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ABSTRACT: This work reports a cyclic peptide appended self-assembled scaffold that
recognizes the membrane protein EGFR and arrests the EGFR signaling through
multivalent interactions by assembly-induced aggregation. When incubated with cells, the
oligomers of PAD-1 first recognize the overexpressed EGFR on cancer cell membranes for
arresting EGFR, which then initiates cellular uptake through endocytosis. The accumulation
of PAD-1 and EGFR in the lysosome results in the formation of nanofibers, leading to the
lysosomal membrane permeabilization (LMP). These processes disrupt the homeostasis of
EGFR and inhibit the downstream signaling transduction of EGFR for cancer cell survival.
Moreover, LMP induced the release of protein aggregates that could generate endoplasmic
reticulum (ER) stress, resulting in cancer cell death selectively. In vivo studies indicate the
efficient antitumor efficiency of PAD-1 in tumor-bearing mice. As a first example, this work
provides an alternative strategy for controlling protein behavior for tuning cellular events in
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pidermal growth factor receptor (EGFR), a member of

the ErbB family, is an important transmembrane receptor
for signaling transduction and activation. The overexpression
and abnormal activation of EGFR promote the progression of
tumors.' Using chemical inhibitors to target EGFR for tumor
inhibition has achieved a certain success. However, the
acquired drug resistance and nonselectivity of their admin-
istrations limited their applications.

Protein nanoclustering plays an important role in the
organization of proteins by forming mesoscale structures to
form microdomains that are capable of modulating cellular
signaling pathways,” ™ including membrane receptors, tran-
scriptional factors, and other cytosolic signaling proteins.
Oligomerization of proteins enables the regulation of cellular
behavior through nanoscale protein activity to microscale
cellular response, thus providing general scaffolds for the
assembly of protein activities in intercellular communication,
proliferation, response inhibition, and immune activation.
Manipulating protein clustering and aggregation in living
cells is challenging because of the lack of strategies to assemble
proteins at the nanoscale with tunable control and exert
functions.” Using antibodies to cluster transmembrane
receptors and chemically inducible oligomerization by small
molecules are the represented techniques.g_12 However,
existing reports about artificial protein clustering/aggregation
mainly focus on clustering on the cell membrane but not the
intracellular region, and inhibiting tumor cell growth by
clustering and aggregating EGFR is yet to be explored.

Self-assembly, as a prevalent naturally occurring process,
serves as a general strategy for designing and constructing
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functional materials. Recent advances in the research of

peptide self-assembly in living cells stimulated research
interests and efforts to explore the novel strategy to control
peptide self-assembly in cells for the application of cancer
therapy.'””>™*° This work shows that the rationally designed
protein aggregation driver (PAD-1), consisting of a self-
assembly tunable motif, linkers, and EGFR ectodomain
binding cyclic peptide (Figure 1A), can manipulate EGFR
clustering on the cell membrane to arrest EGFR signaling
transduction. Self-assembly of PAD-1 in lysosomes can trigger
EGFR to form aggregates and induce lysosomal membrane
permeabilization (LMP) (Figure 1B). LMP can cause
lysosomal content and protein aggregate leakage, resulting in
endoplasmic reticulum (ER) stress. As a multifaceted event,
the self-assembly of PAD-1 induces necroptosis and apoptosis
of cancer cells without harming normal cells. In vivo tumor-
bearing mice models also indicate the anticancer efficiency of
PAD-1.

We designed a series of PADs that consisted of an N-
terminal capping group, a self-assembling peptide backbone, an
EGFR-recognizing moiety, and a flexible linker to tune the
hydrophilicity of the system. We chose the 2-naphthylacetyl
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Figure 1. Schematic illustration of peptide assemblies to modulate the clustering formation of a membrane protein EGFR for cancer cell inhibition.
(A) Chemical structure and the illustration of the self-assembly of PAD-1. (B) Illustration to show the cellular EGFR signaling pathway and the
strategy for control of EGFR aggregation in this work. Peptide oligomer binds to EGFR on the cell membrane, leading to EGFR clustering on the
cell membrane. After being taken up by cells through endocytosis, the oligomers self-assemble to form nanofibers with the aggregation of the
protein, inducing LMP. The released protein aggregates and nanofibers cause ER stress, resulting in cancer cell death selectively. This figure was

created with Biorender.com.

