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A B S T R A C T

Both β-catenin and STAT3 drive colorectal cancer (CRC) growth, progression, and immune evasion, and their co- 
overexpression is strongly associated with a poor prognosis. However, current small molecule inhibitors have 
limited efficacy due to the reciprocal feedback activation between STAT3 and β-catenin. Inspired by the PRO
teolysis TArgeting Chimera (PROTAC), a promising pharmacological modality for the selective degradation of 
proteins, we developed a strategy of nanoengineered peptide PROTACs (NP-PROTACs) to degrade both β-catenin 
and STAT3 effectively. The NP-PROTACs were engineered by coupling the peptide PROTACs with DSPE-PEG via 
disulfide bonds and self-assembled into nanoparticles. Notably, the dual degradation of β-catenin and STAT3 
mediated by NP-PROTACs led to a synergistic antitumor effect compared to single-target treatment. Moreover, 
NP-PROTACs treatment enhanced CD103+ dendritic cell infiltration and T-cell cytotoxicity, alleviating the 
immunosuppressive microenvironment induced by β-catenin/STAT3 in CRC. These results highlight the potential 
of NP-PROTACs in facilitating the simultaneous degradation of two pathogenic proteins, thereby providing a 
novel avenue for cancer therapy.

1. Introduction

Colorectal cancer (CRC) currently ranks as the second most prevalent 
cancer worldwide in terms of both incidence and mortality [1]. Due to 
the high tumor heterogeneity and compensatory mechanisms in CRC, 
single-target treatment strategies frequently exhibit limited potency or 
are susceptible to the development of drug resistance [2]. Consequently, 
multitargeted combination therapy offers the prospects of enhanced 

efficacy, improved safety profiles, and a lower tendency to induce drug 
resistance for cancer treatment compared to monotherapy [3,4]. Various 
combination therapy strategies have been widely applied in clinical 
practice, such as combining immune checkpoint inhibitors with 
anti-EGFR agents and BRAF inhibitors with MEK inhibitors [5]. There
fore, elucidating more detailed molecular mechanisms and identifying 
effective therapeutic targets have important clinical significance for 
targeted therapy of CRC.
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The Wnt/β-catenin and Janus kinase/signal transducer and activator 
of transcription (JAK/STAT) pathways are two crucial pathways that 
mediate the occurrence and progression of CRC [6,7]. Mutations in the 
former pathway and phosphorylation-mediated activation of the latter 
signaling pathway are observed in most CRC patients [8,9]. Among 
them, β-catenin and STAT3 emerge as pivotal transcription factors that 
orchestrate the expression of diverse oncogenic proteins [10,11], and 
β-catenin and STAT3 are commonly co-activated in CRC, with 92.5 % of 
CRC patients exhibiting positive nuclear β-catenin when phosphorylated 
STAT3 is present [12]. Significantly, the co-overexpression of β-catenin 
and STAT3 in CRC has been correlated with decreased patient survival 
rates and the establishment of a tumor immunosuppressive microenvi
ronment (TIME) [13,14]. The upregulation of β-catenin levels hampers 
the expression of C-C motif chemokine ligand 4 (CCL4), thereby 
impeding the recruitment of CD103+ dendritic cells (DCs) to tumor 
tissues and ultimately leading to a decrease in CD8+ T-cell infiltration 
[15]. Moreover, our previous research has also revealed that STAT3 
functions as a programmed cell death 1 ligand 1 (PD-L1) promoter, 
which mediates a crucial mechanism for inhibiting T-cell recognition 
and cytotoxicity against tumor cells [16]. Thus, simultaneous inhibition 
of both β-catenin and STAT3 at tumor sites is highly desirable and holds 
great potential for achieving synergistic CRC immunotherapy.

Despite the utilization of numerous small molecule inhibitors of 
β-catenin or STAT3 in preclinical studies, their clinical development still 
encounters obstacles such as low affinity and selectivity [17,18]. In 
addition, inhibitors targeting β-catenin or STAT3 face similar chal
lenges: 1) As transcription factors, these two proteins lack binding 
pockets for small molecules. 2) Binding to a single domain of these two 
proteins may not wholly suppress their transcriptional activities 
(β-catenin contains TCF binding sites, BCL9 binding sites, and phos
phorylation sites; STAT3 possesses phosphorylation sites and dimeriza
tion sites). 3) Due to the high sequence similarity between STAT3 and 
other STAT family members, the homology of β-catenin with CBP and 
p300, and complex protein-protein interaction between β-catenin and 
binding partners such as TCF and AXIN, small molecule inhibitors often 
exhibit poor selectivity, resulting in off-target toxicity. Thus, there is an 
urgent need to develop more effective targeting strategies for β-catenin- 
or STAT3-dependent CRC therapy.

The PROteolysis TArgeting Chimera (PROTAC) strategy exploits the 
ubiquitin-proteasome system to degrade “undruggable” targets through 
the target protein-PROTAC-E3 ubiquitin ligase complex [19,20]. Unlike 
traditional inhibitors, PROTACs do not need prolonged occupancy of the 
binding site to exert pharmacological activity, enabling efficacy with 
lower-affinity ligands [21,22]. Furthermore, PROTACs can simulta
neously inhibit all activities of multifunctional proteins [23] through 
protein degradation [24]. However, despite being promising, current 
small-molecule-based PROTACs still suffer from poor water solubility, 
limited tissue selectivity, and inadequate tumor penetration for effective 
cancer treatment.

Compared with small molecules, peptides are more effective modu
lators of β-catenin [25] and STAT3 [26]. Peptide-based PROTACs have 
shown great promise for durably degrading β-catenin in CRC 
patient-derived tumor organoids [27]. However, two inherent phar
macological weaknesses limit the use of peptides as PROTACs: poor 
membrane permeability and low proteolytic stability. Nanomedicine 
plays a crucial role in cancer therapy by enabling targeted drug delivery, 
reducing harm to normal cells, and minimizing side effects, leading to 
better therapeutic outcomes [28,29]. A variety of therapeutic nano
particles, such as polymeric micelles, liposomes, albumin, etc., have 
been successively developed with advantages of wide bioavailability, 
good stability, and rapid passage of biological barriers, etc., showing 
excellent efficacy in cancer therapy [29–32]. To address obstacles in 
peptide-based PROTACs, we provided a proof-of-principle design and 
use of nanoengineered peptide PROTACs (NP-PROTACs) for dual 
degradation of β-catenin and STAT3 in CRC. In this work, we first syn
thesized two peptide PROTACs targeting β-catenin and STAT3, 

respectively. Then, we designed two PEGylated peptide PROTACs via 
GSH-activatable disulfide bonds, which helped to self-assemble into 
micellar nanoparticles. The NP-PROTACs not only exhibited durable 
circulation stability and accumulation/responsive release in tumor sites 
but also potently inhibited the CRC tumor growth in mice through dual 
protein degradation of β-catenin and STAT3, as well as TIME remodel
ing, including enhanced CD103+ DCs infiltration and activated T-cell 
cytotoxicity. This study presents a versatile nanoplatform for designing 
multitargeted degraders for cancer therapy, offering significant poten
tial for clinical applications.

2. Results

2.1. β-catenin and STAT3 are co-upregulated and predict a poor 
prognosis in CRC

To profile β-catenin and STAT3 expression in CRC, we first analyzed 
data from the Cancer Proteome Atlas. The results revealed high ex
pressions of β-catenin and STAT3 proteins in rectum adenocarcinoma 
(READ) and colon adenocarcinoma (COAD) tissues (Figs. S1A and B), as 
well as their correlation with poor prognosis (Figs. S1E and F). To 
further explore the correlation between β-catenin and STAT3 in CRC, we 
detected a significant positive correlation between β-catenin (CTNNB1) 
and STAT3 gene expression in tumor tissues (P < 0.001) based on data 
from the Cancer Genome Atlas (TCGA) database (Fig. 1A). Consistent 
with this finding, the single-cell portal data demonstrated the co- 
expression of the CTNNB1 and STAT3 genes in the complex cell 
composition of cancers (Fig. S1H). Moreover, the Wnt signaling and 
JAK-STAT3 pathways regulated by β-catenin and STAT3 exhibited pre
dominantly positive correlation coefficients in the TCGA COAD cohort, 
indicating the frequent co-activation of these two oncogenic signals 
(Fig. 1B). To investigate the clinical relevance of β-catenin and STAT3 
expression in CRC, we performed immunofluorescence staining assays to 
confirm the concurrent abundance of β-catenin and STAT3 in CRC tis
sues compared to paired normal tissues (Fig. 1C, Fig. S1C and D). In 
addition, β-catenin and STAT3 were identified as differentially 
expressed genes with significant upregulation in GSE31905, GSE4107, 
and GSE8671 datasets (Fig. 1D–G, Fig. S1G). Intriguingly, data from the 
single-cell portal encompassing the Human Colon Cancer Atlas (c295) 
supported this conclusion (Fig. 1H). Beyond co-overexpression, the 
levels of β-catenin and STAT3 were closely associated with a poorer 
prognosis in CRC patients (Fig. 1I). Categorizing CRC cases into four 
groups based on the expression of β-catenin and STAT3, the dual-high- 
expression group exhibited significantly worse disease-specific sur
vival than both the dual-low-expression and single-high-expression 
groups. These data suggested that β-catenin and STAT3 were signifi
cantly increased in CRC and their co-downregulating might be a 
promising therapeutic strategy.

