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Phase separation in cell membranes promotes the assembly of transmembrane receptors to initiate signal
transduction in response to environmental cues. Many cellular behaviors are manipulated by promoting
membrane phase separation through binding to multivalent extracellular ligands. However, available
extracellular molecule tools that enable manipulating the clustering of transmembrane receptors in
a controllable manner are rare. In the present study, we report a DNA nanodevice that enhances
membrane phase separation through the clustering of dynamic lipid rafts. This DNA nanodevice is
in the lipid raft region of the cell membrane and initiated by ATP.
microenvironment, this device could be activated to form a long DNA duplex on the cell membrane,

anchored In a tumor

which not only enhances membrane phase separation, but also blocks the interaction between the
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demonstrate that the ATP-activated DNA nanodevice could inhibit cancer cell migration both in vitro
DOI- 10.1035/d25c00371f and in vivo. The concept of using DNA to regulate membrane phase separation provides new

rsc.li/chemical-science possibilities for manipulating versatile cell functions through rational design of functional DNA structures.
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Introduction

The cell membrane contains a tremendous complexity of lipids
and proteins in heterogeneous phases.' The phase separation
in a cell membrane drives the formation of mesoscale struc-
tures, termed biomolecular condensates, for the spatiotemporal
organization of several cellular processes.* Recently, accumu-
lated pieces of evidence have indicated that some families of
transmembrane receptors undergo phase separation to open
downstream signal pathways following exposure to extracellular
stimuli.>® Thus, the clustering of transmembrane receptors is
a common mechanism in cellular signaling, which functions to
stabilize active conformations, amplify signals, or introduce
switch like behaviors.>” However, in-depth understanding of
interactions that regulate the membrane phase separation at
the molecular level remains scarce.>® Consequently, it is still
challenging to regulate signal transduction processes by har-
nessing spatiotemporal modulation of biomolecular conden-
sates to develop therapeutic treatment options.
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Recently, some strategies, such as chemically induced
dimerization (CID)" and optogenetics,'* have been developed to
artificially bring two transmembrane receptors into proximity to
manipulate signal transduction. In addition to these strategies
that rely on genetic engineering, nanomaterials are also intro-
duced to direct the clustering of receptors.'” Particularly, DNA
has been intensively used to induce the assembly of surface
receptors.”® For example, aptamer-induced dimerization
provides a spatially controllable redistribution of cell receptors,
which has been proved to be an effective means to regulate
various cellular functions, including adhesion, proliferation,
migration, differentiation, and apoptosis."**” However, in
addition to limited available aptamers for cell receptors, the
affinity between up-to-date aptamers and receptors is relatively
low.*®' Moreover, the stability and robustness of dynamic DNA
nanostructures at cell membranes are often affected by the
internalization of DNA into the cell.>® As a result, the DNA-
induced dimerization of cell receptors often leads to a compar-
atively unstable and weak regulation of signal transductions,
and most of these studies were conducted in vitro instead of in
vivo.>'>®

In the present study, we developed a DNA nanodevice as an
extracellular tool to regulate the cell membrane phase separa-
tion. We introduced an ATP-activated hybridization chain
reaction (HCR) to gather Ganglioside GM1, a major component
of lipid rafts, to enhance the membrane phase separation. In
contrast to aptamer-induced dimerization of cell receptors, the
HCR resulted in not only an enlargement of lipid rafts, but also
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a barrier between the cell membrane and extracellular matrix,
leading to robust, long-lasting regulations of cellular behaviors.
We demonstrated that this operation on the cell membrane
could inhibit cancer cell migration in vitro and metastasis in
vivo. The concept of using a stimuli-responsive DNA nanodevice
to manipulate cell membrane phase separation provides new
options for therapeutic treatments.

