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Abstract: Chronic myeloid leukemia (CML) is recognized as a classic clonal myeloproliferative
disorder. Given the limited treatment options for CML patients in the accelerated phase (AP) and
blast phase (BP), there is an evident need to develop new therapeutic strategies. This has the potential
to improve outcomes for individuals in the advanced stages of CML. A promising therapeutic
target is Wilms’ tumor 1 (WT1), which is highly expressed in BP-CML cells and plays a crucial role
in CML progression. In this study, a chemically synthesized nucleus-targeting WT1 antagonistic
peptide termed WIP2W was identified. The therapeutic implications of both the peptide and its
micellar formulation, M—WIP2W, were evaluated in WT1+ BP-CML cell lines and in mice. The
findings indicate that WIP2W can bind specifically to the WT1 protein, inducing cell cycle arrest
and notable cytotoxicity in WT1+ BP-CML cells. Moreover, subcutaneous injections of M—WIP2W
were observed to significantly enhance intra-tumoral accumulation and to effectively inhibit tumor
growth. Thus, WIP2W stands out as a potent and selective WT1 inhibitor, and the M—WIP2W
nanoformulation appears promising for the therapeutic treatment of refractory CML as well as other
WT1-overexpressing malignant cancers.

Keywords: nucleus-targeting; antagonistic peptide; leukemia; nanomicelle; WT1

1. Introduction

Chronic myeloid leukemia (CML) is a typical myeloproliferative neoplasm with an
annual incidence of approximately 15% among newly diagnosed cases of leukemia in
adults [1]. CML is characterized by a balanced genetic translocation involving a fusion of
the Abelson murine leukemia (Abl) gene from chromosome 9 with the breakpoint cluster
region (Bcr) gene on chromosome 22, termed the Philadelphia chromosome [2]. The high
expression of a constitutively active tyrosine kinase, Bcr-Abl, encourages the prolifera-
tion and survival of CML cells through diverse molecular mechanisms [3–5]. Given the
essential role of Bcr-Abl tyrosine kinase activity for CML oncogenic transformation, the
development of potent and selective inhibitors targeting the Bcr-Abl kinase has become
a research hotspot [6]. In 2001, imatinib, the first ATP-competitive medication targeting
the Bcr-Abl kinase, was approved by the Food and Drug Administration (FDA) [7]. Subse-
quently, second-generation Bcr-Abl tyrosine kinase inhibitors (TKIs), such as dasatinib [8],
nilotinib [9], and ponatinib [10], were also approved for CML treatment and are considered
as the standard of care for CML patients.
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CML is a natural triphasic course disease starting with an indolent chronic phase (CP).
TKI treatment has dramatically improved the clinical outcomes of patients with chronic
CML [11,12]. However, some patients with CP-CML fail to respond to TKIs and progress
to the accelerated phase (AP), and eventually to the highly aggressive blast phase (BP) [13].
BP-CML exhibits high resistance to standard induction chemotherapy, resulting in a low
response rate (<30%) and a substantially reduced time before the development of drug
resistance [14]. The overall survival of patients diagnosed with BP-CML is less than one
year [11,15]. At present, BP-CML therapy remains a critical unmet clinical need. Therefore,
it is of great significance to develop novel antagonists as alternative therapeutic options for
refractory CML.

Wilms’ tumor 1 (WT1) is widely recognized as one of the most prevalent cancer anti-
gens and holds the top rank according to the cancer antigen pilot prioritization: criteria
and sub-criteria definitions and weightings, which was published by the National Cancer
Institute (NCI) in the United States [16]. In leukemia [17,18] and various types of solid
tumors [19,20], high expression of WT1 is often observed. WT1 encodes a zinc finger
transcription factor that plays multiple roles in cell proliferation, differentiation, survival,
and apoptosis [19,21]. Originally, it was identified as a tumor suppressor gene. However,
subsequent evidence suggested that it was, on the contrary, an oncogene. For example,
leukemias characterized by high WT1 mRNA and protein levels in leukemic blast cells
tend to correlate with a notably worse prognosis, indicating an oncogenic role of WT1 in
these leukemic cells [22]. The prognostic value of WT1 has been validated in CML patients,
with high expression levels detected in relapsed CML and low expression levels found in
complete remission [18,23]. In addition, the expression of WT1 in CML exhibits an incre-
mental pattern along with disease progression. Specifically, WT1 levels are relatively low
during the chronic phase but show a significant increase as the disease progresses to a blast
crisis [23,24]. This suggests that WT1 overexpression plays a role in the progression of CML.
Therefore, there is an urgent need to develop novel and potent inhibitors to effectively treat
advanced CML driven by WT1. Currently, drug development strategies targeting WT1
primarily focus on cancer vaccines, and there is a lack of antagonistic drugs specifically
targeting WT1. Targeting and interfering with the function of this “undruggable” tran-
scriptional regulator remains a challenge for small molecule inhibitors [25]. In addition,
traditional therapeutic agents have limited access to the WT1 protein in the nucleus. Hence,
the development of novel WT1-targeting drugs is a challenging endeavor.

Recent progress in pharmaceutical technologies has led to the emergence of therapeutic
biologics including peptides, antibodies, and recombinant proteins [26,27]. Among them,
therapeutic peptides exhibit several advantages, such as the ability to target a wide range of
intercellular and intracellular antigens, chemical synthetic feasibility, low immunogenicity,
high activity, and binding selectivity [27,28]. Peptides have demonstrated promising
potential in inhibiting tumor progression [29], primarily by targeting and suppressing
abnormally expressed oncoproteins [30,31]. For example, our previous study identified a
series of novel antagonistic peptides targeting CXCR4 [30,32], CD123 [31], and EZH2 [33].
However, conventional peptides often suffer from drawbacks such as limited membrane
permeability, metabolic instability, and restricted tissue residence, ultimately resulting in
limited bioavailability [34].

Several studies have reported that nanoparticle-based therapeutics have the poten-
tial to enhance the effectiveness of anticancer treatments while minimizing their side
effects [35–37]. These nanoscale systems can penetrate tumor tissues, facilitate active inter-
nalization, and exhibit preferential accumulation in tumors through enhanced permeation
and retention (EPR) effects [38]. Various types of nanocarriers, such as liposomes [39,40],
polymer micelles [41], and solid lipid nanoparticles [42], constitute a substantial propor-
tion of nanotherapeutics currently undergoing clinical trials [37]. Polymer micelles have
emerged as a prominent type of lipid-based nanocarriers, primarily due to their drug
preparation method, which enables cost-effective and highly reproducible manufacturing
on a large scale [37]. Polymeric micelles are composed of a hydrophobic core stabilized by
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a hydrophilic corona [41], exhibiting an amphiphilic structure that facilitates the efficient in-
corporation of peptides. The corona layer of the micelle provides effective steric protection
for the peptides. The utilization of polymeric micelles for the encapsulation of peptides of-
ten leads to prolonged circulation time, improved biodistribution, and preserved biological
activity. In our previous studies, we conducted experiments on polymeric micelles com-
posed of PEG-PE (Distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy(polyethylene
glycol)-2000]) using a one-step self-assembly procedure [31–33,43]. This procedure enables
the encapsulation of water-soluble small molecules and anticancer peptides. Compared
with free peptides, the peptide-loaded PEG-PE micelles exhibited enhanced antitumor
capabilities at cellular and tumor-bearing mouse levels [31,33]. Moreover, the PEG-PE
copolymer has been approved by the Food and Drug Administration (FDA) as a stealth
material for Doxil®, which is a liposomal formulation of doxorubicin. Additionally, PEG-PE
micelles possess a remarkably low critical micelle concentration (CMC) of 1 µM, ensuring
structural integrity during circulation in the bloodstream. Therefore, PEG-PE micelles hold
great promise as a nanoformulation for anticancer peptides.

Since the WT1 protein is primarily localized in the nucleus, it is crucial to develop
nucleus-targeting drug delivery strategies to enhance drug retention and efficacy. In this
regard, the HIV-1 trans-activator of transcription (TAT) peptide is employed for delivering
drugs to the nuclei of tumor cells. TAT possesses the ability to actively penetrate cell
membranes and nuclear membranes through the nuclear pore [44]. To ensure optimal
uptake of the cargo and its subsequent delivery into the nucleus of cancer cells, conjugation
of the cargo with both the TAT peptide and the nuclear localization sequence is neces-
sary [44,45]. Our previous studies have demonstrated the indispensability of TAT-mediated
transduction for facilitating the transport of nucleus-targeting antagonistic peptides across
membranes and into the nucleus [33]. However, the intrinsic non-specificity of TAT limits
its application in vivo, arising from its cationic charge in a biological environment [46].
Therefore, it is necessary to implement measures to protect TAT conjugated with anticancer
agents from external exposure until they reach the tumor site. With the development of nan-
otherapeutics, nanocarriers are utilized to efficiently deliver therapeutic agents conjugated
with TAT [47].

