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Nucleocytoplasmic shuttling proteins (NSPs) have emerged as a promising class of therapeutic targets for
many diseases. However, most NSPs-based therapies largely rely on small-molecule inhibitors with limited
efficacy and off-target effects. Inspired by proteolysis targeting chimera (PROTAC) technology, we report
a new archetype of PROTAC (PS-ApTCs) by introducing a phosphorothioate-modified aptamer to
a CRBN ligand, realizing tumor-targeting and spatioselective degradation of NSPs with improved
efficacy. Using nucleolin as a model, we demonstrate that PS-ApTCs is capable of effectively degrading
nucleolin in the target cell membrane and cytoplasm but not in the nucleus, through the disruption of

nucleocytoplasmic shuttling. Moreover, PS-ApTCs exhibits superior antiproliferation, pro-apoptotic, and
Received 14th August 2025 Il cycle arrest potencies. Importantly, we demonstrate that bination of PS-ApTCs-mediated
Accepted 21st Novernber 2023 cell cycle arrest potencies. Importantly, we demonstrate that a combination o pTCs-mediate
nucleolin degradation with aptamer—drug conjugate-based chemotherapy enables a synergistic effect

DOI: 10.1039/d3sc04249a on tumor inhibition. Collectively, PS-ApTCs could expand the PROTAC toolbox to more targets in
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Introduction

Nucleocytoplasmic shuttling, one of the major mechanisms to
transport a variety of molecules in living cells, plays critical roles
in diverse cellular functions." In particular, the dysregulation of
the nucleocytoplasmic shuttling has been found to invoke
various diseases including cancer.” For example, the nucleocy-
toplasmic shuttling proteins (NSPs) that constantly shuttle
between the nucleus and cytoplasm play an important role in
promoting abnormal cell survival, tumor progression, and drug
resistance.® Given the importance of NSPs in tumor research,
many efforts have been made to develop small molecule-based
inhibitors capable of targeting NSPs for potential intervention
of nucleocytoplasmic shuttling.* Despite significant progress,
intrinsic or acquired resistance limits the therapeutic efficacy of
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subcellular localization and accelerate the discovery of new combinational therapeutic approaches.

small molecule-based inhibitors in patients.® In addition, the
“druggable proteome” of NSPs is hampered by the competitive-
or occupancy-driven mechanism of traditional inhibitors.
Therefore, there is still an urgent need to discover new agents to
the aberrant nucleocytoplasmic shuttling.

Proteolysis targeting chimeras (PROTACs) are a hetero-
bifunctional class of small molecules that simultaneously
recruit a target protein and an E3 ubiquitin ligase complex to
trigger target polyubiquitination and subsequent proteasomal
degradation.>” Despite substantial progress,*** membrane
proteins are considered less ideal targets for PROTACs due to
the distribution of the ubiquitin system in the cytoplasm.
Additionally, the complexity, diversity, and heterogeneity of
tumors have propelled the shift of treatment from monotherapy
to polytherapy for an enhanced therapeutic outcome. This
concept also has great significance for the future development
and clinical translation of PROTACs but has rarely been
explored.

With these considerations in mind, herein we present
a conceptual approach for the design of a new archetype of
PROTAC (denoted as PS-ApTCs) by introducing
phosphorothioate-modified aptamers to an E3 ligand (Fig. 1a).
Different from previous aptamer-PROTAC conjugates, PS-
aptamer serves as a versatile scaffold for both cell-specific
PROTAC delivery and efficient recruitment of target protein.
Using nucleolin (NCL) as a model NSP, we demonstrated that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 PS-ApTCs-based PROTAC strategy for enhanced combinational therapy. (a) Rational design of PS-ApTCs, which contains an E3 ligand,
a linker and a phosphorothioate modified aptamer for targeting proteins of interest (POI). (b) PS-ApTCs simultaneously recruit the E3 ubiquitin
ligase to ubiquitinate the POI, which is subsequently degraded by the 26S proteasome. (c) Combination of PS-ApTCs-mediated NCL degradation
and aptamer—drug conjugate-based chemotherapy for enhanced tumor therapy.

PS-ApTCs can recruit E3 ligase CRBN to NCL in human cervical
cancer cells and potently induce the degradation of NCL in vitro
and in vivo (Fig. 1b). Our results indicate that PS-ApTCs can
effectively block the aberrant shuttling of NCL protein between
the cell nucleus, cytoplasm, and cell membrane through the
ubiquitin-proteasome pathway, effectively reducing the
expression levels of NCL in the cell membrane and cytoplasm.
Moreover, the anti-tumor superiority of PS-ApTCs was further
highlighted by integrating PS-ApTCs with aptamer-drug
conjugate-based chemotherapy (Fig. 1c). Since in vitro selection
can obtain aptamers selective for many NSP targets, such
a conceptual PROTAC design might also possess the ability to
expand the PROTAC toolbox to an even wider range of targets in
subcellular localization and accelerate the discovery of new
combinational therapeutic approaches.