Results and discussion

The cell membrane contains some transient, phase-separated
nanodomains with a high content of sphingolipids, sterols, and
specific proteins, termed lipid rafts.”*** Ganglioside GM1 is
a common component of lipid rafts, and the high affinity of the
cholera toxin B (CTxB) subunit towards ganglioside GM1
enables CTxB to be a marker of lipid rafts.*® The principle of
ATP-initiated gathering of GM1 is outlined in Fig. 1. The lipid
raft of living cells (human hepatoma cancer cell line, Hep G2)
was first identified by incubating with CTxB. Then a single
stranded DNA anchor containing three functional regions, i.e.,
CT916 (aptamer for CTxB), a spacer and the toehold (T), was
designed to anchor to the lipid raft via the specific affinity of
CT916 and CTxB (Fig. 1A).* The HCR system contains three
hairpin nucleic acid structures H1 and H2, and an initiator I.
Noteworthily, the initiator I contains a sequence of ATP
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Fig. 1 (A) Structure of the DNA anchor. (B) Scheme of the ATP-acti-
vated hybridization chain reaction. (C) Schematic illustration of the
ATP-activated hybridization chain reaction on the cell membrane that
enhances membrane phase separation. (D) Confocal fluorescence
microscopy images of the cells before (top) and after (bottom) HCR
treatment. "—HCR" indicates the cells after treatments with CTxB and
the DNA anchor and "+HCR" indicates the cells after sequential
treatments with CTxB, the DNA anchor and the ATP-activated HCR.
The evenly distributed Cy3 fluorescence on the cell membrane was
clustered into microdomains upon HCR treatment. The FRET ratio
image was obtained from the fluorescence intensity collected in the
Cy5/Cy3 channel. Scale bars = 10 um. (E) Colocalization of Cy3 and
Cy5 was analyzed by line profiling the fluorescence intensity along the
line selected in confocal images in (D).
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aptamers, and thus could be opened by ATP to initiate the
consecutive HCR (Fig. 1B). Both H1 and H2 contain a sequence
(T*) that is complementary with the toehold (T) region in the
DNA anchor, thereby, H1 and H2 could be immobilized on the
Hep G2 membrane through the hybridization between T and
T*. In the presence of ATP, the complex of ATP with its aptamer
region in I, opens the hairpin structure of I, and activates the
consecutive HCR, giving rise to the formation of a long DNA
duplex containing repeated anchor-H1 and anchor-H2 units on
the cell membrane (Fig. 1C).>>*

We first applied Forster resonance energy transfer (FRET) to
interrogate the ATP-activated HCR. H1 and H2 were function-
alized with the fluorophores Cy5 and Cy3, respectively. The ATP-
activated HCR was first tested in solution (Fig. S1). In the
presence of ATP, the fluorescence intensity of the donor Cy3
decreased while that of the acceptor Cy5 increased (Fig. S1At),
indicating the success of the HCR. The formation of the DNA
duplex was confirmed by agarose gel electrophoresis (Fig. S1BY).
The assembly of the DNA duplex at the cell membrane was
interrogated by confocal microscopy. After incubating with
Alexa-647 labeled CTxB and followed by the Alexa-488 labeled
DNA anchor, the even distribution and colocalization of Alexa-
647 and Alexa-488 fluorescence on the cell membrane verified
the specificity of the CTxB aptamer and the efficient immobi-
lization of the DNA anchor (Fig. S2t). In the absence of ATP (i.e.,
the —HCR condition), upon illuminating with a 561 nm laser
(the excitation wavelength for Cy3), only the Cy3 fluorescence
signal was observed. While in the presence of ATP (i.e., the
+HCR condition), FRET-induced attenuated Cy3 fluorescence
and concomitantly enhanced Cy5 fluorescence were observed
(Fig. 1D). The enhanced FRET ratio indicated that H1 and H2
were brought into proximity, confirming the success of the ATP-
activated HCR. In addition, we found that the Cy5 fluorescence
could be maintained for at least 24 h on the cell membrane,
suggesting the stability of the HCR product on the membrane
without endocytosis (Fig. S37).

Interestingly, we found that the ATP-activated HCR resulted
in a redistribution of the Cy5 fluorescence on the cell
membrane. After the HCR, the homogeneously distributed Cy5
fluorescence (upon illuminating at 647 nm, Fig. S4t) was
gradually transformed into clusters with aggregates ranging
from several hundred nanometers to micrometers (Fig. 1D, E
and S18%). Since the binding between GM1 and CTxB is one of
the strongest protein—-carbohydrate interactions,® we thus
speculated that the ATP-activated HCR initiates the gathering of
GM1 that stabilizes and enlarges the dynamic nanoscale lipid
raft. To consolidate that the Cy5 lightened aggregates are
associated with the lipid raft region, we performed control
experiments by staining the HCR-treated cells with FITC-labeled
CD59 and transferrin receptor (TfR) antibodies, respectively.
CD59 is a glycosylphosphatidylinositol (GPI)-anchored
membrane protein,* while the transferrin receptor (TfR) is an
extensively studied non-lipid component.®® A strong over-
lapping of CD59 with the Cy5 lightened aggregates was observed
(Fig. S51), while the overlapping of TfR and the Cy5 lightened
aggregates was weak (Fig. S671). Different distribution profiles of
CD59 and TfR on the HCR-treated cell membrane verified that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the Cy5 lightened microdomain was associated with an
enlarged lipid raft region.