Given the clinical demand for WT1-driven advanced CML therapy, as well as the on-
going challenges of delivering therapeutic peptides to the nuclei of tumor cells in vivo, we
have designed a potential strategy for refractory CML therapy, which involves the encapsu-
lation of a TAT-mediated nucleus-targeting WT1 antagonistic peptide with PEG-PE. This
chemically synthesized antagonist, named WIP2W, comprises the WT1 targeting sequence
(WWGGDQRRSWGRRRPDRR) and the TAT sequence (YGRKKRRQRRR). Experimental
results have confirmed that WIP2W can specifically bind to intracellular WT1 protein,
and its encapsulation in nanomicelles enables effective nucleus delivery. Leveraging EPR
effect, the nanomicellar form of WIP2W, referred to as M—WIP2W, exhibits enhanced
intra-tumoral accumulation in WT1+ CML mice as compared to free WIP2W, leading to
effective inhibition of tumor growth. In conclusion, this study demonstrates the promising
potential of M—WIP2W as a WT1 inhibitor for refractory CML treatment. Furthermore,
this work also illustrates the potential application of WIP2W and M—WIP2W in other
WT1-overexpressing malignant cancers.

2. Materials and Methods
2.1. Chemicals and Reagents

PEG-PE, Distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy (polyethylene
glycol)-2000], was procured from Jiangsu Southeast Nanomaterials Co., Ltd. (Huaian, China).
Imatinib mesylate powder was purchased from MedChemExpress (Shanghai, China).
Streptavidin magnetic beads were acquired from Jiangsu BEAVER Biomedical Co., Ltd.
(Suzhou, China). The anti-WT1 and GAPDH antibodies were obtained from Abcam (Boston,
MA, USA) and Proteintech (Rosemont, IL, USA). Secondary antibodies were procured from
Cell Signaling Technology (Danvers, MA, USA). Both the protein extraction reagent kits and
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protease inhibitor cocktails were bought from Thermo Fisher Scientific (Waltham, MA, USA).
Phosphate-buffered saline (PBS, pH 7.4) was purchased from Gibco (Waltham, MA, USA).

2.2. Chemically Synthesized Peptides

The peptide WIP2W (WWGGDQRRSWGRRRPDRRYGRKKRRQRRR) was chemi-
cally synthesized by Guoping Pharmaceutical Co., Ltd. (Hefei, China) with a purity of
>98% via solid-phase peptide synthesis (SPPS). According to the specific requirements
of the experiments, biotin and fluorescein isothiocyanate (FITC) were conjugated with
the N-terminal of WIP2W to obtain biotin-WIP2W and FITC-WIP2W. A molecule of Acp
(6-aminocaproic acid), also called an alkyl spacer, is inserted between FITC and WIP2W
for the synthesis of FITC-WIP2W. The molecular weight identification of synthetic pep-
tides including WIP2W, biotin-WIP2W, and FITC-WIP2W is shown in the Supplementary
Materials (Figure S1). In this study, unlabeled WIP2W, FITC-WIP2W, and biotin-WIP2W
powders were completely solubilized in PBS (pH 7.4) in advance, at specific concentrations.

2.3. Cell Lines and Animals

Human chronic myeloid leukemia cell line K562 and normal hepatocyte cell line L02
were cultivated in media from Gibco (USA), enriched with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (PS) and maintained at 37 ◦C. Female BALB/c nude mice
were obtained from SPF Biotechnology Co., Ltd. (Beijing, China).

2.4. Immunoblot Assay

The WT1 expression levels in K562 cells (overall, nuclear, and cytoplasmic) and
L02 cells (overall) were assessed using Western blot analysis. In brief, proteins from the
cultured cells were extracted using lysis buffers supplemented with protease inhibitors.
Equal amounts of the protein samples were then separated and detected with appropriate
antibodies, namely anti-WT1 (1:1000, v/v) and GAPDH (1:20,000, v/v). The resulting im-
munocomplexes were visualized on a gel imaging system from Bio-Rad (Hercules, CA, USA),
using the Immobilon ECL Western detection reagents from Solarbio (Beijing, China).

2.5. Intracellular Localization of WT1 and WIP2W

To ascertain the intracellular localization of WT1, immunofluorescence was employed.
K562 cells underwent a process that included collection, fixation, permeabilization, block-
ing, and labeling with the anti-WT1-Alexa Fluor 647 antibody (1:200, v/v). Following
nuclear staining with DAPI, K562 cells were transferred to confocal dishes. A confocal
laser scanning microscope (Carl Zeiss, Oberkochen, Germany) was used to capture the
fluorescence images.

The precise localization of WIP2W was identified using the same microscope. K562 cells,
after being exposed to FITC-WIP2W (10 µM) at 37 ◦C for 3.5 h, were gathered and stained
with Hoechst33342. They were then moved to confocal dishes, where fluorescence data
were captured.

2.6. Pull-Down Assay

Proteins from different localizations were harnessed for peptide–protein interaction
studies [33,48]. Initially, biotin-WIP2W and streptavidin-coated magnetic beads were mixed
in PBS and shaken at 25 ◦C for 1 h. The bound WIP2W beads were magnetically separated,
discarding the unattached WIP2W molecules in the leftover solution. The combined protein
extracts from the whole cell, nucleus, and cytoplasm were then exposed to the WIP2W beads
for another 2 h at 25 ◦C. Finally, the bead eluates were probed using an anti-WT1 antibody.

2.7. Cytotoxicity Assay

The cytotoxicity of WIP2W and M—WIP2W against cells was represented in the
suppression of cell viability. K562 (1.5 × 104/well) and L02 (8 × 103/well) cells were
seeded in 96-well plates and incubated with gradient concentrations of peptides or micelles
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in complete mediums. After 24 or 48 h of incubation, each well was spiked with CCK-8
agent (10 µL) for another 2 h. Absorption was detected by a spectrophotometer at 450 nm
(Molecular Devices, San Jose, CA, USA), and IC50 values were calculated by curve fitting.

2.8. Cell Cycle Analysis

K562 cells were incubated in the absence and presence of WIP2W (10 µM) for 24 h. Sub-
sequently, these cells were collected and fixed with 75% cold ethanol overnight, followed
by treatment with propidium iodide (PI) and RNase A. Then, the cell fluorescence was
examined using flow cytometry, and the cell cycle profiles were analyzed using FlowJo 10.

2.9. RNA Sequencing and Differentially Expressed Gene Analysis

K562 cells were incubated in the absence and presence of WIP2W (10 µM) for 24 h.
These cells were harvested, and the total RNA was then collected for subsequent RNA se-
quencing (RNA-Seq) tests. We sequenced the library using the Illumina NovaSeq 6000 plat-
form (Illumina, San Diego, CA, USA), which generated 150 bp paired-end reads. The pro-
cessed clean reads were aligned using HISAT2, and FPKM values were calculated for each
gene. Differentially expressed genes (DEGs) were subsequently subjected to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.

2.10. Preparation of M—WIP2W and Empty PEG-PE Micelles

The one-step self-assembly method previously described is suitable for PEG-PE and
the water-soluble WIP2W [31–33,49]. Prior to experimentation, each powder was dissolved
in PBS (pH 7.4) at specified concentrations. Solutions of PEG-PE and WIP2W were mixed in
molar ratios varying from 0.5 to 20 equivalents of PEG-PE per WIP2W unit. The mixtures
were then gently heated between 50 ◦C and 55 ◦C for 30 min to encapsulate the WIP2W.
The resulting M—WIP2W solution was stored at 4 ◦C. In the absence of WIP2W, empty
micelles were produced under the same conditions.

2.11. Characterization of M—WIP2W and PEG-PE Micelles

The zeta potential, average hydration radius, and PDI of M—WIP2W (comprising
20 µM PEG-PE and 6.7 µM WIP2W) and 20 µM PEG-PE micelles were evaluated using a
nanoparticle analyzer (Malvern Instrument Ltd., Malvern, UK). The data are presented as
the mean ± standard deviation (SD). The structures of M—WIP2W and PEG-PE micelles
were examined using a transmission electron microscope (Hitachi, Ltd., Tokyo, Japan).

2.12. Encapsulation Efficiency of Micelles to WIP2W

The ability of PEG-PE micelles to encapsulate WIP2W was assessed using an ultrafiltra-
tion method. Solutions of FITC-WIP2W-loaded micelles (with PEG-PE concentrations of 5,
10, 30, 50, 100, and 200 µM, and FITC-WIP2W at 10 µM) were placed into an ultra-centrifugal
filter (MWCO 100,000, Millipore, Burlington, MA, USA). They were then centrifuged at
12,000× g for 30 min. The fluorescence intensity of the filtrate was subsequently measured
spectrophotometrically. A concentration-to-fluorescence intensity relationship was then
derived to determine the amount of unencapsulated FITC-WIP2W in the filtrate. From
this, the encapsulation efficiency (EE%) of PEG-PE micelles for WIP2W can be calculated,
as shown below.

EE% = incorporated WIP2W/initial WIP2W added × 100% (1)

2.13. Cellular Uptake of WIP2W

The efficiency of WIP2W and M—WIP2W uptake was represented by both the per-
centage of positive cells and the mean fluorescence intensity (MFI). K562 cells were treated
with FITC-WIP2W at concentrations of 0.05, 0.5, and 5 µM, and M—WIP2W (consisting of
15 µM PEG-PE and 5 µM FITC-WIP2W) at 37 ◦C for 2 h. The percentage of positive cells
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and their mean fluorescence intensity were then analyzed using a flow cytometer, with
each condition tested in triplicate (n = 3).