Results and discussion

Rational design and characterization of phosphorothioate-
modified aptamer-PROTACs

A typical PS-ApTCs is composed of three components: a phos-
phorothioate-modified aptamer warhead to recruit the protein
of interest (POI), a ligand to recruit the CRBN E3 ubiquitin
ligase, and a linker between these two fragments (Fig. 1a). The
critical difference between traditional small-molecule PROTACs
and PS-ApTCs is the aptamer targeting warhead enables PS-
ApTCs to specifically recognize target cancer cells, while PS
modification enhances the stability of PS-ApTCs from nuclease-
mediated degradation.’ These features are generally consid-
ered to be a requirement for improving the therapeutic
index."”'® To evaluate this experimentally, we first chose the
NCL as the POI, and AS1411 as the NCL-binding domain
(Fig. S1at). The former is a shuttling protein overexpressed in
the cytoplasm and on the cell surface of various cancer cells,
while the latter is a well-defined guanine-rich aptamer and has
been extensively validated as a highly specific NCL binder in
vitro and in vivo."** Meanwhile, to ensure that the PS-ApTCs
design is generally applicable, pomalidomide, one of the most
extensively used CRBN recruiting ligands,** was installed in PS-
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ApTCs (Fig. S1at). Thus, PS-ApTCs are capable of specifically
recruiting both the NCL and the E3 ubiquitin ligase to form
a ternary complex. The propinquity allows E3 ubiquitin ligase to
induce the polyubiquitination of the NCL and lead to the
protein degradation by proteasome (Fig. 1b).

The PS-ApTCs was synthesized through a copper-free click
reaction to conjugate azide-modified pomalidomide (pom-
PEG4-azide) to DBCO-modified PS-AS1411 (Fig. S2at). The
molecular weight from MALDI-TOF MS is similar to the theo-
retical value (10326.9) (Fig. S2bt), indicating the successful
synthesis of PS-ApTCs. Furthermore, ApTCs, a negative control,
was designed and synthesized by replacing the DBCO-modified
PS-AS1411 with a DBCO-modified AS1411 (Fig. S1b¥). Firstly, the
phosphorothioate modification provided PS-ApTCs with
enhanced resistance to degradation. As shown in poly-
acrylamide gel electrophoresis (PAGE) results (Fig. 2a), the
corresponding bands of PS-ApTCs are still observed after incu-
bation with 10% fetal bovine serum (FBS) for 24 h, while the
corresponding bands of ApTCs completely disappear after 12 h.
The calculated half-lives of PS-ApTCs and ApTCs in a 10%
serum solution are 32 h and 5 h, respectively. Then, we verified
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Fig. 2 Characterization of PS-ApTCs. (a) Native polyacrylamide gel
analysis of the stability of PS-ApTCs and ApTCs in 10% FBS for different
times. Quantitative degradation curves showing PS-ApTCs has
a significantly prolonged serum half-life. Error bars represent the
standard deviations of three independent measurements. (b) Two-step
BLI experiment showing that PS-ApTCs can simultaneously bind to
both CRBN and NCL. Biotin-modified PS-ApTCs and ApTCs were
captured by streptavidin BLI probes.
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whether the modifications of pomalidomide and phosphor-
othioate groups would affect the binding ability of the AS1411
aptamer towards recombinant NCL. Surprisingly, biolayer
interferometry (BLI) confirmed that PS-ApTCs exhibited higher
binding affinity for NCL compared to ApTCs (Fig. S3at).”* In
fact, kinetic measurements further demonstrated that the
binding affinity of PS-ApTCs (Kp = 8.7 nM) was approximately
15-fold higher than that of wild-type AS1411 (Fig. S3bt).>* This is
mainly attributed to the fact that phosphorothioate-modified
aptamers can interact with target proteins through electro-
static and hydrophobic interaction networks,”* leading to
a significant enhancement of the affinity of PS-AS1411 for NCL
protein. Next, to validate the effective binding of the pomali-
domide on PS-ApTCs to CRBN, we immobilized PS-ApTCs on
a BLI tip, followed by subsequent addition of CRBN protein. The
BLI binding signals increased in a dose-dependent manner with
a Kp of 25 nM (Fig. S3ct), indicating that PS-ApTCs retained
high affinity binding to CRBN.>® Furthermore, to investigate the
feasibility of PS-ApTCs-mediated ternary complex formation, we
conducted a similar BLI test by successive incubation in CRBN
and NCL solutions. As expected, two successive increases in the
BLI signal were observed, confirming that PS-ApTCs can recruit
both CRBN and NCL concurrently (Fig. 2b). Given that the linker
length is essential for the formation of sufficiently stable ternary
complexes, we further optimized the linker length using two-
step BLI characterization (Fig. S4 and S57).

After confirming the functional activity of the two ligands on
PS-ApTCs, we attempted to test whether PS-ApTCs could target
and internalize into the membrane NCL-positive cells. We incu-
bated the FAM-labeled PS-ApTCs with membrane NCL-positive
HelLa cells and NCL-negative L-02 cells at 4 °C for 60 min.
Confocal laser scanning microscopy (CLSM) images showed
bright green fluorescence evenly distributed on the membrane of
HelLa cells, while negligible green fluorescence was observed on
the membrane of L-02 cells following an identical protocol
(Fig. Seat). Flow cytometry analysis further confirmed the efficient
targeting of NCL protein on the cell membrane by PS-ApTCs
(Fig. Se6bt), consistent with the results obtained from FAM-
AS1411-treated cells (Fig. S6¢c and df). Subsequently, the time-
dependent internalization and intracellular localization of PS-
ApTCs was evaluated by CLSM. Fig. Sé6ef demonstrates that
FAM-labeled PS-ApTCs (green fluorescence) exhibited rapid
accumulation on the cell membrane within 10 min of co-
incubation with HeLa cells at 37 °C. Furthermore, over an
extended period (10-240 min), PS-ApTCs predominantly accu-
mulated in the cytoplasm. Together, these results demonstrated
the vital role of PS-modification in improving the serum stability
and binding affinity of PS-ApTCs, while retaining the specific
targeting and internalization capabilities of AS1411 towards NCL-
positive cells.*®

