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a b s t r a c t 

Acute myeloid leukemia (AML) is the most lethal leukemia with an extremely poor prognosis and high relapse 

rates. In leukemogenesis, adhesion abnormalities can readily guide an imbalance between hematopoietic pro- 

genitor cells and bone marrow stromal cells, altering the normal hematopoietic bone marrow microenvironment 

into leukemic transformation that enhances leukemic proliferation. Here, we have firstly studied the PLEKHA7 

expression in leukemic cells to assess their growth capability affected by the restoration of PLEKHA7 in the cells. 

The efficacy of PLEKHA7-loaded cRGD-mediated PEGylated cationic lipid nanoparticles for efficient PLEKHA7 

delivery in leukemic cells as well as the effect of PLEKHA7 on the regulated induction of AML behavior and 

growth alterations were investigated. PLEKHA7 re-expression diminished colony-forming ability and reinforced 

the incidence of growth retardation without apoptosis in AML cell lines. PLEKHA7 regulated the restoration of 

cell surface adhesion and integrity during normal homeostasis. Our findings revealed that PLEKHA7 functions as 

a behavior and growth modulator in AML. To our knowledge, the role of PLEKHA7 in AML had not been studied 

previously and our data could be exploited for further mechanistic studies and insights into altering human AML 

behavior and growth. 
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. Introduction 

Acute myeloid leukemia (AML) is an aggressive heterogeneous blood

ancer caused by the unusual differentiation and proliferation of mar-

ow cells (myeloid blasts) initiated by the spleen, peripheral blood, and

one marrow. AML is characterized by poor survival rates in older adults

nd children with multiple genetic mutations and high relapse rates in

atients [ 1 , 2 ]. Hematopoietic homeostasis is maintained via adult nor-

al hematopoiesis, which takes place within the bone marrow microen-

ironment. The regulation of hematopoietic progenitor differentiation

nd proliferation in the bone marrow microenvironment could produce

n interaction balance between hematopoietic progenitor cells and bone

arrow stromal cells [ 3 , 4 ]. Some molecules can manage stromal cells,

uch as cell adhesion molecules [5] . 

PLEKHA7, belonging to the pleckstrin homology domain-containing

rotein family A, is a protein of adherens junctions (AJs), accom-

odating to the apical zonula adherens (ZA) in epithelial cells and

ngaging in a structural complex for junction morphogenesis and

tabilization [6] . While E-cadherin-based cell-cell contacts are created

cross lateral membranes among adjacent cells, mature AJs manifest

n well-differentiated epithelial cells and particularly centralize at the
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pical areas of cell-cell contact, whereby they combine with actin fila-

ents to generate ZA [ 7 , 8 ]. PLEKHA7 exhibits outstanding mediation

f cell-cell adhesion through specific interactions at the AJs of cells.

LEKHA7 plays a fundamental role in epithelial integrity whereby they

ombine to associate with actin filaments in the cytoskeleton [ 9 , 10 ].

onsequently, several studies have discussed the dual oncogenic and

umor suppression activities of PLEKHA7 according to cancer type,

uch as breast cancer [ 11 , 12 ]. 

Tumorigenesis has been generated from PLEKHA7 loss, which inter-

eres with the E-cadherin/EGFR signaling pathway, promoting cancer

ell growth and progression [ 13 , 14 ]. Recent studies have reported

tructural variations between apical AJs and the basolateral areas of

ell-cell contact. For instance, the PLEKHA7-binding p120 is mainly

ocated at the apical AJs of well-differentiated epithelial cells, but this

LEKHA7-binding p120 composite is not found in the lateral areas of

ell-cell contact [15–17] . Additional reports revealed that basolateral

ell-cell complexes without PLEKHA7 could enhance tumorigenesis,

hile the apical AJs could result in tumor suppression via PLEKHA7 [ 13 ,

5 , 18 ]. Furthermore, E-cadherin is widely expressed in areas of cell-cell

ontact in kidney and breast cancers, whereas PLEKHA7 is still widely

ownregulated or mislocalized 11,15 at the apical AJs. In leukemogen-
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sis, adhesion abnormalities can readily induce an imbalance between