2.14. In Vivo Biodistribution of WIP2W and M—WIP2W

In this study, a WT1+ BP-CML xenograft mouse model was developed. K562 cells
(1 × 107/animal) were injected subcutaneously into the flanks of 5-week-old female BALB/c
nude mice to generate primary BP-CML tumors. Once the tumors became noticeable, the
mice were euthanized, and tumor cells were harvested. These cells were then reintro-
duced subcutaneously into a new set of hosts (1 × 107/animal) for further therapeutic
investigations. The biodistribution of WIP2W and M—WIP2W in vivo was examined by ad-
ministering FITC-WIP2W (at a dose of 30 mg/kg WIP2W) and M—FITC-WIP2W (64 mg/kg
PEG-PE and 30 mg/kg WIP2W) to BP-CML mice. Four hours post-administration, the mice
were euthanized. Their tumors and primary organs were then extracted and assessed for
fluorescence using IVIS (in vivo imaging system) equipment from PerkinElmer, USA.

2.15. In Vivo Antitumor Efficiency of WIP2W and M—WIP2W

Xenografted WT1+ BP-CML mice were utilized to evaluate the anti-tumor effects
of WIP2W and M—WIP2W. By the 4th day post-CML cell implantation, tumors in the
secondary mice had grown to an average size of about 100 mm3. These tumor-bearing
mice were then randomly assigned to one of four groups (n = 5 per group). For the
subsequent 14 days, the groups received daily treatments as follows: control (PBS, pH 7.4),
imatinib (50 mg/kg, intraperitoneal injection), WIP2W (30 mg/kg, subcutaneous injection),
and M—WIP2W (PEG-PE: 64 mg/kg, WIP2W: 30 mg/kg, subcutaneous injection). The
subcutaneous tumor volume (mm3) and body weight (g) were recorded three times per
week, and the tumor volume can be computed according to the following equation:

Tumor volume (mm3) = L × W × W/2 (2)

where “L” and “W” denote the maximum and minimum dimensions, respectively. On day
19, the mice were slaughtered, and the retrieved major organs and tumors were stained
with hematoxylin and eosin (H&E), WT1, and Ki67, respectively.

2.16. Statistical Analysis

All quantitative data are represented as mean ± SD, derived from a minimum of
three independent experiments. The statistical significance of the results was determined
using an unpaired Student’s t-test for comparisons between two groups and a one-way
ANOVA for multiple group comparisons. Levels of significance are denoted by p-values
(ns: No significance, * p < 0.05, ** p < 0.01, and *** p < 0.001).

3. Results
3.1. Synthetic WIP2W Specifically Binds to the WT1 Protein

The K562 cell line, sourced from a CML patient during a blast crisis, served as a
representative model of the BP-CML cell line [50]. To pioneer peptides that antagonize
WT1, we initially verified the WT1 expression in K562 cells. Immunoblot analysis of total
protein lysates from K562 is displayed in Figure 1A (left lane). The findings highlighted a
prominent WT1 protein expression in K562 cells, aligning with prior research [51]. Both
nuclear and cytoplasmic protein extracts underwent immunological assays to discern
WT1’s subcellular distribution in K562 cells. The WT1 protein was found in the nucleus
(Figure 1A, middle lane) and cytoplasm (Figure 1A, right lane), predominantly residing in
the nucleus. An immunofluorescence assay further validated the intracellular positioning
of WT1 in K562 cells, with pronounced red fluorescence signals pinpointed in the nucleus,
corroborating the nuclear location of the WT1 protein (Figure 1B), consistent with the
Western blot results.
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Figure 1. WIP2W could specifically bind to the WT1 protein overexpressed in K562 cells. (A) WT1
subcellular expression was evaluated via immunoblot analysis using an anti-WT1 antibody. (B) In-
tracellular localization of WT1 protein in K562 cells was examined via immunofluorescence assay.
The blue fluorescence signifies the nucleus. The red signal represents the WT1 protein. The right
figure displays the co-localization (scale bars: 20 µm). (C) Cellular uptake of FITC-WIP2W (0.05, 0.5,
and 5 µM) by K562 cells was determined using flow cytometry after incubation at 37 ◦C for 2 h.
Results from triplicate experiments were analyzed using GraphPad Prism 8. Data are presented
as mean ± SD. (D) Schematic illustration of the pull-down assay. Created with BioRender.com.
(E) Eluates obtained from the pull-downs (nucleus and cytoplasm protein) were subjected to Western
blot assay using an anti-WT1 antibody. No WIP2W-modified magnetic beads were incubated with
cell lysates and served as vehicle control. Cell lysate (5% input) served as a positive control.

WT1 antagonistic peptides offer a promising avenue for developing WT1-targeting
therapeutics in leukemia. Our recent study demonstrated that TAT-mediated transduction
is necessary for the transmembrane transport of the nucleus-targeting antagonistic pep-
tide [33]. Considering the characteristics of the WT1 protein, mainly localized in the nucleus,
the designed WT1 antagonistic peptides in this study contained two functional regions: the
WT1-targeting peptide sequence and the TAT sequence. By screening cell cultures from a
series of de novo-designed peptides targeting various segments of WT1 protein (Table S2),
a well-performing WT1 antagonist (WIP2W) was obtained. For WIP2W, we anticipated that
the TAT sequence of WIP2W would adequately guide the WT1-targeting peptide sequence
to the K562 cell nucleus where WIP2W would then identify the WT1 protein.

To verify this hypothesis, the uptake of WIP2W by K562 cells was gauged via flow
cytometry. The cellular uptake of WIP2W exhibited concentration dependency, signifying
WIP2W’s successful entry into K562 cells (Figure 1C). Additionally, fluorescence imagery
affirmed that post-incubation with FITC-tagged WIP2W, the majority of the green flu-
orescence was pinpointed in K562 cells’ nuclei (Figure S2). These data imply that the
TAT sequence [52,53] facilitates WIP2W’s passage across cellular and nuclear membranes,
culminating in nuclear residency and target protein interaction. Additionally, a pull-down
assay was conducted to validate the interaction between WIP2W and the WT1 protein.
As depicted in Figure 1D, streptavidin magnetic beads were modified with biotin-labeled
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WIP2W through a biotin–streptavidin interaction. The functionalized beads were then incu-
bated with protein lysates, including the nuclear and cytoplasmic proteins from K562 cells.
Afterward, the proteins captured by WIP2W underwent immunoblot examination using
an anti-WT1 antibody. The outcomes revealed that WIP2W could specifically bind to the
WT1 protein in both the nucleus and cytoplasm, underscoring the recognition specificity
between WIP2W and WT1 (Figure 1E).

3.2. Anti-BP-CML Effect of WIP2W In Vitro

Evidence has shown that high WT1 expression in leukemia may contribute to the
maintenance of malignant phenotypes via various molecular mechanisms [19,21]. We
measured the inhibitory activity of WIP2W against WT1 in vitro, which ultimately reflected
cytotoxicity. The cytotoxicity of WIP2W on different cell lines for 24 h is shown in Figure 2A.
WIP2W displayed pronounced concentration-dependent cytotoxicity in K562 cells; the cell
viability dropped to <10% after incubation with 20 and 40 µM WIP2W (orange line). The
estimated WIP2W concentration that inhibited 50% K562 cell proliferation (IC50) was 9.7 µM.
Notably, WIP2W exhibited no apparent cytotoxicity in human normal hepatic cell line L02,
even when incubated with 40 µM WIP2W for 24 h (black line). This may be related to the
extremely low level of WT1 in L02 cells (Figure 2A). The selective cytotoxicity of WIP2W
on WT1-overexpressing cancer cells and WT1-low-expressing normal cells, suggests the
specific WT1 antagonistic effect and great biocompatibility of WIP2W. Previous studies
suggested that WT1 inhibitors had the potential to halt cell cycle progression. Given this,
we employed flow cytometry to explore the impact of WIP2W on the progression of the
K562 cell cycle (Figure 2B,C). Administering 10 µM WIP2W effectively increased the G0/G1
phase compartment of cell cycle distribution from 24.1% to 32.4% while diminishing the
G2/M phase compartment from 22.4% to 14.1%, relative to the control group. These results
indicated that WIP2W could impede K562 cell cycle progression in the G0/G1 phase.
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Figure 2. WIP2W effectively induced cell death and cycle arrest in K562 cells. (A) Cytotoxicity of
WIP2W on different cell lines. K562 cells (1.5 × 104/well) and L02 cells (8 × 103/well) were exposed
to different concentrations of WIP2W (1, 5, 10, 20, and 40 µM) for 24 h. PBS-treated K562 and L02 cells
were used as controls (100%). Results are presented as mean ± SD (n = 6). The inserted graphic shows
the WT1 expression levels of K562 and L02 cells. GAPDH served as the reference protein. (B) Cell
cycle distribution of the K562 cells was determined using flow cytometry after treatment with 10 µM
WIP2W for 24 h. Results are represented as mean ± SD (n = 3, *** p < 0.001). (C) Representative flow
cytometry images of cell cycle assay.