2.2. Design, synthesis, and characterization of peptide-based PROTACs

The peptide PROTAC is composed of an amino acid-encoded sub
strate-targeting ligand, an E3 ligase recruiting ligand, a linker, and a 
cell-penetrating peptide, hijacking the cellular ubiquitin-proteasome 
system for target protein degradation [20]. We utilized reported β-cat
enin- and STAT3-targeting peptide sequences as binding ligands [25,
26], with von Hippel− Lindau (VHL) serving as the E3 ligand, which was 
linked by 6-aminohexanoic acid, forming the β-catenin-targeting PRO
TAC LAV and STAT3-targeting PROTAC SAV, respectively. Although 
their adequate affinities for the targets were confirmed by microscale 
thermophoresis (MST) assay (Figs. S2A and B), due to the poor mem
brane penetration, LAV and SAV were unable to inhibit HCT116 cell 
viability even at a high concentration of 40 μM (Fig. S2C). Therefore, the 
transmembrane peptide TAT was incorporated into the PROTAC 
sequence [33], resulting in the β-catenin-targeting PROTAC LAVTAT 
and the STAT3-targeting peptide SAVTAT (Fig. 2A and B).
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Next, the affinity of LAVTAT and SAVTAT for the target proteins was 
demonstrated through MST assay (Fig. 2C and E), with Kd values of 7.27 
μM and 18.40 μM, respectively, indicating that the modification of the 
peptides into cell-penetrating PROTACs did not compromise their 
binding affinity to the targets. To assess the membrane-penetrating 
capability of the peptides, HCT116 cells were incubated with FITC- 
conjugated LAVTAT and rhodamine B-conjugated SAVTAT, respec
tively. Flow cytometry (Fig. S2D) and super-resolution imaging (Fig. 2D 
and F) demonstrated that LAVTAT and SAVTAT exhibited rapid mem
brane penetration kinetics, achieving saturation within 0.5–2 h. More
over, neither LAVTAT nor SAVTAT induces hemolysis even at high 
concentrations of up to 80 μM, reflecting their exceptional safety profile 
(Fig. S2E).

Based on the above results, the antiproliferative activities of LAVTAT 
were demonstrated through CCK-8 assays in vitro, in which the IC50 
values were 9.95 μM and 12.30 μM in HCT116 and CT26 cells, respec
tively (Fig. 2G). Similarly, SAVTAT inhibited the viability of CRC cells 
with IC50 values of 14.89 μM for HCT116 cells and 10.33 μM for CT26 
cells (Fig. 2I). The ability of peptide PROTACs to induce target protein 
degradation was subsequently verified. The results revealed that LAV
TAT and SAVTAT induced dose-dependent protein degradation in 
HCT116 (Fig. 2H and J, Fig. S2J and K) and CT26 cells (Figs. S2F–I), 
with a reduction of approximately 50 % at the concentration of 10 μM. 
Immunofluorescence staining (Fig. 2K and L) revealed a significant 
decrease in the levels of β-catenin and STAT3, suggesting the successful 

functional design of the degraders. Notably, LAVTAT did not affect other 
transcription complex members (GSK3β, AXIN1, or TCF4), indicating 
the high selectivity (Fig. 2M, Fig. S4A). The application of small mole
cule inhibitors targeting STAT3 is often hindered by their lack of 
selectivity for other members of the STAT family (STAT1, 2, 4–6). 
However, SAVTAT demonstrated significant selectivity for STAT3 
degradation (Fig. 2N, Fig. S4B). In addition, LAVTAT and SAVTAT 
significantly downregulated common downstream transcriptional pro
teins, including the apoptosis-related proteins BCL-XL and c-Myc, as well 
as the cell cycle-related protein cyclin D1 (Fig. 2O, Fig. S5). Corre
spondingly, the flow cytometry results showed that LAVTAT and SAV
TAT induced cell apoptosis and cell cycle arrest in HCT116 cells 
(Fig. S6).

To further validate the impact of β-catenin and STAT3 degradation 
on downstream cellular signaling pathways, HCT116 cells were treated 
with LAVTAT or SAVTAT for 12 h, followed by RNA extraction for 
transcriptomic analysis. The results revealed that LAVTAT induced sig
nificant downregulation of Wnt signaling pathways, especially 
ubiquitin-mediated proteolysis and the cell cycle-related pathway (P =
0.0012) (Figs. S7A and C). SAVTAT induced a noticeable increase in the 
levels of multiple immune-related downstream signaling pathways 
(Figs. S7B and D). From a transcriptomic perspective, these findings 
confirmed that both LAVTAT and SAVTAT could modulate downstream 
signals associated with β-catenin and STAT3. To explore the potential 
synergistic impact of co-degrading STAT3 and β-catenin, as well as to 

Fig. 1. β-catenin and STAT3 were two clinically significant targets in CRC. (A) The expressions of STAT3 and β-catenin were strongly related to CRC according to 
TCGA COAD and READ databases. (B) The correlation coefficient between the Wnt signaling pathway gene set and the JAK-STAT signaling pathway gene set in the 
TCGA COAD cohort (n = 453 patients). (C) Immunofluorescence staining assays confirmed the concurrent abundance of STAT3 and β-catenin in CRC patients 
compared to paired normal tissues (scale bar = 100 μm). (D and F) β-catenin and (E and G) STAT3 expression were higher than that in normal tissues according to the 
GSE31905, GSE4107, and GSE8617 datasets. (H) Single-cell RNA sequencing data from the Human Colon Cancer Atlas also suggested a higher level of STAT3 and 
β-catenin in tumors. (I) The association between the expression levels of STAT3 and β-catenin and disease-specific survival in CRC patients according to GSE17536 (n 
= 177 patients). *P < 0.05 and ***P < 0.001.
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Fig. 2. Design, synthesis, and characterization of LAVTAT and SAVTAT. Schematic illustration and sequences of LAVTAT (A) and SAVTAT (B). (C) MST analysis of 
LAVTAT binding to β-catenin (Kd = 7.27 μM). (D) Super-resolution imaging showing that LAVTAT with a FITC label penetrated the cell membrane at 2 h (scale bar =
10 μm). (E) MST analysis of SAVTAT binding to STAT3 (Kd = 18.4 μM). (F) Super-resolution imaging showed that SAVTAT with the RhodB label penetrated the cell 
membrane at 2 h (scale bar = 10 μm). (G) CCK8 assays showed that LAVTAT inhibited the viability of CT26 (IC50 = 12.3 μM) and HCT116 cells (IC50 = 9.95 μM) in a 
dose-dependent manner. (H and K) The ability of LAVTAT to degrade β-catenin in HCT116 cells after treatment for 12 h was verified through Western blot analysis 
and immunofluorescence (scale bar = 15 μm). (I) CCK8 assays showed that SAVTAT caused dose-dependent inhibition in CT26 (IC50 = 10.33 μM) and HCT116 cells 
(IC50 = 14.89 μM). (J and L) The ability of SAVTAT to degrade STAT3 in HCT116 cells after treatment for 12 h was verified through Western blot analysis and 
immunofluorescence (scale bar = 15 μm). (M) LAVTAT had significant selectivity for β-catenin degradation over other members of the β-catenin transcriptional 
complex, and (N) SAVTAT had significant selectivity for STAT3 degradation over other members of the STAT family. (O) Western blot analysis of the effects on 
downstream proteins induced by SAVTAT and LAVTAT. (P–R) HCT116 cells were treated with different concentrations of LAVTAT and SAVTAT, and the CI values 
were calculated according to the CCK8 assay results. Data were presented as mean ± SD; n = 3.
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determine the optimal concentration ratio for achieving the maximum 
synergistic effect between the two degraders, HCT116 cells were treated 
with various ratios of LAVTAT and SAVTAT, and cell viability was 
determined by a CCK8 assay (Fig. 2P). The results revealed that co- 
administration of LAVTAT and SAVTAT at multiple concentration ra
tios had synergistic cytotoxicity against HCT116 cells (Fig. 2Q), and the 
maximum synergistic effect was observed at a concentration ratio of 1: 1 
with a cooperative index (CI) of 0.351 (Fig. 2R).

2.3. PROTACs degrade target proteins through the ubiquitin-proteasome 
system

The protein degradation mechanisms of LAVTAT and SAVTAT were 

subsequently studied. As reported, PROTACs bind to target proteins and 
recruit the E3 ubiquitin ligase VHL, forming a ternary complex. Subse
quently, VHL ubiquitinates the target protein, and ubiquitin tags are 
recognized by the proteasome, leading to protein degradation [22]. 
After HCT116 cells were treated with 10 μM LAVTAT or SAVTAT for 12 
h, a significant increase in protein ubiquitination expression was 
observed, suggesting that target proteins were ubiquitinated during 
peptide PROTAC-induced degradation (Fig. 3A). Preincubation of 
HCT116 cells with 15 mM VHL ligand for 4 h followed by the addition of 
10 μM PROTACs for 12 h, competitively blocked the protein degrada
tion, confirming the dependence of the degradation process on VHL 
recruitment (Fig. 3B and C). Furthermore, co-treatment with the pro
teasome inhibitor MG-132 (5 μM) and PROTAC (20 μM) for 12 h resulted 