group to cap the N-terminal because it can ;)rovide strong
intermolecular aromatic—aromatic interactions.*® p-Phe-p-Phe
(ff) is the enantiomer of a well-established peptidic backbone
dipeptide Phe-Phe for self-assembly.”” A peptide sequence
KLARLLT (in linear or cyclic version) for binding EGFR is
attached at the C-terminal of peptide.*® Glycine (G) or
poly(ethylene glycol) (PEG) usually serves as a linker to tune
the system’s hydrophilicity. A head-to-tail condensation
reaction was used to obtain the cyclic peptide (Scheme S1).
After activating the carboxyl group of Nap-fiX (X represents
different linkers) by N-hydroxysuccinimide (NHS), the Nap-
fEX-NHS ester reacted with the cyclic peptide via the amine
group of the side chain to yield the final molecules. The
identity and purity of all the molecules were confirmed by
liquid chromatography—mass spectrometry (LC-MS) and 'H
NMR (Figures S3 to S16).

We first evaluated the cytotoxicity of PADs against human
cervical cancer (HeLa) cells (Figure 2B and Figure S17),
which expressed high levels of EGFR.”” Among the four linear
peptides (PAD-4 to PAD-7), only PAD-4 exhibited high
bioactivity against HeLa cells with an ICs, of 27 yM. The ICy,
values of cyclic peptides (PAD-1 to PAD-3) against HeLa cells
followed the order of PAD-3 (more than 50 uM) > PAD-2
(2591 uM) > PAD-1 (0.36 uM).

The binding affinity measurements showed that the cyclic
peptide had a dissociation constant (Kp,) of 1.16 uM, while the
linear peptide had a Kp of 1.25 uM (Table S1).*>*' The higher
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binding affinity and stability of the cyclic peptide compared to
the linear peptide are significant and likely contributed to the
improved bioactivity of the cyclic peptide. The stability of
peptides in culture medium containing 10% fetal bovine serum
(FBS) was investigated and measured by LC-MS. These results
(Figures S18 and S19) showed that there were two main
degradation products of linear peptides, Nap-ff-linker-K and
Nap-ff-linker. For PAD-6 and PAD-7, the degradation ratios
were close to 100% after 3 h of incubation, indicating their
poor stability in culture medium. PAD-5 also degraded by
about 60%. PAD-4 had better stability compared to the other
three linear peptides, which had the lowest ICy, among linear
peptides. These results suggested a positive correlation
between their stability in the culture medium and bioactivity.
For cyclic peptides, we could not observe any degraded
product in LC-MS analysis even after 24 h, indicating much
better stability of cyclic peptides than linear peptides (Figure
S20). These results also showed that the linker between ff and
the EGFR binding motif can influence the stability and final
bioactivity. Moreover, the results also demonstrated that C-
terminal amination (PAD-4 and PAD-5) improves cancer
killing efficiency, consistent with the previous report that the
self—assemblg ability of molecules correlates with their
bioactivity."” Transmission electron microscopy (TEM)
analysis (Figure S21) demonstrated that PAD-1 through
PAD-4 was able to self-assemble into nanofibers. In contrast,
for PAD-5, PAD-6, and PAD-7, only amorphous aggregates
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Figure 2. (A) Illustration and molecular structure of PADs with different linkers and EGFR binding peptide motif. (B) 48 h IC;, of PADs against
HeLa cells. *, ICg, > S0 uM. (C) The cytotoxicity of PAD-1 (1 and 25 M) against wild-type HeLa cells and EGFR knockdown HeLa cells. (D)
Pulldown experiment to verify the peptide—EGFR interaction; 12 and 24 yM biotin-labeled PAD-1 co-incubates with HeLa cell lysates for 4 h in 4
°C. Clustering and aggregation of EGFR induced by PAD-1. (E) EGFR clusters on the cell membrane and EGFR aggregates in the cytoplasm were
investigated by structured illumination microscopy. The red arrows indicate the EGFR clusters (2 h) and EGFR aggregates (4 and 12 h). (F)
Immunofluorescence of HeLa cells treated with 12 uM, 24 uM, and 48 yM PAD-1 for 24 h to show the concentration-dependent EGFR
aggregates’ formation. Scale bar: 10 ym. (G) The co-localization of NBD-PAD-1 with EGFR in the lysosomes. Scale bar: S ym.

