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Colorectal cancer (CRC) is one of the most prevalent cancers worldwide as well as a significant cause of
mortality. The conventional treatment could cause serious side effects and induce drug resistance,
recurrence and metastasis of cancers. Hence, specific targeting of cancer cells without affecting the normal
tissues is currently an urgent necessity in cancer therapy. The emerging of peptide—drug conjugates (PDC)
is regarded as a promising approach to address malignant tumors. LWJ-M30, a conjugate of DM1 and B6
peptide, targeted transferrin receptors (TfRs) on the surface of the CRC cells, showing a powerful anti-
cancer effect. LWJ-M30 significantly inhibited the HCT116 cells proliferation and migration in vitro. LWJ-
M30 also dramatically decreased the level of polymeric tubulin, while the disruption of microtubules caused
the cell cycle to be arrested in the G2/M phase. LWJ-M30 induced the HCT116 cells apoptosis both in vivo
and in vitro. The results in vivo demonstrated that LWJ-M30 could inhibit the HCT116 growth without
affecting the mouse body weight. Taking these results together, our data indicated that LWJ-M30 could
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1. Introduction

Colorectal cancer (CRC) is a common malignancy as well as
a significant cause of mortality."* The yearly incidence of CRC is
nearly 1.4 million.* According to new research, it is estimated
that the mortality of CRC will increase by 71.5% until 2035." In
China, CRC is the second leading cause of cancer and the
incidence has increased rapidly over the past two decades.® The
primary risk factors for CRC include older age, family history,
unhealthy diet, smoking and alcohol.® But the aetiology of CRC
has not been completely illustrated and the immediate causes
remain unknown. The treatment of CRC is closely associated
with the stage of the cancer. The staging of CRC depends on the
extent of tumour invasion, the size of the tumour, metastasis,
size and location of involved lymph nodes. Due to medical
advances, the optional treatments for CRC are developing
rapidly such as surgery, radiation therapy, chemotherapy,
immunotherapy and cell therapy.® Despite advances in these
cancer therapies, there are still no clinically approved effective
drugs targeting CRC as the first-line drug treatment and the
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improve the therapeutic effects of DM1 while reducing the systemic toxicity in normal tissues.

mortality from CRC has not decreased as much as we expected
in recent decades. It is the urgent need for a novel approach in
treating CRC.” Peptide-drug conjugates (PDC) is regarded as
a new modality for cancer targeted treatment with high efficacy
and low toxicity. PDC consists of three main components: the
tumor-homing peptides, cytotoxic drug, and a linker. The
peptides do not have pharmacological action, but they can
penetrate membranes and bind to the receptors which over-
express on the tumor cell surface. This attribute enables the
targeted delivery of the cytotoxic payload.® The targeting peptide
used in the conjugates must be highly specific and lead to
receptor-mediated endocytosis of the PDC by the target cells
only. The highly toxic payloads, for instance, maytansine,
camptothecin derivatives, auristatin, or doxorubicin are rec-
ommended to choose in the conjugates.” Finally, the linker
which links the former two is selected to gain sufficient circu-
lation time for the PDC to reach the target cell. The three
components work together then contribute to increase the
efficacy and selectivity of the PDC.® Overall, the PDC should be
stable enough to reach the target cell before getting cleaved or
metabolized and have sufficient concentration to kill the tumor.
Recently, many PDCs are already in clinical or preclinical stages,
like ANG1005, EP-100, BT1718 and so on. ANG1005 can target
low-density lipoprotein receptor-related protein-1 (LRP-1) to
induce receptor-mediated paclitaxel entry into brain tissue
through transcytosis, which is currently in clinical phase III. EP-
100 and BT1718 had entered phase II clinical trial for the
treatment of ovarian cancer and breast cancer or the advanced

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra07758b&domain=pdf&date_stamp=2023-04-05
http://orcid.org/0000-0002-0367-4460
https://doi.org/10.1039/d2ra07758b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07758b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013016

