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Triple-negative breast cancer is one of the most

prevalent malignant cancers worldwide. Disrupting the MTDH- T /"“x\, ~
SND1 protein—protein interaction has recently been shown to be a - (/ 8
promising strategy for breast cancer therapy. In this work, a novel woonse S &
potent stabilized peptide with a stronger binding affinity was Yimproved binding affinity with SND1
. 3 . . \ Enhanced cellular uptake
obtained through rational structure-based optimization. Further-
more, a sulfonium-based peptide delivery system was established to NSE L MTOH Cytoplasm
improve the cell penetration and antitumor effects of stabilized o S ) A —
peptides in metastatic breast cancer. Our study further broadens g = \ e
the in vivo applications of the stabilized peptides for blocking IO e\
MTDH-SNDL1 interaction and provides promising opportunities ¢ OV s 5
SND1 NS-E Disassembly . R
for breast cancer therapy. T T wpeins-E

MTDH-SNDI1 interaction, stabilized peptide, peptide delivery, in vivo, breast cancer therapy

more cell-permeable, which could further broaden their in vivo
and clinical applications.

Current strategies for peptide delivery rely on nanocarriers,
such as polymeric materials, inorganic nanoparticles or lipid-
based nanocarriers, etc.'*™2° Although these methods exhibit
satisfying effects in peptide delivery, the synthesis of some
materials is complicated and drug assembly is often performed in
organic solvents, resulting in the decrease of peptide

Triple-negative breast cancer (TNBC) is the most prevalent
malignant subtype of breast cancer which lacks effective targeted
therapy.' Metadherin (MTDH) is upregulated in many types of
malignant tumors.”™* Staphylococcal nuclease domain-contain-
ing protein 1 (SND1) is also highly expressed in different
cancers, such as breast cancer, hepatocellular carcinoma, clear

cell renal cell carcinoma (ccRCC), et al”™" MTDH-SNDI1 bioactivity.”** As alternative approaches, peptide carriers,
protein—protein interaction plays a crucial role in breast cancer such as cell-penetrating peptides (CPPs), are versatile carriers
occurrence, development, drug resistance, prognosis, etc.”” to deliver biomolecules such as peptides, proteins, and nucleic
Small molecules targeting the MTDH-SNDI complex have acids to targeted sites through covalent or noncovalent
shownpromisingtherapeuticpotentialfor treatingTNBC,g’mIn attachments in vitro and in vivo,zs_25 Nevertheless, CPPs
addition to small molecules, stabilized peptides harnessing larger used for covalent conjugation may hinder the targeting binding
interaction surfaces and stable secondary conformations could sites or disrupt the conformation of peptides. Moreover,
also disrupt MTDH-SNDI interaction effectively due to their attaching to CPPs may affect peptide subcellular localization
stronger binding ability and high selectivity.”” Recently, our and cy‘cotoxicity.z‘,”27 As noncovalent nanocarriers, CPPs also
group reported a 15-mer peptide MS2D derived from MTDH, present some limitations including low cytosolic delivery
which exhibited strong binding affinity to SND1."® Based on the efficiency, endosomal entrapment, poor stability, etc.,”?
MS2D sequence, a novel class of stabilized peptides was which further limits their applications.

In 2019, our group utilized the Met bis-alkylation strategy to

generated, and two candidate peptides were chosen for TNBC
develop a 9-mer cyclized peptide (Wpc) as a nanocarrier for

treatment. Although stabilized peptides demonstrated potential
antitumor effects in breast cancer treatment, they still exhibited

limited bioactivity and functioned with high doses. This September 27, 2023
limitation may be partly due to the nature of SND1 surfaces, November 10, 2023
which favored peptide ligands with more negative charges November 13, 2023
involved. As a result, the designed peptides faced challenges of December 8, 2023

relatively poor cell and tissue penetration. Hence, it is important
to develop a safe delivery system to render bioactive peptides
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Figure 1. Schematic illustration of intracellular delivery of stabilized peptide targeting MTDH-SND1 complex for breast cancer therapeutics. Through
introducing mutation and TD strategy, a stabilized peptide (NS-E) was obtained with better binding affinity (~23 nM). Glu396 of NS-E could enter
into a positive charge center and strengthen the electrostatic interactions with SND1. To further improve the cell penetration of NS-E, the sulfonium-
modified constrained peptide (Wpc) was utilized in assembling peptide nanoparticles (Wpc/NS-E) with NS-E to deliver NS-E into tumor cells. Wpc/
NS-E nanoparticles could achieve lysosomal escape and release NS-E into the cytosol to disrupt MTDH-SNDI1 interaction, resulting in excellent

antitumor activities in triple-negative breast cancer therapy.