were observed. The circular dichroism (CD) spectra (Figure
$22) of the PADs revealed that PAD-1 through PAD-4 could
form a random coil-like secondary structure. However, for
PAD-5 through PAD-7, no distinct secondary structure was
detected. The TEM and CD results suggest that the
morphology and secondary structure of the PADs may be
significant factors contributing to their bioactivity. These
structural characteristics provide important insights into the
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potential structure—function relationships of the different PAD
compounds.

Considering the promising bioactivity of the cyclic peptides,
cytotoxicity of the cyclic peptides against different cancer cell
lines was evaluated, including human osteosarcoma cells
(Saos2), human hepatocellular carcinoma cells (HepG2),
human non-small-cell lung cancer cells (AS49), and one
normal cell line, human bone marrow stromal cells (HS-5).
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Figure 3. Cell uptake and self-assembly in living cells. (A) The cellular uptake processes of NBD-PAD-1 (green). Cell membranes are stained by
Deep Red (red). The concentration of peptide is SO M. Scale bar, 10 ym. (B) Effect of endocytosis inhibitors (chlorpromazine 15 uM; filipin 3
uM; amiloride SO uM; EIPA 25 uM) on cellular uptake of 25 yM NBD-PAD-1 for 1 h, which was analyzed by flow cytometry. (C, D) The
subcellular location of NBD-PAD-1 and the co-localization spectra of lysosome and NBD-PAD-1. HeLa cells were incubated with S0 uM peptide
(green) for 6 and 12 h before being stained by Lyso Tracker Deep Red (red) and imaged by CLSM. Scale bar, S ym. (E) Cells were treated with S0
UM PAD-1 for 6 and 12 h. Lysosome was stained by Lyso-Tracker Green. Scale bar is S ym. (F) The relative diameter of lysosome to control group
in (E) (n = 10).

Western blotting results (Figure S23) showed that the EGFR HeLa > A549 > HS-S > HepG2 > Saos2. The ICs, of these
expression level in these five cell lines follows the order of three cyclic peptides against HeLa cells was much lower than
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that against the other four cell lines (Figures S24 to S29).
Among three cyclic peptides, PAD-1 had the highest
cytotoxicity against HeLa cells, the ICy, of which was 0.36
H#M. PAD-2 exhibits obvious cytotoxicity against normal cells
(HS-S), indicating the poor selectivity of PAD-2. Moreover,
the NapffG or EGFR binding motif (Cyclo(LLT)) was
innocuous against HeLa cells (Figures S30 and S31),
suggesting the importance of polyvalent properties in killing
cancer cells. The critical micelle concentration (CMC) result
(Figure S32) of these three cyclic peptides indicated that self-
assembly ability of peptides worked with other factors inducing
cytotoxicity. Based on the above results, we selected PAD-1 for
further mechanism studies.

The cytotoxicity result of PAD-1 suggested that it may have
selective activity against cells with different EGFR expression
levels. To further confirm the relationship between EGFR
expression and the cytotoxicity of PAD-1, we used small
interfering RNA (siRNA) to knock down EGFR (Figure S33).
The results (Figure 2C) showed that PAD-1 exhibits less
cytotoxicity against EGFR knockdown cells, indicating that the
cytotoxicity of PAD-1 positively correlates with EGFR
expression in cells. Additionally, a pull-down experiment
(Figure 2D) with biotin-labeled PAD-1 further verifies that
PAD-1 can bind tightly to EGFR at the cellular level.

To study the relationship between the self-assembly ability
of the peptide and the final bioactivity, we used Ac-GGG to
replace NapffG, resulting in Ac-GGG-Cyclo(LLT) (Figures
S34 and $35). The CMC of Ac-GGG-Cyclo(LLT) is about
288 uM, which is more than 40 times higher than the CMC of
PAD-1. MTT experiments indicated that the Ac-GGG-
Cyclo(LLT) has negligible cytotoxicity against HeLa cells.
This suggests a positive relationship between the CMC and the
final cytotoxicity of the peptides, where a higher CMC
corresponds to lower cytotoxicity.