ematopoietic progenitor cells and bone marrow stromal cells, altering

he normal hematopoietic bone marrow microenvironment into a

eukemic microenvironment, enhancing leukemic growth and prohibit-

ng leukemic cell apoptosis [19–21] . In this study, we investigated the

ffect of PLEKHA7 on the dynamics and behavior of AML cells and how

he existence of PLEKHA7 modulates AML characterizations to open a

ifferent orientation for the alteration of AML cell growth. Since the

ole of PLEKHA7 in AML has not been studied previously, we attempted

o demonstrate the correlation between PLEKHA7 expression and the

ncidence of AML growth. We delivered PLEKHA7 protein harnessing

RGD-mediated PEGylated cationic lipid nanoparticles to restore

dhesion normality and integrity in AML cells, thereby resulting in the

egulated induction of AML behavior alteration for normal homeostasis.

Outstandingly, targeted drug delivery systems, such as multifunc-

ional biodegradable lipid nanoparticles, have been engineered to mani-

est considerable strategies to ameliorate many cargo loading challenges

22–24] . Incorporation of inert polymers such as polyethylene glycol

PEG) robustly reinforces the surface functionalization of cationic nano-

iposomal nanostructures to form more sterically stabilized nanoparti-

les [25–27] and protect them from macrophage capture, aggregation,

nd reticuloendothelial system clearance, thereby prolonging retention

ime in the blood stream [ 28 , 29 ]. For selective targeting, surface lig-

nds such as cyclic arginine-glycine-aspartate (RGD), which combines

xplicitly with 𝛼v 𝛽3 integrin with high affinity, could promote cell-

anomaterial interactions, allowing cargo penetration into the patho-

ogic location [30–32] . The RGD{d-Phe}{Lys(PEG-Mal)} sequence was

ynthesized from the chemical linkage of c(RGDfK) with thiolated PEG

NHS-PEG6-maleimide) associated with head-to-tail cyclic modification

o acquire a bioengineered surface for optimal functionalization of the

abricated nanostructures. 

In our current study, we synthesized cRGD-tagged PEGylated

ationic nanoliposomes for PLEKHA7 delivery to regulate the induction

f AML behavior and growth alterations to emerge as a potential tar-

et for AML modulation ( Fig. 1 A, B). This research is the first preclini-

al trial of PLEKHA7-based AML. Lipo-PLEKHA7-PEG-cRGD mainly dis-

layed a significant mitigating effect on cell proliferation and colony for-

ation with noticeable adhesion integrity. Therefore, our findings shed

ew light on PLEKHA7 as an AML behavior and growth modulator, con-

istent with the application of bioengineered PLEKHA7 nanoparticles,

epresenting a prospective insight for human AML behavior alteration

nd modulation. 

. Materials and methods 

.1. Preparation of nanoparticles 

The PLEKHA7 stock solution was first prepared at 10 μg/mL

nd gently mixed with complexation buffer at a 1:1 mol ratio for

se as diluted PLEKHA7 (50 μL stock diluted in 100 μL Opti-MEM

edium (Gibco) just before use) and with Lipofectamine RNAiMAX

eagents/invivofectamine 3.0 (Invitrogen). The complex was incubated

or 30 min at 50 °C, sonicated for 1 h, centrifuged at 500 g for 5 min at

5 °C, and washed three times with deionized water to collect PLEKHA7-

oaded cationic liposomal nanoparticles (Lipo-PLEKHA7). 

For the preparation of PLEKHA7-loaded cRGD-guided PEGylated

ationic liposomal nanoparticles (Lipo-PLEKHA7-PEG-cRGD), c(RGDfK)

inked with thiolated PEG (NHS-PEG6-maleimide) associated with head

o tail cyclic modification for cell surface 𝛼v 𝛽3 receptors targeting to

orm RGD{d-Phe}{Lys(PEG-Mal)} sequence construct, which was pur-

hased from GenScript (peptide-081,102 ID: J7777DK130), and was

hen dissolved in PBS solution with pH 7.4 to be stored as a stock. This

rocedure was repeated without addition of PLEKHA7 protein to fabri-

ate Lipo-PEG-cRGD nanoparticles. 

Subsequently, 100 μL of this stock solution was added to the pre-

iously prepared lipid nanoparticle-entrapped PLEKHA7. The resultant
2 
ixture was continuously stirred for 24 h at 25–30 ºC in the dark.

he nanoparticles were finally recovered by centrifugation at 100 g for

0 min at 25 °C and washed three times with deionized water. 

