liquid property of the microdrops.’’
The dynamic fusion and fluorescence recovery of dsDNA
droplets confirm the liquid-like properties of Rul-induced
coacervate (Figure 2H, I, and J; Movie S1), which further
confirms that Rul can induce LLPS.“* Moreover, the phase
diagrams showing the LLPS of short oligodeoxynucleotides
induced by Rul are plotted by varying the molar ratio of Rul/
FAM-dsDNA (Figure 2K), which indicates that a molar ratio
of Rul/FAM-dsDNA between 1:60 and 1:80 is favorable for
LLPS induction.

MD Simulation Shows Rul Can Form Multivalent
Interactions with DNA. To understand the mechanism of
DNA LLPS induced by Rul, all-atom MD simulations as well
as the MARTINI-based coarse-grained MD simulations were

https://doi.org/10.1021/jacs.1c01424
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Figure 4. Rul can induce and monitor DNA phase separation in living cells simultaneously. Confocal microscopic images (A), super-resolution
Airyscan images (B), and TPPLIM images (E) of AS49 cells incubated with Rul (10.0 4M) at different time intervals. Rul: 1., = 488 nm. A, =
610 =+ 20 nm. Scale bars: 20 ym (A), 2 um (B), and 10 ym (E). (C) The lifetime decay curves of Rul with increasing amount of CG-rich dsDNA
in Tris-HCI buffer (pH = 7.4). (D) The average lifetimes of Rul in the presence of CG-rich dsDNA. The molar ratio of [dsDNA]/[ Rul] is

changed from 40:1 to 125:1.

performed to investigate the DNA binding properties of Rul,
Ru2, and Ru3 with double-stranded DNA and the aggregation
process of the DNA fragments upon Ru(II) binding. In the all-
atom MD simulations, there are three MD simulation systems,
and each system includes one, two, or four copies of DNA
fragments; in addition, the inserted Ru(II) complexes were
constructed. The intercalation sites of the dppz group of Rul—
Ru3 were obtained according to the crystal structure of
[Ru(phen),(dppz-11-CN)]** (dppz-11-CN = dipyrido[3,2-
a:2’,3'-c]phenazine-11-carbonitrile) bound to a small DNA
double strand (PDB id: 6HWG), in which two Ru-dppz
complexes were observed to intercalate at both of the terminal
base steps of the DNA fragment.64 Therefore, a 1:2
stoichiometry of DNA and Ru complexes was modeled in
our MD simulation system.

11374

In the single DNA fragment simulation system, Rul—Ru3
can intercalate into the DNA fragment firmly via the dppz
group during the 100 ns MD simulations. The dppz moieties in
Rul—Ru3 are embedded through 7—n stacking interactions
with the 5’-CG-3" and 5'-TA-3' base pairs at the ending step of
the modeled DNA fragment. The phen-PPh; ligand in Rul
and Ru2 contains a positively charged PPh;" group and a long
alkyl chain. Due to the flexibility of such modifications, the
phen-PPh; ligands in Rul can either extend along the minor
groove of the DNA molecule leading to an increased
interaction interface or protrude into the bulk solvent with
higher degrees of freedom, which is essential for the induction
of the DNA aggregation (Figure 3A and 3B). On the contrary,
there are no direct contacts observed between the phen groups
of Ru3 and the rest of the DNA fragment molecule (Figure

https://doi.org/10.1021/jacs.1c01424
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§27). The binding free energies of Rul, Ru2, and Ru3 with
DNA fragments using the Molecular Mechanics/Poisson—
Boltzmann Surface Area method are —40.94 + 6.19 kcal mol ™},
—35.55 = 3.54 kcal mol™!, and —25.5 + 2.75 kcal mol™,
respectively. The results indicate that Rul is thermodynami-
cally much more stable than Ru2 and Ru3 when bound to
DNA, which is consistent with the results obtained from the
previous titration assays.

To investigate whether Rul—Ru3 could induce DNA
assembly, we first performed all-atom MD simulations of two
and four replicas of DNA fragments. Then, MARTINI-based
coarse-grained MD simulations were conducted using 27
replicas of CG DNA molecules bound with Ru(II) complexes.
In the two replica all-atom system, DNA fragments bind with
Rul close to each other within a very short period of
simulation time from the beginning, and the interactions are
stably maintained during the rest of the simulation process
(Figures S28A and S28B). On the contrary, no stable
interactions are observed for Ru2 and Ru3 during the whole
all-atom MD simulations. In Figures S28A and S28B, we
demonstrate the minimum distances between the two
monomers bound with Rul—Ru3, as well as the corresponding
distributions. The distance distribution of the Rul system
displays a narrow and sharp peak around 2.74 A, while both
Ru2 and Ru3 systems display random and broadened
distributions from 2.5 to25 A.