nucleic acid drug delivery.*~*

based peptide carrier and could achieve highly efficient and
controllable drug release in tumor microenvironment.”"** The
sulfonium positive center of Wpc increases its hydrophobicity
and positive charge, making it more effective in assisting the

Wpc is a reversible sulfonium-

assembly of negatively charged biomolecules, including peptides
(Figure 1). To maximize the therapeutic efficacy in cancer
therapy, we herein reported a constrained peptide delivery
system based on the Wpc nanocarrier to improve the cell
penetration efficiency of stabilized peptides. Furthermore, the in
vivo antitumor activity of stabilized peptides was also
investigated (Figure 1). This peptide delivery system might
provide more references to develop effective and selective
therapeutic agents to treat TNBC.

140

In the previous work, a series of peptide sequences were
designed and optimized according to the MTDH-SNDI1
structure (PDB code: 4QMG).'”"? Among these peptides, a
1S-mer peptide named MS2D
(D30;WNAPAEEWGNWVDE,;) was obtained with the
strongest SND1 binding affinity (~60 nM)."* Based on the
docking structure of MS2D/SND1 (Figure S1), Ala396 of
MS2D was located in a positive center contoured by Arg36 and
Arg259 of SND1, so mutating Ala396 to negatively charged
residues may improve the peptide binding affinity with SND1
through strengthening the electrostatic interactions. Moreover,
extending the length of the side chain of Ala will increase the

https://doi.org/10.1021/jacsau.3c00573
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Figure 2. Peptide design and optimization. (A) Binding abilities of optimized peptides evaluated by the fluorescence polarization assay. (B) Sequences
and K values of optimized peptides based on MS2D. (C) NS-E/SND1 docking structure. NS-E (dark yellow) and SND1 (pale cyan surface) were
shown in the figure. (D) Cellular uptake efficiency of optimized peptides (20 M) incubated with MDA-MB-231 and 4T1 cells for 12 h. (E) Cell
viability of MDA-MB-231 and 4T1 cells upon treatments with optimized peptides at different concentrations for 72 h. (F) Cellular thermal shift assay

of NS-E (120 uM) in MDA-MB-231 and 4T1 cells for 24 h.

opportunity to interact with Arg36 and Arg259 of SNDI1. In
order to verify our hypothesis, starting from MS2D, Ala396 was
mutated to acidic amino acids such as Glu (MS2D-E) or Asp
(MS2D-D) in order to enhance the electrostatic interaction with
the basic surface of SND1. Furthermore, MS2D-R and MS2D-L
were synthesized for comparison to further validate the necessity
of negatively charged residues applied in SND1 binding. Among
these peptides, MS2D with lengthened side chain mutation
(MS2D-E) exhibited stronger binding affinity, with a K4 value of
~34 nM (Figure 2A,B). Conversely, MS2D-L and MS2D-R
showed almost twofold and fourfold decreases in binding ability
compared with MS2D, respectively (Figure 2A,B), which was
consistent with the assumption above.

To stabilize the conformation of MS2D-E, a lactam
cyclization cap was introduced on the N-terminus of MS2D-E
(NS-E-cyc, also named as NS-E), which was previously reported
as an efficient stabilization methodology for the peptide
structure (TD strategy).”” The cyclized peptide NS-E with a
K4 value 0of 23.4 + 2.8 nM, improved the binding ability of linear
peptide MS2D-E and exhibited a nearly threefold stronger
binding affinity compared with MS2D (Figure 2B). According
to the docking analysis, stabilized peptide NS-E could effectively
bind with SND1, with key tryptophans (Trp394 and Trp401)
entering into two dominant hydrophobic pockets. Additionally,
Glu396 could reach into the basic groove and form electrostatic

141

interaction with Arg36 and Arg259 of SNDI, underlying the
enhanced binding ability of NS-E (Figure 2C).