Subsequently, we investigated the anti-BP-CML effects of WIP2W at a genetic level
utilizing RNA sequencing. Hierarchical clustering analysis of the differentially expressed
genes (DEGs) showcased genetic alterations post-WIP2W treatment in comparison to the
untreated group (Figure 3A). Moreover, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis revealed significant shifts in certain biological pro-
cesses after WIP2W administration, including the receptor signaling pathway, PI3K-Akt
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signaling pathway, ECM–receptor interaction, metabolic processes, and the TNF signaling
pathway, among others (Figure 3B). In-depth analysis of the DEGs that exhibited signifi-
cant changes in K562 cells treated with WIP2W showed an elevation of tumor suppressor
genes, including OSCP1, and genes related to cell apoptosis such as FXYD6, NPTX1, and
GPR142. Conversely, genes associated with cell adhesion and migration, such as LAMC2,
were notably reduced (Figure 3C). These genetic alterations might be responsible for the
inhibition of K562 cells induced by WIP2W.
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Figure 3. Gene expression changed in WIP2W-treated K562 cells. (A) Heatmap showing a hierarchical
clustering of the differentially expressed genes in K562 cells after treatment with 10 µM WIP2W when
compared to the untreated group (control). (B) Altered signaling pathway analysis of K562 cells
after WIP2W treatment. (C) Selection of the potential genes in regulating WIP2W-induced K562 cell
growth inhibition.

3.3. Preparation, Characterization, and Cytotoxicity of M—WIP2W

Peptides have attracted attention in drug discovery due to their therapeutic efficacy.
Yet, their instability in circulation and unsatisfactory biodistribution pose significant chal-
lenges for in vivo peptide delivery. Nanoparticles made from biodegradable polymers offer
a promising avenue for peptide delivery, owing to their increased solubility, stability, circu-
lating life, and pharmacokinetic properties [32,33,54,55]. Inspired by this, WT1 antagonistic
peptide WIP2W was assembled with amphiphilic PEG-PE to enhance its bioavailability.
First, empty micelles and the nanomicellar form of WIP2W (namely M—WIP2W) were fab-
ricated by a self-assembly method [31–33]. Within M—WIP2W, the electrostatic interactions
between PEG-PE and WIP2W ensure the stable encapsulation of the drug in the micelle.
Briefly, in neutral solutions, the negatively charged PEG-PE and the positively charged
WIP2W should attract each other due to their contrasting isoelectric points—estimated at
12.35 for WIP2W and 5.93 for the PEG-PE polymer.

As shown in Figure S3, the encapsulation efficiency (EE%) of WIP2W within PEG-PE
micelles was influenced by the molar ratio of PEG-PE to WIP2W. As this ratio increased
from 0.5:1 to 20:1, the EE% of WIP2W in micelles saw a steady rise until stabilizing. At
a 3:1 molar ratio (PEG-PE: WIP2W), the EE% was approximately 72% and exceeded 95%
when the molar ratio surpassed 10. Considering the potential vehicle-induced cytotoxicity,
the toxicity of PEG-PE alone was examined in K562 cells (Figure S4). The results showed
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that cell viability remained unaffected at PEG-PE concentrations less than 30 µM. However,
viability decreased to 77% at a PEG-PE concentration of 60 µM. Considering EE% and
vehicle-induced toxicity, we opted for a constant 3:1 molar ratio of PEG-PE to WIP2W for
subsequent investigations.

The physicochemical properties of empty PEG-PE micelles (20 µM) and M—WIP2W
(PEG-PE: 20 µM, WIP2W: 6.7 µM) were analyzed using TEM and DLS, including the
morphology, average hydration radius, zeta potential, and polydispersity index (PDI). As
depicted in Figure 4A,B, both empty micelles and M—WIP2W exhibited a near-spherical
shape with an average diameter of around 23–24 nm. Table 1 summarizes these physic-
ochemical characteristics. The diameter remained relatively unchanged post-WIP2W en-
capsulation. Empty micelles registered a hydrodynamic size of 23.3 ± 2.8 nm and a zeta
potential of −4.0 ± 0.6 mV. Meanwhile, M—WIP2W displayed a hydrodynamic size of
23.9 ± 3.2 nm and a zeta potential of 5.3 ± 0.3 mV. The increased zeta potential indicated
the successful encapsulation of WIP2W within the PEG-PE micelles. In summary, micellar
WIP2W (M—WIP2W) was easily fabricated through a simple procedure.
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Figure 4. Characterization of empty PEG-PE micelles and WIP2W-encapsulating PEG-PE micelles
(M—WIP2W). Particle sizes and morphology of (A) empty micelle and (B) M—WIP2W. (C) Mean
fluorescence intensities of K562 cells after treatments with FITC-WIP2W (5 µM) and M—WIP2W
(PEG-PE: 15 µM, FITC-WIP2W: 5 µM) in a complete medium for 2 h at 37 ◦C were determined
using flow cytometry. * p < 0.05. (D) Cytotoxicity of WIP2W (1, 5, 10, and 20 µM) and M—WIP2W
(WIP2W: 1, 5, 10, and 20 µM; PEG-PE: 3, 15, 30, and 60 µM) on K562 cells after 48 h of incubation at
37 ◦C, respectively.
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Table 1. Characterization of the empty micelle and M—WIP2W.

Name Diameter (nm) Zeta Potential (mV) PDI

Empty Micelle 23.3 ± 2.8 −4.0 ± 0.6 0.188
M—WIP2W 23.9 ± 3.2 5.3 ± 0.3 0.253

To evaluate the uptake ability of WIP2W in the presence and absence of nanomicelles,
K562 cells were incubated with either free FITC-WIP2W (5 µM) or M—FITC−WIP2W (PEG-
PE: 15 µM, FITC-WIP2W: 5 µM) for 2 h at 37 ◦C. The flow cytometry results, presented
in Figure 4C, demonstrate that K562 cells internalized a marginally greater amount of
M—WIP2W compared to the free WIP2W. This suggests that the PEG-PE micelles enhance
the delivery of WIP2W into K562 cells. Such observed enhancement in cellular uptake
may be attributed to the optimized membrane fluidity triggered by amphiphilic PEG-PE
insertion [56]. Subsequently, the relative cell viability was analyzed post-incubation with
gradient concentrations of WIP2W and M—WIP2W. As indicated in Figure 4D, the cytotoxic
impacts of WIP2W and M—WIP2W were comparable, and M—WIP2W demonstrated a
slightly elevated cytotoxicity compared to free WIP2W within a concentration range of
5–20 µM. Notably, M—WIP2W exhibited minimal cytotoxic effects on L02 cells, highlighting
the selective cytotoxic nature of M—WIP2W (Figure S5).

3.4. Anti-BP-CML Effect of WIP2W and M—WIP2W In Vivo

To investigate the biodistribution of WIP2W in the absence and presence of PEG-PE
micelles in vivo, we established a K562 cell-bearing BALB/c nude mouse model, termed
WT1+ BP-CML mice. The biodistribution was investigated by detecting the fluorescence
in the excised tumors and major organs (including the heart, liver, spleen, lung, and kid-
ney) using the IVIS (in vivo imaging system). Four hours after a single subcutaneous
injection of PBS, FITC-WIP2W, or M—FITC-WIP2W, the tumors and organs from eutha-
nized mice were imaged for fluorescence (Figure 5A). The PBS group served as a control
(left lane). As anticipated, the intra-tumoral accumulation of M—WIP2W in the BP-CML
mice surpassed that of free WIP2W, possibly due to EPR effect [31–33,54,57]. In addition,
in FITC-WIP2W-treated mice, free WIP2W was predominantly distributed in the liver
and kidneys (middle lane), hinting that WIP2W introduced subcutaneously was cleared
through the hepatic and renal metabolic pathways. By contrast, for the M—WIP2W-treated
mice, a pronounced fluorescence was observed in the liver, with minimal fluorescence in
the kidneys (right lane), possibly due to the size effect. Typically, nanoparticles’ metabolic
pathways hinge on their size [58,59]. Nanoparticles exceeding 6 nm in diameter are often
processed by the liver and spleen, while those smaller than 6 nm are processed by the
kidneys [58]. In addition, if nanoparticles are smaller than 10 nm, they are quickly cleared
by the kidneys and do not easily accumulate at the tumor site through EPR effect [60].
In our study, M—WIP2W, approximately 20 nm in size, showed promise with regard to
efficient distribution in the body.