In the four replica MD simulation systems, Rul can further
induce the aggregation of the DNA fragments into a larger
cluster, while no aggregation is observed in both Ru2 and Ru3
systems (Figure S29). The aggregation process among the
DNA monomers bound with Rul is mainly induced by the
7—n and C—H--7 interactions between two adjacent phenyl
rings of the triphenylphosphine groups (Figure 3B), and the
intermolecular interaction mode has also been observed in
other molecules with PPh,* substituents.”®

Furthermore, we also extended our simulation studies to 27
replicas of DNA fragment systems using MARTINI-based
coarse-grained MD simulations. The coarse-grained simula-
tions clearly demonstrate that Rul induces a DNA assembly
process via the interactions between the adjacent Rul
molecules (Figure 3C and 3D), including head-to-tail, head-
to-head, and tail-to-tail interactions. The aggregation is not
observed in the Ru3 coarse-grained simulation system, and
only a small fraction of aggregation was observed in Ru2
(Figure S30). The results of molecular simulation are
consistent with the experimental observations, which indicates
that the two phen-PPh; ligands are necessary for the induction
of DNA aggregation precluding phase separation.

Ru1 Can Induce and Monitor DNA Phase Separation
in Living Cells Simultaneously. To investigate whether Rul
can induce DNA phase separation in living cells, first, we
examined the cellular uptake and localization properties of Rul
by confocal microscopy. Due to the presence of the PPh;"
groups, Rul (10.0 uM, 2 h) first localizes to mitochondria as
indicated by the colocalization experiments (Figure S31A).
Then, Rul penetrates into nuclei along with the incubation
time (Figure 4A). After 24 h incubation, a uniformly diffused
emission pattern is observed for Rul-labeled nuclei.
Inductively coupled plasma-mass spectrometry shows that
the amount of Rul in nuclei significantly increases within 24 h
(Figure S32).

Sequential penetration of Rul from filamentous subcellular
organelles (putative mitochondria) to nuclei is also observed

by Airyscan super-resolution imaging technology (Figure 4B).
Moreover, the emission of Rul in the nuclei gradually
aggregates along with the treatment time. Co-localization of
Rul with Hoechst 33342 indicates the puncta are Rul-labeled
DNA (Figure S31B). All these phenomena imply that Rul
may induce DNA phase separation in the nuclei. Similar
nuclear morphology is also observed for nuclear phase
separation induced by biological methods reported in the
literature.">**°" The control compound Ru2 can also
accumulate in mitochondria and nuclei in a time-dependent
manner (Figure S33A). However, the emission of Ru2 in
nuclei remains diffuse after 28 h incubation (Figure S33B).

Steady-state fluorescence measurement with dsDNA in vitro
shows that the lifetime of Rul is positively correlated with the
molar ratio of [dsDNA]/[Rul], and it gradually increases from
641.22 ns ([dsDNA]/[Rul] = 40:1) to 1332.35 ns
([dsDNA]/[Rul] = 125:1; Figure 4C and D). From the
phase diagram (Figure 2K), it can be seen that under these
conditions Rul can gradually induce DNA phase separation.
Moreover, there is no significant change in lifetimes of Rul in
the presence of G-quadruplex DNA (Figure S34).

TPPLIM (Figure 4E) shows that Rul displays a filamentous
emission distribution with a lifetime of 679 ns after 2 h
incubation. From 4 to 12 h, the phosphorescence of Rul
shows a trend of aggregation, and the lifetime increases to
1286 ns, which implies that Rul may lead to the aggregation of
mitochondria DNA. At 24 h, Rul shows a uniform staining
pattern in the nuclei, and the lifetime is 756 ns, after which the
lifetime of Rul gradually increases. At 26 h, the lifetime
reaches 1377 ns, which is consistent with the lifetime of Rul in
phase-separated DNA in vitro. At the same time, the increase in
the average phosphorescent lifetimes is accompanied by an
alternation in the staining pattern of the nuclei, which changes
from a uniform staining to a dot-like and finally to an
aggregation state. In the locally enlarged images, the lifetimes
of Rul vary at different points, indicating different degrees of
DNA phase separation in these regions. The results indicate
that the Rul can induce and monitor the DNA phase
separation in living cells.