We next explored the cell permeability of NS-E in two types of
TNBC cells (human MDA-MB-231 cells and mouse 4T1 cells)
utilizing TAT as a positive control. It was found that NS-E
displayed enhanced cell penetration efficiency compared with
that of mutated linear peptides under the same concentration.
However, NS-E still showed poor cellular uptake compared with
TAT, especially in 4T1 cells (Figures 2D and S2). To investigate
the response of cancer cells treated with optimized peptides, the
cell counting kit-8 (cck8) assay was performed to examine the
viability of breast cancer cells and normal human cells
(MCF10A) after being incubated with peptides for 72 h. The
optimized peptides, especially the stabilized peptide NS-E,
exhibited potential antiproliferative activity in breast cancer
cells, with an IC, value of 121 yM in MDA-MB-231 and 103
UM in 4T1 cells (Figure 2E). Nevertheless, NS-E showed
negligible antiproliferation effects on MCF10A cells even at the
concentration of 300 uM, suggesting its selectivity and low
toxicity (Figure S3). Cellular thermal shift assay demonstrated
that stabilized peptide NS-E could effectively bind with SND1 in
MDA-MB-231 and 4T1 cells, which could make it a promising
peptide candidate for further study (Figure 2F).
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Figure 3. Design, characterization, and cellular permeability of Wpc/NS-E nanoparticles. (A) Scheme illustrated the assembly process of stabilized
peptide NS-E and Wpc carrier. (B) Cell viability of MDA-MB-231 and 4T1 cells when treated with the Wpc nanocarrier at different concentrations.
(C) Particle size, zeta potential, and TEM characterization of Wpc/NS-E with different ratios. Scale bar = 200 nm. (D) Particle size changes of Wpc/
NS-Ein 24 h. (E) Cellular uptake efficiency of NS-E and Wpc/NS-E incubated with MDA-MB-231 and 4T1 cells for 12 h. (F) Flow cytometry analysis
of intracellular uptake of NS-E (20 M) after mixing with Wpc at varying incubation time points. (G, H) CLSM analysis of the cellular distribution of
NS-E in 4 and 24 h. Scale bar = 10 ym.

24 h

4h

24 h

assemble with NS-E to avoid decreasing the binding ability via
covalently fusing with CPP sequences (TAT, etc.).

. . o . Due to the presence of the abundant negatively charged
To improve the cellular uptake efficiency of stabilized peptide amino acids and three tryptophans in the NS-E sequence, we

NS-E, nanocarriers with low cytotoxicity were considered to utilized a 9-mer constrained peptide (Wpc) previously
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Figure 4. Antitumor effects of Wpc/NS-E in triple-negative breast cancer cells. (A) Cell viability of MDA-MB-231 and 4T1 cells when treated with
Wpc/NS-E at §, 10, 20, 40, 80, and 120 uM for 24 and 72 h. (B) LDH release assay. Wpc/NS-E at various concentrations were added to breast cancer
cells for 12 and 24 h. (C) Flow cytometry analysis of MDA-MB-231 and 4T1 cells labeled with Annexin V-FITC and PI in different groups. (D) Images
of transwell invasion assay on MDA-MB-231 and 4T1 cells in 36 h. Scale bar = 100 #m. Images were analyzed by Image]. (E) Images of wound-healing
assays. Scale bar = 100 ym. Images were analyzed by ImageJ. One-way ANOVA multiple comparisons were used for statistical analysis (***¥p <
0.0001). (F) Co-IP assay in MDA-MB-231 and 4T1 cells. DMSO, Wpc, NS-E, and Wpc/NS-E at various concentrations were added to MDA-MB-231
and 4T1 cells for 24 h, respectively. (G) Schema illustration showed that Wpc delivered NS-E into cells and disrupted the MTDH-SND1 interaction,
which induced apoptosis, further inhibited invasion and migration, and exerted antiproliferation effects in breast cancer cells.

