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Exportin-inspired artificial cell nuclear-exporting
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Inspired by the structural and chemical features of naturally occurring
importin/exportin that allows them to pass through the nuclear pore
complexes, we successfully developed an artificial nuclear-exporting
nanosystem capable of eliminating compounds accumulated abnor-
mally in the nucleus.

The nucleus is a crucial organelle in regulating the fate of cells,
including reproduction, growth, metabolism, and death
through the regulation of gene expression. Molecular transport
between the cytoplasm and the nucleus is strictly controlled by
a single type of gateway, the nuclear pore complex (NPC) (Fig. 1a
and S1, ESIT)."* The central channel of NPCs contains disor-
dered polypeptide chains with phenylalanine-glycine (FG)
repeats,™* or a variation (glycine-leucine-phenylalanine-glycine,
GLFG) (Fig. 1a).>® The polypeptide chains form three-
dimensional hydrogel networks via intermolecular -7 stack-
ing and hydrophobic interactions between phenyl groups of the
phenylalanine residues, allowing the assembled FG domains to
act as physical cross-linking points in the gel networks.”® The
hydrogel networks play vital roles in the permeability barrier of
the NPCs and permit passive diffusion of water, ions, and small
molecules, whereas compounds larger than 4 nm rarely pass
through NPCs.*™

Artificial nuclear transport technologies capable of trans-
porting bioactive molecules between the cytoplasm and the
nucleus are promising for the development of nuclear-targeting
medicines, diagnostics, live imaging, and drug delivery systems.
Many researchers are currently focused on developing artificial
nuclear-importing systems, and various types of nanomaterial-
based nuclear-importing systems have been reported.*>**
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In contrast, there are no reports focused on artificial nuclear-
exporting technologies. Recent studies revealed that the
abnormal accumulation of biomolecules, including proteins,
RNA, and lipids in the nucleus, cause various types of
diseases.'” Moreover, anticancer drugs such as doxorubicin
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Fig. 1 (a) Structure and characteristics of the nuclear pore complex
(NPC). (b) Structures of the synthesized phenylalanine ethyl ester-
modified amphiphilic heparins (HepPheEEs). (c) Schematic represen-
tation of nanoparticle formation by the self-assembly of HepPheEE in
aqueous medium. Hydrophobic phenylalanine ethyl ester-side chains
(orange) and heparin main chains (blue) are represented as a subunit

(left) and as nanoparticles (right). (d) Schematic illustration of the
nuclear transport of HepPheEE nanoparticles through the NPCs.
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(DOX) accumulated in the nucleus of non-target healthy cells
cause severe side effects.”**” These reports clearly demonstrate
the need for studies aimed at developing artificial nuclear-
exporting technologies as these would provide a promising
approach to treatments for diseases and side effects caused by
abnormal nuclear accumulation.

We recently developed a novel artificial nuclear nano-
transporter inspired by importin, a naturally occurring nuclear
transport machinery capable of importing cargo from the
cytoplasm into the nucleus by passing through the NPCs.”®
Importin contains characteristic multiple hydrophobic
domains that transiently interact with the FG domains in the
NPCs via reversible weak hydrophobic and m-m stacking inter-
actions, leading to dissociation of the FG domains. This
dissociation results in local disruption of the gel networks of the
NPCs, allowing importin to easily penetrate the networks. The
combined continuous local dissociation events finally enable
importin to pass through the NPCs (Fig. S2, ESIt). We mimicked
the essential structural and chemical features of importin for
passage through the NPCs by generating a nuclear nano-
transporter by self-assembly of amphiphilic polymers. These
polymers contain several hydrophobic phenylalanine ethyl ester
side-chains conjugated to a biocompatible hydrophilic heparin
main-chain (HepPheEE, Fig. 1b). The self-assembled HepPheEE
nanotransporters achieved remarkable rapid and highly effi-
cient nuclear transport from the cytoplasm into the nucleus in
cultured cells, tissue, organs, and living mice.*

Exportin is a naturally occurring nuclear transport
machinery which transports cargo from the nucleus into the
cytoplasm.***® Exportin also contains characteristic multiple
hydrophobic domains capable of transiently interacting with
FG domains in the NPCs. Although the direction of nuclear
transport is opposite in importin and exportin, importin and
exportin share the same mechanism for passage through the
NPCs. Given this, we hypothesized that the importin-mimetic
HepPheEE nanotransporter is adaptable for the development
of artificial nuclear-exporting technologies. The aim of this
study was to demonstrate proof-of-concept of this idea. To this
end, we investigated the intracellular dynamics of the Hep-
PheEE nanotransporters and the nuclear-export of DOX accu-
mulated in the nucleus of healthy cells as a model drug
cytotoxic to healthy cells. Moreover, we evaluated whether the
nuclear-export of DOX by HepPheEE nanotransporters rescues
healthy cells from the toxicity caused by DOX.