Open Access Article. Published on 05 April 2023. Downloaded on 12/5/2025 3:04:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

solid tumors with high MT-1 expression, respectively.'***
Transferrin receptor (TfR) is a hopeful target in cancer therapy
due to its overexpress on the surface of most solid tumors. TfR
belongs to type II transmembrane glycoprotein with a special
extracellular structure. It expresses highly in proliferating cells
while at low levels in human normal tissues, which may facili-
tate the increase of the uptake of the drug and the reduction of
toxic effect on normal tissues.™ In this regard, TfR is supposed
to be an ideal target for the delivery of cytotoxic payload to
tumor selectively.** Maytansine (DM1), isolated from Maytenus
ovatus, is a potent anticancer drug through inhibiting tubulin
assemble into microtubules.” Its antitumor mechanism is
similar to vinblastine and paclitaxel, but the DM1 exhibits 10—
1000 times higher cytotoxicity than some tubulin inhibitors
such as taxanes, vincristine and vinblastine.'*® Therefore, DM1
is evaluated for its powerful cytotoxicity as a potential anti-
cancer drug against most of malignancies like breast cancer,
liver cancer, multiple myeloma, and lung cancer.' However, the
disadvantages of DM1 gradually emerged with the subsequent
experiments. Researchers didn't get the promising results, on
the contrary, due to narrow therapeutic window, neurotoxicity
and poor water solubility which hampered DM1 to be an anti-
cancer therapy.”® Given these findings, we employed tissue-
specific drug delivery approaches—PDC to overcome those
adverse effects. Several TfR-targeted peptides sequence with
different affinity have been reported, so we synthesized a series
of TfR-targeted peptide-DM1 conjugates for screening the
effects of TfR-targeted drug candidates. It is speculated that the
conjugates can specifically target tumor with high expression of
TfR and can be uptake more than that of the normal cells. We
succeeded found LWJ-M30, a conjugate of DM1 and B6, had
a significant therapeutic effect after preliminary screening. In
order to further reveal the improved therapeutic effects and
mechanism of the LWJ-M30 on cancer with high TfR expres-
sion, in this study, we investigated the role of the LWJ-M30 in
the targeted therapy for colorectal cancer in vitro and in vivo and
explored the therapeutic mechanism.

2. Material and methods

2.1 Chemicals and materials

The peptide NH,-GHKAKGPRKC-CONH, was synthesized by
a solid-phase synthesis method.*® Rink amide-MBHA resin
(loading: 0.661 mmol g ') was purchased from GL Biochem
(Shanghai) Ltd. Piperidine (99.50%) was purchased from Sino-
pharm Chemical Reagent Co. Ltd. N,N-Dimethylformamide
(DMF, 99.50%) was purchased from Shanghai Titan Scientific
Co. Ltd.

N',N-Diisopropylethylamine (DIPEA, 99.00%) was purchased
from Shanghai Aladdin Biochemical. Benzotriazole-n ‘N’ n-tet-
ramethylurea hexafluorophosphate ester (HBTU, 99.00%) was
purchased from Shanghai Aladdin Biochemical. Dichloro-
methane (99.50%) was purchased from Shanghai Titan Scien-
tific Co. Ltd. Fmoc-Gly-OH (99.89%), Fmoc-His(Trt)-OH
(99.60%), Fmoc-Lys(Boc)-OH (99.26%), Fmoc-Ala-OH (99.81%),
Fmoc-Pro-OH (99.37%), Fmoc-Arg(Pbf)-OH (99.74%) and Fmoc-
Cys(Trt)-OH (99.48%) were purchased from CSBio Co. Ltd.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Trifluoroacetic acid (TFA, 99.00%) was purchased from
Shanghai Aladdin Biochemical. Triisopropylsilane (98.00%) was
purchased from Sinopharm Chemical Reagent Co. Ltd. 1,2-
Ethanedithiol (95.00%) was purchased from ThermoFisher
Scientific. Ether (99.50%) was purchased from Sinopharm
Chemical Reagent Co. Ltd. Acetonitrile (99.90%) was purchased
from Sinopharm Chemical Reagent Co. Ltd. N2'-deacetyl-N2'-(3-
mercapto-1-oxopropyl)-maytansine ~ (DM1,  98.0%)
purchased from Bright Gene Bio-Medical Technology Co. Ltd.
Dimethyl sulfoxide (DMSO, 99.50%) was purchased from Sino-
pharm Chemical Reagent Co. Ltd. 2,2"-Dithiodipyridine (diPyr,
98.00%) was purchased from Shanghai Aladdin Biochemical.
All the chemical reagents were used without further purifica-
tion. HCT116 cells were purchased from China infrastructure of
cell line resource (Beijing, China) and cultured with high-
glucose DMEM medium (Gibco) added 100 U penicillin,
100 mg mL ™" streptomycin and 10% fetal bovine serum (FBS,
Gibco). MTT was obtained from Sigma-Aldrich (St. Louis, MO,
USA). The primary antibodies against PARP, p53, caspase-3,
Bcl2, Bax, CDK1 and cyclin B1 were purchased from Cell
Signaling Technology (Danvers, MA, USA); antibodies against
Ki67 were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The Annexin V-FITC Assay kit, Cell Cycle and
Apoptosis Analysis Kit, Hoechst Staining Kit, BCA protein assay
kit and TUNEL Apoptosis Assay Kit were purchased from
Beyotime Institute of Biotechnology (Shanghai, China).