PS-ApTCs preferentially degrades membrane and cytoplasmic
NCL in targeted cancer cells

We next asked whether PS-ApTCs can be used to degrade NCL in
cells. Given that NCL was extensively located in the cell
membrane, cytoplasm, and nucleus in most cancer cells,> we
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first incubated HeLa cells with 200 nM PS-ApTCs for different
durations, followed by staining the cell membrane NCL with
FAM-AS1411 at 4 °C to assess the degradation of NCL on the
membrane. The CLSM imaging results demonstrate that the
levels of membrane-bound NCL exhibited a time-dependent
decrease during the incubation with PS-ApTCs (Fig. 3a and
S71). In addition, quantitative analysis using flow cytometry
revealed that after co-incubation with PS-ApTCs for 12 h, the
expression level of membrane NCL in HeLa cells was reduced to
less than 10% and remained at this level without recovery until
24 h (Fig. 3b).

The aberrant nucleocytoplasmic shuttling of NCL protein in
cancer cells occurs between the cell nucleus, cytoplasm, and cell
membrane, with the cytoplasm playing a crucial role among the
three compartments. Importantly, the ubiquitination and degra-
dation processes of proteins primarily occur in the cytoplasm.
Therefore, we next evaluated the ability of PS-ApTCs to degrade
NCL in the cytoplasm. The western blot analysis results showed
a significant decrease in cytoplasmic NCL levels in cells treated
with PS-ApTCs compared to the untreated control group (Fig. 3c),
while PS-AS1411 had no effect on the expression levels of NCL in
the cytoplasm. When co-treated with PS-ApTCs and PS-AS1411,
the degradation of cytoplasmic NCL was partially inhibited. This
observation can be attributed to the binding of PS-AS1411 to NCL
in the cytoplasm, which prevents the ubiquitination degradation
of NCL by PS-ApTCs. Notably, the degradation ability of PS-ApTCs
was not significantly affected with a shorter PEG chain (Fig. S87).
Moreover, the degradation of cytoplasmic NCL by PS-ApTCs could
be completely blocked by the proteasome inhibitor MG132
(Fig. 3c). However, we found that the expression of NCL in the cell
nucleus was not affected by PS-ApTCs (Fig. 3c). This result may be
attributed to the less effective proteasome degradation of NCL in
the nucleus where additional steps or factors are required.”” To
evaluate the degradation efficiency of PS-ApTCs, we further
treated HeLa cells with 200 nM PS-ApTCs for different times.
Fig. 3d shows the time-dependent degradation profiles of cyto-
plasmic NCL, and we found that the degradation could begin as
early as 4 h and plateau at 12 h, giving a lowest cytoplasmic NCL
level of 23.8 £ 13.5% of the initial value. Notably, a trend toward
recovery of cytoplasmic NCL was also observed after 24 h, indi-
cating that PS-ApTCs-induced sustained degradation is also
dependent on continued exposure of PS-ApTCs. Furthermore, we
also found that PS-ApTCs degraded NCL in HeLa cells in
a concentration-dependent manner (Fig. 3e), with a half-maximal
degradation concentration (Dpa.x s0) of 27.3 £ 15.0 nM and
maximum degradation (Dy.x) Of approximately 70%.

To assess whether the expression levels of other cytoplasmic
proteins are affected by PS-ApTCs, we next performed quanti-
tative dimethyl-based proteomic studies.”® Briefly, the proteo-
mic samples were obtained by treating HeLa cells with PS-
ApTCs, or PS-AS1411 at 200 nM for 24 h, followed by extrac-
tion of cytoplasmic proteins. A total of 2064 proteins were
quantified in the two groups of samples. Compared to the
control group (PS-AS1411), 43 proteins (2.08%) were signifi-
cantly downregulated and 36 proteins (1.74%) showed
increased expression in the PS-ApTCs-treated group (Fig. 3f).
Moreover, NCL was one of the most significantly downregulated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PS-ApTCs efficiently degraded membrane and cytoplasmic NCL in targeted cancer cells. Confocal microscopy images (a) and flow
cytometry analysis (b) showing a time-dependent decrease of membrane NCL levels in Hela cells. The scale bar is 20 um. (c) Western blot
analysis showing PS-ApTCs preferentially degraded NCL in the cytoplasm but not in the nucleus. (d) Quantitative western blot analysis showing
a time-dependent degradation of cytoplasmic NCL in Hela cells post-incubation with 200 nM PS-ApTCs. (e) Dose-dependent experiment
showing PS-ApTCs efficiently degraded cytoplasmic NCL after 24 h treatment. The quantification of NCL levels relative to the control was
performed, and the values for the half-maximal degradation concentration (Dmax 50) Were determined. (f) Quantitative MS-based proteomics
comparing protein abundance profiles of Hela cells treated with PS-AS1411 or PS-ApTCs (200 nM) for 24 h. (g) Chemical structures of Control-
PS-ApTCs. (h) Western blot analysis of cytoplasmic NCL levels in Hela cells treated with increasing concentrations of Control-PS-ApTCs for 24 h.
(i) Effect of MLN4924 on neddylation and cytoplasmic NCL degradation in Hela cells. (j) Schematic representation of PS-ApTCs for targeted

degradation of NCL in the cell membrane and cytoplasm.

protein, consistent with the immunoblotting results. Notably,
the 10 proteins with a significantly reduced expression level in
PS-ApTCs-treated samples were closely involved in the NCL
signaling network/pathway (Fig. S97), including the cell prolif-
eration modulator of TGFBR1 and CTNNBL1.>*** Meanwhile,
the 25 up-regulated proteins associated with cell cycle arrest,
antiproliferation or apoptosis, including AHNAK and NMI were
found to a have functional relationship with NCL,**** indicating
a potential antitumor mechanism. Moreover, PS-ApTCs treat-
ment did not lead to a significant change in the protein levels of
other G-quadruplex-binding proteins such as CIRBP, RHAU,
and SLIRP (Fig. 3f).**** These results suggest that PS-ApTCs is
relatively selective for NCL degradation. In conclusion, PS-
ApTCs effectively decreased NCL protein expression in the
membrane and cytoplasm of HeLa cells.