To evaluate the EGFR aggregate formation in cells after the
treatment with PAD-1, we performed the immunofluorescent
(IF) experiments to detect EGFR. The IF results obtained
using structured illumination microscopy (SIM, Figure 2E)
indicated that EGFR distributes uniformly on the cell
membrane without any treatment. However, after 2 h of
incubation with PAD-1, increased EGFR fluorescence intensity
on the cell membrane suggested that PAD-1 triggered the
formation of EGFR clusters (Figure 2E). After 4 and 12 h of
incubation, EGFR aggregates were observed in the cytoplasm,
indicating that EGFR entered into cells through endocytosis to
form lager aggregates. The size of artificial EGFR aggregates
was obviously larger than that of natural EGFR clusters. As the
incubation time increased, the amount of EGFR aggregates in
the cytoplasm (red arrow) increased while the number of
clusters on the cell membrane decreased. The confocal laser
scanning microscopy (CLSM) result (Figure 2F) and
quantification data (Figures S36 and S37) further demon-
strated that the number of EGFR aggregates in the cytoplasm
increased in a concentration-dependent and time-dependent
manner. This suggests that the formation and accumulation of
EGEFR protein aggregates within the cells are directly related to
both the concentration of the treatment and the duration of
the exposure. The EGFR-GFP plasmid transfected HeLa cells
were also utilized to investigate the formation of EGFR
aggregates. The CLSM result (Figure S38) demonstrated that
EGFR formed distinct protein aggregates in the cytoplasm
after 6 h of incubation. To examine the location of the peptide,
we replaced Nap at the N-terminus of the peptide with

nitrobenzoxadiazole (NBD), resulting in NBD-PAD-1 (Figure
$39). The CLSM results (Figure 2G and Figures $40 and S41)
showed that the red fluorescence from EGFR co-localized with
green fluorescence from NBD. The control experiments with a
single EGFR binding motif (Cyclo(LLT)) were also
performed. The CLSM results (Figure S42) suggested that
the single EGFR binding motif could not induce EGFR
clustering and aggregation.

Cellular uptake processes and the distribution of molecules
in the cells are significant for understanding the protein
aggregate formation. The CLSM result (Figure 3A and Figure
S43) showed that the green fluorescence from NBD on the cell
membrane can co-localize with the red fluorescence from a cell
membrane tracker (white arrows). The intensity of green
fluorescence on the cell membrane decreased with an increase
of time. Moreover, the green fluorescence from NBD is also
located inside the cells within 1 h, which became much
stronger and bigger with the increase of time, indicating that
the peptide could interact with the cell membrane quickly and
be taken up by the cells. By seeing the intracellular distribution
of the green fluorescence and increased intensity of the green
fluorescence with an increase of time, we hypothesized that the
peptide could be taken up by the cells through the endocytic
pathway. To investigate the possible endocytosis pathway of
PAD-1, we used different endocytic inhibitors to co-incubate
with PAD-1. The results (Figure 3B and Figure S44) by flow
cytometry showed that the addition of amiloride (an inhibitor
of macropinocytosis) and S-(N-ethyl-N-isopropyl)amiloride
(EIPA, another inhibitor of macropinocytosis) almost does not
influence the cellular uptake of NBD-PAD-1. Filipin III, an
inhibitor of caveolae-mediated endocytosis by disrupting the
lipid raft, reduces the uptake of NBD-PAD-1 by about 35%.
Chlorpromazine (an inhibitor of clathrin-mediated endocyto-
sis) significantly decreased the uptake of NBD-PAD-1 by
about 50%. These results indicated that PAD-1 mainly entered
cells undergoing clathrin-mediated endocytosis, and part of the
peptide entered cells undergoing caveolae-mediated endocy-
tosis.