Fluorescently labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles were

lso prepared by the same protocol through conjugation of PLEKHA7

ith the red fluorescent dye ATTO 550 (Sigma-Aldrich) solution. Briefly,

0 μL of PLEKHA7 solution was mixed with 30 μL of biologically free

ater (Invitrogen), 10 μL of binding solution (Thermo Fisher Scientific),

nd 10 μL of ATTO 550 solution to obtain 100 μL of the final complex. 

FITC-labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles were also pre-

ared by the same protocol through conjugation of PLEKHA7 with FITC

Sigma-Aldrich) solution. 

.2. Characterization 

The size and zeta potential of Lipo-PLEKHA7-PEG-cRGD nanopar-

icles was measured by dynamic light scattering using a Malvern

ano ZS90 Zetasizer (Malvern Instruments). Transmission electron mi-

roscopy (TEM) was performed using a JEOL 1200 EX transmission elec-

ron microscope. The morphologies of PLEKHA7-loaded cRGD-tagged

EGylated cationic nanoliposomes (Lipo-PLEKHA7-PEG-cRGD) charac-

erized by DLS measurements showed optimal physicochemical proper-

ies, as evidenced by hydrodynamic diameter and zeta potential values.

EM findings indicated efficient PLEKHA7 encapsulation by the PEGy-

ated modified surface conjugated with the targeted cRGD ligand. 

.3. Cell culture 

The current study was performed on two different AML cell lines.

irstly, a human KG-1a cell line (ECACC 91030101) was obtained from

ell Bank, Riken BRC, Japan). The cells were originated from Human

aucasian bone marrow acute myelogenous leukemia as a lymphoblast

ell type. KG-1a cell line was derived from the parental KG-1 cells with-

ut responsiveness to colony stimulating factor in soft agar culture or

o expression to the la-like antigen. The cells were cultured in IMDM

Gibco) supplemented with 20% heat-inactivated fetal bovine serum

FBS, Gibco). Secondly, a human ML-2 cell line (ACC 15) was obtained

rom DSMZ (Braunschweig, Germany). These cells were originated from

he peripheral blood of patient with acute myeloid leukemia (AML M4)

t diagnosis of AML (following T-non-Hodgkin lymphoma and T-ALL).

hese cells were cultured in RPMI-1640 (Gibco) supplemented with 10%

eat-inactivated fetal bovine serum (FBS, Gibco). Both types of cells

ere maintained at 37 °C in a 5% CO 2 atmosphere. 

.4. Delivery study 

Plekha7 in the pcDNA3.1-C-(K)DYK ORF clone (OHu22298D) was

btained from GenScript. KG-1a and ML-2 cells were transfected with

iluted PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-

EG-cRGD nanoparticles and were investigated to explore PLEKHA7 ef-

ectiveness in our experimental design. 

.5. Intracellular uptake and colocalization analysis 

KG-1a cells were seeded in 35-mm glass-bottom dishes (Iwaki AGC

echno Glass, Japan) at a density of 4 × 10 4 cells per well 1 d be-

ore transfection. Lipo-PLEKHA7-PEG-cRGD nanoparticles were pre-

ared with ATTO 550 (Sigma-Aldrich) fluorophore (red) to track the

ntracellular location of the nanoparticles. After 4 h of incubation,

ells were fixed with 4% paraformaldehyde in PBS (Sigma-Aldrich)

or 15 min and were further stained with Hoechst 33342 (Molecular

robes) and ConcanavalinA-FITC (Sigma-Aldrich) for nuclei (blue) and

ell membrane (green) labeling, respectively. The cells were imaged us-

ng a TiE-A1R confocal laser scanning microscope (Nikon). 3D images of

he cells were obtained using Z-stack mode measurements. Images were

nalyzed using Nikon imaging software (NIS-Elements Viewer 4.50).
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Fig. 1. Synthesis and Characterization of Lipo-PLEKHA7-PEG-cRGD nanoparticles for efficient delivery to leukemic cells. (A) Schematic illustration of synthetic 

Lipo-PLEKHA7-PEG-cRGD nanoparticles for AML delivery. (B) Proposed mechanism of the cellular uptake of Lipo-PLEKHA7-PEG-cRGD nanoparticles for alterations 

of AML cell behavior and growth. (C) Dynamic light scattering plot of Lipo-PLEKHA7-PEG-cRGD ( n = 3). (D) Transmission electron microscope images of Lipo- 

PLEKHA7-PEG-cRGD. (scale bar = 100 nm, n = 3). 
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or flow cytometry analysis, KG-1a cells were seeded in 96-well plates

nd harvested after 4 h for flow cytometry using FACS CantoII (BD Bio-

ciences, Franklin, NJ, USA). 