Prior to establishing a suitable concentration of the peptide

developed by our group as a carrier to deliver peptide NS-E into delivery system, breast cancer cells were incubated with Wpc
cells (Figure 3A). nanocarriers for 72 h to evaluate their cytotoxicity. The cell
143 https://doi.org/10.1021/jacsau.3c00573
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Figure 5. Transcriptome analysis. (A) Volcano plot of the differentially expressed genes (DEGs) in the Wpc and Wpc/NS-E groups. (B) KEGG
analysis of different signaling pathways in Wpc/NS-E versus Wpc group. (C) Heat map of the DEGs identified by RNA-Seq in MDA-MB-231 cells
after diverse treatments. (D, E) Intracellular mRNA level of chemokine-related genes (CXCL2, CX3CL1, CSF2, and TGFB2) in MDA-MB-231 and
4T1 cells after treatments with DMSO, Wpc, NS-E, and Wpc/NS-E. Error bars indicated mean + SD (1 = 3). One-way ANOVA multiple comparisons
were used for statistical analysis (**p < 0.01, **¥p < 0.001, **¥¥p < 0.0001).

viability was over 85% at the concentration of 240 yuM in MDA-
MB-231 and 4T1 cells (Figure 3B). To avoid the cytotoxicity
caused by an excessive Wpc carrier, NS-E peptide was diluted in
ablank culture medium and mixed with a Wpc carrier (240 uM).
After one-step mixing at RT for 1 h, the Wpc/NS-E
nanoparticles at different ratios were formed uniformly with a
diameter of nearly 200 nm according to the dynamic light
scattering (DLS) analysis and TEM image (Figure 3C). The
average zeta potential of the Wpc/NS-E nanoparticles was about
—2 mV (Figure 3C). Moreover, the particle size of Wpc/NS-E
remained stable in 24 h, suggesting its desirable stability at RT
(Figures 3D and S4). To evaluate the intracellular delivery
efficiency of Wpc/NS-E nanoparticles, MDA-MB-231 and 4T1
cells were treated with Wpc/NS-E at different concentrations for
12 h, respectively. Wpc/NS-E demonstrated significantly
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improved cellular uptake efficiency compared with NS-E
alone, suggesting the potential of Wpc for intracellular delivery
of peptides (Figures 3E and SS). According to flow cytometry
analysis, Wpc/NS-E could reach the maximal cellular uptake
within 12 h in MDA-MB-231 cells and 24 h in 4T1 cells (Figures
3F and $S6).

To investigate the intracellular distribution of NS-E peptide in
breast cancer cells, confocal laser scanning microscopy (CLSM)
was used to observe the treated cells at different time points (4
and 24 h). It was found that the Wpc carrier could effectively
deliver the NS-E into the cells and colocalize with lysosomes in 4
h (Figure 3G,H). Moreover, it was observed that with prolonged
time, a good colocalization between NS-E and SND1 was
observed, suggesting that Wpc/NS-E could achieve lysosome
escape and release NS-E into the cytosol to bind with SND1 in
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Figure 6. In vivo antitumor efficacy and biosafety study in 4T1-luc bearing mice. (A) Schematic diagram of primary tumor treatment in 4T1-luc
bearing mice. (B) Images of tumor tissues treated with blank culture medium, Wpc (8 mg/kg), NS-E (4 mg/kg), NS-E (8 mg/kg), Wpc/NS-E (4 mg/
kg), and Wpc/NS-E (8 mg/kg) by peritumoral injection, respectively. (C) Tumor weights of mice in different treatment groups. (D) Inhibition rates of
tumor growth in different treatment groups. (E) Tumor volume changes in different groups. (F) Body weights of the mice after 19-day treatment in
different groups. G1: Blank control, G2: Wpc (8 mg/kg), G3: NS-E (4 mg/kg), G4: NS-E (8 mg/kg), G5:Wpc/NS-E (4 mg/kg), and G6: Wpc/NS-E
(8 mg/kg). Error bars indicated mean + SD (1 = 3). One-way ANOVA multiple comparisons were used for statistical analysis (ns: not significant, *p <

0.05, *¥p < 0.01, ¥¥¥p < 0.001, ***¥p < 0.0001).

24 h (Figure 3GH). 3D-z stacking scanning imaging also
suggested that NS-E could colocalize with SND1 after Wpc/NS-
E treatment for 24 h (Figure S7).