In our previous study, we used HepPheEE26, which contains
an average of 26 PheEE side-chains conjugated with a heparin
molecule. We previously found that relatively high numbers of
PheEE residues interfere with nuclear importing capability,*
and thus here we designed HepPheEE with fewer PheEE side-
chains. The synthesized HepPheEE (Scheme S1, ESIt) was
characterized by 'H-NMR and FTIR analyses. The 'H-NMR
(Fig. S3, ESIf) signal intensity of the anomeric protons of
heparin (5.0 ppm, peaks a and b) and the aromatic protons of
PheEE residues (7.2 ppm, peak k) were used to estimate that the
average number of PheEE residues introduced into a heparin
molecule was 10. FTIR analysis of HepPheEE10 (Fig. S4, ESIt)
showed peaks at 702 and 814 cm ' attributed to the -C-H
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bending vibration of the PheEE residues, while no peaks were
detected at the same region for heparin. Furthermore, peaks at
1560 and 1733 cm™~ ' corresponding to -N-H bending vibration
and -C=O0 stretching vibration of the PheEE residues were
detected in the spectrum of HepPheEE10, indicating the
conjugation of PheEE to heparin through amide bonds. Hep-
PheEE10 exhibited a critical aggregation concentration (CAC,
0.22 mg mL™ ") in dilute aqueous solution by fluorescence assay
using hydrophobic pyrene, whereas heparin did not (Fig. S5a,
ESIt), indicating hydrophobic interaction-driven self-assembly
of HepPheEE10. The average hydrodynamic diameter (Dy,) of
HepPheEE10 assemblies was 5.7 nm (Fig. S5b, ESIt), which is
larger than heparin (4.3 nm, Fig. S6, ESIT). The zeta potential of
HepPheEE10 nanoparticles was —56 mV. Characterization of
the HepPheEE10 polymer and nanoparticle is summarized in
Table 1. Combining these results, it appears that HepPheEE10
polymers self-assemble into nanoparticles with a heparin skel-
eton and multiple hydrophobic domains as physical cross-
linking points to maintain the assembled structures (Fig. 1c).?®

Human skeletal muscle satellite cells (SkmSCs) were used as
a model healthy cell type to which DOX is cytotoxic as a side
effect. FITC-HepPheEE10 nanoparticles introduced into the
cytoplasm of SkmSCs showed rapid nuclear transport and most
of the nanoparticles localized in the nucleus (Fig. S7, ESIT),
indicating that HepPheEE10 nanoparticles pass through the
NPCs from the cytoplasm into the nucleus via an importin-
mimetic mechanism (Fig. 1d). Next, we evaluated the
exportin-mimetic nuclear-exporting capability of HepPheEE10
nanoparticles (Fig. 2a). FITC-HepPheEE10 nanoparticles were
allowed to accumulate in the nucleus for 15 min, then their
intracellular dynamics was investigated. The fluorescence
intensity of FITC-HepPheEE10 nanoparticles in the nucleus
decreased up to 1 h (Fig. 2b), indicating nuclear export of the
nanoparticles. Notably, the fluorescence intensity in the
nucleus increased after 2 h, followed by an intensity decrease
again after 3 h, suggesting that the nanoparticles travelled back
and forth between the nucleus and the cytoplasm repeatedly.
These results indicate that HepPheEE10 nanoparticles exhibit
both importin-mimetic nuclear-importing and exportin-
mimetic nuclear-exporting capabilities. Our molecular design
(HepPheEE) appears to mimic the essential structural and
chemical features of both importin and exportin.