Fig. 3. Mechanistic studies of LAVTAT- and SAVTAT-induced targeted protein degradation. (A) Western blot detection of ubiquitin proteins revealed that LAVTAT 
and SAVTAT caused an increase in the ubiquitin signal after LAVTAT or SAVTAT treatment for 12 h in HCT116 cells. (B and C) Western blot analysis suggested that 
excessive VHL levels blocked the degradation of LAVTAT and SAVTAT. (D and E) Western blot results suggested MG132 blocked the degradation of LAVTAT and 
SAVTAT. Transient transfection studies were conducted in HEK 293T cells, and images were acquired after 2 h of LAVTAT and/or SAVTAT treatment. Bright 
fluorescent droplets represented the formation of the target-PROTAC-VHL ternary complex. (F and I) LAVTAT caused β-catenin-LAVTAT-VHL ternary complex 
formation (scale bars = 10 μm). (G and J) SAVTAT caused STAT3-SAVTAT-VHL ternary complex formation (scale bars = 10 μm). (H and K) LAVTAT and SAVTAT 
caused ternary complex formation simultaneously (scale bars = 10 μm). Data were presented as mean ± SD; n = 3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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in the preservation of the target proteins, confirming the dependence of 
the degradation process on the proteasome (Fig. 3D and E). To detect the 
formation of the ternary complex induced by LAVTAT, β-catenin, and 
VHL plasmids were labeled with enhanced mCherry and a homologous 
oligomerization tag (HOTag), respectively, forming the 

β-catenin-mCherry-HOTag6 and VHL-mCherry-HOTag3, which were 
then transfected into cells. Similarly, STAT3-EGFP-HOTag6 and 
VHL-EGFP-HOTag3 were co-transfected into cells to detect the forma
tion of a ternary complex induced by SAVTAT. According to the prin
ciple of the SPPIER assay, once PROTACs bring together the target 

Fig. 4. LAVTAT and SAVTAT improved the tumor immunosuppressive microenvironment in vitro. (A) Schematic diagram of increased CD103+ DC migration induced 
by LAVTAT. (B and C) LAVTAT promoted CD103+ DC migration to CT26 cells (scale bar = 500 μm). (D) qRT-PCR results revealed that LAVTAT increased CCL4 gene 
expression in CT26 cells. (E and F) SAVTAT downregulated PD-L1 protein expression in HCT116 and CT26 cells. (G) HCT116 cells were co-cultured with inactivated 
or activated Jurkat cells (HCT116: Jurkat = 1:6) for 48 h after pretreatment with SAVTAT. Cell survival was analyzed using a crystal violet staining assay. (H) CT26 
cells were co-cultured with inactivated or activated mouse spleen-derived T cells (CT26: Jurkat = 1:10) for 24 h after pretreatment with various concentrations of 
SAVTAT. The cell survival rates were analyzed using a crystal violet staining assay. (I) LDH assays revealed that SAVTAT treatment and subsequent T-cell culture 
caused lysis of CT26 cells. (J) Live cell imaging videos showing the interaction between Jurkat and SAVTAT-treated HCT116 cells and that Jurkat cells-induced 
HCT116 cells lysis at approximately 1.5 h (scale bar = 10 μm). (K and L) Flow cytometry exhibited that SAVTAT increased Granzyme B secretion. (M) Flow 
cytometry revealed that SAVTAT increased T cell proliferation. (N, O, and P) ELISA results showed that SAVTAT increased IFN-γ, IL-2, and TNF-α levels. Tran
scriptomic analysis of HCT116 cells showed that co-administration of LAVTAT and SAVTAT significantly decreased the expression of immune suppression genes. The 
data were presented as the mean ± SD; n = 3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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protein and VHL, the fluorescent aggregates form bright droplets [34], 
with red and green representing the formation of the ternary complexes 
induced by β-catenin and STAT3, respectively. LAVTAT induced the 
formation of red fluorescent droplets (Fig. 3F and I), while SAVTAT 
induced the formation of green fluorescent droplets (Fig. 3G and J). The 
simultaneous addition of these two PROTACs resulted in the emergence 
of both types of droplets, confirming that both PROTACs could mediate 
the formation of the ternary complexes within cells (Fig. 3H and K).

2.4. PROTACs enhance the recruitment of CD103+ DCs and stimulated T 
cell activity

As previously mentioned, β-catenin decreased the infiltration of 
CD103+ DCs into the melanoma microenvironment by inhibiting the 
expression of CCL4, consequently reducing the infiltration of CD8+ T 
cells [16]. After investigating transcriptomic data from 453 CRC patients 
in the GDC database and calculating the correlation between the pro
portions of tumor-infiltrating CD8+ T cells and β-catenin expression 
using the Cibersort algorithm, a significant negative correlation was 
detected (Fig. S8A). To investigate whether degrading β-catenin could 
increase the recruitment of CD103+ DCs, mouse bone marrow-derived 
monocytes were induced to differentiate into CD103+ DCs by stimula
tion with 10 ng/mL GM-CSF and 200 ng/mL FLT3L for 10 days. The flow 
cytometry results confirmed the successful induction of CD103+ DCs, 
with a percentage of 92.95 % (Fig. S8B). Then, the induced CD103+ DCs 
were placed in the upper chamber for membrane fusion 1.5 h in advance 
(Fig. 4A). The lower chamber liquid was then replaced with supernatant 
from CT26 cells treated with different concentrations of LAVTAT. After 
4 h, there was a significant increase in the migration of CD103+ DCs in 
the LAVTAT group (Fig. 4B and C). In the 10 μM group, migration 
increased 4.51 times compared to the control group. In the 20 μM group, 
migration was slightly weaker than that in the 10 μM group, possibly 
due to the high dose of LAVTAT causing toxicity to CT26 cells, leading to 
cell death and their limited secretion of CCL4. The expression level of 
CCL4 mRNA in CT26 cells after LAVTAT treatment increased in a dose- 
dependent manner, confirming the mechanism of increased recruitment 
of CD103+ DCs (Fig. 4D).

Given that the JAK-STAT3 pathway is closely related to tumor im
munity, the impact of STAT3 degradation on T-cell activity was then 
detected after HCT116 or CT26 cells were incubated with SAVTAT. After 
treatment with SAVTAT, co-culture experiments were conducted with 
the corresponding human T cells (Jurkat cells) or mouse spleen lym
phocytes. On the one hand, dose-dependent downregulation of PD-L1 
was observed in both HCT116 and CT26 cells after treatment with 
SAVTAT (Fig. 4E and F). On the other hand, synergistic killing of tumor 
cells by STAT3 degradation and the presence of cytotoxic T cells was 
revealed (Fig. 4G, H and I, Fig. S9). These findings suggested the po
tential enhancement of T-cell function in co-culture experiments. 
NanoLive 3D Explorer was further used to observe the Jurkat cells- 
mediated killing effect after SAVTAT treatment for 4 h (Fig. 4J, Movie 
S1). We observed that Jurkat cells caused the bubbling and contraction 
of HCT116 cells. Additionally, T cells in the treated group exhibited 
significantly greater secretion of Granzyme B (Fig. 4K and L), IFN-γ 
(Fig. 4N), IL-2 (Fig. 4O), and TNF-α (Fig. 4P), which are known as 
cytotoxic T cells. CFSE flow cytometry revealed that the presence of 
tumor cells inhibited T-cell proliferation, while T cells in the SAVTAT- 
treated group returned to the level observed in the co-culture without 
tumor cells and even exhibited a greater proliferation rate (Fig. 4M). 
Transcriptomic data revealed that when HCT116 cells were treated with 
the same total concentration of LAVTAT and/or SAVTAT, the combined 
treatment group exhibited the most significant downregulation of tumor 
immune suppression-related genes. These findings indicated that the 
combination therapy with these two PROTACs synergistically inhibited 
CRC cell viability and synergistically improved the TIME (Fig. 4Q).

2.5. Preparation and characterization of NP-PROTACs

To fabricate NP-PROTACs, we first connected LAVTAT and SAVTAT 
separately to DSPE-PEG2000-SH via disulfide bonds to form DSPE- 
PEG2000-PROTACs. Since the maximum synergistic effect was achieved 
when the molar ratio of LAVTAT to SAVTAT was 1:1 (Fig. 2R), the NP- 
PROTACs were formed by the thin-film dispersion method when the 
ratio of two PEGylated PROTACs was 1:1 (Fig. 5A). The core of NP- 
PROTAC consisted of hydrophobic lipids, the middle layer contained 
PEG2000, and the PEG segments were linked to the outermost layer of the 
micelle through disulfide bonds with the respective peptide PROTACs.

Dynamic light scattering revealed that the NP-PROTACs had an 
average hydrodynamic diameter of 130 nm (Fig. 5B) and a zeta potential 
of 17.8 mV (Fig. 5C). The morphology was determined by transmission 
electron microscopy (TEM), which showed that the NP-PROTACs were 
nanometer-sized spherical particles (Fig. 5B). To confirm the co-loading 
of both peptide PROTACs into NP-PROTACs, FITC-LAVTAT and rhoda
mine B-SAVTAT were used to prepare fluorescently labeled micelles. 
Subsequently, we assessed the fluorescence intensity in HCT116 cells 
after incubation with fluorescent micelles using flow cytometry. Both 
fluorescent signals were synchronously taken up by the cells, reaching 
saturation at approximately 2 h (Fig. 5D and E). The intensities of the 
two fluorescence signals were strongly positively correlated, with almost 
no cells showing single-fluorescence positivity. Super-resolution imag
ing also demonstrated the co-localization and enrichment of both fluo
rescence signals within HCT116 cells (Fig. 5F). The peak heights 
overlapped, indicating the successful co-loading of both LAVTAT and 
SAVTAT within the NP-PROTACs (Fig. 5G).