In contrast, the lifetime of Ru2 shows no significant change
when the ratio of [dsDNA]/[Ru2] varies from 40:1 to 180:1
(Figures S3SA and 35B). Consistently, the lifetime of Ru2 in
cells varies from about 811 to 977 ns, which may be due to the
different microenvironment in mitochondria and nuclei. In
nuclei, the lifetime of the Ru2 remains basically unchanged
with the prolongation of incubation time (Figure S33C). This
result is consistent with the results obtained from the in vitro
experiments, which indicates that the substitution of two PPh;*
groups connected by alkyl chains is necessary for Rul to
induce DNA phase separation.

Ru1 Alters Gene Expression Pattern and Chromatin
Accessibility. It has been reported that nuclear phase
separation can affect gene expression.” We then use RNA-
sequencing (RNA-seq) to evaluate the impact of Rul on the
transcriptome at 4, 12, and 25 h. An average of 96.5%
mappability and 51.2 million qualified fragments for each
RNA-seq sample are obtained (Table S3). High correlations
(R > 0.96, Figure S36) are obtained for parallel samples, which
indicate that the RNA-seq is reproducible. The heatmap
showing the overview of the differentially expressed genes
(DEGs) indicates that the expression patterns across the
parallel samples are changed with the exposure time of Rul
(Figure SA). As compared with the control samples, the total
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Figure S. Effects of Rul-induced DNA phase separation on gene transcription and chromatin states. (A) Cluster analysis and a heatmap display the
overview of the differentially expressed genes induced by Rul treatment. Each column represents a sample, and each row represents a gene. Colors
represent the expression level of the genes. (B) Heat map of differentially accessible ATAC-seq peaks of the control and Rul-treated groups. (C)
Proportions of the ATAC-seq peak regions representing various genome annotations identified in Rul-treated samples. (D) MA plots showing fold
change of differentially accessible peaks. Blue: distribution of constitutive peaks. Pink dots: individual differential peaks. (E) The integrated analysis
of RNA-Seq and ATAC-Seq: nine quadrant scatters of DEGs obtained by RNA-seq and the corresponding chromatin accessibility measured by
ATAC-seq AS549 cells were treated with Rul (10.0 uM) for 25 h. Cells treated with vehicle (1% DMSO) were used as the control groups.

up-regulated/down-regulated genes for the 4, 12, and 25 h
treatment groups were 504/963, 264/912, and 510/391 (Ifold
changel > 1.8; false discovery rate <0.05; Figure S37 and Data
$1—S3). Gene ontology (GO) analysis shows that treatment of
Rul mainly influences metabolic process, nucleic acid binding
transcription factor activity, and translation regulator activity
(Figures S38—S540).

Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis shows that Rul alters tumor necrosis factor,
mitogen-activated protein kinase, nuclear factor x-B, and the
wingless-type MTV integration site signaling pathway after 4 h
of treatment (Figure S41) and influences the mitogen-activated
protein kinase signaling pathway and metabolism of several key
amino acids after 12 h of treatment (Figure S42). After
treatment with Rul for 25 h, pathways related to transcrip-
tional misregulation in cancer, nuclear factor x-B, and Toll-like
receptor are altered (Figure S43). These data suggest that Rul
mainly affects pathways related to metabolism, cell death, and
immunity, which is consistent with its subcellular localization
properties.

Consistently, Gene Set Enrichment Analysis (GSEA) reveals
that the gene expression profile of A549 cells treated with Rul
(10.0 uM, 25 h) is positively related with several pathways
regulated by chromatin states, e.g, chromatin binding,
transcription activator activity, transcription factor binding,
and RNA polymerase II (Figure S44).

Ru2 has cellular uptake behaviors similar to Rul, but it
cannot induce DNA phase separation. After an incubation with
Ru2 (10 uM, 25 h), 1188 and 796 genes are down-regulated
and up-regulated, respectively (Figures S45—47, Data $4). GO
analysis shows that Ru2 mainly influences the cellular process,
single-organism process, biological regulation, and metabolic
process (Figure S48). KEGG analysis shows that Ru2 mainly
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alters the mitogen-activated protein kinase (MAPK) signaling
pathway, focal adhesion, and cAMP signaling pathway (Figure
S49). Moreover, GSEA results indicate that alternation in gene
expression caused by Ru2 treatment is negatively correlated
with RNA polymerase II transcription factor activity, sequence-
specific DNA binding, and transcription regulatory region
(Figure S50). The results show that the cellular biological
processes altered by Rul and Ru2 treatment are different. The
phenomena may be due to the fact that Rul can induce DNA
phase separation in the nuclei, while Ru2 can only intercalate
into DNA.