Mechanisms of targeted degradation of NCL by PS-ApTCs

While we observed potent NCL degradation in the membrane
and cytoplasm by PS-ApTCs, it was still not clear how PS-ApTCs
contributes to the degradation process, and importantly, how

© 2024 The Author(s). Published by the Royal Society of Chemistry

they affect the expression level of NCL on the cell membrane. To
study the degradation pathway, two negative controls, including
a PROTAC synthesized using a randomized DNA sequence (R-
PROTAC) and PS-AS1411 (Fig. S1bt), were also designed and
tested with an identical protocol. Successful synthesis was
confirmed through MALDI-TOF MS (Fig. S10t). Both fluores-
cence microscopy and flow cytometry showed minimal change
in membrane NCL levels when HeLa cells were subjected to
either R-PROTACs (Fig. S111) or PS-AS1411 (Fig. S121). We also
prepared Control-PS-ApTCs containing a methylated gluta-
rimide ring (Fig. S13-207), which greatly reduces the affinity for
CRBN and retains the identical NCL binding moiety and linker
as PS-ApTCs (Fig. 3g and S51).***” Western blot analysis
confirmed that Control-PS-ApTCs did not reduce the cyto-
plasmic NCL level in HeLa cells at concentrations up to 1000 nM
for 24 h (Fig. 3h). These results indicated that both components
of PS-AS1411 and pomalidomide are necessary for the overall
function of the PS-ApTCs degrader. In addition, MLN4924,
a neddylation inhibitor that disrupts CRBN E3 ligase function,*
could effectively restore the cytoplasmic NCL level in PS-ApTCs-

Chem. Sci., 2024, 15, 134-145 | 137
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treated HeLa cells (Fig. 3i). Of note, when HeLa cells were co-
incubated with PS-ApTCs and a lysosome inhibitor (chloro-
quine, CQ), the degradation of NCL was not significantly
inhibited (Fig. S217), indicating that lysosomes are not involved
in the degradation of NCL. However, no significant degradation
of cytoplasmic NCL was observed in L-02 cells treated with PS-
ApTCs for up to 48h (Fig. S221), indicating the targeted degra-
dation of NCL by PS-ApTCs in membrane NCL-positive cells.
These findings collectively confirm that PS-ApTCs can effec-
tively and selectively degrade membrane and cytoplasmic NCL
in membrane NCL-positive cells in a CRBN- and proteasome-
dependent manner.

Overall, these findings illustrate the potential mechanism of
spatially selective degradation, particularly in membrane
protein degradation, of the nucleocytoplasmic shuttling protein
NCL (Fig. 3j): PS-ApTCs selectively bind to the NCL membrane
on tumor cells and are internalized into the cytoplasm. Then,
they recruit CRBN E3 ligase to induce ubiquitination of NCL,
followed by degradation of ubiquitinated NCL by the protea-
some (Stage 1). Subsequently, PS-ApTCs continued to degrade
the cytoplasmic NCL protein, blocking the aberrant shuttling of
NCL protein between the cytoplasm and cell membrane, effec-
tively reducing the expression level of NCL on the cell
membrane (Stage 2). These two stages cooperatively facilitate
the spatioselective proteolysis of NCL through the disruption of
nucleocytoplasmic NCL shuttling. Importantly, PS-ApTCs
selectively target and activate the ubiquitin-proteasome
system in tumor cells, rather than normal cells, which is
crucial for the clinical translation of PROTACs.

PS-ApTCs shows enhanced antiproliferation, pro-apoptotic
and cycle arrest potencies

The aberrant shuttling process of NCL protein between the
cytoplasm and cell membrane plays a significant role in tumor
growth and progression. Therefore, effectively blocking the
aberrant shuttling of NCL protein in cancer cells may be
a promising therapeutic approach for tumors. We further
examined the anti-proliferative activity of PS-ApTCs using the
CCK-8 assay. As shown in Fig. 4a, 200 nM PS-ApTCs displayed
a time-dependent response in inhibiting HeLa cell viability
during 48 h post-incubation. Our data demonstrate that the
inhibitory effect of PS-ApTCs on the proliferation of HeLa cells
is in a dose-dependent manner (Fig. 4b), with an ICs, value of
33.7 nM and a maximum inhibition (I,,) of approximately
42.0%. In addition, the effect of PS-ApTCs on HeLa cell
apoptosis was analyzed by flow cytometry analysis. As shown in
Fig. 4c, PS-ApTCs promoted the largest population of HeLa cells
to undergo early- and late-stage apoptosis, and the result was in
accordance with the antiproliferation test. Next, we sought to
ask whether NCL degradation affects cell cycle. Flow cytometry
analysis revealed that PS-ApTCs (200 nM) resulted in cell cycle
arrest by increasing the accumulation of HeLa cells in the G2/M
phase while reducing the accumulation of cells in the G0/G1
and S phases (Fig. 4d).