To confirm the subcellular distribution of the peptide,
lysosomes are stained with Lyso-Tracker Red. CLSM images
show that the green fluorescence from NBD co-localized with
the red fluorescence from Lyso-Tracker (Figure 3C,D and
Figure S45) after 6 h and 12 h of co-incubation. After co-
incubation for 12 h, the fluorescent intensity of NBD increased
with the increase of the size of fluorescent dots. CLSM results
also indicated that the intensity of red fluorescence sharply
decreased after 12 and 24 h of incubation. The possible reason
might be related to the disruption of lysosomes. To confirm
that, another Lyso-Tracker Green was used to probe the
lysosomes. The CLSM result (Figure 3E and Figure S46)
showed that the edge of lysosomes (green) was clear in the
control group. After 12 or 24 h of incubation of PAD-1 with
cells, diffused green fluorescence was observed in the
cytoplasm, indicating that the lysosomal membrane was
disrupted by the self-assembly of peptide. The measurement
of the diameter of lysosomes (Figure 3F) suggested that the
diameter increased after the treatment with PAD-1 for 2 and 6
h. The diameter of lysosomes increased about 0.5 time after 2
h of incubation. From 2 to 6 h, the diameter increased about
1.§ times, indicating the enlargement of the lysosomes. These
results suggest that the PAD-1 first interacts with the cell
membrane, which is then taken up by the cells through
endocytosis. The accumulation of assemblies inside the
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lysosome could induce LMP and release the peptide
assemblies and the EGFR aggregates.””**

Time-dependent biological electron microscopy (Bio-EM)
showed no aggregates in the lysosomes of cells without any
treatment, and the lysosomal membranes maintain their
integrity (Figure 4A). After 2 h of incubation of PAD-1,
many amorphous nanostructures formed by the oligomers of
peptides and EGFR (Figure 4B) can be observed in the
lysosomes. With the increase of time, we can observe
distinctive nanofibers and aggregates inside lysosomes (Figure
4C,D). The morphology of nanofibers observed in the Bio-EM
is similar to the in vitro experiment, suggesting that the
peptides self-assemble to form nanofibers in the lysosomes.
Combined with the above IF results, these aggregates might be
formed by the coassembly of PAD-1 and EGFR. In addition,
part of the lysosomal membrane is broken (Figure 4D, red
arrow) with the increase of time, indicating that the nanofibers
formed in the lysosomes can disrupt the lysosomal membrane.
Except that, TEM of the PAD-1 oligomer and assembly of
PAD-1 were also performed to verify the morphology change.
The TEM result (Figure 4E) showed that the initial
morphology of the PAD-1 oligomer was amorphous
aggregates, which was consistent with structure observed
from the 2 h incubation Bio-EM result (Figure 4B). PAD-1
can self-assemble to form uniform nanofibers in pH 5.0, as
shown in Figure 4E. However, the co-incubation of PAD-1
with EGFR results in the formation of bundled nanofibers, as

10687

depicted in Figure 4E. This finding suggests that EGFR can
enhance the assembly of PAD-1 and may potentially
coassemble with PAD-1 to generate these bundled nanofiber
structures, as illustrated in Figure 4F. The same experiment
was also performed with control peptide Cyclo(LLT). As
shown in the TEM result (Figure S47), no new structure
formed with the control peptide. Bio-EM and TEM results
together suggested that there are at least three stages to form
EGFR aggregates in the lysosomes: (1) the peptide oligomers
interact with the EGFR and induce EGFR clustering on the
cell membrane; (2) being taken up by the cells through
endocytosis, the complex of peptides and EGFR self-assembly
to form nanofibers in the lysosomes via noncovalent
interactions. Thanks to the polyvalent properties of nanofibers
binding to EGFR, EGFR is pulled into lysosomes by
assemblies to form large protein aggregates; (3) peptide
assemblies in the lysosome further interact with each other to
form nanofibers, enlarging the lysosomal volume, resulting in
lysosomal membrane permeabilization and releasing the
content to the cytoplasm.