was

2.2 Peptide synthesis

The peptide NH,-GHKAKGPRKC-CONH, (B6) was synthesized
on a Fmoc-rinkamide MBHA resin (0.661 mmol, 1135 mg)
according to the standard Fmoc procedure with a 4-fold excess
of amino acids (3.0 mmol).?*> Deprotection of the coupled amino
acids was performed by using 20% piperidine in DMF. HBTU
(0.3 M in DMF) and DIPEA (0.6 M in DMF) were used to activate
the protected amino acids. After completion of the sequence,
the resin was washed with dichloromethane and dried under
vacuum. The peptide was cleaved from the resin by using a TFA-
1, 2-ethanedithiol-water-triisopropylsilane (94:2:2:2)
mixture (1 h) and precipitated with cold ether. Crude product
was confirmed by a mass spectroscope (Agent Technologies,
6120 Quadrupole LC/MS + 1269 Infinity) and the characteristic
m/z value was found: 541.0 [M + 2H]*",

2.3 Pyr-B6 synthesis

Briefly, B6 (600 mg, 0.55 mmol) and diPyr (245 mg, 1.10 mmol)
were dissolved in 10 mL DMSO and stirred for 24 h at room
temperature. Crude product was purified by using a preparative
RP-HPLC (Waters, MA, USA, 2545 Binary Gradient Module +
2707 Auosampler + 2489 UV/Vis detector + Fraction Collector
I1I) and the purity was confirmed by analytical HPLC (Waters,
MA, USA,e2695 Separations Module + 2489 UV/Vis detector).
The molecular mass of Pyr-GHK was determined by mass
spectroscope (Agent Technologies, 6120 Quadrupole LC/MS +
1269 Infinity) and the characteristic m/z value was found: 595.4
[M + 2H]*" and 397.3 [M + 3H]*".

RSC Adv, 2023, 13,10840-10846 | 10841
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2.4 DM1-B6 synthesis

DM1-B6 was synthesized with modified method from a protocol
reported previously.*® Briefly, DM1 (93 mg, 126 pmol) and Pyr-
B6 (100 mg, 84 pmol) were dissolved in 10 mL DMSO and
reacted for 24 h at room temperature. The mixture was then
purified with preparative RP-HPLC (Waters, MA, USA, 2545
Binary Gradient Module + 2707 Auosampler + 2489 UV/Vis
detector + Fraction Collector III) and the purified DM1-B6 was
analyzed with HPLC and ESI-MS for purity and molecular
weight. The collected fractions with the target molecule were
combined, concentrated and lyophilized by a freeze dryer
(Labconco, Kansas City, FreeZone 6 Plus).

2.5 HCT116 cell culture and MTT

The HCT116 cell line cells were plated in 10 cm?, 96-well or 6-
well plates for different experiments. All the cells were cultured
at 37 °C in 95% O, and 5% CO, in the incubator. The cells were
seeded in 96-well format in triplicate incubated for 24 h then
treated with different concentration of DM1 and LWJ-M30. The
viability was measured by MTT-based assay after 48 h of treat-
ment. And the ICs5, was calculated by SPSS software.