To verify the reducibility of NP-PROTACs, the micelles were incu
bated in PBS containing 10 μM DTT for 3 h at 37 ◦C. Under PBS con
ditions, the size of the NP-PROTACs remained uniform, while a 
significant particle size split occurred under DTT conditions, confirming 
the ability of the NP-PROTACs to be cleaved (Fig. 5H). Subsequently, a 
dialysis method was employed to investigate the release profiles of the 
NP-PROTACs. The release ratio of both LAVTAT and SAVTAT 
approached 80 % at 9 h after DTT treatment, while the release of 
LAVTAT and SAVTAT was significantly slower under PBS conditions, 
reaching approximately 40 % at 24 h (Fig. 5I). These results verified the 
reducibility of NP-PROTACs in vitro. When we detected the anti
proliferative activities of NP-PROTACs, IC50 values of 9.43 μM and 6.67 
μM were obtained for HCT116 and CT26 cells, respectively (Fig. 5J). Of 
note, NP-PROTACs did not significantly affect the viability of normal 
colonic epithelial cells (NCM460) (Fig. 5J), which may be attributed to 
the relatively lower GSH concentration in normal cells than in tumor 
cells. NP-PROTACs also did not induce hemolysis at high concentrations 
of up to 40 μM, reflecting an exceptional safety profile (Fig. S12A). 
Moreover, NP-PROTACs degraded both STAT3 and β-catenin after 24 h 
of incubation in HCT116 cells (Fig. 5K and L).

2.6. Biodistribution of NP-PROTACs

To assess the biodistribution of the NP-PROTACs, SAVTAT was 
labeled with Cy5.5, and LAVTAT was labeled with ICG. When the tumor 
volume reached about 200 mm3, CT26-bearing BALB/c mice were 
injected via the tail vein with 100 μL of free fluorescently labeled 
LAVTAT and SAVTAT or fluorescently labeled NP-PROTACs (0.25 mg/ 
kg ICG and 0.25 mg/kg Cy5.5). At 1, 3, 6, 9, 12, and 24 h after injection, 
in vivo near-infrared fluorescence imaging was used to detect the dis
tribution of ICG and Cy5.5 (Fig. 6A). The fluorescent signal of NP- 
PROTACs was distinct in the tumor area after 1 h, and there was still 
a strong signal at 24 h, suggesting that NP-PROTACs could be retained in 
the tumor areas for a longer time than free PROTACs (Fig. 6A and B). 24 
h after injection, the tumors were collected and studied. According to 
tumor images (Fig. 6C) and cryosectioned tumor tissue results (Fig. 6D), 
the fluorescence signals of ICG and Cy5.5 strongly colocalized, indi
cating the co-localization of LAVTAT and SAVTAT in vivo. Notably, the 
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peak time and clearance rate of SAVTAT in tumor tissue were slightly 
lower than those of LAVTAT. However, for NP-PROTACs, the peak time 
and clearance rate of both fluorescent signals were consistent, indicating 
a stable ratio of LAVTAT to SAVTAT, which helped to maximize the 
synergistic effect. These data confirmed that NP-PROTACs could be 
enriched at the tumor site and exhibited longer retention than free 
PROTACs after systemic injection, providing an excellent reference for 
applying peptide PROTACs in vivo.

To evaluate the targeting efficiency and safety of NP-PROTACs, we 
conducted a biodistribution experiment in mice using NP-PROTACs 
loading DiR (named DiR@NP-PROTACs) and free DiR. In vivo imaging 
exhibited that although DiR@NP-PROTACs and free DiR were enriched 
in the liver, NP-PROTACs significantly enhanced the tumor-targeting 

ability of DiR (Figs. S12B–D). Moreover, protein expression of STAT3 
or β-catenin in liver and lung tissues was not affected after NP-PROTACs 
treatment, indicating the safety of NP-PROTACs (Fig. S12E).

2.7. Antitumor efficacy of NP-PROTAC in vivo

To evaluate the antitumor effects of NP-PROTACs in a xenograft 
tumor model derived from CT26 cells, the mice were intravenously 
injected with NP-PROTACs (containing 2.5 mg/kg LAVTAT and 2.5 mg/ 
kg SAVTAT) or single-agent micelles containing LAVTAT or SAVTAT (5 
mg/kg each, abbreviated as NP-L or NP-S). The treatment schedule is 
shown in Fig. 7A. Compared to those in the control group, NP-PROTACs, 
NP-Ls, and NP-Ss induced significant tumor regression (Fig. 7B and C) 

Fig. 5. Design, synthesis, and characterization of NP-PROTACs. (A) Schematic diagram and synthesis of NP-PROTACs. (B) Size and TEM images of NP-PROTACs 
(scale bars = 200 μm). (C) Zeta potential of NP-PROTACs. (D) Flow cytometry showed that fluorescently labeled NP-PROTACs penetrated the cell membrane 
after 2 h, and carried equivalent amounts of LAVTAT and SAVTAT into the HCT116 cells. (E) Statistical analysis of fluorescent signals at 0, 0.5, 1, 2, and 4 h. (F and 
G) After treatment with fluorescently labeled NP-PROTACs for 2 h, LAVTAT and SAVTAT signals strongly colocalized in HCT116 cells (scale bar = 15 μm). (H) 
Nanoparticle tracking analysis showed that NP-PROTACs were reduction-responsive in size distribution. (I) Drug release assay showed that the release of NP- 
PROTACs occurred in a reduction-responsive manner. (J) CCK-8 assay of NP-PROTACs in CT26, HCT116, and NCM460 cells. (K and L) Western blot results 
showed that NP-PROTACs caused the degradation of STAT3 and β-catenin in HCT116 cells. The data were presented as the mean ± SD; n = 3. *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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and reduced tumor weight (Fig. 7D) without affecting body weight 
(Fig. 7E). Furthermore, the results of routine blood tests revealed the 
excellent safety of the micelles in vivo (Fig. S13).

Notably, the antitumor effect of NP-PROTACs was significantly more 
significant than that of NP-L or NP-S. Subsequent H&E staining, TUNEL 
assays, and Ki67 analysis (Figs. S14A–D) of tumor slices indicated that 
NP-PROTACs treatment led to more significant apoptosis and necrosis 
and decreased proliferating cell numbers than single-target treatments. 
H&E staining of major organs (heart, liver, spleen, lung, and kidney) 
also proved the good safety of NP-PROTACs (Fig. S14E). Western blot
ting and immunofluorescence staining results showed that NP-PROTACs 
and single-target micelles mediated the degradation of their respective 
targeted proteins (STAT3 and/or β-catenin) (Fig. 7F–J). Despite lower 
levels of STAT3 in two tumor tissues from the NP-S group compared to 
those in the NP-PROTACs group due to higher SAVTAT doses in the 
former (Fig. 7G), treatment with NP-PROTACs exhibited synergistic 
therapeutic benefits of simultaneous degradation of both STAT3 and 
β-catenin. In summary, NP-PROTACs inhibited tumor growth by 
reducing STAT3 and β-catenin protein levels, inducing tumor apoptosis 
and necrosis, and suppressing tumor proliferation.

To investigate the impact of NP-PROTACs on the TIME, a flow 
cytometry assay was used to detect the infiltration and activation of 

CD8+ T cells, CD4+ T cells, CD103+ DCs, and macrophages in tumor 
tissues (Fig. 7K–O, Fig. S15). The results indicated a significant increase 
in the infiltration of CD103+ DCs when β-catenin was degraded (Fig. 7K 
and O, Fig. S16) and an increase in Th1 cell infiltration when STAT3 was 
degraded (Fig. 7O, Fig. S15B, and Fig. S20). The infiltration of CD8+

cells increased to varying degrees in all three treatment groups (Fig. 7O, 
Fig. S15A, and Fig. S17). Significantly, compared to those in the single- 
target degradation group, the levels of the cytotoxicity-related markers 
Granzyme B (Fig. 7L and O, Fig. S19) and IFN-γ (Fig. 7M and O, 
Fig. S18), which represent the activation of CD8+ T cells, were signifi
cantly elevated after NP-PROTACs treatment, indicating increased 
activation of T-cell functions in the TIME.

Regulating tumor-associated macrophages can inhibit tumor growth 
by mediating immune microenvironment [35]. Simultaneous degrada
tion of both STAT3 and β-catenin significantly reduced the numbers of 
M2-type macrophages that promoted tumor progression (Fig. 7N and O, 
Fig. S21C) while enhancing the numbers of M1-type macrophages to 
varying degrees in all three treatment groups (Fig. 7O, Fig. S15C, 
Fig. S21B). These results suggest that NP-PROTACs enhanced the func
tions of various immune cells in the TIME, simultaneously boosting 
adaptive immunity (including T cells and DCs) and innate immunity 
(macrophages).

