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ABSTRACT: Targeted membrane protein degradation (TMPD) offers
significant therapeutic potential by enabling the removal of harmful
membrane-anchored proteins and facilitating detailed studies of complex
biological pathways. However, existing TMPD methodologies face challenges
such as complex molecular architectures, scarce availability, and cumbersome
construction requirements. To address these issues, this study presents a highly
efficient TMPD system (TMPDS) that integrates an optimized bivalent
aptamer glue with a potent protein transport shuttle. Utilizing this approach,
we successfully degraded both the highly expressed protein tyrosine kinase 7 in
CCRF-CEM cells and the poorly expressed PTK7 in MV-411 cells. This system
represents significant advancement in the field of molecular medicine, offering a
new avenue for targeted therapeutic interventions and the exploration of
cellular mechanisms.
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Targeted membrane protein degradation (TMPD), as an
innovative strategy in the protein manipulation area, offers

the dual benefit of expanding the scope of pharmacological
intervention and enabling comprehensive investigations of
complex biological pathways. This approach employs a
targeting-transport-degradation strategy to selectively deplete
the membrane-anchored proteins of interest (MAPOI), thereby
facilitating a comprehensive exploration of their roles and
functions. Currently, only very few works, including lysosome-
targeting chimeras (LYTACs),1 covalent nanobody-based
proteolysis targeting chimeras strategy (GlueTAC),2 antibody-
based PROTACs (AbTACs),3 bispecific aptamer chimeras,4

and aptamer-based LYTAC (Apt-LYTAC),5 were designed.
Nevertheless, it is particularly worth noting that it is necessary to
incubate cells with high-concentration probes for 24−48 h to
achieve significant degradation, implying their low degradation
rate. To overcome this drawback, we herein report the design of
a hyperefficient targeted membrane protein degradation system
(TMPDS) that incorporates an optimized bivalent aptamer glue
and a highly efficient protein transporting shuttle.

The transferrin receptor protein 1 (TfR1), also known as
cluster of differentiation 71 (CD71), plays a vital role in the
efficient uptake of iron from transferrin into lysosomes of cells
through endocytosis.6 Notably, TfR1 is frequently overex-
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Figure 1. Designing a hyperefficient TMPDS. (a) Components of
TMPDS. (b) Proposed catalytic cycle.
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pressed on the membrane of numerous cancer cell lines due to
their elevated iron requirements.6,7 These characteristics render
TfR1 an ideal component for constructing highly efficient

TMPDS (Figure 1a,b). On the other hand, the unique structure
of the ligand binding to TfR1 is of utmost importance in the
TMPDS as it governs the formation tendency of Aptamer Glue-

Figure 2. (a) Designing and highly efficient construction of AptG-1 and AptG-2. (b) Comparing the stability of the probes in 20% FBS for different
times. (c) Binding ability analysis of the probes for CCRF-CEM at 4 °C. (d) Comparing the fluorescence intensity of CCRF-CEM treated with
different concentrations of AptG-1, AptG-2, and Sgc8c∼lib for 30 min at 4 °C. (d−f) Comparison of the internalization rate of AptG-1, AptG-2 and
Sgc8c∼lib at different time points, CCRF-CEM cells were incubated with 500 nM AptG-1, AptG-2, and Sgc8c∼lib for 3, 5, or 10 min in cell culture
medium at 37 °C.
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TfR1 complexes, the subsequent internalization process, and the
rate of transporting. In addition, the recognition ability and
binding affinity of the protein of interesting (POI) capturing
ligand, which serves as the final part of the TMPDS, are crucial
factors that influence the degradation efficiency by dictating the
capture of the MAPOI.

With these considerations in mind, our investigation
commenced with the design of aptamer glues (AptGs) that
comprise a TfR1 binding aptamer and a MAPOI apprehending
aptamer. Recognizing the crucial role of the TfR1 binding
aptamer in determining the transport rate, we utilized either XQ-
2d8 or HG1−99 as an additional critical component to construct
AptGs for further optimization investigations (Figure 2a). An
array of studies have demonstrated that PTK7 (Tyrosine-
protein kinase-like 7) plays important roles as a context-
dependent signaling switch for the Wnt pathways,10 Sgc8c was
thus selected as the MAPOI targeting aptamer.11 High

conjugation efficiency was achieved for both AptG-1 (Sgc8c ∼
HG1−9) and AptG-2 (Sgc8c ∼ XQ-2d), as shown in Figure 2a,
and almost quantitative yield was observed for AptG-1.12 Next,
the enzyme degradation resistance ability of these probes was
investigated. Incubation of AptG-1, AptG-2, Sgc8c, HG1−9,
and XQ-2d for the appointed time at 37 °C allowed us to
observe the superior stability of AptG-1 in 1640 culture media
over the other probes, which is a crucial parameter for TMPD
application (Figure 2b).