2.6 Wound-healing assay

The wound-healing assay was performed to estimate the cell
migration capacity.”* HCT116 cells were plated in 6-well plate
and grown for 24 h to nearly 70% confluence. The cells were
scraped with a sterile tip to create a “scratch”, then washed with
PBS and treated with DM1 (4 nM) and LWJ-M30 (1, 5, 10 nM).
The images of the cells were photographed at different times.

2.7 Colony formation assays

Approximately 250-300 HCT116 cells were seeded into the 6-
well plates. The medium was replaced with different concen-
trations of DM1 and LW]J-M30 after 24 h. After incubated for
48 h, the cells were cultured with fresh DMEM media for
another 10 days, then fixed by 4% paraformaldehyde, and
stained with 0.1% crystal violet staining solution. The cell
colonies (more than 50 cells) were counted and photographed.>

2.8 Transwell assay

The transwell migration assay was performed using a transwell
membrane (8 um pores, corning).>®**” The upper chambers were
seeded with HCT116 cells (2 x 10* cells per well), the lower
chambers were filled with 600 uL of 10% FBS to induce migra-
tion. After 24 h incubation, cells that migrated to the bottom
membrane were fixed then stained with 0.1% crystal violet
staining solution. The cells were counted and photographed.

2.9 Hoechst 33258 staining

The Hoechst 33258 staining was used to assess the cell
apoptosis according to the manufacturer's protocol. Briefly, the
cells were seeded in confocal dish for 24 h then treated with
DM1 and LWJ-M30 for another 24 h. The cells were washed with
PBS then fixed overnight. The cells washed twice with PBS and
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stained with 0.5 mL Hoechst 33258 dye for 5 minutes. The cells
were washed with PBS again before observing by a fluorescence
microscope (Ti-U, Nikon, Japan).?®

2.10 Flow cytometry analysis

Apoptosis caused by DM1 and LWJ-M30 was evaluated by
Annexin V-FITC/PI double staining apoptosis detection kit.*
After 24 h treatment, the cells were harvested, washed with PBS
and incubated with Annexin V-FITC/PI for 15 min. Apoptosis
was analyzed by flow cytometry.

For cell cycle analysis, HCT116 cells were treated for 24 h,
harvested, washed by PBS and fixed in 70% ethanol for 4 h. The
fixed cells were washed twice and incubated with 500 uL buffer
containing 5 pL PI for 30 min at 37 °C. Finally, cell cycle was
analyzed by flow cytometry.*°

2.11 Immunohistochemistry and TUNEL staining

Tumor samples were fixed with 4% paraformaldehyde then
embedded with paraffin. Tumor sections were used for immu-
nohistochemistry and TUNEL staining. As for immunohisto-
chemistry staining the sections were deparaffinized and antigen
retrieval then blocked at room temperature for 0.5 h. The tumor
sections were incubated with the primary antibody overnight at
4 °C. After washing with PBS, the secondary antibody was used
for 1 h. To measure the apoptosis of the cells in vivo, TUNEL
assay was used according to the manufacturer's protocol. All the
images were obtained by microscopy (Leica DM500, Germany).
The results were analyzed as previously described.>

2.12 Western blot

We performed western blot analyses as previously described. In
briefly, we collected HCT116 cells, then lysed with RIPA buffer
containing 1% phenylmethanesulfonyl fluoride (100 mM). The
BCA protein assay kit was used to detect the protein concen-
tration. An equal quantity of protein (approximately 80 pg) was
loaded in a 10% or 12% SDS-PAGE (Genscript SurePAGE, China)
then transferred on a PVDF transfer membrane (Millipore,
USA). Each membrane was incubated with primary antibodies
against PARP or Tublin (1:1000) for the night at 4 °C. After
washing away unbound primary antibodies, we incubated the
membrane with HRP secondary antibodies for 1 h at room
temperature. The expression of each protein was normalized to
GAPDH density by densitometry.