To investigate the effects of the nuclear import/export of
HepPheEE10 nanoparticles on cellular behaviour, the adhesion,
shape, and proliferation of SkmSCs treated with HepPheEE10
nanoparticles were evaluated. SkmSCs treated with the nano-
particles adhered to the cell culture dish and spread normally
(Fig. 2c). Importantly, the viability of SkmSCs treated with
electroporation of the nanoparticles was almost 100%, similar
to the viability of SkmSCs treated with electroporation of PBS
(without HepPheEE nanoparticles) (Fig. 2d). These results
indicate that the nuclear import/export capability of Hep-
PheEE10 nanoparticles did not have a negative effect on
fundamental cellular behaviour.

Next, we evaluated the potential cell rescue capability of
HepPheEE10 nanoparticles from cytotoxicity caused by DOX.
First, we evaluated the DOX-loading capability of HepPheEE10

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characterization of the HepPheEE polymer and nanoparticle
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# PheEE residues per

Zeta potential

polymer M,* heparin CAC (mg mL™) Dy, (nm) (mv)
Heparin 19 000 — — 4.3 —58
HepPheEE10 20 900 10 0.22 5.7 —56

¢ Molecular weight and numbers of amino acid derivatives per heparin were estimated by "H-NMR analysis (DMSO-de/D,0 = 9/1).
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Fig. 2 (a) CLSM images of human skeletal muscle satellite cells
(SkmSCs) at 15min, 1 h, 2 h, 3 h, 4 h, and 8 h after electroporation with
FITC-labelled HepPheEE10 nanoparticles. Scale bars: 25 um. (b)
Fluorescence intensity of FITC-labelled HepPheEE10 nanoparticles
localized in the nucleoplasm at 15 min, 1 h, 2 h, 3 h, 4 h, and 8 h after
electroporation of FITC-labelled HepPheEE10 nanoparticles. Values
represent means + S.D. (n = 3). (c) Phase contrast microscope images
of SkmSCs cultured for 24 h after electroporation with HepPheEE10
nanoparticles. Scale bars: 25 um. (d) Cell viability of SkmSCs after
electroporation  with  HepPheEE10 nanoparticles and PBS
(HepPheEE10(-)). Values represent means + S.D. (n = 3).

nanoparticles. DOX contains hydrophobic regions composed of
aromatic and aliphatic groups and HepPheEE10 nanoparticles
possess multiple hydrophobic domains consisting of aromatic
and aliphatic groups. Therefore, we anticipated that free DOX
dissolved in solution can be loaded into the hydrophobic
domains of HepPheEE10 nanoparticles via hydrophobic and m—
7 stacking interactions. HepPheEE10 nanoparticles were added
to a solution of DOX and left for different times to allow DOX-
loading, then the DOX-loaded nanoparticles were collected by
centrifugation. Fig. 3a shows the amounts of DOX loaded in
1 mg of HepPheEE10 nanoparticles. As expected, the nano-
particles rapidly loaded DOX and the amounts increased over
time to a maximum at 6 h. We performed DLS analysis of DOX-
loading HepPheEE10 nanoparticles (Fig. S8, ESIt) and found
that the DLS profile of HepPheEE10 nanoparticles changed
after loading of DOX. In particular, the DOX-loading nano-
particles showed slightly large Dy, value than that of Hep-
PheEE10 nanoparticles, indicating the rearrangement of
structures of HepPheEE10 nanoparticles in the presence of
hydrophobic DOX. Considering this, we thought that it took

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

long time period (6 h) to get equilibrium for DOX-loading
process due to this rearrangement.

Next, we attempted to prepare a SkmSC model in which DOX
is accumulated in the nucleus and causes sustained weak
cytotoxicity for several days. We investigated the maximum
amount of DOX accumulated in the nucleus by varying the
amount of DOX added to the culture medium of SkmSCs and
the length of exposure (Fig. S9, ESIt). This allowed optimization
of the experimental conditions and generation of a SkmSC
model, then the rescue capability of HepPheEE10 nanoparticles
was investigated using the model. DOX was allowed to accu-
mulate in the nucleus of SkmSCs, then the intracellular
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Fig. 3 (a) The DOX-loading capability of HepPheEE10 nanoparticles.
The amounts (ng) of DOX loaded in 1 mg of HepPheEE10 nanoparticles
in cell culture medium. Values represent means + S.D. (n = 3). (b)
CLSM images of DOX-accumulated SkmSCs at 0 min, 1 h, 4 h,and 12 h
after electroporation with HepPheEE10 nanoparticles or PBS. Scale
bars: 25 pm. (c) Fluorescence intensity of DOX in the nuclei of SkmSCs
at different times after electroporation with HepPheEE10 nano-
particles or PBS. Values represent means + S.D. (n = 3). *P < 0.05, **P <
0.01, and ***P < 0.005. (d) Cell proliferation of DOX-accumulated
SkmSCs after electroporation with HepPheEE10 nanoparticles or PBS.
Values represent means + S.D. (n = 3). *P < 0.05.
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dynamics of DOX was investigated in the presence/absence of
HepPheEE10 nanoparticles. The red fluorescence intensity of
DOX in the nucleus did not decrease for 12 h in the absence of
HepPheEE nanoparticles (DOX only) (Fig. 3b and S10, ESIY)
whereas an obvious decrease in fluorescence intensity in the
nucleus was observed for cells treated with the nanoparticles
(Fig. 3b and S11, ESIt). Notably, the fluorescence intensity of
DOX in the nucleus of cells treated with nanoparticles gradually
decreased over time and the fluorescence intensity significantly
decreased after 1 h compared to SkmSCs without nanoparticle
treatment (Fig. 3c).