To evaluate the recognition ability of these probes against
targeted cell lines, we selected the CCRF-CEM cell line to
perform flow cytometry assays (Figure 2c) and found that AptG-
1 exhibited significantly better recognition ability compared to
AptG-2. These results prompted us to further compare the
endocytosis ability of AptG-1 with AptG-2 using Sgc8c ∼ lib as a
control sample (Figure 2d versus e and 2f). Remarkably, AptG-1
demonstrated a much faster internalization rate. Cy5-labeled

Figure 3. Mechanistic studies for a faster internalization rate of AptG-1. (a, b) Comparison of the binding ability rates of AptG-1, AptG-2, and
Sgc8c∼lib, and monovalent aptamers. CCRF-CEM cells were incubated with 200 nM Cy5-AptG-1 and FAM-Sgc8c, 200 nM Cy5-AptG-1 and FAM-
HG1−9, 200 nM Cy5-AptG-2 and FAM-Sgc8c, 200 nM Cy5-AptG-2 and FAM-HG1−9, 200 nM FAM-Sgc8c, 200 nM FAM-HG1−9, 200 nM Cy5-
AptG-1, and 200 nM Cy5-AptG-2 for 30 min in binding buffer at 4 °C. (a) Cy5 fluorescent channel. (b) FAM fluorescent channel. (c) Comparison of
the binding ability of AptG-1, AptG-2, and Sgc8c∼lib at extremely low concentrations. CCRF-CEM cells were incubated with 0.3, 1, and 50 nM AptG-
1, AptG-2, and Sgc8c∼lib for 30 min in binding buffer at 4 °C. (d) Substitution experiments were conducted by co-incubating AptGs with CCRF-CEM
at 4 °C for 30 min. CCRF-CEM cells were incubated with 200 nM AptG-1, AptG-2, and Sgc8c∼lib for 30 min in binding buffer at 4 °C, followed by
labeling PTK7 receptor with Cy5-Sgc8c aptamer and labeling CD71 receptor with FAM-HG1−9 aptamer at 4 °C for 30 min. The treated cells were
then subjected to binding with Cy5-labeled Sgc8c (right) and FAM-labeled HG1−9 (left). (e) Exploring the influence of the endocytosis pathways on
the TMPDS. 50 μM chlorpromazine was incubated with Cy5-AptG-1, Cy5-AptG-2, and Cy5-Sgc8c at the concentration of 500 nM for 2 h.
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AptG-1 exhibited binding to and entering CCRF-CEM cells as
early as 3 min, with significantly increased intracellular
fluorescence intensity at 5 min, indicating a notable endocytosis
tendency within such a short time frame. By the 10 min mark, a
substantial amount of AptG-1 was observed to be internalized
into the lysosomes (Figure 2d). In contrast, AptG-2 and Sgc8c ∼

lib displayed no internalization events when incubated with
CCRF-CEM cells for the same duration (Figure 2e,f).

To gain insights into why the TMPDS composed of AptG-1
and TfR1 possesses a much greater endocytosis rate, we next
turned our attention to carry out mechanistic studies, including
the comparison of the binding ability of AptG-1, AptG-2, HG1−
9, and XQ-2d with Sgc8c, as well as identifying the endocytosis

Figure 4.AptG-1 degrades PTK7 protein. (a) Determination of the PTK7 protein by western blot after treatment with 500 nM AptG-1, AptG-2, Sgc8c
∼ lib, and HG1−9 aptamer for 1 h in CCRF-CEM cells. (b) Quantification of PTK7 proteins in (a). (c) Determination of PTK7 levels on CCRF-CEM
cell membranes post-incubation with AptGs and aptamers by flow cytometry. Cells were incubated with 500 nM AptG-1, AptG-2, Sgc8c ∼ lib, HG1−
9, XQ-2d, and Sgc8c for 1 h at 37 °C, followed by adding Cy5-Sgc8c aptamer at 4 °C for 30 min. (d) Determination of PTK7 levels on membrane post-
incubation with varying concentrations of AptG-1 for 1 h. (e) Determination of PTK7 levels on membrane post-incubation with control sample, and
500 nM AptG-1 and AptG-2 for 1 h at 37 °C, confocal imaging.
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pathways of AptG-1, AptG-2, and Sgc8c ∼ lib. As indicated in
Figure 3a,b, by co-incubating AptGs with Cy5-Sgc8c or FAM-
HG1−9, AptG-1 could still efficiently bind to CCRF-CEM,
forming a stable TMPDS. By contrast, a certain amount of
AptG-2 fell off from the cells, revealing that the AptG-2 was not
able to form a stable TMPDS as AptG-1, thus indicating that
AptG-1 possesses a superior binding ability over AptG-2.