Fig. 6. In vivo tumor targeting ability of NP-PROTACs. (A) Female BALB/c mice bearing CT26 tumors (~200 mm3) were given a single intravenous injection of a 
mixture of ICG-labeled LAVTAT and Cy5.5-labeled SAVTAT or NP-PROTACs. At 1, 3, 6, 9, 12, and 24 h after injection, mice with in vivo fluorescence were imaged by 
a Bio Imaging Technology system (scale bar = 1 cm). (B) After injection, the average radiant efficiency of tumors in vivo at 1, 3, 6, 9, 12, and 24 h. (C) At 24 h after 
injection, the mice were sacrificed, and the tumors were harvested for ex vivo imaging (scale bar = 0.5 cm). (D) Distribution of ICG-labeled LAVTAT, Cy5.5-labeled 
SAVTAT, and NP-PROTACs in cryosectioned tumor tissues. The data were presented as the mean ± SD; n = 3. ***P < 0.001.
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Fig. 7. NP-PROTACs degraded STAT3 and β-catenin, improving the TIME in vivo. (A) Treatment regimen diagrams (n = 6). (B and D) After the mice were sacrificed, 
the tumors were photographed, and the tumor weights were recorded. (C and E) Both tumor volume and body weight were monitored every day. (F) Immuno
fluorescence staining of tumor tissue revealed the downregulated target protein in each treatment group (scale bars = 100 μm). (G–J) Western blot analyses showed 
that micelle treatment inhibited β-catenin and/or STAT3 levels in vivo. (K–N) The levels of CD103 in DCs, the levels of granzyme B and IFN-γ in T cells, and the 
polarization of M2-type macrophages were analyzed through flow cytometry (n = 3). (O) The statistics of the above immune cells were presented as bars, and CD4+T 
cell, CD8+T cell, Th1 infiltration, and polarization of M2-type macrophages were also determined by flow cytometry and were presented. The data were presented as 
the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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2.8. NP-PROTACs demonstrate excellent efficacy in CRC PDO and PDX 
models

Patient-derived organoids (PDOs) have become an effective clini
cally relevant model for predicting drug responses [36] because they 
retain the morphology and characteristics of human primary tumors 
(Fig. 8A). To assess the potential clinical application of NP-PROTACs 
further, we used PDOs derived from three CRC patients as models. 
PDOs were treated with different concentrations of NP-PROTACs. Im
ages were collected before treatment (day 0) and on day 6, and the in
hibition of organoid growth by the drug was calculated based on the 
maximum cross-sectional area. Subsequently, bright-field images were 
captured, and the LIVE/DEAD staining method was used to label live 

organoids as green and dead organoids as red (Fig. 8E). These results 
demonstrated that NP-PROTACs significantly reduced the number and 
viability of CRC organoids, with IC50 values ranging from 3.29 to 8.97 
μМ (Fig. 8B–D).

Patient-derived xenografts (PDX) models that recapitulate the bio
logical properties and molecular heterogeneity of human cancers have 
been considered an ideal preclinical model [37]. We further validated 
the efficacy of NP-PROTACs in CRC PDX models. As the PDX volume 
reached approximately 100 mm3, these mice were randomly divided 
into 2 groups and intravenously administrated with PBS or NP-PROTACs 
(10 mg/kg/day). NP-PROTACs effectively inhibited the PDX tumor 
progression with good safety (Fig. 8F–H), highlighting its efficacy in 
clinically relevant tumor models.

Fig. 8. NP-PROTACs inhibited the growth of CRC tumors in organoid and PDX models. (A) The pattern diagram of organoids. (B–D) Inhibitory effects of NP- 
PROTACs on organoids based on organoid size (%) (n = 3 replicates). (E) Images of PDOs stained with Live/Dead fluorescent dye (scale bars = 200 μm) after 
NP-PROTACs treatment for 6 days (n = 3 replicates). (F) The pattern diagram of the PDX model. (G) Relative volume curves of tumor growth and tumor photos in 
different groups (n = 5). (H) Body weight of mice (n = 5). **P < 0.01, and ***P < 0.001.

X. Lu et al.                                                                                                                                                                                                                                       Bioactive Materials 43 (2025) 255–272 

265 



3. Discussion

Currently, combination therapy targeting multiple pathways has 
emerged as a prominent development trend in cancer therapy owing to 
its remarkable efficacy and reduced likelihood of resistance [38]. 
Moreover, emerging research has focused on dual-target degradation 
rather than dual-target inhibition [39,40]. This study (Fig. 9) focused on 
the commonly activated Wnt/β-catenin and JAK/STAT pathways in 
CRC. Our analysis revealed frequent co-overexpression of the critical 
effectors β-catenin and STAT3 in tumor tissues, which are closely asso
ciated with cancer prognosis. We further found that the simultaneous 
degradation of β-catenin and STAT3 at both cellular and in vivo levels 
synergistically impedes tumor growth, highlighting the potential ther
apeutic benefits and immune-activating capabilities of dual-target 
degradation compared to single-target degradation in CRC treatment. 
Significantly, the administration of NP-PROTACs at a comparatively 
lower dosage exhibited enhanced efficacy, indicating favorable safety 
profiles for dual-target degradation in clinical use. This endeavor may 
not only uncover the potential of existing drugs but also provide valu
able insights into targeted therapy against candidate targets.

Immunotherapy has emerged as a prominent area of research in CRC 
treatment in recent years. Notably, patients with mismatch repair gene 
defects (dMMR) or microsatellite highly unstable (MSI-H) phenotypes 
have shown remarkable benefits from immune checkpoint inhibitors 
with pathological complete response rates ranging from 60 % to 67 % 
[41]. However, the majority of patients with proficient mismatch repair 
(pMMR) or microsatellite stable (MSS) CRC demonstrate a limited 
response to immune checkpoint inhibitors [42]. The interaction 

between cancer cells and the immune system is a systematic multi-step 
process. Improving a single mechanism offers limited efficacy for 
immunologically “cold” tumors, providing us with insights. Hence, 
applying immune combination therapy to elicit a tumor-specific im
mune response via chemotherapy or targeted therapy represents a 
pivotal avenue of investigation in this field. This study confirmed that 
the dual degradation of β-catenin and STAT3 can effectively activate 
tumor immunity, thereby enhancing the infiltration and activation of T 
cells, DCs, and macrophages. The dual degradation of β-catenin and 
STAT3 logically serves to counteract the TIME. The degradation of 
β-catenin aims to enhance the infiltration of the crucial DC cell subtype, 
CD103+ DCs, which directly recruit CD8+ T cells, creating an environ
ment at both the cellular and molecular levels for T cells to exert 
anti-tumor cytotoxicity. On the other hand, the degradation of STAT3 
directly activates multiple cellular processes in T cells. It stimulates their 
proliferation and maturation, promoting the recognition and killing of 
tumor cells by T cells. Notably, compared with the single-target degra
dation group, the dual-target degradation group showed significantly 
enhanced activation of CD8+ T-cell cytotoxicity along with pronounced 
inhibition of M2-type macrophages. These findings suggested a syner
gistic effect associated with dual-target degradation in activating tumor 
immunity.

Furthermore, consistent with previous observations at the cellular 
level, the antitumor efficacy of NP-PROTACs in PDO and PDX models 
provided preliminary evidence supporting their promising clinical 
prospects.

Fig. 9. Schematic diagram of the anti-tumor mechanism of dual-target-degrading NP-PROTACs. (A) β-catenin-targeting LAVTAT and STAT3-targeting SAVTAT were 
conjugated with DSPE-PEG2000-SH through disulfide bonds, jointly self-assembling into NP-PROTACs. (B) Upon intravenous injection and accumulation in CRC 
models, NP-PROTACs released LAVTAT and SAVTAT intracellularly due to cleaved disulfide bonds. Co-degradation of β-catenin and STAT3 triggered cell cycle arrest 
and apoptosis on CRC cells and improved immune microenvironment. Briefly, the cytotoxic function of CD8+ T cells was activated; an increase in the ratio of M1-type 
macrophages and a decrease in the ratio of M2-type macrophages were observed; the infiltration of CD103+ DC cells was increased.
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4. Conclusion

In conclusion, we presented reduction-responsive nanoengineered 
PROTACs capable of simultaneously degrading β-catenin and STAT3. 
We demonstrated that the NP-PROTACs can achieve enhanced 
bioavailability, deep tumor penetration, and improved efficacy 
compared with their peptide counterparts or single-target degradation 
at equivalent dosages. The dual-target combination therapy effectively 
inhibited colorectal cancer growth by stimulating the antitumor im
mune response cascade in mice. Our findings highlight the potential of 
dual-target degradation micelles for clinical application.

5. Experimental section

5.1. Materials and reagents

All reagents and solvents were purchased from Adamas-beta, GL 
Biotech, Energy Chemical or Sinopharm Chemical Reagent Co. Ltd. Rink 
Amide resin (loading 0.34 mmol/g) was purchased from Tianjin Nankai 
Hecheng Science & Technology Co. Ltd. DSPE-PEG2000-SH was supplied 
from Xi’an Ruixi Biotechnology Co. Ltd. Antibodies for STAT1 
(ab109461, 1:1000), STAT2 (ab32367,1:1000), STAT4 
(ab68156,1:1000), c-Myc (ab32072, 1:1000), Dishevelled2 (ab124933, 
1:1000), TCF4 (ab217668, 1:1000), GSK3β (ab32391, 1:1000), Axin1 
(ab233652, 1:1000), and ubiquitin (ab134953, 1:500) were obtained 
from Abcam. Antibodies for STAT5 (JJ08-78, 1:500) and STAT6 (SY13- 
09, 1:500) were obtained from Huabio. Antibodies for β-catenin (8480s, 
1:1000), STAT3 (9139s, 1:1000), PD-L1(13684, 1:1000), cyclin D1 
(55506, 1:1000), BCL-XL (2764, 1:1000), and Alexa Fluor 647 conjugate 
(4418.1:1000) were from Cell Signaling Technology. Antibodies for CD3 
(553240), CD4 (2005302), IFN-γ (557649), CD11c (558079), MHCII 
(746086), F4/80 (565853), CD86 (553692) were from BD Biosciences. 
Antibodies for CD45 (103130) and CD206 (141720) were from Bio
legend. Antibodies for Granzyme B (2338642) were from Invitrogen. 
The antibody for CD8a (10122-80-100) was from Biogems. Antibody for 
CD11c (32-0112-U100) was from TONBO. Annexin V-FITC apoptosis 
assay kit, Human IL-2 ELISA kit (abs510001), Human IFN-γ ELISA kit 
(Plus) (abs551105), and Human TNF-α ELISA kit (abs510006) were 
purchased from Absin. The cell cycle and apoptosis analysis kit were 
purchased from Beyotime, and a Neofect DNA transfection reagent 
(TF20121201) was provided by SBS Genetech. Recombinant human 
STAT3 protein (P40763) was obtained from Novoprotein. Recombinant 
Human Catenin beta-1(CSB-EP006169HUa0) was obtained from 
CUSABIO.