2.13 Xenograft tumor studies

Four- to five- week-male nude mice were purchased from Gem
Pharmatech Co., Ltd and housed on a 12 h light-dark cycle
under pathogen-free conditions. The animal experiment was
approved by the Committee on the Ethics of Animal Experi-
ments of the Yantai Institute of Materia Medica, and was per-
formed in strict accordance with the guidelines of the National
Research Council's Guide for the Care and Use of Laboratory
Animals. HCT-116 cells were harvested, 2 x 10° cells per 200 pL
were injected on the flank of the mice. Tumor growth was
measured, when the average tumor volume reached to 200

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mm?®, the mice were randomized into six groups (n = 5). The
mice in the treatment groups were treated with DM1 (1 mg
kg™ "), LWJ-M30 (1 mg DM1 equiv. kg™ ') twice a week in the tail.
The mice in control group were administrated with 5% glucose
solution. Tumor size was measured three times a week using
a caliper and the volume was calculated as

V = longest diameter x shortest diameter?/2.

After 21 days treatment, the mice were euthanized and the
tumors were excised and weighed.

2.14 Statistical analysis

All the data are expressed as mean values + SD. The ICs, values
were analyzed by SPSS software (version 13.0). Groups were
compared by a one-way analysis of variance (ANOVA) followed
by Dunnett's test using GraphPad Prism7. p < 0.05 was
considered as statistical significance.

3. Results

3.1 Synthesis and characterization of DM1-B6

To create a TfR targeted prodrug of DM1, the TfR binding
peptide B6 was designed to conjugate with DM1 through the
side chain of cysteine at the C-terminus via a disulfide bond
(Fig. 1A). We first synthesized B6 according to the standard
Fmoc procedure, which is the crude peptide with correct
molecular weight and without further purification (Fig. S27).
The Pyr-B6 was obtained by reacting the crude B6 with diPyr, the
purified product had a purity of >98% with correct molecular
weight (Fig. S37). The obtained Pyr-B6 then reacted with DM1 in
DMSO to give the DM1-HKD. After prep-HPLC purification,
DM1-HKD with correct molecular weight and high purity
(>98%) was obtained, which was confirmed by ESI-MS and
analytical HPLC (Fig. 1B and C).

3.2 LWJ-M30 regulated HCT116 cell viability and migration

To determine the activity of the compounds, we analyzed the
effects of them on cell growth and migration in HCT116 cells.
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Fig. 1 Molecular structure (A), ESI-MS spectra (B), and HPLC (C) of
DM1-B6.
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We found that LW]J-M30 displayed significant inhibition of cell
proliferation (Fig. 2A) and clone formation ability (Fig. 2B and
E). The IC5, of LWJ-M30 was 0.047 uM which was close to DM1
(0.026 pM). According to the results of wound-healing assay
(Fig. 2C and F) and transwell migration assay (Fig. 2D and G),
LWJ-M30 also dramatically showed a inhibitory effect on cells
migration. These results suggested that LW]J-M30 could inhibit
the cells proliferation and migration.

3.3 LWJ-M30 induced the cells apoptosis

To confirm the pro-apoptotic effect of LWJ-M30 on HCT116 cells,
Annexin V/PI flow cytometry, Hoechst staining and western blot
were performed. As shown in Fig. 3A and B, LW]-M30 induced
the apoptosis of HCT116 cells in a dose-dependent manner, the
early apoptosis increased from 8.92% =+ 2.84 to 56.50% =+ 4.24
while the late apoptosis increased from 7.48% =+ 2.54 to 16.55%
=+ 1.91 by the flow cytometry analysis. The free DM1 induced the
early and late apoptosis rate were 30.53% =+ 2.40 and 12.02% =+
2.16, respectively. Furthermore, the Hoechst staining data
showed that LWJ-M30 (5 and 10 nM) significant induced the
HCT116 cells apoptosis (Fig. 3C). Subsequently, we used western
blot to analysis the expression of apoptosis-associated protein.

OH

24H

LWJ-M30 (nM)

Fig. 2 Effect of LWJ-M30 on the proliferation of HCT116 cells. (A) The
effect of LWJ-M30 on cell viability of HCT116. Cell viability was eval-
uated by MTT assay. DM1 and LWJ-M30 significantly inhibited the cell
viability in a dose-dependent manner. (B) LWJ-M30 inhibited the cell
proliferation by colony forming assay. The colonies (>50 cells) were
counted under the microscope. The cell migration ability was
measured by the wound-healing assay (C) and transwell migration
assay (D). Scale bar = 10 um. LWJ-M30 also inhibited the HCT116 cells
migration. (E)-(G) were the statistical results of colony forming,
wound-healing assay and transwell migration assay, respectively. *p <
0.05, **p < 0.01 compared with control. Results were represented as
mean values + SD of triplicate independent experiments.