To delve deeper into the in vivo anti-tumor efficacy of WIP2W and M—WIP2W, WT1+

BP-CML mice received daily treatments of PBS, imatinib, WIP2W, and M—WIP2W for
two weeks. Imatinib, currently the first curative for patients with CML, was chosen as the
positive control [7]. When the tumor volume approached 100 mm3, BP-CML mice were
administered daily subcutaneous injections of PBS, WIP2W (30 mg/kg), and M—WIP2W
(WIP2W: 30 mg/kg; PEG-PE: 64 mg/kg), respectively. Imatinib was given intraperi-
toneally at 50 mg/kg daily. During the succeeding 14 days, the tumor volume (mm3)
and body weight (g) of BP-CML mice were recorded thrice weekly. On the 15th day
post-administration, the mice were euthanized. The excised tumors underwent immuno-
histochemical analysis using an anti-WT1 antibody. H&E and Ki67 staining of tumors and
major organs were also conducted.
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Figure 5. In vivo biodistribution and therapeutic effect of WIP2W and M—WIP2W in WT1+ BP-
CML mice. (A) WIP2W distribution in the dissected tumors and major organs after treatment with
FITC-WIP2W (30 mg/kg) and M—WIP2W (molar ratio of PEG-PE:FITC-WIP2W = 3:1) via IVIS
spectrum, respectively. Tumor volumes (mm3) (B) and body weights (g) (C) of WT1+ BP-CML mice
after different treatments with PBS (control), imatinib, WIP2W, and M—WIP2W were calculated
every other day, respectively. * p < 0.05; *** p < 0.001; ns: No significance. (D) The excised tumors of
WT1+ BP-CML mice after PBS, WIP2W, and M—WIP2W treatments, were stained with H&E and
an anti-WT1 antibody (scale bar: 100 µm), respectively. (E) Statistical analysis of WT1 expression
levels by measuring mean InterDen of WT1-stained areas from (D). The control group was set as
100%. *** p < 0.001; ns: No significance.

Compared to the control group, imatinib, WIP2W, and M—WIP2W exhibited potent
anti-tumor activity in the BP-CML mice (Figure 5B). Remarkably, M—WIP2W outperformed
free WIP2W in mitigating BP-CML progression, an outcome attributed to the enhanced
intra-tumoral peptide accumulation. Body weight tracking revealed no significant weight
loss in the WIP2W and M—WIP2W groups compared to the control and imatinib groups,
hinting at the biocompatibility of both treatments (Figure 5C). H&E staining of the tumor
tissues identified pronounced cell death in the WIP2W and M—WIP2W groups (Figure 5D),
suggesting their tumor-inhibiting potency. Additionally, WIP2W and M—WIP2W treat-
ment significantly diminished WT1 protein levels in the tumor tissues relative to controls
(Figure 5D,E), underscoring WIP2W’s antagonistic effect. The distinct interaction between
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WIP2W and WT1 might induce structural changes in the WT1 protein, potentially curbing
the full expression of WT1’s function.

To verify the biocompatibility of WIP2W and M—WIP2W, we also conducted H&E
staining of major organs. Both WIP2W and M—WIP2W exhibited minimal systemic toxicity
in mice, as shown in Figure 6A. Contrastingly, liver damage was evident in the imatinib
group, suggesting a potential side effect of continuous imatinib administration. Given that
leukemia is notably aggressive and frequently metastasizes to the spleen [61], we explored
the efficacy of imatinib, WIP2W, and M—WIP2W in inhibiting tumor metastasis. After
various treatments, spleen samples from BP-CML mice were collected and subjected to
Ki67 staining (Figure S6). In both the control and imatinib groups, the intensity of Ki67
staining (Figure 6B) exhibited pronounced fluorescence in the spleen, indicating the splenic
infiltration of CML cells. Encouragingly, the mice receiving WIP2W and M—WIP2W
treatments showed negligible signs of metastatic CML cells in the spleen, suggesting the
effective metastasis prevention capabilities of WIP2W and M—WIP2W. Collectively, these
findings suggest that WIP2W and M—WIP2W have the potential to be effective and safe
candidates for treating refractory CML and other malignancies with elevated expression
of WT1.
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Figure 6. Biological safety and splenic infiltration evaluation of WIP2W, M—WIP2W, and imatinib.
(A) Histological organ changes in WT1+ BP-CML mice after treatments with PBS (control), imatinib,
WIP2W, and M—WIP2W, respectively (scale bar: 100 µm). (B) Statistical results of Ki67 fluorescent
staining of spleen tissues after various treatments were obtained by measuring the fluorescence
intensity from Figure S6. The data are presented as mean ± SD (n = 3). * p < 0.05; ** p < 0.01;
*** p < 0.001; ns: No significance.

4. Discussion

In CML, the influence of WT1 stems from its robust transcriptional control of genes
associated with cell growth, metabolism, differentiation, and apoptosis. Interventions
targeting WT1 can induce cell cycle arrest and apoptosis. Previous research found that WT1
inhibitors could impact cell cycle progression in myeloid leukemia. For example, curcumin,
a WT1 inhibitor, can induce cell death and G2/M phase arrest [51]. Similarly, WT1-specific
RNA interference led to an increase in G0/G1-phase cells and a decrease in S-phase cells [51].
In this study, the WIP2W peptide halted the cell cycle in the G0/G1 phase and reduced
WT1 protein levels in tumor tissues. The mechanism of WIP2W is partially related to cell
cycle arrest, and other mechanisms, including apoptosis, are under investigation.

Nucleus-targeting WT1 antagonist peptides offer a promising strategy for WT1+ BP-
CML therapy. Our previous studies demonstrated the necessity of TAT-mediated transduc-
tion for the transportation of nucleus-targeting antagonistic peptides across membranes
and nuclei [33]. In this work, we found that the TAT sequence of WIP2W would adequately
guide the WT1-targeting peptide sequence to the K562 cell nucleus where WIP2W would
then identify the WT1 protein. Until now cationic cell-penetrating peptides (CPPs) have
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been employed to bypass biological barriers and deliver cargo into cancer cells nonin-
vasively [52,62]. By combining subcellular-targeting CPPs with targeting peptides, it is
possible to deliver peptides to specific cell organelles in a precise manner [53].

Peptides present instability in circulation and unsatisfactory biodistribution challenges
for in vivo application. To enhance the bioavailability and tissue residence of peptides,
we employ PEG-PE nanomicelles for loading and delivering WIP2W. In tumors with high
WT1 expression, M—WIP2W showed superior antitumor effects compared to free peptides.
This increased efficacy was largely due to M—WIP2W’s enhanced tumor accumulation
capabilities. Beyond particle size, the surface characteristics and shape of nanoparticles can
also influence their biodistribution [63,64].

Recent clinical findings suggest that many CML patients develop resistance to ima-
tinib with continued use [65,66]. Approximately 70% of relapsing CML patients have
mutations in the Bcr-Abl kinase domain, with some even impacting the imatinib binding
site, thereby instigating drug resistance [66]. Notably, BP-CML is often unresponsive to
conventional induction chemotherapy [14]. WT1 is crucial to oncogenic survival signaling
downstream of Bcr-Abl in leukemia and counteracts the cytotoxic effects of TKIs like ima-
tinib [67]. Our study found that while BP-CML mice had a limited response to imatinib,
they responded well to M—WIP2W therapy, suggesting its potential as a complementary
treatment alongside TKIs.

The spleen, a primary site for extramedullary hematopoiesis (EMH), is commonly
implicated in hematological malignancies [68]. For example, leukemic cells frequently
infiltrate the spleen in CML cases [69]. Our findings showed that mice treated with
WIP2W and M—WIP2W had minimal metastatic CML cells in the spleen, suggesting these
treatments effectively prevent tumor spread. Conversely, PBS- and imatinib-treated groups
exhibited significant splenic CML infiltration. Moreover, leukemia often metastasizes to
the bone marrow [61], guiding our subsequent evaluations of metastatic inhibition.

5. Conclusions

The tumor antigen WT1 located in the nucleus is overexpressed in both BP-CML
and a variety of solid tumor cells, which was associated with drug resistance and poor
prognosis. Currently, there is no WT1-targeting antagonistic drug available, which may
be attributed to the multiple technical challenges in intracellular antigen-targeting drug
development. In our study, we tackled these long-standing challenges with the proposed
antagonistic peptide sequence enabled by nanocarriers. The results demonstrated that the
novel and chemically synthesized antagonistic peptide WIP2W can specifically bind to
the intracellular WT1 protein, and its micellar formulation (M—WIP2W) can significantly
enhance cell death and inhibit the tumor growth of WT1+ BP-CML mice. Therefore, our
study may provide a highly promising therapeutic strategy to improve clinical treatments
for refractory CML as well as other WT1-overexpressing malignant cancers. Also, targeting
intracellular antigens is a highly strategic drug design approach that will greatly enrich the
variety of cancer antigens. This study illustrates the feasibility of developing intracellular
antigen-targeting delivery of therapeutic peptides for cancer therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15092305/s1, Table S1: Abbreviations involved in
the article; Table S2: Amino acid sequences of de novo designed peptides; Figure S1: MS Spectrum
results of WIP2W, FITC-WIP2W, and biotin-WIP2W. Figure S2: Intracellular localization of the
WIP2W peptide (10 µM) in K562 cells. Figure S3: Encapsulation efficiency (%) of WIP2W (10 µM) in
PEG-PE micelle at different molar ratios ranging from 0.5:1 to 20:1 (PEG-PE: WIP2W) in PBS. Data
are presented as mean ± SD (n = 3). Figure S4: Viability of K562 cells after treatment with PEG-PE
(15, 30, 60, 72, 84, 96, 108, and 120 µM) at 37 ◦C for 24 h was determined using a CCK-8 kit. Data are
presented as mean ± SD (n = 6). Figure S5: Cytotoxicity of M—WIP2W on L02 cells was evaluated
using a CCK-8 kit. Figure S6: Representative Ki67 staining photomicrographs of the spleen tissues
(scale bar: 100 µm).