It has been reported that DNA phase separation can
influence the chromatin state.'>°® We next employ trans-
posase-accessible chromatin with high-throughput sequencing
(ATAC-Seq) that depicts active (i.e., open) and inactive (i.e.,
condensed) chromatin to detect changes in chromatin
accessibility upon Rul treatment for 25 h. At this time
point, the TPPLIM imaging experiments show that Rul causes
nuclear DNA phase separation. An average of 89.6%
mappability and 53.6 million qualified fragments are obtained
per sample (Table S4). High correlations (R > 0.93; Figure
SS1) are obtained for the parallel samples, indicating ATAC-
Seq is reproducible.

The heatmap of ATAC-Seq data shows that the expression
patterns in Rul-treated groups are quite different from control
groups (Figure SB). In total, 62.0 million and 45.1 million
high-confidence chromatin regions (or peaks) are identified in
Rul-treated and control groups, respectively (Table SS).
These peaks represent 1637 distinct peaks, which include 1352
increased differentially accessible regions (DARs) and 285
decreased DARs in the Rul-treated group compared with the
control samples (Ifold changel > 2, false discovery rate <0.0S,
Figure SD and Data SS). For Rul-treated samples, about
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Figure 6. Rul works as a potent anticancer agent both in vitro and in vivo. (A) Representative TEM images showing the ultrastructure of AS49 cells
treated with vehicle (1% DMSO) (a) or Rul (10.0 uM) for 24, 36, and 48 h. (B) Graphs of tumor volumes of nude mice after treatment with Rul
(5 mg/kg), cisplatin (5 mg/kg), and physiological saline. The intratumoral injections were performed every 4 days. Means + SEM, n = 4, *, p <
0.05, **, p < 0.01. (C) Tumors separated from nude mice. (D) The representative graphs of nude mice.

48.4% and 37.6% of the DARs identified are located in the
introns and intragenic regions, respectively, which are usually
the locations of enhancers. About 10.9% of the open chromatin
regions are enriched in the promoter regions (Figure 5C).

Finally, the RNA-seq and ATAC-seq data are integrated to
investigate whether the changes in chromatin states are
correlated with the DEGs. Most of the DARs are mapped
within 300 bp of the transcriptional start sites that stand for the
accessible chromatin of promoters, and the Rul-treated group
shows an increase in the accessibility of the transcriptional start
site region compared with the control samples (Figure S52A).
As expected, the gene expression levels show a positive
correlation with the distribution of the ATAC-seq signal on
them (Figure S52B). 311 DEGs in Rul-treated groups show
positive correlation with the accessibility of chromatin, and 116
DEGs are negatively correlated with the level of chromatin
accessibility (Figure SE; Data S6). All these data prove that
Rul changes the state of chromatin and influences gene
transcription.

Ru1 Shows Potent Anticancer Activity Both in Vitro
and in Vivo. Because the DNA phase separation is closely
related to the occurrence and development of cancer,”®”~%" we
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next investigated the in vitro cytotoxicity of Rul on human
cancer cell lines including HeLa (cervical), A549 (lung),
AS49R (cisplatin-resistant AS549), and MDA-MB-231 (triple-
negative breast cancer). Rul shows about 1.8- to 6.9-fold
higher cytotoxicity than the widely used clinical anticancer
drug cisplatin with ICs, values of Rul falling between 2.4 and
5.8 uM. Interestingly, Rul shows about 4.2- and 3.6-fold
higher activities than cisplatin to AS49R and MDA-MB-2317°
cells that are insensitive to cisplatin (Table S6). Ru3 shows a
relatively lower cytotoxicity. The cytotoxicity of Ru2 is 4- to 9-
fold lower than that of Rul. The results suggest that the phase-
separation-inducing capability of Rul may enhance its
cytotoxicity.

Transmission electron microscopy shows that some of the
mitochondria are enclosed in double-membrane structures
after AS549 cells are treated with Rul for 24 h, which indicates
that mitochondria are degraded by mitophagy, a specific
mitochondrial autophagy (Figure 6A).”"7> At 36 h, the
number of mitochondria decreases significantly, and frag-
mented mitochondria localize around the nucleus. After 48 h
of treatment, most of the mitochondria are partially degraded
with almost no normal mitochondria observed, and chromatin
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condensation begins to appear in the nucleus. These results
suggest that mitophagy and apoptosis are involved in Rul-
induced cell death. This result is consistent with the results
obtained from RNA-seq, showing that Rul affects the signaling
pathways related to energy metabolism and cell death.