RSC Adv, 2023, 13, 10840-10846 | 10843


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07758b

Open Access Article. Published on 05 April 2023. Downloaded on 12/5/2025 3:04:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

WIM30 (M)
Con DMi RUEMI0EM.

o
Comol DMI L

Fig. 3 LWJ-M30 induced the apoptosis of HCT116 cells. (A) Flow
cytometry of apoptotic HCT116 cells after being treated with LWJ-
M30 and DM1 or not treated. The histogram (C) displayed the
proportions of the apoptotic HCT116 cells. (B) The Hoechst-stained
cells were captured by fluorescence microscope. LWJ-M30 induced
typical apoptotic bodies in colorectal cancer cells. Scale bar = 20 um.
(D) Western blot analysis of PARP, in HCT116 cells. *p < 0.05, **p < 0.01
compared with control. Results were represented as mean values + SD
of triplicate independent experiments.
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The results revealed that LWJ-M30 dramatically increased the
expression of cleaved-PARP (Fig. 3D). These results indicated that
LW]J-M30 could significantly inhibit the cell apoptosis.

3.4 LWJ-M30 induced cell cycle arrest in HCT116 cells

As we know, DM1 could inhibit tubulin polymerization.** To
investigate whether LW]J-M30 could inhibit the tubulin poly-
merization in HCT116 cells, we examined the expression of
polymeric tubulin. Fig. 4A displayed that LWJ-M30 (10 nM)
significantly decreased polymerization of tubulin, which
showed better efficacy than the equal equivalent of DM1. The
disruption of microtubules results in the cell cycle arrests in the
G2/M phase.*” Thus, the cell cycle was measured by flow
cytometry. As expected, the results suggested that LWJ-M30
induced G2/M-phase accumulation in dose-dependent
manners (Fig. 4B and C).

3.5 Anti-cancer efficiency of LWJ-M30 against HCT116 in
vivo

We further investigated the role of LWJ-M30 in preventing
HCT116 progression in vivo. The results displayed that LW]-
M30 dramatically suppressed the tumor growth (Fig. 5A). As
shown in Fig. 5B and C, the tumor volume and weight in LW]J-

L.
UL

Fig. 4 LWJ-M30 induced the disruption of microtubules promoting
cell cycle arrest of HCT116 cells. (A) Western blot analyzed the level of
polymeric tubulin in HCT116 cells treated with LWJ-M30 and DML1 or
not treated. (B) The cell cycle distribution was analyzed by flow
cytometry in HCT116 cells. (C) The proportions of GO/G1, S and G2/M
phase were showed in the histogram. *p < 0.05, **p < 0.01 compared
with control. Results were represented as mean values + SD of tripli-
cate independent experiments.
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Fig. 5 LWJ-M30 showed anti-cancer efficiency against CRC in vivo.
(A) Photographs of tumor tissues collected from HCT116 bearing nude
mice in different treatment groups. (B) Tumor volumes of HCT116 cells
bearing mice were measured 3 times a week after treating with DM1
and LWJ-M30. Tumor weight (C) and the mice body weight (D) derived
from different groups. (E) The immunofluorescence staining of Ki67
and TUNEL staining were photographed. Scale bar = 20 um. (F) The
histogram displayed the proliferation index and apoptosis index. *p <
0.05, **p < 0.01 compared with control. Results were represented as
mean values + SD of triplicate independent experiments.

M30 treated mice were significantly decreased compared with
the control group without affecting the body weight (Fig. 5D).
Then we evaluated whether LWJ-M30 suppressed the tumor
growth through anti-proliferation capability and apoptosis
induction. As expected, LW]J-M30 significantly down-regulated
the expression of Ki67 by immunohistochemical analysis.
Moreover, we observed abundant apoptotic cells in LWJ-M30-
treated mice using TUNEL staining (Fig. 5E and F). These
outcomes indicated that LW]J-M30 could inhibit the tumor
proliferation and promote apoptosis in vivo.