The enlarged raft domain may undergo enhanced phase
separation, leading to fluidity and permeability changes in the
cell membrane. We performed fluorescence recovery after the
photobleaching (FRAP) experiment to assess the fluidity change
(Fig. 2A).** As shown in Fig. 2B, the recovery kinetics of Cy5
fluorescence were slowed down after HCR treatment, and the
calculated FRAP ratio was 39%, much lower than that under the
—HCR condition (62%). The calculated diffusion coefficient
dropped from 0.11 pm” s~' (—HCR) to 0.09 pm? s~ (+HCR)
(Fig. 2B, inset). The decreased diffusion coefficient of Cy5
indicated a weakened mobility of clustered GM1. The perme-
ability change of the cell membrane was investigated by
measuring the leakage of the cytoplasmic enzyme lactate
dehydrogenase (LDH) into the culture medium, an indicative
assay of cell membrane permeability.* After treatment with
CTxB, the percentage of released LDH increased from 11.5% to
15%. Upon activation by the HCR, the percentage of released
LDH further increased to 32% (Fig. 2C). The increased perme-
ability of the cell membrane confirmed that the HCR-enhanced
membrane phase separation results in a disruption of the cell
membrane. As a result, the viability of Hep G2 cells dropped to
47% after HCR treatment (Fig. 2D).
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Fig. 2 (A) Fluorescence recovery images of the cell membrane after

photobleaching upon various treatments. “—HCR" indicates the cells
after treatments with CTxB and the DNA anchor and "+HCR" indicates
the cells after sequential treatments with CTxB, the DNA anchor and
the ATP-activated HCR. The radius of the selected region is 4 pm for
the top and 5 um for the bottom image. Scale bar = 10 um. (B) Plots of
fluorescence intensity in the region of interest in (A) versus time after
photobleaching. Inset: diffusion coefficients of Cy5 obtained from
plots of normalized FRAP data. The mean and standard deviations were
from at least three different samples with analysis of 20 bleach spots
for each experiment. (C) LDH released from the Hep G2 cells collected
after 1 h following different treatments. (D) The viability of Hep G2 cells
upon different treatments. The data shown in (C) and (D) are presented
as the mean £ SD of 5 parallel experiments.
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Fig. 3 (A) In vitro scratch assay of Hep G2 cells after various treat-
ments. “Control” indicates the cells without any treatment, “—HCR"
indicates the cells after treatments with CTxB and the DNA anchor, and
“+HCR" indicates the cells after sequential treatments with CTxB, and
the DNA anchor and the ATP-activated HCR. The images were taken at
0 and 24 h after various treatments using an optical microscope. Scale
bar =100 pm. (B) Crystal-violet-stained images of transwell migration
assay. Representative fluorescence images of crystal violet stained Hep
G2 cells after various treatments as indicated. Scale bars = 100 pm.
Characteristic pictures of migrated cells at the bottom of the filter after
incubation for 24 h. Scale bar = 50 pm. (C) Quantitate analysis of the
HCR-induced inhibition of cell mobility after various treatments. (left)
The percentage of wound closure depicted as means + SD, n = 6;
(right) the number of migrated cells obtained from the inserted filter in
the transwell. (D) Western blotting analysis of the expression of EMT
representative proteins (E-cadherin, N-cadherin, and vimentin) in Hep
G2 cells after various treatments.

Interestingly, we found that the HCR-treated cells exhibited
attenuated cell mobility. The attenuated cell mobility was
examined by both the wound healing test and transwell
chamber migration assay. In the presence of ATP, the cell
population exhibited a slowed movement with a migration rate
that decreased from ca. 56% to ca. 7.8% in 24 h (Fig. 3A).
Moreover, we did not observe significant morphology changes
in the HCR-treated cells (Fig. S77), suggesting that the lowered
cell viability did not lead to obvious cell death. The reduced cell
motility and chemotaxis were also confirmed by transwell
migration assay (Fig. S87). As shown in Fig. 3B, 24 h later after
HCR treatment, the migration rate of Hep G2 cells decreased
from ca. 82% to ca. 16%. The comparison of cell mobility after
different treatments is shown in Fig. 3C. The lowered migration
of Hep G2 cells implies an inhibited epithelial-mesenchymal
transition (EMT).>***” We next performed western blotting
analysis to study the expression of EMT markers, E-cadherin, N-
cadherin, and vimentin (Fig. 3D). The HCR-treated Hep G2 cells
exhibited increased expression of E-cadherin, while the
expression of N-cadherin and vimentin decreased, confirming
the inhibited EMT.