https://www.mdpi.com/article/10.3390/pharmaceutics15092305/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15092305/s1


Pharmaceutics 2023, 15, 2305 15 of 17

Author Contributions: M.C., conceptualization, methodology, software, data curation, and writing—
original draft; R.D., methodology, software, and data curation; J.M., conceptualization, methodology,
and data curation; J.L., methodology and software; M.L., conceptualization and methodology; X.F.,
conceptualization, data curation, investigation, funding acquisition, and writing—original draft; Y.Y.,
conceptualization, supervision, resources, and writing—review and editing; C.W., conceptualization,
project administration, supervision, funding acquisition, resources, and writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (nos. 32101130,
21721002, and 31971295), the Strategic Priority Research Program of the Chinese Academy of Sciences
(XDB36000000), and the National Science and Technology Innovation 2030 Major Program (grant nos.
2021ZD0202200 and 2021ZD0202201).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of the National Center for Nanoscience and Technology (NCNST21-2202-0607,
2022-02-18).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jabbour, E.; Kantarjian, H. Chronic myeloid leukemia: 2022 update on diagnosis, therapy, and monitoring. Am. J. Hematol. 2022,

97, 1236–1256. [CrossRef] [PubMed]
2. Rowley, J.A. A New Consistent Chromosomal Abnormality in Chronic Myelogenous Leukaemia identified by Quinacrine

Fluorescence and Giemsa Staining. Nature 1973, 243, 290–293. [CrossRef]
3. Mandanas, R.A.; Leibowitz, D.S.; Gharehbaghi, K.; Tauchi, T.; Burgess, G.S.; Miyazawa, K.; Jayaram, H.N.; Boswel, H.S. Role of

p21 RAS in p210 bcr-abl transformation of murine myeloid cells. Blood 1993, 82, 1838–1847. [CrossRef] [PubMed]
4. Raitano, A.B.; Halpern, J.R.; Hambuch, T.M.; Sawyers, C.L. The Bcr-Abl leukemia oncogene activates Jun kinase and requires Jun

for transformation. Proc. Natl. Acad. Sci. USA 1995, 92, 11746–11750. [CrossRef]
5. Sawyers, C.L.; Callahan, W.; Witte, O.N. Dominant negative MYC blocks transformation by ABL oncogenes. Cell 1992, 70, 901–910.

[CrossRef] [PubMed]
6. Osman, A.E.G.; Deininger, M.W. Chronic Myeloid Leukemia: Modern therapies, current challenges and future directions. Blood

Rev. 2021, 49, 100825. [CrossRef] [PubMed]
7. Cohen, P. Protein kinases—The major drug targets of the twenty-first century? Nat. Rev. Drug Discov. 2002, 1, 309–315. [CrossRef]
8. Copland, M.; Hamilton, A.; Elrick, L.J.; Baird, J.W.; Allan, E.K.; Jordanides, N.; Barow, M.; Mountford, J.C.; Holyoake, T.L.

Dasatinib (BMS-354825) targets an earlier progenitor population than imatinib in primary CML but does not eliminate the
quiescent fraction. Blood 2006, 107, 4532–4539. [CrossRef]

9. Saglio, G.D.; Kim, D.W.; Issaragrisil, S.; le Coutre, P.; Etienne, G.; Lobo, C.; Pasquini, R.; Clark, R.E.; Hochhaus, A.; Hughes, T.P.;
et al. Nilotinib versus imatinib for newly diagnosed chronic myeloid leukemia. N. Engl. J. Med. 2010, 362, 2251–2259. [CrossRef]

10. Hoy, S.M. Ponatinib: A review of its use in adults with chronic myeloid leukaemia or Philadelphia chromosome-positive acute
lymphoblastic leukaemia. Drugs 2014, 74, 793–806. [CrossRef]

11. Wang, L.; Li, L.; Chen, R.; Huang, X.; Ye, X. Understanding and Monitoring Chronic Myeloid Leukemia Blast Crisis: How to
Better Manage Patients. Cancer Manag. Res. 2021, 13, 4987–5000. [CrossRef] [PubMed]

12. Yamaguchi, H.; Takezako, N.; Ohashi, K.; Oba, K.; Kumagai, T.; Kozai, Y.; Wakita, H.; Yamamoto, K.; Fujita, A.; Igarashi, T.; et al.
Treatment-free remission after first-line dasatinib treatment in patients with chronic myeloid leukemia in the chronic phase:
The D-NewS Study of the Kanto CML Study Group. Int. J. Hematol. 2020, 111, 401–408. [CrossRef] [PubMed]

13. Zheng, C.; Li, L.; Haak, M.; Brors, B.; Frank, O.; Giehl, M.; Fabarius, A.; Schatz, M.; Weisser, A.; Lorentz, C.; et al. Gene expression
profiling of CD34+ cells identifies a molecular signature of chronic myeloid leukemia blast crisis. Leukemia 2006, 20, 1028–1034.
[CrossRef]

14. Morris, E.L.; Dutcher, J.P. Blastic phase of chronic myelogenous leukemia. Clin. Adv. Hematol. Oncol. 2005, 3, 547–552. [PubMed]
15. Copland, M. Treatment of blast phase chronic myeloid leukaemia: A rare and challenging entity. Br. J. Haematol. 2022, 199,

665–678. [CrossRef] [PubMed]
16. Cheever, M.A.; Allison, J.P.; Ferris, A.S.; Finn, O.J.; Hastings, B.M.; Hecht, T.T.; Mellman, I.; Prindiville, S.A.; Viner, J.L.;

Weiner, L.M.; et al. The Prioritization of Cancer Antigens: A National Cancer Institute Pilot Project for the Acceleration of
Translational Research. Clin. Cancer Res. 2009, 15, 5323–5337. [CrossRef] [PubMed]

17. Kerst, G.; Bergold, N.; Gieseke, F.; Coustan-Smith, E.; Lang, P.; Kalinova, M.; Handgretinger, R.; Trka, J.; Müller, I. WT1 protein
expression in childhood acute leukemia. Am. J. Hematol. 2008, 83, 382–386. [CrossRef]

https://doi.org/10.1002/ajh.26642
https://www.ncbi.nlm.nih.gov/pubmed/35751859
https://doi.org/10.1038/243290a0
https://doi.org/10.1182/blood.V82.6.1838.1838
https://www.ncbi.nlm.nih.gov/pubmed/7691239
https://doi.org/10.1073/pnas.92.25.11746
https://doi.org/10.1016/0092-8674(92)90241-4
https://www.ncbi.nlm.nih.gov/pubmed/1525828
https://doi.org/10.1016/j.blre.2021.100825
https://www.ncbi.nlm.nih.gov/pubmed/33773846
https://doi.org/10.1038/nrd773
https://doi.org/10.1182/blood-2005-07-2947
https://doi.org/10.1056/NEJMoa0912614
https://doi.org/10.1007/s40265-014-0216-6
https://doi.org/10.2147/CMAR.S314343
https://www.ncbi.nlm.nih.gov/pubmed/34188552
https://doi.org/10.1007/s12185-019-02801-z
https://www.ncbi.nlm.nih.gov/pubmed/31894533
https://doi.org/10.1038/sj.leu.2404227
https://www.ncbi.nlm.nih.gov/pubmed/16167037
https://doi.org/10.1111/bjh.18370
https://www.ncbi.nlm.nih.gov/pubmed/35866251
https://doi.org/10.1158/1078-0432.CCR-09-0737
https://www.ncbi.nlm.nih.gov/pubmed/19723653
https://doi.org/10.1002/ajh.21123


Pharmaceutics 2023, 15, 2305 16 of 17

18. Lopotová, T.; Polák, J.; Schwarz, J.; Klamová, H.; Moravcová, J. Expression of four major WT1 splicing variants in acute and
chronic myeloid leukemia patients analyzed by newly developed four real-time RT PCRs. Blood Cells Mol. Dis. 2012, 49, 41–47.
[CrossRef]

19. Brett, A.; Pandey, S.; Fraizer, G. The Wilms’ tumor gene (WT1) regulates E-cadherin expression and migration of prostate cancer
cells. Mol. Cancer 2013, 12, 3. [CrossRef]

20. Qi, X.W.; Zhang, F.; Wu, H.; Liu, J.L.; Zong, B.G.; Xu, C.; Jiang, J. Wilms’ tumor 1 (WT1) expression and prognosis in solid cancer
patients: A systematic review and meta-analysis. Sci. Rep. 2015, 5, 8924. [CrossRef]

21. McCarty, G.; Awad, O.; Loeb, D.M. WT1 protein directly regulates expression of vascular endothelial growth factor and is a
mediator of tumor response to hypoxia. J. Biol. Chem. 2011, 286, 43634–43643. [CrossRef] [PubMed]