5.2. Bioinformatic analysis

STAT3 and β-catenin expression in CRC was first analyzed from data 
from the Cancer Proteome Atlas (https://bioinformatics.mdanderson.or 
g/public-software/tcpa/). The original RNA-Seq data and clinical in
formation across the COAD, GSE31905, GSE4107, GSE8671 and 
GSE17536 datasets were obtained from The Cancer Genome Atlas 
(TCGA) platform (https://cancergenome.nih.gov/), Genomic Data 
Commons (GDC) platform (https://portal.gdc.cancer.gov/), and GEO 
online database, respectively. Then, the mRNA expression levels were 
determined via R software (v3.5.1). Briefly, the differentially expressed 
genes (DEGs) were identified by the limma package. Then, the mRNA 
expression patterns of these DEGs were visualized with heatmaps, box 
plots, or violin plots using the heatmaps or the ggplot2 package. KEGG 
gene sets were obtained through the Kyoto Encyclopedia of Genes and 
Genomes (https://www.kegg.jp/) and KEGGREST packages. Correlation 
coefficients between genes were calculated and plotted through the 
corrplot package. Single-cell transcriptomic data were obtained and 
visualized by the Single Cell Portal (https://singlecell.broadinstitute. 
org/single_cell). Survival data were obtained and plotted by GEPIA 
(http://gepia2.cancer-pku.cn/#index) and cbioportal (https://www. 

cbioportal.org/).

5.3. Cell lines

HCT116, CT26, and NCM460 cells were purchased from the Cell 
Bank of the Shanghai Institute of Cell Biology, Chinese Academy of 
Sciences, and cultured in McCoy’s 5A (Gibco, 16600082) and 1640 
(Gibco, 2192717) medium, respectively, supplemented with 10 % fetal 
bovine serum (FBS, Gibco, 10091148) and 1 % penicillinstreptomycin 
(PS, HyClone, SV30010). Jurkat cells were purchased from Shanghai 
Zhong Qiao Xin Zhou Biotechnology Co. Ltd. and cultured in 1640 
medium supplemented with 10 % FBS and 1 % PS. All cell lines used in 
the study were maintained in a humidified incubator (Thermo Fisher, 
USA) containing 5 % CO2 at 37 ◦C.

5.4. Analytical methods

1H NMR spectra were obtained on a Bruker Avance 500 MHz NMR 
Spectrometer (Germany). The chemical shifts of the protons were given 
on the δ scale, ppm, with tetramethyl silane serving as the internal 
standard. All NMR experiments were conducted at room temperature 
unless otherwise stated. Analytical HPLC was performed on an Agilent 
1260 Infinity LC instrument using an analytical column (ZORBAX 
Eclipse XDB 80 Å C18, 4.6 × 150 mm, 3.5 μm particle size, flow rate 1.0 
mL/min, r.t.). Analytical injections were monitored at 214 nm. All 
separations used a mobile phase of 0.1 % trifluoroacetic acid (TFA) (v/v) 
in water (solvent A) and 0.1 % TFA (v/v) in CH3CN (solvent B), with a 
linear gradient of 5–65 % solvent B in 30 min at room temperature. 
Semipreparative HPLC was performed on a Waters Auto Purification 
System (USA) instrument using a semipreparative column (XBridge Prep 
C18, 19 × 250 mm, 10 μm particle size, flow rate 20 mL/min). Solution 
A was 0.1 % TFA in water, and solution B was 0.1 % TFA in CH3CN. The 
gradient was a linear gradient of 20-20 % B over 5 min and then a linear 
gradient of 20–60 % B over 50 min. The peptides were dissolved in H2O 
to a final concentration of 50 μM.

5.5. Synthesis of peptides

Peptide sequences are shown in Table S1. All peptides were syn
thesized by standard Fmoc solid-phase peptide synthesis (SPPS) on the 
Rink Amide resin (initial loading = 0.34 mmol/g). Briefly, 735 mg resin 
was swelled with dichloromethane (DCM) for 20 min, followed by 
washing with N, N-dimethylformamide (DMF) 3 times. Fmoc depro
tection of the resin was performed using 20 % piperidine/DMF/0.1 M 
Oxyma pure twice (5 min × 2). For each step of amino acid coupling, the 
resin was coupled with amino acid (1 mmol), N, N′-diisopropylcarbo
diimide (DIC, 1 mmol), and Oxyma pure (1 mmol) in N-methyl-2-pyr
rolidone (NMP, 6 mL) solvent. The reaction was conducted in a constant 
shaker for 20 min at 60 ◦C. Then, the resin was washed with DMF (3 
times), DCM (3 times), and DMF (3 times), respectively. The depro
tection, washing, coupling, and washing steps were assembled until all 
the amino acid residues were assembled. After washing the resin, it was 
treated with a 6 mL solution of acetic anhydride and pyridine (1:1) for 
20 min. After the resin was washed with DMF (5 times) and DCM (5 
times), a cocktail TFA solution (88 % TFA, 2 % triisopropylsilane, 5 % 
phenol. and 5 % water) was added to cleave the peptides from the resins 
for 2 h at room temperature. Then, the TFA was evaporated by blowing 
with N2. The crude peptides were obtained by precipitation with 40 mL 
cold diethyl ether and centrifugation at 4000 rpm for 3 min (3 times). 
Finally, the crude products were allowed to air dry and purified by 
reversed-phase high-performance liquid chromatography (RP-HPLC) to 
obtain the final products. All peptides were confirmed by mass spectrum 
(MS) and possessed a purity of at least 95 % (Fig. S3).
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5.6. Synthesis and characterization of micelles

Peptides with additional Cys residues at the N-terminus and 2,2′- 
dithiodipyridine were dissolved in methanol (MeOH) and stirred at 
room temperature for 24 h. The products were subsequently isolated in a 
dialysis bag (1000 Da, 45 mm, Spectrumlabs) in MeOH for 24 h, after 
which the dialysate was changed every 8 h. The pure powders were 
acquired after freeze-drying. Then, the pyridyl dithiol-terminated pep
tides and DSPE-PEG2000-SH were dissolved in MeOH at a molar ratio of 
1:5 and were placed in a dialysis bag (1000 Da, 45 mm, Spectrumlabs) at 
room temperature in MeOH for 24 h. Pure powders were acquired after 
freeze-drying. Two types of peptide-S-S-PEG2000-DSPE (molar ratio =
1:1) were dissolved in chloroform: methanol (3:1) mixture and trans
ferred in a round bottom flask. A dry film was generated by removing the 
organic solvent using a rotary evaporator under vacuum at 55 ◦C for 1 h. 
Then, 1 mL double-distilled water was added to hydrate the film at 55 ◦C 
and 200 rpm for 30 min. The products were confirmed by 1H nuclear 
magnetic resonance (1H NMR) spectroscopy. Micelles’ particle size and 
zeta potential were measured by a Zetasizer Nano ZS instrument (Mal
vern, UK). The micelle morphology was characterized by TEM (JEM- 
1400 Plus, JEOL, Japan). The concentration of peptides in the micelle 
material was determined by HPLC with a standard curve. The synthesis 
of materials for self-assembled NP-PROTACs was confirmed by HPLC, 
ESI-MS, and 1H NMR (Fig. S10 and 11).

5.7. Fluorescent labeling of peptides and micelles

ICG-DBCO, Cy5.5-DBCO, and DiR, purchased from Xi’an Ruixi Bio
logical Technology Co. Ltd., were dissolved in DMSO at a 5 mg/mL 
concentration. LAVTAT-S-S-PEG2000-DSPE, LAVTAT-S-S-PEG2000-DSPE, 
LAVTAT, and SAVTAT with an additional Lys (N3)-residue at the N- 
terminus were dissolved in the MeOH at a concentration of 1 mg/mL. 
The ICG-DBCO was reacted with LAVTAT-S-S-PEG2000-DSPE and LAV
TAT, respectively, at a molar ratio of 2:1, and Cy5.5-DBCO was reacted 
with SAVTAT-S-S-PEG2000-DSPE and SAVTAT, respectively, at a molar 
ratio of 2:1 by a copper-free click reaction at room temperature over
night. Then, the products were isolated in a dialysis bag (2000 Da, 45 
mm, Spectrumlabs) in MeOH for 24 h. Pure powders were obtained after 
freeze-drying. To prepare the DiR@NP-PROTACs, DiR and two types of 
peptide-S-S-PEG2000-DSPE (molar ratio = 1:1) were dissolved in chlo
roform: methanol (3:1) mixture and transferred in a round bottom flask. 
The subsequent steps were the same as described above.

5.8. Cell viability assay

Cell viability was examined using a Cell Counting Kit-8 (CCK-8, 
Meilunbio, MA0218). Cells were seeded into 96-well plates at a density 
of 5 × 103 cells/well and incubated overnight. Various concentrations of 
the peptides and micelles were dispersed in the culture medium with a 
serum concentration of 2.5 % and added for 24 h. Then, the medium was 
replaced with fresh serum-free medium containing 10 % CCK-8 solution, 
and the cells were incubated for another 2 h at 37 ◦C. The absorbance 
was detected by a Cytation 5 (BioTek, USA) microplate reader at 450 
nm, and the half maximal inhibitory concentration (IC50) was calculated 
by GraphPad Prism 8.