Since the lipid raft involves many membrane proteins that
correlate with various cellular functions including cell adhe-
sion, we thereby speculated that the HCR-enhanced membrane
phase separation gives rise to a weakened formation of new
focal adhesion that results in inhibited cell migration.”? CD44,
a cell surface adhesion receptor that is rich in lipid rafts, is

highly expressed in many tumor cells that regulates
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metastasis.*** Its interaction with appropriate extracellular
matrix ligands promotes the migration and invasion processes
involved in metastases.**** We hypothesized that the weakened
cell adhesion is attributed to the HCR-enhanced phase sepa-
ration that redistributes CD44 and blocks the interaction
between CD44 and the extracellular matrix.

To confirm this hypothesis, we stained the HCR-treated cells
with FITC-labeled CD44 antibody and studied the spatial
distribution of CD44 and GM1. As shown in Fig. 4A, the coloc-
alization of FITC and Cy5 indicated that the DNA-gathered GM1
region coincided with CD44, confirming the clustering of CD44
into the HCR-enlarged raft region. To further solidify the
colocalization of CD44 and the enlarged lipid raft, we per-
formed another control experiment to extract endogenous
cholesterol from the cell membrane with MBCD to disrupt the
lipid raft. Many studies have suggested that MBCD could
remove cholesterol from rafts to induce significant changes in
the physical properties of the plasma membrane by changing
the distribution of raft associated proteins.*® As shown in
Fig. 4B, the clustering of Cy5 suggested that the HCR product,
a DNA duplex, was not influenced by the MBCD treatment.
However, the FITC fluorescent aggregates were transferred back
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Fig. 4 (A) Upper: scheme of the colocalization of CD44 and HCR

products. Lower: confocal fluorescence microscopy images show the
distribution of Cy5/Cy3 and FITC on the cell membrane after HCR
treatment (i), scale bar = 5 um and enlarged images of the selected
regions (i), scale bar = 0.5 um. (B) Upper: scheme of the distribution of
CD44 and HCR products on the cell membrane after the cells were
treated by the HCR and then with MBCD. Lower: confocal fluores-
cence microscopy images show the distribution of Cy5, Cy3 and FITC
on the cell membrane after HCR treatment (iii), scale bar = 5 um and
the enlarged images of the selected regions (iv), scale bar = 0.5 um. (C)
Schematic illustration of DNA nanodevice-enhanced cell membrane
phase separation that clusters CD44 and blocks the interaction of
MMPs with CD44, leading to an inhibition of the activation of F-actin
and integrin. (D) Western blotting analysis of CD44 expression levels
after different treatments as indicated.
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to an even distribution, further confirming the strong associa-
tion of CD44 with the lipid raft region.

Previous studies suggested that CD44 undergoes sequential
proteolytic cleavages by membrane-associated metalloproteases
(MMPs) under physiological conditions (Fig. S9t), and this
cleavage is responsible for dynamic regulation of the interaction
between CD44 and the extracellular matrix during cell migra-
tion.>**® Briefly, the intramembranous cleavage of CD44
induces a reorganization of F-actin and actin associated integ-
rin to form focal adhesion, which plays a critical role in cell
migration. Upon the intramembranous cleavage of CD44 to
CD44-I1CD, CD44-ICD translocates to the nucleus and promotes
gene expression of CD44 (Fig. 4C, top). We assumed that the
HCR product, a long DNA duplex, functions also as a barrier to
block the cleavage of CD44 by MMPs (Fig. 4C, bottom). To
confirm this, we performed another control experiment using
a trigger DNA strand to initiate a dimerization of the DNA
anchor (Fig. S10-111). However, this DNA dimer only leads to
a weak inhibition of cell migration with the migration rate
dropping from ca. 67% to ca. 55% in the wound healing test
(Fig. S127). The different inhibition efficiencies of the HCR and
dimer, indicated that the clustering of the lipid raft and
formation of the HCR product contributed synergically to the
inhibited cell migration. As a result of blocked cleavage, less
CD44-ICD could be translocated to the nucleus, and gene
expression of new CD44 was inhibited. To verify this assump-
tion, we investigated the expression of CD44 through western
blotting analysis. As shown in Fig. 4D, the expression of CD44
was downregulated after HCR treatments, further confirming
the blocking of CD44 and MMPs by the HCR product.