22. Rosenfeld, C.; Cheever, M.A.; Gaiger, A. WT1 in acute leukemia, chronic myelogenous leukemia and myelodysplastic syndrome:
Therapeutic potential of WT1 targeted therapies. Leukemia 2003, 17, 1301–1312. [CrossRef] [PubMed]

23. Inoue, K.; Sugiyama, H.; Ogawa, H.; Nakagawa, M.; Yamagami, T.; Miwa, H.; Kita, K.; Hiraoka, A.; Masaoka, T.; Nasu, K.; et al.
WT1 as a New Prognostic Factor and a New Marker for the Detection of Minimal Residual Disease in Acute Leukemia. Blood
1994, 84, 3071–3079. [CrossRef] [PubMed]

24. Na, I.K.; Kreuzer, K.A.; Lupberger, J.; Dörken, B.; Coutre, P.l. Quantitative RT-PCR of Wilms tumor gene transcripts (WT1) for the
molecular monitoring of patients with accelerated phase bcr/abl + CML. Leuk. Res. 2005, 29, 343–345. [CrossRef]

25. Pei, H.; Guo, W.; Peng, Y.; Xiong, H.; Chen, Y. Targeting key proteins involved intranscriptional regulation for cancer therapy:
Current strategies and future prospective. Med. Res. Rev. 2022, 42, 1607–1660. [CrossRef]

26. Shi, M.; McHugh, K.J. Strategies for overcoming protein and peptide instability in biodegradable drug delivery systems. Adv.
Drug Deliv. Rev. 2023, 199, 114904. [CrossRef]

27. Mehrotra, N.; Kharbanda, S.; Singh, H. Peptide-based combination nanoformulations for cancer therapy. Nanomedicine 2020, 15,
2201–2217. [CrossRef]

28. Norouzi, P.; Mirmohammadi, M.; Tehrani, M.H.H. Anticancer peptides mechanisms, simple and complex. Chem. Biol. Interact.
2022, 368, 110194. [CrossRef]

29. Massaoka, M.H.; Matsuo, A.L.; Figueiredo, C.R.; Girola, N.; Faria, C.F.; Azevedo, R.A.; Travassos, L.R. A novel cell-penetrating
peptide derived from WT1 enhances p53 activity, induces cell senescence and displays antimelanoma activity in xeno- and
syngeneic systems. FEBS Open Bio 2014, 4, 153–161. [CrossRef]

30. Li, X.; Guo, H.; Duan, H.; Yang, Y.; Meng, J.; Liu, J.; Wang, C.; Xu, H. Improving chemotherapeutic efficiency in acute myeloid
leukemia treatments by chemically synthesized peptide interfering with CXCR4/CXCL12 axis. Sci. Rep. 2015, 5, 16228. [CrossRef]

31. Xu, S.; Zhang, M.; Fang, X.; Meng, J.; Xing, H.; Yan, D.; Liu, J.; Yang, Y.; Wen, T.; Zhang, W.; et al. A novel CD123-targeted
therapeutic peptide loaded by micellar delivery system combats refractory acute myeloid leukemia. J. Hematol. Oncol. 2021, 14,
193. [CrossRef] [PubMed]

32. Meng, J.; Ge, Y.; Xing, H.; Wei, H.; Xu, S.; Liu, J.; Yan, D.; Wen, T.; Wang, M.; Fang, X.; et al. Synthetic CXCR4 Antagonistic Peptide
Assembling with Nanoscaled Micelles Combat Acute Myeloid Leukemia. Small 2020, 16, e2001890. [CrossRef] [PubMed]

33. Jiang, M.; Fang, X.; Ma, L.; Liu, M.; Chen, M.; Liu, J.; Yang, Y.; Wang, C. A nucleus-targeting peptide antagonist towards EZH2
displays therapeutic efficacy for lung cancer. Int. J. Pharm. 2022, 622, 121894. [CrossRef]

34. Lee, M.F.; Poh, C.L. Strategies to improve the physicochemical properties of peptide-based drugs. Pharm. Res. 2023, 40, 617–632.
[CrossRef] [PubMed]

35. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, L.S.; Acosta-Torres, L.S.; Diaz-Torres, R.G.; Grillo, R.; Swamy,
M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol. 2018, 16,
71. [CrossRef] [PubMed]

36. Peer, D.; Karp, J.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform for cancer therapy.
Nature Nanotechnol. 2007, 2, 751–760. [CrossRef]

37. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer
2017, 17, 20–37. [CrossRef] [PubMed]

38. Hanafy, N.A.N.; El-Kemary, M.; Leporatti, S. Micelles Structure Development as a Strategy to Improve Smart Cancer Therapy.
Cancers 2018, 10, 238. [CrossRef]

39. Allen, T.M.; Cullis, P.R. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 2013, 65,
36–48. [CrossRef]

40. Wang, S.; Chen, Y.; Guo, J.; Huang, Q. Liposomes for Tumor Targeted Therapy: A Review. Int. J. Mol. Sci. 2023, 24, 2643.
[CrossRef]

41. Torchilin, V.P. Micellar Nanocarriers: Pharmaceutical Perspectives. Pharm. Res. 2007, 24, 1–16. [CrossRef]
42. Mohammed, H.; Khan, R.; Singh, V.; Yusuf, M.; Akhtar, N.; Sulaiman, G.; Albukhaty, S.; Abdellatif, A.; Khan, M.; Mohammed,

S.; et al. Solid lipid nanoparticles for targeted natural and synthetic drugs delivery in high-incidence cancers, and other
diseases: Roles of preparation methods, lipid composition, transitional stability, and release profiles in nanocarriers’ development.
Nanotechnol. Rev. 2023, 12, 20220517. [CrossRef]

43. Fang, X.; Zhang, K.; Jiang, M.; Ma, L.; Liu, J.; Xu, H.; Yang, Y.; Wang, C. Enhanced lymphatic delivery of nanomicelles
encapsulating CXCR4-recognizing peptide and doxorubicin for the treatment of breast cancer. Int. J. Pharm. 2021, 594, 120183.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.bcmd.2012.04.001
https://doi.org/10.1186/1476-4598-12-3
https://doi.org/10.1038/srep08924
https://doi.org/10.1074/jbc.M111.310128
https://www.ncbi.nlm.nih.gov/pubmed/22030397
https://doi.org/10.1038/sj.leu.2402988
https://www.ncbi.nlm.nih.gov/pubmed/12835718
https://doi.org/10.1182/blood.V84.9.3071.3071
https://www.ncbi.nlm.nih.gov/pubmed/7949179
https://doi.org/10.1016/j.leukres.2004.08.003
https://doi.org/10.1002/med.21886
https://doi.org/10.1016/j.addr.2023.114904
https://doi.org/10.2217/nnm-2020-0220
https://doi.org/10.1016/j.cbi.2022.110194
https://doi.org/10.1016/j.fob.2014.01.007
https://doi.org/10.1038/srep16228
https://doi.org/10.1186/s13045-021-01206-y
https://www.ncbi.nlm.nih.gov/pubmed/34774070
https://doi.org/10.1002/smll.202001890
https://www.ncbi.nlm.nih.gov/pubmed/32608185
https://doi.org/10.1016/j.ijpharm.2022.121894
https://doi.org/10.1007/s11095-023-03486-0
https://www.ncbi.nlm.nih.gov/pubmed/36869247
https://doi.org/10.1186/s12951-018-0392-8
https://www.ncbi.nlm.nih.gov/pubmed/30231877
https://doi.org/10.1038/nnano.2007.387
https://doi.org/10.1038/nrc.2016.108
https://www.ncbi.nlm.nih.gov/pubmed/27834398
https://doi.org/10.3390/cancers10070238
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.3390/ijms24032643
https://doi.org/10.1007/s11095-006-9132-0
https://doi.org/10.1515/ntrev-2022-0517
https://doi.org/10.1016/j.ijpharm.2020.120183
https://www.ncbi.nlm.nih.gov/pubmed/33340596


Pharmaceutics 2023, 15, 2305 17 of 17

44. Cerrato, C.P.; Langel, Ü. An update on cell-penetrating peptides with intracellular organelle targeting. Expert Opin. Drug Deliv.
2022, 19, 133–146. [CrossRef] [PubMed]

45. Bottens, R.A.; Yamada, T. Cell-Penetrating Peptides (CPPs) as Therapeutic and Diagnostic Agents for Cancer. Cancers 2022, 14,
5546. [CrossRef]

46. Lin, J.T.; Chen, H.; Wang, D.; Xiong, L.; Li, J.Z.; Chen, G.; Chen, G.B. Nuclear-targeted p53 and DOX co-delivery of chitosan
derivatives for cancer therapy in vitro and in vivo. Colloids Surf. B 2019, 183, 110440. [CrossRef]

47. Xu, J.; Wang, F.; Ye, L.; Wang, R.; Zhao, L.; Yang, X.; Ji, J.; Liu, A.; Zhai, G. Penetrating peptides: Applications in drug delivery. J.
Drug Deliv. Sci. Technol. 2023, 84, 104475. [CrossRef]

48. Yang, S.; Meng, J.; Yang, Y.; Liu, H.; Wang, C.; Liu, J.; Zhang, Y.; Wang, C.; Xu, H. A HSP60-targeting peptide for cell apoptosis
imaging. Oncogenesis 2016, 5, e201. [CrossRef]