At last, the in vivo anticancer activity of Rul was investigated
in AS49 xenograft nude mice. Treatment of Rul (S mg kg™")
results in significant tumor growth inhibition, which is higher
than that observed for cisplatin (Figure 6B, 6C, and 6D). At
the end of treatment, the inhibitory rates of Rul and cisplatin
are about 76.3% and 65.2%, respectively. The staining of slices
of tumor tissue also shows that Rul can induce higher rates of
apoptotic tumor cells than cisplatin (Figure S53). Importantly,
no significant body weight loss and damage to organs are
found at the end of the treatment (Figure S54). All these
results show that Rul has great potential to be developed as an
anticancer agent.

B DISCUSSION

Biomolecule LLPS provides a new perspective for the
formation of cellular nonmembrane organelles and the
selective condensation/separation of multiple components
during a variety of physiological processes. In nuclei, the
genome DNA is compacted and involved in forming different
dynamic compartments to regulate gene expression. Nuclear
phase separation is important for chromatin organization61 as
well as transcriptional re%ulation from many aspects including
transcriftion promotion, 26 activation,”® and feedback regu-
lation.”* Although phase separation is considered to play
important roles in these biological processes, how LLPS
regulates the formation and maintenance of compartments is
not very clear. A lot of experimental evidence of intracellular
LLPS is investigated by protein overexpression for which the
concentration is much higher than that under the physiological
conditions.”> Whether LLPS really regulates these biological
processes under physiological conditions has always been the
focus of debate. At present, one of the difficulties is lacking a
method to directly track and manipulate the phase separation
process of biomolecules in living cells.

In our study, we rationally design a small molecule (Rul)
that can induce DNA phase separation in nuclei. By utilizing
the DNA “light switch” effect of Rul, DNA phase separation
can be clearly observed in situ. Intriguingly, the morphological
pattern of DNA phase separation induced and imaged by Rul
is consistent with those reported in the literature.'>**°" We
find that Rul can regulate pathways mainly related to energy
metabolism and cell death by RNA-seq. Through ATAC-seq,
we show that Rul can change the chromatin accessibility.
Meanwhile, Ru2 that cannot induce DNA phase separation
shows a different impact on gene expression pattern.

Moreover, we take the advantage of the microenvironment-
sensitive phosphorescence lifetimes of Rul. First, we prove
that the phosphorescence lifetimes of Rul depend on the
alternations in microenvironments caused by different degrees
of DNA phase separation in vitro. Then, we monitor the
lifetime changes of Rul during the course of DNA phase
separation in a real-time manner. The coincidence of the two
lifetimes proves that Rul indeed induces DNA phase
separation in nuclei. Finally, we demonstrate that Rul shows
potent anticancer activities both in vitro and in vivo.

It has been well documented that multivalent weak
interactions are essential in mediating protein LLPS by
multiple folded protein domains or low-complexity regions
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(LCRs) containing intrinsically disordered regions (IDR).”*”’

These multivalent weak interactions include -electrostatic,
cation—z, n—x, hydrogen bonding, and hydrophobic intract-
ions.”>*”7*7% In our work, Rul interacts with DNA mainly
through 7—x intercalation. MD calculations suggest that one
side chain with PPh;" substitution binds to the minor groove
of DNA through electrostatic and hydrophobic interactions,
while the other side chain with a PPh;" group interacts with
the adjacent complex through 7—n and C—H--7 interactions.
Similar modes of interactions have also been observed in the
packed crystal structures of compounds containing the PPh;*
groups.”> From MD simulations, we show that the formation
of multivalent binding forces between Rul and DNA is
essential for its capability to induce DNA phase separation.
Due to its hydrophobicity, Rul can penetrate the cells and
further the nuclei. More importantly, given the superior
microenvironment-sensitive emission properties of Rul, it can
directly visualize the dynamic process of DNA phase
separation in living cells.

B CONCLUSION

In all, we present the first small molecule that can induce DNA
phase separation in living cells. Rul with DNA light-switching
properties can bind to DNA with a high affinity. MD
simulations are consistent with a process by which Rul can
form multivalent binding forces with DNA. Rul can penetrate
into nuclei and induce DNA phase separation in living cells.
Rul can monitor the process of DNA phase separation in a
real-time manner using the TPPLIM imaging technique. RNA-
seq and ATAC-seq show that Rul can alter the gene
expression profile and the chromatin state. Moreover, Rul
displays potent antitumor activity both in vivo and in vitro. In
conclusion, we demonstrate the structural factors for designing
small molecules as DNA phase separation inducers, which is of
great significance for the design of interventional reagents for
phase separation in living cells.
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