In a tumor microenvironment (TME), extracellular ATP is
highly elevated,***** and we thus expected that this ATP-acti-
vated DNA nanodevice could also function in TME to inhibit
tumor metastasis. We chose melanoma, an aggressive and
highly metastatic cancer,****** as a model to evaluate the in vivo
therapeutic potential of the proposed DNA nanodevice. We first
verified the feasibility of our DNA nanodevice on B16 cells in
vitro and found a similar migration inhibition tendency
(Fig. S13-171). We then examined the in vivo therapeutic func-
tion of this DNA nanodevice on B16 cell-carrying immune-
deficient mice. A melanoma xenograft model was created by
injecting B16 cells into the flanks of immune-deficient mice.
Mice displaying tumor volumes of around 100 mm?® were
intratumorally injected with the DNA nanodevice (CTxB (5 pg
mL ™), + DNA anchor (5 pM), initiator (1 uM), and H1 and H2,
(both 5 uM)), while PBS, CTxB, and CTxB + DNA anchor + H1
and H2, were also intratumorally injected as controls (Fig. 5A).
After 20 days, the tumor size increased to 2726.8 + 110 mm? for
the PBS group, 2574.2 4+ 141 mm?® for the —HCR group, and
1211.3 + 381 mm? for the +HCR group (Fig. 5B). According to
photographs and tumor growth curves, the group with the
injection of the DNA nanodevice could effectively inhibit the
development of tumor growth (Fig. 5C and D). The body weights
of the mice were monitored over the course of treatments every
two days (Fig. 5E), and none of the mice showed notable
changes, indicating that all the treatments had negligible toxic
effects.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Invivo tumor therapy using a DNA nanodevice in a melanoma tumor model. (A) Schematic illustration of tumor formation and injection of

the DNA nanodevice into the tumor. Mice were subcutaneously injected with 2 x 10° B16 cells. The anti-tumor effects and inhibition of
metastasis were evaluated. PBS and "—HCR" were used as controls. (B) Representative image of mice after 10 days and 20 days of treatment.
Enlarged photographic images of mice bearing B16 cells after treatments with PBS, “—HCR", and "+HCR". (C) Photographic images of post-
mortem tumors from B16-tumor-bearing mice after different treatments. (D) Tumor volume growth curves monitored at different time-points
and the calculated tumor volume. The variation is represented by the standard deviation of three independent replicates in all graphs. (E) Body-
weight measurements of B16-tumor-bearing mice per experimental group at different times after treatments. The variation is represented by the
standard deviation of three independent replicates in all graphs. (F) Representative histopathology of the lungs from mice after different
treatments. The lung slices were stained with hematoxylin and eosin for histological analysis. Scale bar = 100 um.

We next examined the metastasis of B16 cells to other organs
upon DNA nanodevice injection. Fig. 5F shows the histological
results of lung samples collected from the therapy and control
groups. Melanin grains could be seen as small black spots that
largely existed in lung samples from control groups, while in the
DNA nanodevice treated group, melanin grains were barely
seen. Collectively, these results were consistent with the in vitro
results, which showed that the phase separation-regulated DNA
nanodevice could effectively inhibit the migration of tumor
cells.

Conclusions

In summary, we developed a DNA nanodevice to inhibit cell
migration through enhancing phase separation in cell
membranes. This DNA nanodevice is anchored at the raft
domain of the cell membrane and triggered in the tumor
microenvironment. The product of this nanodevice functions as
a barrier for interactions between transmembrane receptors
and the extracellular matrix, thus leading to the regulation of
cellular functions. Our work provides a new possibility of
controlling cell motility in vitro and in vivo through regulating
membrane phase separation with extracellular DNA molecule
tools. Importantly, the flexibility of DNA nanodevice and DNA
computing provides versatile possibilities for therapeutic
treatment options by regulating membrane phase separation,
for example, logic-gate controllable regulation or light-induced
regulation with photo-responsive nucleotides, thus shedding

© 2022 The Author(s). Published by the Royal Society of Chemistry

new light on therapy applications of lipid-lipid phase
separation.
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