49. Wang, Y.; Wang, R.; Lu, X.; Lu, W.; Zhang, C.; Liang, W. Pegylated phospholipids-based self-assembly with water-soluble drugs.
Pharm. Res. 2010, 27, 361–370. [CrossRef]

50. Klein, E.; Ben-Bassat, H.; Neumann, H.; Ralph, P.; Zeuthen, J.; Polliack, A.; Vánky, F. Properties of the K562 cell line, derived from
a patient with chronic myeloid leukemia. Int. J. Cancer 1976, 18, 421–431. [CrossRef]

51. Li, Y.; Wang, J.; Li, X.; Jia, Y.; Huai, L.; He, K.; Yu, P.; Wang, M.; Xing, H.; Rao, Q.; et al. Role of the Wilms’ tumor 1 gene in the
aberrant biological behavior of leukemic cells and the related mechanisms. Oncol. Rep. 2014, 32, 2680–2686. [CrossRef] [PubMed]

52. Zhang, D.; Wang, J.; Xu, D. Cell-penetrating peptides as noninvasive transmembrane vectors for the development of novel
multifunctional drug-delivery systems. J. Control. Release 2016, 229, 130–139. [CrossRef] [PubMed]

53. Frankel, A.D.; Pabo, C.O. Cellular uptake of the tat protein from human immunodeficiency virus. Cell 1988, 55, 1189–1193.
[CrossRef]

54. Wang, J.; Hu, X.; Xiang, D. Nanoparticle drug delivery systems: An excellent carrier for tumor peptide vaccines. Drug Deliv. 2018,
25, 1319–1327. [CrossRef]

55. Jain, A.; Jain, A.; Gulbake, A.; Shilpi, S.; Hurkat, P.; Jain, S.K. Peptide and protein delivery using new drug delivery systems. Crit.
Rev. Ther. Drug Carr. Syst. 2013, 30, 293–329. [CrossRef] [PubMed]

56. Wang, J.; Wang, Y.; Liang, W. Delivery of drugs to cell membranes by encapsulation in PEG-PE micelles. J. Control. Release 2012,
160, 637–651. [CrossRef]

57. Ding, Y.; Xu, Y.; Yang, W.; Niu, P.; Li, X.; Chen, Y.; Li, Z.; Liu, Y.; An, Y.; Liu, Y.; et al. Investigating the EPR effect of nanomedicines
in human renal tumors via ex vivo perfusion strategy. Nano Today 2020, 35, 100970. [CrossRef]

58. Zhang, Y.N.; Poon, W.; Tavares, A.J.; McGilvray, I.D.; Chan, W.C.W. Nanoparticle-liver interactions: Cellular uptake and
hepatobiliary elimination. J. Control. Release 2016, 240, 332–348. [CrossRef] [PubMed]

59. Yu, M.; Zheng, J. Clearance Pathways and Tumor Targeting of Imaging Nanoparticles. ACS Nano 2015, 9, 6655–6674. [CrossRef]
60. Sun, Z.; Huang, J.; Fishelson, Z.; Wang, C.; Zhang, S. Cell-Penetrating Peptide-Based Delivery of Macromolecular Drugs:

Development, Strategies, and Progress. Biomedicines 2023, 11, 1971. [CrossRef]
61. Baccarani, M.; Zaccaria, A.; Bagnara, G.P.; Santucci, M.A.; Brunelli, M.A.; Tura, S. The relevance of extramedullary hemopoiesis to

the staging of chronic myeloid leukemia. Boll. Ist. Sieroter. Milan. 1978, 57, 257–270. [PubMed]
62. Wang, F.; Wang, Y.; Zhang, X.; Zhang, W.; Guo, S.; Jin, F. Recent progress of cell-penetrating peptides as new carriers for

intracellular cargo delivery. J. Control. Release 2014, 174, 126–136. [CrossRef]
63. Kolhar, P.; Anselmo, A.C.; Gupta, V.; Pant, K.; Prabhakarpandian, B.; Ruoslahti, E.; Mitragotri, S. Using shape effects to target

antibody-coated nanoparticles to lung and brain endothelium. Proc. Natl. Acad. Sci. USA 2013, 110, 10753–10758. [CrossRef]
64. Jiang, Y.; Huo, S.; Mizuhara, T.; Das, R.; Lee, Y.W.; Hou, S.; Moyano, D.F.; Duncan, B.; Liang, X.J.; Rotello, V.M. The Interplay of

Size and Surface Functionality on the Cellular Uptake of Sub-10 nm Gold Nanoparticles. ACS Nano 2015, 9, 9986–9993. [CrossRef]
[PubMed]

65. Braun, T.P.; Eide, C.A.; Druker, B.J. Response and Resistance to BCR-ABL1-Targeted Therapies. Cancer Cell 2020, 37, 530–542.
[CrossRef] [PubMed]

66. Lyczek, A.; Berger, B.T.; Rangwala, A.M.; Paung, Y.; Tom, J.; Philipose, H.; Guo, J.; Albanese, S.K.; Robers, M.B.; Knapp, S.; et al.
Mutation in Abl kinase with altered drug-binding kinetics indicates a novel mechanism of imatinib resistance. Proc. Natl. Acad.
Sci. USA 2021, 118, e2111451118. [CrossRef]

67. Svensson, E.; Vidovic, K.; Lassen, C.; Richter, J.; Olofsson, T.; Fioretos, T.; Gullberg, U. Deregulation of the Wilms’ tumour gene 1
protein (WT1) by BCR/ABL1 mediates resistance to imatinib in human leukaemia cells. Leukemia 2007, 21, 2485–2494. [CrossRef]

68. Kienle, D.L. The spleen in hematologic malignancies. Ther. Umsch. 2013, 70, 163–169. [CrossRef]
69. Bührer, E.D.; Amrein, M.A.; Forster, S.; Isringhausen, S.; Schürch, C.M.; Bhate, S.S.; Brodie, T.; Zindel, J.; Stroka, D.; Sayed,

M.A.; et al. Splenic red pulp macrophages provide a niche for CML stem cells and induce therapy resistance. Leukemia 2022, 36,
2634–2646. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/17425247.2022.2034784
https://www.ncbi.nlm.nih.gov/pubmed/35086398
https://doi.org/10.3390/cancers14225546
https://doi.org/10.1016/j.colsurfb.2019.110440
https://doi.org/10.1016/j.jddst.2023.104475
https://doi.org/10.1038/oncsis.2016.14
https://doi.org/10.1007/s11095-009-0029-6
https://doi.org/10.1002/ijc.2910180405
https://doi.org/10.3892/or.2014.3529
https://www.ncbi.nlm.nih.gov/pubmed/25310451
https://doi.org/10.1016/j.jconrel.2016.03.020
https://www.ncbi.nlm.nih.gov/pubmed/26993425
https://doi.org/10.1016/0092-8674(88)90263-2
https://doi.org/10.1080/10717544.2018.1477857
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2013006955
https://www.ncbi.nlm.nih.gov/pubmed/23662604
https://doi.org/10.1016/j.jconrel.2012.02.021
https://doi.org/10.1016/j.nantod.2020.100970
https://doi.org/10.1016/j.jconrel.2016.01.020
https://www.ncbi.nlm.nih.gov/pubmed/26774224
https://doi.org/10.1021/acsnano.5b01320
https://doi.org/10.3390/biomedicines11071971
https://www.ncbi.nlm.nih.gov/pubmed/282897
https://doi.org/10.1016/j.jconrel.2013.11.020
https://doi.org/10.1073/pnas.1308345110
https://doi.org/10.1021/acsnano.5b03521
https://www.ncbi.nlm.nih.gov/pubmed/26435075
https://doi.org/10.1016/j.ccell.2020.03.006
https://www.ncbi.nlm.nih.gov/pubmed/32289275
https://doi.org/10.1073/pnas.2111451118
https://doi.org/10.1038/sj.leu.2404924
https://doi.org/10.1024/0040-5930/a000385
https://doi.org/10.1038/s41375-022-01682-2

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Chemically Synthesized Peptides 
	Cell Lines and Animals 
	Immunoblot Assay 
	Intracellular Localization of WT1 and WIP2W 
	Pull-Down Assay 
	Cytotoxicity Assay 
	Cell Cycle Analysis 
	RNA Sequencing and Differentially Expressed Gene Analysis 
	Preparation of M—WIP2W and Empty PEG-PE Micelles 
	Characterization of M—WIP2W and PEG-PE Micelles 
	Encapsulation Efficiency of Micelles to WIP2W 
	Cellular Uptake of WIP2W 
	In Vivo Biodistribution of WIP2W and M—WIP2W 
	In Vivo Antitumor Efficiency of WIP2W and M—WIP2W 
	Statistical Analysis 

	Results 
	Synthetic WIP2W Specifically Binds to the WT1 Protein 
	Anti-BP-CML Effect of WIP2W In Vitro 
	Preparation, Characterization, and Cytotoxicity of M—WIP2W 
	Anti-BP-CML Effect of WIP2W and M—WIP2W In Vivo 

	Discussion 
	Conclusions 
	References