4. Discussion

CRC is the leading cause of mortality among the various
cancers.”® The conventional treatment displayed non-specific
cytotoxicity which affected the healthy tissues and caused
serious side effects. At the same time, the drug resistance, the
recurrence and metastasis of cancer still seriously threaten the
health of the patients.* Therefore, it is urgent to design highly
specific therapies to increase the drug concentration in the
tumor while decrease the exposure to healthy cells. To achieve
this, antibody-drug conjugates (ADC) and peptide-drug conju-
gates (PDC) have been extensively exploited. They consist of
chemotherapeutic or cytotoxic agents and target ligands like
peptides or antibodies via the specific linker. The conjugates
can deliver higher concentration of drugs to the tumor by tar-
geting the specific tumor-surface receptor.® The ADC and PDC
are viewed as promising therapeutic means for cancer treat-
ment. Until now, at least 8 ADC, such as Adcetris® and Kad-
cyla® have been approved by the FDA.*> However, with the
widely study, due to the size and complexity of the ADC, the
disadvantages of ADC have been exposed gradually such as
immunogenicity, insufficient drug load, high manufacturing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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costs, off-target toxicities and so on.*® The majority of these
drawbacks can be overwhelmed by using peptides. The peptides
contain about 5-50 amino acids which can be easily synthe-
sized. The low molecule weight contributes to their high pene-
trability into the solid tumor, generating better anti-tumor
effects.”?

The peptide NH,-GHKAKGPRKC-CONH, (B6) we used is
resulting from a phage display library which could target TfR
and can cross the blood-brain barrier (BBB).>** It has been
reported that the B6 can be used as targeted vector for cancer
gene therapy.”” What's more, PLGA-PEG nanoparticles loaded
curcumin that conjugated with B6 peptide showed potential
application in Alzheimer's disease.®® DM1 is a potent anti-
mitotic agent which displays powerful cytotoxicity by depoly-
merizing microtubules and inducing mitotic arrest. Its powerful
anti-cancer activity makes it a promising candidate for inhib-
iting the proliferation of the tumor cells. But the human clinical
trials suggested that DM1 have general toxicity to the normal
tissues.

We designed the LWJ-M30 by conjugating the B6 peptide
with DM1, expecting it could ameliorate serious side effects of
DM1 and improve anti-cancer activities. LWJ-M30 could
significantly inhibit the cells proliferation by MTT and clone
formation assay, and the cells migration by wound-healing
assay and transwell migration assay. The pro-apoptotic ability
of LW]J-M30 was analyzed by flow cytometry, the results revealed
that LWJ-M30 induced the apoptosis of HCT116 in dose-
dependent manners. This was confirmed by the Hoechst
stain. We also determined the expression of apoptosis-related
protein by western blot, we found that LWJ-M30 could signifi-
cantly increase the amounts of cleaved PARP. We also found
that LWJ-M30 dramatically decreased the level of polymeric
tubulin, and then made the cell cycle arrested in the G2/M
phase.” This may be the reason that LWJ-M30 significantly
inhibited the cells migration and enhanced the apoptosis.

Encouraged by previous in vitro results, we further assessed
the anti-cancer effect of LWJ-M30 in vivo. As shown in our
results, treatment with LWJ-M30 significantly inhibited the
tumor growth without affecting the body weight of the mice.
The B6 peptide could specifically target TfR receptors on the cell
surface, causing the release of DM1 in tumor tissue and
reducing the damage to normal tissue. These consequences
were supported by immunohistochemistry and TUNEL stain-
ing. LWJ-M30 down-regulated the expression of Ki67 while
increased the number of apoptotic cells. Whatever in vivo or in
vitro, the anti-cancer activity of LWJ-M30 was better than DM1
with the same equivalent.

5. Conclusions

Taken these results together, our data indicated that LW]J-M30
targeted TfR, dramatically decreased the level of polymeric
tubulin, while the disruption of microtubules made the cell
cycle arrested in the G2/M phase thus caused cells apoptosis.
LW]J-M30 could improve the therapeutic effects of DM1 while
reducing the systemic toxicity in normal tissues. Meantime,
LWJ-M30 will be a promising drug candidate with the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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advantages of simple synthesis method, low cost, low toxicity,
and high efficiency.
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