Moreover, we compared the fluorescence intensity of three
probes, AptG-1, AptG-2, and Sgc8c ∼ lib, after incubating with
CCRF-CEM cells at 4 °C for 30 min at different concentrations
ranging from 0.1 to 50 nM (Figures 3c and S1). We found that
the fluorescence intensity of AptG-1 was 6 times that of AptG-2
at an extremely low concentration (0.1 nM), and at a high
concentration (50 nM), it was still twice that of AptG-2. In the

Figure 5. (a) Comparison of PTK7 protein expressions on membranes of CCRF-CEM, A549, and MV-4−11 cells. 200 nM Cy5-Sgc8c was incubated
with CEM, MV-4−11, and A549 for 30 min at 4 °C. (b) Comparison of CD71 protein expressions on membranes of CCRF-CEM, A549, and MV-4−
11 cells. 200 nM Cy5-HG1−9 was incubated with CEM, MV-4−11, and A549 for 30 min at 4 °C. (c) Comparison of the binding ability of aptamers
against that of A549 cells. A549 cells were incubated with 200 nM AptG-1, XQ-2d, HG1−9, and Sgc8c for 30 min in binding buffer at 4 °C. (d)
Comparison of the binding ability of aptamers against MV-4−11 cells. MV-4−11 cells were incubated with 200 nM AptG-1, XQ-2d, HG1−9, and
Sgc8c for 30 min in binding buffer at 4 °C. (e) Determination of the superior PTK7 degradation ability of AptG-1 over other aptamers against A549
cells by flow cytometry. A549 cells were incubated with 500 nM concentrations of AptG-1, AptG-2, Sgc8c∼lib, and HG1−9 in cell culture medium for
6 h at 37 °C. Subsequently, PTK7 was labeled with Cy5-Sgc8c for 30 min at 4 °C. (f) Determination of the superior PTK7 degradation ability of AptG-
1 over other aptamers against MV-4−11 cells by flow cytometry. A549 cells were incubated with 500 nM concentrations of AptG-1, AptG-2,
Sgc8c∼lib, HG1−9, and Sgc8c for 6 h at 37 °C, followed by labeling the PTK7 receptor with Cy5-Sgc8c aptamer at 4 °C for 30 min.
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replacement experiments, it was found that AptG-1 could
replace the Cy5-labeled Sgc8c aptamer that binds to CCRF-
CEM cells to form a TMPDS as indicated by the significantly
lowered fluorescence intensity (Figure 3d). These results
collectively indicate that AptG-1 can efficiently recognize and
bind to target proteins.

Given the rapid internalization rate of AptG-1, we developed a
keen interest in the pathways through which the TMPDS enters
the cells. Reports suggest that the transport of iron ions is
initiated by the endocytosis of the TfR1-transferrin complex,
entering the endosome through receptor-mediated internal-
ization pathways, then fusing with lysosomes to release iron ions
in acidic conditions.13 To demonstrate whether our TMPDS
enters cells through different pathways,14 we conducted
transport inhibition experiments by adding various inhibitors,
including phagocytosis, macrophagy, clathrin-mediated, and
vesicle-dependent pathways (Figures 3e and S3).15−19 We
found that when chlorpromazine was used to inhibit clathrin-
mediated endocytosis, the fluorescence intensity of AptG-1,
AptG-2, and Sgc8c ∼ lib for CCRF-CEM cells slightly decreased
(Figure 3e), suggesting that our probes may also undergo
internalization via clathrin-mediated pathways. Therefore, the
synergistic internalization of TfR1 and clathrin enhances the
rapid endocytic action of AptG-1. These findings highlight the
crucial role of the selected TfR1 ligand, conferring not only
better stability and recognition capability to AptGs but also
accelerating the endocytic rate of the entire TMPDS.