Encouraged by the improved cellular uptake of NS-E, we started
to evaluate the antitumor activity of Wpc/NS-E in breast cancer
cells (MDA-MB-231 and 4T1) and normal human mammary
epithelial cells (MCF10A). As shown in Figure 4A, Wpc/NS-E
treatment could induce antitumor activity in a time-dependent
manner. Upon incubation at various concentrations, Wpc/NS-E
resulted in proliferation inhibition with the dose increasing in
MDA-MB-231 and 4T1 cells in 72 h, respectively (Figure 4A).
LDH release assay revealed that the in vitro antitumor effect of
Wpc/NS-E was not owing to the nonspecific toxicity caused by
cell membrane disruption (Figure 4B). Notably, no obvious
cytotoxicity was observed in Wpc/NS-E-treated MCF10A cells
(Figure S8), suggesting the selectivity and biosafety of Wpc/NS-
E in breast cancer therapy.

Consistent with its tumor-suppression effects, the Wpc/NS-E
treatment induced significant apoptosis in breast cancer cells
(Figure 4C). Subsequently, to investigate whether Wpc/NS-E
had the potential to inhibit tumor metastasis, a transwell
invasion assay was conducted. The results demonstrated that the
Wpc/NS-E treatment significantly repressed the invasion
tendency in MDA-MB-231 and 4T1 cells (Figures 4D and
S9). Supplementarily, the wound-healing analysis also demon-
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strated that Wpc/NS-E effectively enhanced tumor migration
suppression, while the Wpc carrier showed little effect compared
with the control group (Figure 4E). This finding further
implicated that the peptide NS-E could effectively inhibit the
migration and invasion of breast cancer cells.

To further explore the molecular mechanism of Wpc/NS-E-
induced inhibition on breast cancer cell proliferation, the
coimmunoprecipitation (Co-IP) assay was performed in breast
cancer cells to examine the level of SND1 binding to MTDH. As
shown in Figure 4F, compared to the NS-E group, the Wpc/NS-
E-treated group showed stronger inhibitory effects on MTDH-
SND1 formation without affecting the MTDH expression,
indicating that the peptide NS-E could be delivered into breast
cancer cells effectively and block MTDH-SND1 interaction
through targeting SND1.

Collectively, these results suggested that Wpc could efficiently
enhance the cell permeability of peptide NS-E and augment
cytotoxicity against breast cancer cells by blocking the MTDH-
SND1 interaction (Figure 4G). The same trend was also found
in inhibiting the migration and invasion of TNBC cells (Figure
4G). These findings indicated that the Wpc-peptide assembled
system could be a promising strategy to deliver stabilized
peptide NS-E into tumor cells for improving treatment efhicacy
and lowering the therapeutic dose.

To further elucidate the cellular functions of breast cancer cells
upon treatment with Wpc/NS-E, transcriptome profiling was

https://doi.org/10.1021/jacsau.3c00573
JACS Au 2024, 4, 139—-149


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00573/suppl_file/au3c00573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00573/suppl_file/au3c00573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00573/suppl_file/au3c00573_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00573?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