Meanwhile, we also examined the cytotoxicity of PS-AS1411,
R-PROTACs and Control-PS-ApTCs. As shown in Fig. 4a and b,
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none of these compounds demonstrated significant cytotoxicity
in HeLa cells, suggesting that the antiproliferation of PS-ApTCs
relies on the combined action of the CRBN recruiting ligand
(pomalidomide) and NCL recruiting ligand (AS1411). Corre-
spondingly, R-PROTACs, PS-AS1411, and Control-PS-ApTCs at
the same concentrations did not exhibit any pro-apoptotic
(Fig. 4c) or cell cycle arrest activity (Fig. 4d). To further
confirm the inhibition of interfering with aberrant nucleocyto-
plasmic shuttling of NCL on cancer cell proliferation, we co-
cultured PS-ApTCs with membrane NCL-negative L-02 cells
(Fig. S23%). As shown in Fig. S23A,f the PS-ApTCs treatment
failed to decrease cell viability, and all three PROTACs as indi-
cated displayed no obvious inhibition effect even at a high
concentration of 400 nM. In addition, there was no significant
effect on apoptosis activation (Fig. S247) or cell cycle distribu-
tion (Fig. S25%) in L-02 cells for all groups tested. Therefore, PS-
ApTCs should only induce cytotoxicity in membrane NCL-
positive tumor cells. Taken together, these results demon-
strated that the anti-proliferative and pro-apoptotic activities of
PS-ApTCs in HeLa cells were attributed to the effective inhibi-
tion of aberrant nucleocytoplasmic shuttling of NCL protein
through the ubiquitin—proteasome pathway.

Through systematic evolution of ligands by exponential
enrichment (SELEX), it is possible to obtain aptamers that
exhibit selectivity towards numerous targets. Therefore, this
concept of aptamer-PROTAC design may have the potential to
expand the PROTAC toolbox to a broader range of targets. To
explore the generalizability of the aptamer-PROTAC concept,
estrogen receptor alpha (ERa), a member of the nuclear
hormone receptor superfamily,®®*® was further selected as
a model target. First, we conjugated the DBCO-modified ERa
aptamer to pom-PEG4-azide to generate PS-ApTCs/ERa
(Fig. S26at). The successful synthesis of this degrader was
confirmed by MALDI-TOF MS (Fig. S26bt). Then, we validated
the degradation ability of PS-ApTCs/ERa. on ERa. using MCF-7
breast cancer cells, which exhibit high membrane ERa expres-
sion. The CLSM imaging results showed a significant decrease
in membrane ERa levels in cells treated with different concen-
tration of PS-ApTCs/ERa. (Group II and III) compared to the
untreated control group (Fig. S27at). Meanwhile, pre-treatment
with MG132 (Group 4) or MLN4924 (Group 5) inhibited the
decrease of ERa levels caused by PS-ApTCs/ERua, indicating that
the degradation occurred in a proteasome and CRBN-
dependent manner. Further flow cytometry and western blot
analysis displayed a trend similar to that of this CLSM analysis
(Fig. S27b and cft). These results demonstrated that our
aptamer-PROTAC concept could be applied for degrading other
membrane protein. Finally, we also conjugated DBCO-modified
PS-AS1411 with another E3 ubiquitin ligase (VHL) recruiting
ligand, (S,R,S)-AHPC, and generated the PS-ApTCs/AHPC
(Fig. S281). Further CLSM, flow cytometry and western blot
analysis confirmed that PS-ApTCs/AHPC could effectively
reduce the expression levels of NCL in HeLa cells (Fig. S297). In
summary, these findings suggest that our aptamer-PROTACs
represent a universal approach for the targeted degradation of
proteins, demonstrating their wide applicability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cytometry using propidium iodide staining.

Design and characterization of GSH-responsive AS1411
aptamer-drug conjugates (ApDCs)

Unlike traditional small molecule drugs, PROTAC drugs do not
require tight and prolonged binding with disease-causing
targets to induce their degradation, making them likely to
effectively address drug resistance issues.” However, the limited
universality and repeated administration of monotherapy
restrict their clinical efficacy. This prompted us to further
investigate whether the anticancer activity triggered by PS-
ApTCs could be combined with other treatment modalities to
achieve systemic cancer therapy. As a proof-of-principle exper-
iment, ApDCs, an innovative targeted drug delivery strategy for
enhancing the efficacy of chemotherapy was chosen for an
initial investigation. As illustrated in Fig. 5a, the typical ApDCs
is composed of three modules: (1) a DBCO-modified AS1411
aptamer, which contains a disulfide bond (—S-S—) in the
middle of the aptamer sequence that can be cleaved in a GSH-
responsive manner within cells, (2) an azide-modified pacli-
taxel (PTX) that acts as an antitumor drug, and (3) a linker
containing a hydrophilic PEG segment with a molecular weight
of approximately 1000 Da. Considering that GSH levels are
relatively low in the extracellular matrix but high in the cyto-
plasm,*® we reasoned that PS-ApTCs could remain in the -S-S—
state before it enters the cells, enabling efficient NCL receptor-
mediated uptake into the cytoplasm. Moreover, it can be
subsequently cleaved by intracellular GSH to release the active
PTX for chemotherapy, and importantly, disrupt the G-
quadruplex structure of AS1411 to minimize the competition
with PS-ApTCs for intracellular NCL occupancy when poly-
therapy was applied. The proposed ApDCs was synthesized via
the copper-free click reaction (Fig. S30at), and confirmed by
mass spectrometry (Fig. S30bf). Prior to undertaking