Having verified the recognition capability, binding affinity,
and faster endocytic rate of AptG-1 in comparison to AptG-2, we
conducted an in-depth investigation into the potential of our
AptG-1-TfR1 TMPDS to efficiently degrade the lysosomal
target protein PTK7.1−5 To commence this exploration, we
probed the endocytosis kinetics of AptG-1 using the confocal
microscopy technique, revealing its rapid internalization ability
(Figure S3). Subsequently, western blot analysis was employed
to scrutinize alterations in the target protein on the cell
membrane, with AptG-1, AptG-2, Sgc8c ∼ lib, and HG1−9
individually co-incubated with CCRF-CEM cells at 37 °C for 1
h. As illustrated in Figure 4a,b, the cells treated with AptG-1
displayed a notable reduction in PTK7 levels on the cell
membrane compared to those treated with AptG-2 and Sgc8c ∼
lib. This underscores the pronounced efficacy of AptG-1 in
degrading the target protein. To further substantiate the
superior protein degradation efficiency of the newly developed
AptG-1-TfR1 TMPDS, flow cytometry was utilized to analyze
the binding kinetics of Cy5-Sgc8c on CCRF-CEM cells. Cells
were pretreated with 0.5 μM AptG-1, AptG-2, Sgc8c ∼ lib,
HG1−9, XQ-2d, Sgc8c, and control samples for 1 h, followed by
co-incubation with 200 nM Cy5-Sgc8c at 4 °C for 30 min, as
shown in Figure 4c. Remarkably, cells treated with AptG-1
exhibited the lowest fluorescence intensity in flow cytometry,
indicative of the effective degradation of the PTK7 protein.
Furthermore, when CCRF-CEM cells were incubated with
different concentrations of AptG-1 (ranging from 50 to 800 nM)
for 1 h, the binding kinetics of Cy5-Sgc8c with cells significantly
decreased (Figures 4d and S4).

To provide further empirical support for the superior target
protein degradation capability of the AptG-1-TfR1 TMPDS,
preincubation with AptG-1, AptG-2, and Sgc8c∼lib was
followed by evaluating the membrane-associated PTK7 protein
content through the fluorescence signal of Cy5-Sgc8c. As
depicted in Figure 4e, the fluorescence signal was weakest in the
AptG-1 group, indicating efficient protein degradation. In

contrast, the AptG-2 group exhibited a relatively stronger signal,
while the Sgc8c ∼ lib group showed the strongest signal. These
findings robustly align with the observations in Figure 2a and
underscore the AptG-1-TfR1 TMPDS efficient degradation of
the target protein.

To further validate the unique multifunctionality of the AptG-
1-TfR1 TMPDS, we expanded our study to A549 cells (lung
cancer cell line, moderate expression levels of PTK7 and CD71,
as shown in Figure 5a,b),20 MDA-MB-231 (triple-negative
breast cancer cell line, moderate expression levels of PTK7 and
CD71, as shown in Figure S5a),21 and MV-4−11 (acute myeloid
leukemia cell line, lowest expression levels of PTK7 and CD71,
Figure 5a,b).22 Considering the discernible impact of AptG-1 ∼
TfR1 TMPDS on the degradation of PTK7 within the CCRF-
CEM cell membrane, we hypothesized its efficacy in selectively
targeting and degrading PTK7 across diverse cellular contexts,
including A549, MDA-MB-231, and MV-4−11, irrespective of
variations in PTK7 expression levels. In the initial phase of our
investigation, we systematically assessed the binding inter-
actions of Sgc8c, HG1−9, XQ-2d, and AptG-1 with A549, MV-
4−11, and MDA-MB-231 cellular entities using flow cytometry
analysis (Figures 5c,d and S5a). The results revealed a
pronounced binding affinity of Sgc8c for A549, surpassing that
observed for MV-4−11, aligning consistently with the outcomes
depicted in Figure 5a. Concurrently, AptG-1 exhibited a robust
binding propensity with the A549 and MV-4−11 cell lines. This
empirical insight establishes a solid foundation for our
subsequent utilization of AptG-1 ∼ TfR1 TMPDS to facilitate
the targeted degradation of specific proteins. To rigorously
validate the system’s proficiency in selectively degrading PTK7,
we employed flow cytometry analysis. As delineated in Figures
5e,f, and S5b,c, the noticeable reduction in the binding trend of
Cy5-Sgc8c in the AptG-1-treated group, subsequent to
preincubation with cells, unequivocally affirms the system’s
adeptness in efficiently degrading PTK7 within the cellular
membranes of A549 and MV-4−11 cell lines. However, we also
observed that our TMPDS does not work well for the MDA-
MB-231 cell line, and we currently do not have an explanation
for this result.

In conclusion, our study presents a highly efficient TMPDS
that significantly advances the field of molecular medicine. By
leveraging a novel combination of a bivalent aptamer glue and a
protein transport shuttle, we demonstrated the system’s ability
to effectively degrade the protein tyrosine kinase 7 (PTK7) in
CCRF-CEM cells and target lowly expressed PTK7 in MV-4−
11 cells. These results not only underscore the TMPDS’ broad
applicability and multifunctionality but also establish a strong
foundation for its potential in diverse therapeutic interventions
and the exploration of cellular mechanisms.
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