We investigated cellular dynamics of HepPheEE10 nano-
particles in the presence of DOX (Fig. S12, ESIt). The cellular
dynamics of HepPheEE10 nanoparticles was slightly affected by
the presence of DOX. In particular, nuclear-exporting capability
of DOX-loading HepPheEE10 nanoparticles slightly decreased
at the initial stage (15 min-2 h), and the nanoparticles tended to
retain in the nucleus as compared to HepPheEE10 nano-
particles (Fig. 2b). Since hydrophobic PheEE moiety of Hep-
PheEE10 nanoparticles share the binding sites with FG
domains in the NPCs and DOX, the nuclear-exporting capability
could be reduced. However, HepPheEE10 nanoparticles
exhibited inherent nuclear-transporting capability and travelled
back and forth between the nucleus and the cytoplasm. Notably,
nuclear-exporting behaviour of DOX was consistent with
nuclear-exporting behaviour of HepPheEE10 nanoparticles,
indicating that the nanoparticles spontaneously loaded DOX
accumulated in the nucleus and then exported the loaded DOX
from the nucleus to the cytoplasm.

Importantly, the fluorescence intensity of HepPheEE10
nanoparticles in the whole cells also decreased up to 2 h
(Fig. S12c, ESIt), indicating that HepPheEE10 nanoparticles
disappeared from the cells. After that, the fluorescence intensity
in the whole cells increased after 3 h, suggesting that the
nanoparticles travelled back and forth between the extracellular
space and the intracellular space. On the other hand, the red
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fluorescence intensity of DOX in both the nucleus and the whole
cells continued to decrease over time in the presence of Hep-
PheEE10 nanoparticles. Considering these results, it is likely
that DOX could be mainly released from the nanoparticles at
the extracellular spaces.

As a proof-of-concept, we evaluated the potential capability
of HepPheEE10 nanoparticles to rescue SkmSCs from cytotox-
icity caused by DOX. DOX-accumulated SkmSCs not treated
with nanoparticles (DOX only) exhibited toxicity and the
number of cells gradually decreased over 3 days (Fig. 3d). In
contrast, DOX-accumulated SkmSCs treated with nanoparticles
escaped cytotoxicity and proliferated, suggesting that Hep-
PheEE10 nanoparticles inhibited binding between DOX and
DNA in the nucleus by storing DOX within the hydrophobic
domains of the nanoparticles and then exporting DOX from the
nucleus to the cytoplasm (Fig. 4). Taking all these results
together, we have demonstrated that HepPheEE10 nano-
particles successfully rescued SkmSCs from cytotoxicity caused
by DOX. Thus, importin/exportin-mimetic HepPheEE10 nano-
particles could be the first example of an artificial nuclear-
exporting system capable of eliminating compounds that
accumulate abnormally in the nucleus.

In summary, inspired by the structural and chemical
features of naturally occurring importin/exportin that allows
them to pass through the NPCs, here we successfully developed
an artificial nuclear-exporting nanosystem capable of elimi-
nating compounds accumulated abnormally in the nucleus by
adopting a simple molecular design and self-assembly of
amphiphilic heparin-phenylalanine derivative conjugates.
Given these promising results, we envision that artificial
nuclear-exporting systems may not only provide new basic
biological- and medical-technologies to study and treat diseases
and side effects caused by abnormal nuclear accumulation, but
also help better understand the nuclear export systems in living
organisms.
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