© 2024 The Author(s). Published by the Royal Society of Chemistry

intracellular evaluation of ApDCs, it was important to first
characterize its GSH-responsive properties. To this end, we
conducted a PAGE-based cleavage assay in the presence of GSH
(2 mM) to mimic the reducing environment. As shown in
Fig. S31a,T GSH-treated DBCO-AS1411-intSH results in two DNA
fragments in perfect agreement with the expected cleavage
products upon disulfide bond cleavage in the GSH-responsive
aptamer, confirming the GSH-responsive releasing feature. In
addition, the release of PTX from GSH-treated ApDCs was
verified by high-performance liquid chromatography (HPLC)
(Fig. S31bt). These results indicate that the ApDCs retains GSH-
responsive properties of the DBCO-AS1411, liberating the PTX
for the subsequent chemotherapy. In addition, we confirmed
that ApDCs had a negligible impact on the degradation activity
of PS-ApTCs (Fig. S321), enabling potential applications of these
two distinct agents for synergistically enhanced therapy.

PS-ApTCs and ApDCs possess a synergistic therapeutic effect
by upregulating p53

We further investigated whether PS-ApTCs could be used in
combination with ApDCs. PTX on ApDCs is a widely used
chemotherapy drug for various malignant tumors. It has been
reported that PTX interferes with microtubule protein stability
and dynamics within cells, activating the p53 signaling
pathway, inducing cell cycle arrest at the G2/M phase, and
ultimately leading to apoptosis of tumor cells.** Therefore,
before assessing the therapeutic efficacy of PS-ApTCs and
ApDCs in vivo, it is necessary to examine whether there is any
synergistic or antagonistic interaction between PS-ApTCs and
ApDCs. For this purpose, we evaluated the drug synergy
between PS-ApTCs and ApDCs using the Bliss independence
model.** The analysis showed an average synergistic effect
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Fig. 5 PS-ApTCs and ApDCs resulted in a synergistic therapeutic effect by upregulating p53. (a) Design of GSH-responsive aptamer—drug
conjugates (ApDCs), which incorporates an AS1411 aptamer containing a cleavable disulfide bridge into an azide-modified paclitaxel via
a copper-free click reaction. (b) Drug synergy test of PS-ApTCs and ApDCs using the Bliss independence model. Hela cells were treated with PS-
ApTCs and ApDCs alone and in combination at the indicated concentrations for 24 h. (c) Flow cytometry analysis of Hela cells post-incubation
with 200 nM of different compounds as indicated for 48 h, followed by staining with Annexin V-FITC and propidium iodide. (d) Cell cycle analysis
of Hela cells treated with 200 nM of different compounds, as determined by flow cytometry using propidium iodide staining. (e) Quantitative
reverse transcription-PCR study showing PS-ApTCs and ApDCs displayed apparent positive synergy for upregulating the p53 mRNA expression
level in Hela cells. (f) Schematic illustration of synergistically designed PS-ApTCs and ApDCs for enhanced therapeutic purposes.

greater than 15% within the dosage range of 50-400 nM for both
PS-ApTCs and ApDCs (Fig. 5b). And the sum of individual Bliss
scores in the 3 x 3 drug dosage matrix (Bliss sum) was 158,
indicating a strong synergy between PS-ApTCs and ApDCs for
enhanced combinational therapy. Notably, at a concentration of
200 nM, the combined treatment resulted in a proliferation
inhibition of over 80% in HeLa cells. And the Bliss synergy score
was determined to be 19.1 (Fig. S331), further confirming the
synergistic antiproliferative effect of PS-ApTCs and ApDCs in
HeLa cells. In contrast, no synergistic effect was observed
between Control-PS-ApTCs and ApDCs (Fig. S347).

To verify the proliferation inhibition of HeLa cells is really
induced by apoptosis, flow cytometry-based apoptosis assay was
performed after 48 h incubation of the cells with PS-ApTCs,
ApDCs, or PS-ApTCs/ApDCs (Fig. 5c). Compared with
untreated cells, apoptosis rates induced by the above three
therapeutic agents increased to 24.1%, 25.8%, and 38.6%,
respectively. Meanwhile, early and late apoptotic induction