Western blotting (Figure 4G and 4H) results indicate that
EGFR aggregation significantly impacts the cellular signaling
pathways. PAD-1 downregulates the phosphate EGFR
(pEGFR) expression and significantly inhibits the activation
of Akt and ERK, two signaling pathways related to cell
proliferation.”> The downregulation of these signaling path-
ways leads to cancer cell death. To confirm whether the leaked
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nanofibers and EGFR aggregates could influence ER stress, we
examined the expression levels of the unfolded protein
response (UPR) and ER stress-related proteins. WB results
(Figure 41) showed that the expression level of IREa, the
marker to indicate the UPR,*® increased significantly after the
treatment with PAD-1. Meanwhile, the expression level of
PERK also sharply increased, indicating activation of the PERK
signaling pathway. Time-dependent Western blotting (WB)
experiments suggest that the expression level of IREa and
PERK increased gradually, indicating that the signaling
pathways of ER stress have been activated after 6 h of
treatment of PAD-1.*” The upregulation of Erol-La means
that there was oxidative protein.”” The ER chaperone protein
PDI is upregulated obviously after 48 h of treatment of PAD-1,
indicating a high level of ER stress. These results suggest that
PAD-1, which induces EGFR aggregation, can downregulate
the EGFR signaling pathways and induce UPR and ER stress.

To explore the cell death mechanism, we detected the
apoptosis and necroptosis of HeLa cells by flow cytometry.
Compared with the cells without any treatment (Figure 4]),
the cells treated with PAD-1 exhibit similar necrosis signaling
(YP1+/PI+). However, the necrosis ratio of cells increased
from 3.77% (2 h) to 22.50% (24 h) after the treatment of
PAD-1. The co-incubation of both necrostatin-1 (necroptosis
inhibitor, Nec-1) and Z-VAD-FMK (apoptosis inhibitor,
VAD) (Figure S48) can partially rescue PAD-1-induced cell
death, indicating that both necroptosis and apoptosis were
involved in PAD-1-induced cell death. WB results (Figure 4K)
showed that the expression level of RIP1, a key necroptosis-
related protein, increased about 3.5 times after treatment with
PAD-1 (50 uM) for 24 h. From these results, we conclude that
PAD-1 nanofibers and protein aggregates can induce ER stress,
which further activates the RIPK signaling pathway, leading to
cell necroptosis. The increased RIPK1 levels observed in our
Western blot analysis after PAD-1 treatment indicate the
activation of the RIPK1—RIPK3—MLKL pathway associated
with necroptosis. These findings demonstrate that PAD-1
induces cell death sgeciﬁcally through the apoptosis and
necroptosis pathway.* >

The in vivo antitumor efficacy of PAD-1 was assessed in a
HeLa subcutaneous xenograft model (Figure 5). A pronounced
prevention of tumor growth was observed in the mice
administrated with PAD-1 with a mean tumor volume of
356 mm® compared with that treated with PBS (1107 mm?)
and Cyclo(LLT) (702 mm?®) 14 days postinjection (Figure
5B). PAD-1 showed about 70% reduction in tumor volume
growth compared with the mice treated with PBS, suggesting a
significant inhibition in tumor growth. The mice treated with
the control peptide Cyclo(LLT) showed a poor tumor growth
inhibition at 36%. All tumor tissues from different groups were
excised for photographing, weighing, and analysis (Figure
SF,G). The same results were obtained with the tumor weight
(Figure SG). No significant difference in body weight change
was observed among the different treatment groups (Figure
SH). The TUNEL assay (Figure S49) was used to evaluate the
antitumor efficacy of PAD-1. The results showed that PAD-1
increased cell apoptosis in tumor tissues, compared to the PBS
group and Cyclo(LLT) treatment group.

In summary, this work illustrates an efficient strategy for
aggregating proteins in living cells through molecular self-
assembly for cancer therapy. The results indicate that
oligomers of the peptide on the cell membrane can bind to
EGEFR and arrest EGFR signaling. After cellular uptake through

endocytosis, the coassemblies of peptide and EGFR can form
large nanofibrous aggregates and induce LMP, resulting in the
release of the lysosomal content and nanofibers into the
cytoplasm to induce UPR and ER stress. Mechanistic studies
suggest that protein clustering and aggregation downregulate
the essential cellular signaling pathways for cell survival. These
multifaceted events, together, induced cancer cell death
selectively. This work opens up a new direction for controlling
molecular self-assembly for tuning cellular events in living cells,
which could be helpful for designing an immunomodulation
system that is required for controlling protein clustering and
e1ggregation.6’53
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