analyzed by RNA sequencing (RNA-Seq) in MDA-MB-231
cells. According to the volcano plot, RNA-Seq analysis identified
251 differentially expressed genes (DEGs) in the group of Wpc
versus Wpc/NS-E, among which 123 genes were upregulated
and 128 genes were downregulated (p < 0.05, log, Ifold changel
> 1) (Figure SA). In addition, 117 DEGs were detected in the
groups Wpc/NS-E versus CTRL, Wpc/NS-E versus Wpc, Wpe/
NS-E versus NS-E, and Wpc versus CTRL (Figure S10). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis revealed
that DEGs were mainly enriched in the pathways of cell growth
and death, signal transduction, cancer overview, amino acid
metabolism, and immune system (Figure S11). MTDH could
facilitate tumor progression and play an essential role in multiple
signaling networks (including PI3K/Akt, NF-kB, Wnt signaling,
etc.).”* 7 RNA-Seq analysis also demonstrated that several
canonical oncogenic cellular pathways, including TNF, TGF-
beta, NF-xB, PI3K-Akt signaling pathways, etc., were signifi-
cantly enriched after treatment with Wpc/NS-E (Figure SB). In
addition, chemokine genes, such as CXCL1, CXCL2, CXCL3,
CXCLS, CX3CL1, CSF2, and IL-6, were dramatically down-
regulated (Figure SC). Most of them were NF-«xB downstream
target genes, which were reported to be responsible for the
proliferation, survival, and invasion of breast cancer.””* This
finding indicated that Wpc/NS-E might downregulate onco-
gene-related chemokine expression via inhibition of NF-xB
downstream signaling pathways. Moreover, TGFB2 was also
observed in the DEGs, which could mediate TGF-beta, NF-xB,
and other immune signaling pathways.*' ~** Next, we chose
additional downstream candidate genes, including CXCL2,
CX3CL1, CSF2, and TGFB2 for further validation. RT-qPCR
results showed that the expressions of these genes were reduced
significantly in MDA-MB-231 and 4T1 cells, consistent with the
heatmap analysis (Figure SD,E). Furthermore, other genes
related to the biosynthesis and metabolism of amino acids were
also investigated, such as PHGDH and PSAT1. Notably, as
shown in Figure S12, Wpc/NS-E treatment enhanced the
inhibition rates of PHGDH and PSAT1 (<40%) compared with
NS-E alone. Above all, the MTDH-SND1 complex played a
multifunctional role in tumor progression and its blockage might
regulate oncogene-related signal transduction pathways in-
volved in tumor growth and metastasis.

In summary, MTDH-derived stabilized peptide NS-E could
inhibit tumor growth and invasion by regulating the MTDH-
mediated signaling pathways associated with tumorigenesis,
such as NF-kB signaling, PI3K/Akt, etc. However, how NS-E
binds to SND1 and inactivates related signaling pathways (NF-
KB, etc.) remains unclear at this point. More proof was necessary
to gain a better understanding of NS-E mediated NF-xB/PI3K/
Akt signaling inhibition through disrupting MTDH-SND1
interaction.

To investigate the antitumor effects of Wpc/NS-E in vivo, 4T1-
luc mouse mammary tumor cells were subcutaneously injected
into BALB/c mice to mimic TNBC."> When the tumor volume
reached about 100 mm?®, BALB/c mice above were randomly
divided into six groups (n = 5) and were peritumorally injected
with blank culture medium, Wpc carrier (8 mg/kg), peptide NS-
E (4 and 8 mg/kg), or Wpc/NS-E (4 and 8 mg/kg), respectively.
Treatment was administered every other day for 19 days. Tumor
size and body weight were measured before each treatment
(Figure 6A). As illustrated in Figures 6B and S13, mice treated
with only peptide NS-E exhibited potential tumor inhibition,
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even at a low dose of 4 mg/kg. Increasing the dose of NS-E (8
mg/kg) did not cause obvious toxicity, which further revealed
that peptide NS-E could be well tolerated in mice. Furthermore,
mice treated with Wpc/NS-E (at both 4 and 8 mg/kg) showed
significantly enhanced antitumor effects with tumor inhibition
rates of approximately 65 and 70%, respectively (Figure 6C,D).
In contrast, Wpc treatment failed to suppress the tumor growth
compared to Wpc/NS-E, suggesting that the in vivo antitumor
efficacy caused by Wpc/NS-E was due to NS-E treatment
instead of Wpc carriers (Figure 6E). In addition, no significant
weight changes were observed in mice of each group after 19
days of administration (Figure 6F), confirming the low toxicity
of NS-E and Wpc/NS-E.

To further verify the biocompatibility of Wpc/NS-E in 4T1-
luc tumor-bearing mice, all the mice were euthanized to collect
their hearts, livers, spleens, lungs, kidneys, and brains for analysis
after the 19-day treatment. Then, hematoxylin and eosin (H&E)
staining was utilized to detect the organ damages. After 19 days
of treatment, the main organs of mice in each group showed
negligible damage (Figure S14), fully demonstrating the in vivo
safety of the peptide NS-E and Wpc/NS-E nanoparticles.

Opverall, the data above indicated that Wpc could increase the
tumor penetration efficiency of NS-E and inhibit tumor
proliferation in vivo with good biocompatibility.