140 | Chem. Sci, 2024, 15, 134-145

between different treatments was compared, and, notably,
cotreatment of PS-ApTCs and ApDCs induced a much greater
degree of late apoptosis than all individual drug-treated groups.
To investigate the biological effect associated with the afore-
mentioned enhanced antiproliferation and pro-apoptotic
effects, cell cycle analysis was performed on the same four
groups by flow cytometry. As shown in Fig. 5d, untreated HeLa
cells showed a typical cell cycle distribution pattern with the
majority of the cells in the G0/G1 phase and a small proportion
of approximately 17.4% in the G2/M phase. Following treatment
with either PS-ApTCs or ApDCs, a dramatic decrease in the G0/
G1 phase was observed, while the proportion of cells in the G2/
M phase increases to 43.9 £ 3.6% and 55.6 & 2.7%, respectively.
Importantly, PS-ApTCs/ApDCs codosed resulted in a more
significant increase in G2/M phase and decrease in G0/G1 phase
than individual treatment, indicating a synergistic strength-
ening of cell cycle arrest at the G2/M phase by PS-ApTCs and
ApDCs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We subsequently investigated the potential mechanisms of
their synergistic cytotoxicity. It has been reported that NCL
binds to the 5" untranslated region of p53 mRNA, stabilizing its
stem-loop structure and inhibiting p53 translation, thus
maintaining low levels of p53 protein in undisturbed cells,
while downregulation of nucleolar proteins promotes p53
expression.”* We therefore hypothesized that p53 may partici-
pate in a critical functional axis of synergistic cytotoxicity. To
test this hypothesis, we further performed a quantitative reverse
transcription-PCR (qRT-PCR) study to evaluate the p53 mRNA
levels in HeLa cells treated with 200 nM of ApDCs, PS-ApTCs, or
PS-ApTCs/ApDCs for 48 h (Fig. S35t). Compared with untreated
cells, the mRNA levels of p53 in cells treated with either PS-
ApTCs or ApDCs increased similarly by about 1.5-fold
(Fig. 5e). Notably, cotreatment of PS-ApTCs and ApDCs resulted
in a further increase of the mRNA level of p53 to about 2.5-fold.
These results indicated that the synergistic cytotoxicity of PS-
ApTCs and ApDCs might arise from the up-regulation of p53
through two distinct intracellular pathways (Fig. 5f). That is, as
confirmed in Fig. 3, PS-ApTCs efficiently inhibited the aberrant
nucleocytoplasmic shuttling process of NCL protein in cancer
cells, rendering the NCL ineffective in its function towards p53
mRNA, resulting in the upregulation of p53 in the cytoplasm.
On the other hand, the intracellular GSH-activated release of
PTX from ApDCs could impair the function of microtubules,
which in turn would upregulate the expression of p53. As
a result, these two intracellular pathways represent synergistic
functions targeting the up-regulation of p53 (Fig. 5f). Taken
together, these qRT-PCR data, together with the above in vitro
cellular results, successfully demonstrate the ability to syner-
gistically design PS-ApTCs and ApDCs for enhanced therapeutic
purposes.

Combinational delivery of PS-ApTCs and ApDCs results in
enhanced synergistic therapy in a mouse xenograft model

The tumor-targeting properties were first examined using Cy5-
modified PS-ApTCs (PS-ApTCs-Cy5) as a model by intrave-
nously administering to HeLa xenografted tumor-bearing nude
mice, followed by fluorescence imaging with the IVIS animal
imaging system. Free Cy5 and Cy5-modified R-PROTACs (R-
PROTACs-Cy5) were applied as the controls. The fluorescence
signal at the tumor site of the PS-ApTCs-Cy5 treated group
increased in a time-dependent manner, and importantly, with
much longer retention time than the control groups (Fig. 6a).
Then, we examined the colocalization of PS-ApTCs-Cy5 or R-
PROTACs-Cy5 with NCL-expressing cells in the tumor cry-
osections by immunofluorescence staining and more co-
localization of the Cy5 fluorescent signal with NCL-expressing
cells was found in PS-ApTCs-Cy5 treated mice as compared to
R-PROTACs-Cy5 treated mice (Fig. S361). Ex vivo imaging was
further performed in harvested tumors and major organs at 8 h
post injection (Fig. 6b). The fluorescence signal in the tumor
tissue collected from PS-ApTCs-Cy5 treated mice was signifi-
cantly higher than that from either Cy5 or R-PROTACs-Cy5
treated mice, demonstrating a superior high intratumoral
accumulation of PS-ApTCs-Cy5. Moreover, strong fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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signals in the liver and kidneys and negligible fluorescence
signals in the heart and lungs were observed in all treated
groups, which were consistent with previous findings." Taken
together, these results demonstrated that the proposed PS-
ApTCs and ApDCs possess excellent tumor-targeting capa-
bility, which thus promotes the accumulation of PS-ApTCs and
ApDCs at tumor sites for subsequent internalization and
therapy.

Next, we evaluated the in vivo pharmacokinetic (PK) prop-
erties of PS-ApTCs using a HeLa xenograft mouse model. After
drug administration, the blood concentration of PS-ApTCs was
quantified using a ligation-qPCR assay (Fig. S377). As shown in
Fig. S38,T PS-ApTCs exhibited a maximum blood concentration
(Cmax) of 42.82 + 2.46 nM at 10 min, and was rapidly cleared
from the blood and became undetectable within 24 h with
a circulation half-life (¢/,) of 4.44 & 0.35 h. Other PK parameters
(e.g. AUC, MRT) are also summarized in Table S2.} It should be
noted that the rapid clearance rate of PS-ApTCs may be attrib-
uted to the AS1411-mediated intratumoral accumulation of PS-
ApTCs, which has been verified using in vivo fluorescence
imaging (Fig. 6a and b). To further evaluate the tumor levels of
PS-ApTCs in real time, Cy5-modified PS-ApTCs was intrave-
nously injected to HeLa xenograft mice, and the in vivo fluo-
rescence images were collected at the indicated time points
(Fig. S38at). The fluorescence signal at the tumor sites
increased gradually in a time-dependent manner (Fig. S38b¥),
and the signal intensity peaked at 2 h after drug administration
(Fig. S38ct). Although the tumor levels of PS-ApTCs decreased
gradually after 2 h, the stable fraction remained above 80% in
the tumor site after 24 h, which is sufficient to ensure contin-
uous availability of PS-ApTCs over the treatment period. The
high tumor accumulation and long tumor retention of PS-
ApTCs could be attributed to the tumor-specific targeting
ability of AS1411 (Fig. S61) and its good serum stability by PS-
modification (Fig. 2a). This result is also consistent with the
rapid blood clearance rate of PS-ApTCs as mentioned above.