5.9. Cell cycle analysis

HCT116 cells (9 × 105 cells/well) were seeded into 6-well plates 
(3516, Corning) and treated with various concentrations of peptides. 
The cells were then washed twice with ice-cold 1 × PBS. After digestion, 
the cells were obtained and fixed in 70 % ethanol overnight at 4 ◦C. 
Finally, the cells were stained with PI plus RNase A (PI: RNase A = 1:9) 
for 1 h at room temperature and analyzed by flow cytometry.

5.10. Annexin V apoptosis assay

An Annexin V–FITC apoptosis assay kit (MA0220, Meilunbio) was 
used for cell apoptosis detection. HCT116 cells (9 × 105 cells/well) were 
seeded into 6-well plates (3516, Corning) and treated with various 
concentrations of peptides. After being washed with ice-cold PBS, the 
cells were obtained and fixed in binding buffer and 5 μL Annexin V-FITC 
for 15 min at room temperature. Then, PI reagent (5 μL) was added, and 
the cells were analyzed by flow cytometry.

5.11. Western blot assay

HCT116 cells (9 × 105 cells/well) or CT26 cells (5 × 105 cells/well) 
were grown in 6-well plates and exposed to peptides or micelles at 
various concentrations. Cells were lysed in ice-cold RIPA buffer (sc- 
24948, Santa Cruz Biotechnology Inc.) containing 50 protease inhibitors 
(catalog 11697498001). Total proteins were separated by 10 % (PG112) 
SDS-PAGE gel (EpiZyme) and transferred to a 0.2 μm PVDF membrane 
(10600021, Cytiva). The PVDF membranes were blocked in 1 × TBST 
(abs952, Absin) with 5 % nonfat milk for 1 h at room temperature. The 
signals were visualized by an Odyssey Infrared Imaging System (Tanon) 
and analyzed by using ImageJ software (NIH). β-Actin (ab6276, 1:1000) 
or GAPDH (ab8245, 1:1000) was used as a control.

5.12. Immunofluorescence

CT26 cells (5 × 105 cells/well) in a 20 mm confocal dish were treated 
with peptides for 9 h, fixed with 4 % paraformaldehyde for 20 min, and 
permeabilized with 0.5 % Triton X-100 (diluted with water) for 5 min. 
After blocking with 1 % BSA (MA0100, Meilunbio) in 1 × PBS (MA0015, 
Meilunbio) for 1 h at room temperature, the cells were stained with anti- 
STAT3 (1:1000, Cell Signaling Technology) and anti-β-catenin (1:1000, 
Cell Signaling Technology) at 4 ◦C overnight. Following incubation, the 
cells were washed with ice-cold 1 × PBS and incubated for another 60 
min with a fluorescently labeled secondary antibody (1:500). The cells 
were washed with 1 × PBS and stained with Hoechst 33342 for 10 min. 
Fluorescence images were visualized using GE DeltaVision OMX SR.

5.13. Quantitative real-time RT-PCR (qRT-PCR)

Primers were shown in Table S3, and mouse GAPDH primers 
(B662304) were purchased from Sangon Biotech. Total RNA was 
extracted from cells using Trizol. Reverse transcription (RT) was per
formed with HiScript Q RT SuperMix for qPCR (Vazyme Biotech Co., 
Ltd., Nanjing, China). RT-PCR was performed in triplicate with a SYBR 
Green PCR Kit (Vazyme Biotech Co., Ltd., Nanjing, China) on an Applied 
Biosystems 7900HT sequence detection system (Applied Biosystems).

5.14. Separation of the Phases-based protein interaction Reporter 
(SPPIER)

Plasmids were shown in Table S2. HEK 293T cells were grown in 12- 
well plates at a density of 2 × 105 cells/well. The cells were cultured to 
approximately 70 % confluence and transfected with 1 μg of each 
plasmid DNA using Neofect DNA transfection reagent (TF20121201, 
Beijing Genomtech). Twenty-four hours after transient transfection, the 
cells were digested and seeded in confocal dishes (105 cells/well) 
overnight, and 10 μM peptides were added for 4 h. Fluorescence images 
were acquired using a GE DeltaVision OMX SR.

5.15. Hemolysis assay

The hemolytic activities of the peptides were evaluated by deter
mining hemoglobin release from mouse blood suspensions. Fresh 
erythrocytes were obtained from whole blood by centrifuging at 4 ◦C 
and 1000×g for 30 min and washing with PBS 2 times. Then, the 
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erythrocytes were diluted with PBS at a volume ratio of 1:10. Then, 100 
μL erythrocyte suspension was added to per well of a 96-well plate and 
incubated with peptides and conjugates solution at different concen
trations for 1 h at 37 ◦C, followed by centrifugation at 1000 rpm for 10 
min. The supernatants were obtained and monitored by measuring the 
absorbance at 570 nm (BioTek Cytation 5, USA). 0.1%Triton X-100 (v/ 
v) was used as a positive control, and PBS was used as a negative control.

5.16. LDH release assay

A cytotoxicity lactate dehydrogenase release assay kit (DOJINDO, 
CK-12) was used to measure LDH release. CT26 cells were plated in 
triplicate wells in 96-well plates at a density of 5 × 103 cells/well. After 
culturing overnight, the medium in the wells was replaced with fresh 
medium containing SAVTAT for 4 h at different concentrations. Then, 
the medium in the wells was replaced with T cells (5 × 104 cells/well), 
and the cells were co-cultured for 24 h. For the positive control, T cells 
were replaced with fresh medium and lysis buffer for 30 min before the 
LDH test. After 24 h of incubation, the supernatant was aspirated from 
the 96-well plate and centrifuged to remove the suspended T cells, after 
which the LDH concentration was subsequently measured. Finally, the 
stop solution was added, and the absorbance was measured at 490 nm by 
a microplate reader (BioTek Cytation 5, USA).

5.17. In vitro binding assays by microscale thermophoresis (MST)

The binding affinity of the peptides to the STAT3 protein (Novo
protein) or β-catenin protein (CUSABIO) was determined by MST. Target 
proteins were labeled using the “Monolith NT.115TM protein Labeling 
Kit RED”, which reacted efficiently with the primary amines of proteins 
to form highly stable dye-protein conjugates via N-hydroxysuccinimide 
(NHS)-ester chemistry. In the MST experiments, the concentration of the 
target proteins was kept constant while the peptides were serially 
diluted. The target proteins were mixed with 16 titration series of pep
tides at a volume ratio of 1:1. After a short incubation, the mixture was 
loaded into MST NT.115 standard glass capillaries and measured by 
Monolith NT.115 (NanoTemper, Germany).

5.18. Nanoparticle tracking analysis of NP-PROTACs

To analyze the reduction response of NP-PROTACs, NP-PROTACs 
(total mass concentration of 1 mg/mL) were dissolved in PBS containing 
5 mM DTT or PBS and shaken at 37 ◦C and 200 rpm for 3 h. After 3 h, the 
samples were diluted 10 times with double-distilled water, and the 
particle size distribution was analyzed using Nanosight NS300. Images 
were captured for 30 s in a single experiment.

5.19. Drug release of NP-PROTACs

In a 50 mL beaker, FITC- and rhodamine B-labeled NP-PROTACs 
were separately dissolved in PBS containing 5 mM DTT and PBS and 
subjected to light-shielded dialysis at 37 ◦C. Additionally, two sets of 
FITC- and rhodamine B-labeled NP-PROTACs were separately dissolved 
in PBS containing 5 mM DTT and PBS and placed in EP tubes at 37 ◦C. At 
1, 3, 6, 9, and 24 h, samples were taken from the dialysis bag (7000 Da, 
45 mm, Spectrumlabs) or EP tubes, and the total volume in the dialysis 
bag and the fluorescence intensity were measured using a microplate 
reader (BioTek Cytation 5, USA). The fluorescence intensity in the liquid 
from the EP tubes at each time point was set as 100 %, and the drug 
release rate was calculated accordingly.

5.20. Cell uptake

For cell image acquisition, HCT116 cells were seeded (105 cells/dish) 
in confocal dishes overnight and treated with FITC-labeled LAVTAT, 
rhodamine B-labeled SAVTAT or NP-PROTACs (5 μM) for 2 h. Then, the 

cells were washed with cold PBS 3 times and stained with Hoechst 
33342 to label the cell nuclei. Cell uptake was observed by a GE Del
taVision OMX SR (GE, USA). For flow cytometry analysis, HCT116 cells 
were seeded (9 × 105 cells/well) in 6-well plates overnight and treated 
with FITC-labeled LAVTAT, rhodamine B-labeled SAVTAT or NP- 
PROTACs (5 μM) for 0.5, 1, 2, or 4 h. The cells were digested and 
analyzed by flow cytometry.

5.21. Observation of the effect of SAVTAT using NanoLive 3D cell 
explorer

Cells were seeded in glass-bottom dishes at a density of 5 × 104 cells/ 
well, incubated overnight, treated with 10 μM SAVTAT for 4 h, and then 
co-cultured with Jurkat cells (3 × 105 cells/well). The brightfield of the 
NanoLive 3D Cell Explorer was used to investigate the dynamic changes 
of cells.