Blocking the MTDH-SNDI1 protein—protein interaction has
recently been shown to be a promising strategy for TNBC
therapy.”'”'**® In this study, TD strategy was introduced to
design a chemically modified stabilized peptide (NS-E) that can
disrupt MTDH-SNDI1 interaction in breast cancer cells.”” NS-E
exhibited a fourfold enhancement of binding affinity compared
with peptide inhibitors (MS2D-cyc4 and MS2D-cyc6)
developed in the previous study."> However, NS-E showed
poor cell penetration efficiency and exerted antitumor effects ata
relatively high concentration, with an ICg, value of over 100 uM
in MDA-MB-231 and 4T1 cells. Therefore, we established a
stabilized peptide delivery system utilizing a reversible
sulfonium-based peptide carrier (Wpc) to enhance the cell
permeability of NS-E.

Further biological studies demonstrated that the Wpc
nanocarrier could significantly enhance the cellular uptake
efficiency of stabilized peptide NS-E and reduce its dosage (20
uM) in breast cancer therapy. Peptide NS-E could be delivered
into tumor cells and effectively block the MTDH-SND1
interaction through targeting SND1. As a result, the Wpc/NS-
E complex induced apoptosis and dramatically suppressed the
proliferation, migration, and invasion of TNBC cells. Moreover,
Wpc/NS-E also exhibited good therapeutic effects in the 4T1
TNBC mice model, further suggesting its excellent antitumor
activity in vivo.

It was reported that MTDH was involved in the canonical
oncogene-related pathways, including Wnt/f-catenin, NF-kB,
PI3K/AKT, etc.**%*"** In addition, SND1-mediated ERK
signaling and EMT processes were activated by MTDH to
promote the metastasis of ccRCC.® RNA-Seq analysis in this
study revealed that the NS-E peptide also significantly regulated
the oncogene-related signaling pathways and inhibited the
expression of chemokine genes (CXCL1, CXCL2, CXCL3,
CX3CL1, etc.). This process may be mediated by NF-«B activity
inhibition, but further exploration was needed. Meanwhile,
other pathways related to amino acid biosynthesis and
metabolism were also affected upon NS-E treatment, revealing
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that combining the MTDH-SNDI targeting stabilized peptides
with other inhibitors may obtain more satisfying antitumor
effects and provide a promising avenue to specifically treat
TNBC.

To sum up, our study reported a potent peptide inhibitor
(NS-E) with stronger binding affinity via structure-based
optimization, providing more references for peptide design to
block the MTDH-SNDI interaction. The constrained peptide
delivery system further broadened the therapeutic applications
of stabilized peptides and provided a feasible approach to
address the gap of the poor cell permeability of biomolecules for
cancer therapy.

All cell lines used in this work were obtained from the American Type
Culture Collection (ATCC) and cultured according to ATCC. The
peptides were synthesized by standard solid-phase peptide synthesis
and purified by high-performance liquid chromatography (HPLC).
Liquid chromatography-mass spectrometry (MS) (electrospray ioniza-
tion MS) was used to characterize the molecular mass of peptides.
Peptides were quantified at 280 or 494 nm (FITC labeled) on
NanoDrop 2000 (Thermo). Peptide affinity was evaluated by the
fluorescence polarization assay using FITC-labeled peptides and
recombinant protein His-SND1 (16-339) in the solution of 50 mM
HEPES (pH 7.5) with 0.01% Tween 20 (v/v) and 2 mM DTT. For the
pmCherry-SND1-N1 plasmid, the full-length coding sequence of
SND1 was amplified from the MDA-MB-231 cDNA library and cloned
into the pmCherry-N1 vector purchased in YouBio (China). Before
performing the live-imaging, pmCherry-SND1-N1 plasmid was trans-
fected into MDA-MB-231 cells and 4T1 cells, respectively. After 24 h of
transfection, Wpc/NS-E (FITC labeled) was added and incubated with
the cells for another 24 h.

Detailed contents of the materials and methods are shown in the
Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00573.

Detailed materials and methods (docking analysis,
additional fluorescent statistical analysis, TEM images,
cck8 assays, RNA-Seq analysis, in vivo imaging, and H&E
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