Encouraged by the enhanced tumor accumulation and
retention capacity of PS-ApTCs, we further evaluated the in vivo
therapeutic efficacy of PS-ApTCs and ApDCs using a HeLa
xenograft mouse model. The treatment process was performed
via seven tail vein injections over 19 days (Fig. 6c), while the
body weight and tumor size were monitored every two days. No
significant change in the body weight of mice was observed for
all the groups (Fig. 6d), indicating the low systemic toxicity of
these treatments. In contrast, compared with PBS treated
groups (Fig. 6e), the tumor growth in PS-ApTCs treated groups
was slightly inhibited (p < 0.05), while ApDCs displayed
a significant inhibition of tumor growth (p < 0.001). Consistent
with this, the tumor size of mice treated with ApDCs for 19 days
was reduced to 126.9 + 34.8 mm?, compared to the 264.2 + 50.0
mm?® for the PBS group and 198.9 + 8.0 mm?® for the PS-ApTCs
group (Fig. 6f). These results indicated that both PS-ApTCs and
ApDCs had a limited tumor growth inhibition effect with
a tumor growth inhibition (TGI) of 32% and 79%, respectively,
consistent with the in vitro data presented in Fig. 5. Notably, the
tumor growth in the PS-ApTCs/ApDCs group was efficiently
inhibited with a TGI of 132% (p < 0.001), leading to a significant
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Fig.6 Combinational delivery of PS-ApTCs and ApDCs results in enhanced synergistic therapy in vivo. (a) Time-dependent in vivo fluorescence
imaging showing PS-ApTCs-Cy5 exhibited active tumor-targeting properties. (b) Distribution of Cy5, Cy5-modified PS-ApTCs, and R-PROTACs
in the tumor (Tu) and major viscera (He, heart; Li, liver; Lu, lung; and Ki, kidney) at the organ level 8 h post intravenous injection. (c) Schematic
displaying the treatment implemented in the mouse model. The dosing points are indicated with blue arrows. (d) Body weight and (e) tumor
volume of mice with different treatment during therapy. (f) Macroscopic views of the xenografted tumor after 19 days of different treatments
from the groups indicated. (g) Analysis of tumor and organ weight after 19 days of different treatments at a dosing frequency of every three day
via intravenous injection. The data are presented as the mean + s.d., n = 4; ns: no significant difference; *p < 0.05; ***0.0001 < p < 0.001. (h)
Expression levels of cytoplasmic NCL in tumor tissue, as determined via western blotting. (i) Microphotographs of H&E, Ki67, TUNEL, and NCL
stained tumor tissues from different treatment groups. Scale bars, 50 pm.

decrease of the tumor weight (Fig. 6, p < 0.001). This indicated and PS-ApTCs/ApDCs-treated groups significantly down-

that the combination of the two types of therapeutics was more
effective at suppressing the tumor growth than either individ-
uals. In addition, no obvious pathological changes were
observed in the major organs of the mice after treatment with
different groups (Fig. S391), which further verify the low toxic
side effects of PS-ApTCs and ApDCs. Moreover, our western
blotting results showed that PS-ApTCs or PS-ApTCs/ApDCs
codosed could effectively degrade the cytoplasmic NCL in
tumor tissues (>50%), compared with the two negative control
groups (Fig. 6h). Next, we analyzed the tumor pathological
changes related to NCL degradation using H&E sections, Ki67
immunofluorescence, and TUNEL staining (Fig. 6i). Compared
with PBS-treated groups, the H&E staining sections of PS-
ApTCs/ApDCs-treated  groups showed obvious nuclear
shrinkage and fragmentation, and extensive necrotic areas.
However, PS-ApTCs- or ApDCs-treated groups displayed
reduced areas of necrosis. In addition, Ki67 immunofluores-
cence and TUNEL staining results showed that combination
therapy of PS-ApTCs/ApDCs displayed the weakest cell prolif-
eration signal but the strongest apoptotic cell signal. Mean-
while, immuno-histochemical analysis revealed that PS-ApTCs-

142 | Chem. Sci, 2024, 15, 134-145

regulated the NCL expression in tumor tissues, while ApDCs-
treated groups showed a negligible effect. Thus, PS-ApTCs-
mediated NCL degradation coupled with ApDCs-based tar-
geted chemotherapy elicited potent antitumor response, indi-
cating enhanced synergistic therapy.

Conclusions

In summary, we developed an effective and cell-type-specific
delivery strategy for PROTACs to degrade nucleocytoplasmic
shuttling proteins. Using overexpressed NCL in cancer cells as
a model, PS-ApTCs efficiently blocked the aberrant nucleocy-
toplasmic shuttling process of NCL, resulting in spatioselective
degradation of NCL in the cell membrane and cytoplasm,
thereby enhancing the anti-proliferative and pro-apoptotic
capabilities against target cells. Notably, unlike the lysosomal
degradation mechanism by AbTACs, GIuTAC, and bispecific
aptamer chimeras,>*** PS-ApTCs effectively degrades
membrane POI through the disruption of the nucleocytoplas-
mic shuttling process (Fig. 3j and S40%). In addition,
phosphorothioate-modified aptamers offer excellent versatility

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for aptamer-based PROTACs.***” Moreover, we demonstrated
for the first time that combination of PS-ApTCs-mediated NCL
degradation with ApDCs-based targeted chemotherapy could
produce a synergistic effect on tumor inhibition. This is
particularly attractive when monotherapy has limited anti-
tumor efficacy and tends to induce drug resistance. Overall, in
addition to highlighting new strategies for PROTAC design, our
results provided a starting point for the evaluation of PROTAC-
based combinational anti-cancer therapy with the ultimate goal
of clinical translation.
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