5.22. Cell co-culture model

Before co-culturing with HCT116 cells, Jurkat cells were suspended 
in 1640 medium supplemented with 10 μg/mL PHA plus 10 ng/mL PMA 
to 106 cells/mL for 4 h. HCT116 cells were seeded in 12-well plates (1.5 
× 105 cells/well) overnight, and treated with SAVTAT for 4 h. Then, the 
activated Jurkat cells were co-cultured with HCT116 cells for 48 h at a 
ratio of 1:6. The underlying living HCT116 cells were visualized with 
crystal violet staining. After being dissolved in 10 % acetic acid, the cells 
were quantified using a Cytation 5 microplate reader (BioTek) at 595 
nm. Jurkat cells were stained with granzyme B, and analyzed by cell 
cytometry. The supernatant was collected, and the concentrations of IL- 
2 and TNF-α were determined via ELISA kits.

5.23. Spleen lymphocyte extraction and activation of T cells

The anti-mouse CD3e antibody was diluted to a concentration of 5 
μg/mL in PBS. The diluted antibody was added to a 24-well plate (400 μL 
per well) and incubated at 4 ◦C overnight for coating. Spleen lympho
cytes were isolated from the spleens of 6-week-old BALB/c mice via 
lymphocyte density gradient centrifugation according to Ficoll-Paque 
PREMIUM (Cytiva, 17544602) and subsequently cultured with 5 μg/ 
mL anti-mouse CD28 antibody for 24 h. The activated spleen lympho
cytes were subsequently cultured.

5.24. Co-incubation of T cells and CT26 cells

CT26 cells were seeded in 12-well plates (2 × 105 cells/well) over
night, treated with SAVTAT for 4 h, and co-incubated with activated 
spleen lymphocytes at a ratio of 1:10 for 24 h. Then, the spleen lym
phocytes were collected and centrifuged at 500×g for 5 min at 4 ◦C. The 
supernatant was collected, and the concentrations of IFN-γ were deter
mined via ELISA kits. T cells were stained with CD3, CD8a, CD4, and 
Granzyme B antibodies according to the instructions for flow cytometry. 
The underlying living CT26 cells were visualized via crystal violet 
staining. After being dissolved in 10 % acetic acid, the cells were 
quantified using a Cytation 5 microplate reader (BioTek) at 595 nm.

5.25. Flow cytometry analysis of T-cell proliferation

Before co-incubation with CT26, activated T cells were incubated 
with 10 μM 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester 
(CFSE, Molecular Probes, Eugene, OR) dye in serum-free RPMI-1640 
medium at 37 ◦C for 15 min. The T cells were then resuspended in a 
culture medium containing 10 % serum and co-incubation with CT26. 
After co-incubation, the fluorescence intensities of the CFSE-labeled T 
cells were analyzed by flow cytometry.
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5.26. CD103+ DC extraction and induction

Bone marrow-derived dendritic cells (BMDCs) were isolated from 6- 
week-old C57 female mice. Briefly, the tibias and femurs of mice were 
collected in a sterile environment, and the bone marrow cells were 
flushed with 1640 medium. The suspension was filtered through a 200- 
mesh nylon sieve mesh to remove the tissues and fragments. The red 
blood cells were separated with the red blood cell lysis buffer. After 
centrifugation at 1200 rpm for 5 min, the monocytes were washed and 
counted. CD103+ DCs were induced according to previously reported 
methods [43]. BDMCs were suspended in 10 ng/mL GM-CSF and 200 
ng/mL FLT3L to a concentration of 5 × 105/mL and were cultured in 
100 mm dishes. On days 4 and 7, 5 mL of fresh medium supplemented 
with 10 ng/mL GM-CSF and 200 ng/mL FLT3L was added to each dish. 
On day 10, the loosely adherent cells were detached, resuspended in a 
fresh medium containing 10 ng/mL GM-CSF and 200 ng/mL FLT3L, and 
seeded into new dishes at the original density. On day 15, the cells were 
activated by adding 1 μg/mL LPS; after 24 h, CD103+ DCs were stained 
with CD11c, MHCII, and CD103 for identification.

5.27. Transwell migration assay of CD103+ DCs

Inserts from 24-well transwell plates (Costar, Sigma-Aldrich) were 
seeded with 2 × 106 CD103+ DCs on the upper side of the transwell 
membrane, and 600 μL 1640 medium was added to the lower chamber 
of the transwell plate. After the cells and membrane were infused for 1.5 
h, the lower chamber was exchanged with 500 μL HCT116 cell super
natant that had been treated with SAVTAT for 4 h. After 4 h, the CD103+

DCs on the transwell membrane were stained with crystal violet.

5.28. Biodistribution

Five-week-old female BALB/c mice purchased from Shanghai Model 
Organisms Center Inc. were injected with 1 × 106 CT26 cells subcuta
neously into the left axillary region. When the tumor volume reached 
approximately 200 mm3, three mice from each group were injected via 
the tail vein with 100 μL (0.25 mg/kg ICG and 0.25 mg/kg Cy5.5) of free 
fluorescently-labeled PROTACs or fluorescently-labeled micelles. After 
1, 3, 6, 9, 12, and 24 h, the mice were anesthetized and imaged under a 
Bio-Imaging Technology system (VISQUE In Vivo Elite) using a near- 
infrared fluorescence imaging system for ICG and Cy5.5 fluorescence 
distribution. Following in vivo imaging, the mice were sacrificed, and the 
tumors were harvested for ex vivo bioluminescence imaging. The results 
were analyzed using VISQUE Clevue software.

Five-week-old female BALB/c mice purchased from Shanghai Model 
Organisms Center Inc. were injected with 1 × 106 CT26 cells subcuta
neously into the left axillary region. When the tumor volume reached 
approximately 200 mm3, three mice from each group (free DiR or 
DiR@NP-PROTACs) were injected via the tail vein with 100 μL (0.2 mg/ 
kg DiR) of free DiR or DiR@NP-PROTACs. After 24 h, the mice were 
sacrificed, and the major organs (heart, liver, spleen, lung, and kidney) 
and tumor were harvested for ex vivo bioluminescence imaging. The 
results were analyzed using VISQUE Clevue software.

5.29. In vivo antitumor therapy

Four-week-old female BALB/c mice were purchased from Shanghai 
Model Organisms Center, Inc., and kept under SPF conditions. The an
imal experiments were approved by the Committee on the Ethics of 
Animal Experiments of the Shanghai Model Organisms Center, Inc. A 
total of 5 × 105 CT26 cells suspended in 100 μL PBS were subcutane
ously inoculated into the left axilla of the mice. The tumor volume was 
monitored periodically by a vernier caliper and calculated using the 
formula: volume (mm3) = (length × width2)/2, where length is the 
largest tumor diameter and width is the minor tumor diameter. When 
the average tumor volume reached about 50 mm3, the mice were 

randomly divided into 4 groups (n = 6) and intravenously injected with 
PBS, NP-L, NP-S micelles, or NP-PROTACs. All formulations were 
administered every day for a total of 12 times. At the end of the 
experiment, the animals were sacrificed, and the tumors were collected 
for further study. The tumors were stained for H&E, Ki-67, TUNEL, 
STAT3, and β-catenin detection. H&E staining of major organs (heart, 
liver, spleen, lung, and kidney) was used to prove the safety of NP- 
PROTACs.

5.30. Analyses of the immune cell populations in tumors

Tumor tissues were made into single-cell suspensions, and the tumor- 
infiltrating lymphocytes were quantitatively analyzed by flow cytom
etry after immunofluorescence staining. In brief, tumor tissues were 
harvested and digested with a Tumor Dissociation Kit (Miltenyi Biotec, 
130-096-730). For analysis of T cells, the cells were stained with CD45, 
CD3, CD4, CD8a, Granzyme B, and IFN-γ antibodies for flow cytometric 
analyses. For analysis of DCs, the cells were stained with CD45, CD11c, 
MHCII, and CD103 antibodies for flow cytometric analyses. For analysis 
of macrophages, the cells were stained with CD45, CD11b, F4/80, CD86, 
and CD206 antibodies for flow cytometric analyses.

5.31. PDO models of CRC

Organoids were established as described previously by D1Med 
Technology Inc. In this study, 50 organoids/well were seeded into 48- 
well plates and incubated in 5 % CO2/95 % air at 37 ◦C for 6 days. 
The organoids were stained with fluorescence and photographed under 
a microscope (Zeiss, Vert A1), and the area of the live organoids was 
counted. On day 3, freshly prepared drug and medium mixtures were 
added. At the end of the sixth day, live/dead organoids were stained 
with fluorescence, and the area of live organoids (shown in green fluo
rescence) was photographed. The organoid survival rate was calculated 
by recording the organoid size (%) at specified concentrations. The 
formula is as follows: organoid survival rate = (organoids alive on day 6 
in the NP-PROTACs group/organoid alive on day 0 in NP-PROTACs 
group)/(organoids alive on day 6 in the control group/organoids alive 
on day 0 in the control group) × 100 %.

5.32. PDX models of CRC

PDX models were constructed by Nanchang Royo Biotech Co., Ltd 
(Jiangxi, China). As the PDX volume reached approximately 100 mm3, 
the mice were randomly divided into 2 groups and intravenously 
administrated with PBS or NP-PROTACs (10 mg/kg/day). The tumor 
volume and body weight were monitored every day.

5.33. Statistical analysis

GraphPad Prism 8.0.1 statistical analysis software (La Jolla, CA, 
USA) was used to analyze the data. The data were expressed as the mean 
± standard deviation (SD) from at least three independent experiments. 
Student’s t-test or two-way ANOVA, followed by Tukey’s test, was 
applied for comparisons between two groups or among multiple groups, 
respectively: *P < 0.05, **P < 0.01, and ***P < 0.001. n.s. indicated no 
statistical significance.
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