Visualization of FITC-labeled Lipo-PLEKHA7-PEG-cRGD for colocal-

zation analysis KG-1a cells was seeded in 35-mm glass-bottom dishes

Corning) at a density of 4 × 10 4 cells per well 1 d before transfec-

ion. FITC-labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles were pre-

ared (green) to track the intracellular location of the nanoparticles.

fter 12 h of incubation, the cells were fixed with 4% paraformalde-

yde in PBS (Sigma-Aldrich) for 20 min and then directly stained with

halloidin (red) for F-actin labeling. 

.6. Western blotting 

KG-1a cells were treated with Lipo-PLEKHA7-PEG-cRGD for 3 d, and

urther cultured for 2 d before lysis. The cells were suspended in a ra-

ioimmunoprecipitation (RIPA) lysis buffer (Santa Cruz Biotechnology,

allas, TX, USA) for whole-cell lysis. Proteins were separated by SDS-

AGE and blotted onto the PVD membrane (Millipore). The same proto-

ol was repeated with untreated KG-1a cells as a control cells to inves-

igate PLEKHA7 expression in the cells before and after the addition of

ipo-PLEKHA7-PEG-cRGD. Images were captured, and chemilumines-

ent signals were analysed using ImageQuant LAS 4010 (GE Health-

are, Chicago, IL, USA). Western blot experiments were performed using

he following antibodies: anti-PLEKHA7 (PA585686, 1:1000 working di-

ution, overnight shaking incubation at 4 °C), Cruz Marker molecular

eight standards (sc-2035), 𝛽-actin (sc-47,778, 1:5000 working dilu-

ion, overnight shaking incubation at 4 °C) from Santa Cruz Biotechnol-

gy and secondary horseradish peroxidase (HRP)-conjugated antibody

rom Abcam (ab205718, 1:2000 working dilution, incubation at 25 °C
3 
or 1 h). Image J software was used to quantify PLEKHA7 protein ex-

ression in KG-1a cells. 

.7. Proliferation assay and CFC assay 

For the proliferation assay, 1 × 10 4 KG-1a and ML-2 cells were seeded

n 96-well plates 1 d before transfection, incubated for 2 d, and deter-

ined at day 3 with CellTiter 96 AQueous Non-Radioactive Cell Prolif-

ration Assay (Promega) according to the manufacturer’s instructions.

olony formation assay was performed by plating 1000 cells per well

f a 6-well plate, transfected, and incubated for 7 d The colonies were

xed with a fixing reagent (methanol:acetic acid, 3:1 v/v) and stained

ith 0.5% crystal violet in 20% methanol for 15 min. 

.8. Cell apoptosis assay 

Cell apoptosis was evaluated using an Annexin V-FITC apoptosis de-

ection kit following the manufacturer’s protocol (Thermo Fisher Sci-

ntific) and analyzed with a FACS CantoII flow cytometer (BD Bio-

ciences). KG-1a cells were seeded into 35 mm glass-bottom dishes

Corning) and transfected with naked PLEKHA7, Lipo-PLEKHA7, Lipo-

EG-cRGD and Lipo-PLEKHA7-PEG-cRGD nanoparticles for 24 h. After

wo washes with PBS, the cells were stained with 5 μL Annexin V-FITC

nd PI, mixed with Annexin V binding buffer (500 μL), and incubated

t 25 °C in the dark for 15 min. 

.9. Adhesion-associated proliferation assay 

Briefly, 1 × 10 6 KG-1a cells were seeded in 48-well plate and trans-

ected with naked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-

LEKHA7-PEG-cRGD nanoparticles for 2 d After washing, KG-1a cells
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ere resuspended in a Collagen ǀ-coated 48-well plate and were incu-

ated at 37 °C for 20 min to allow the cells to adhere with the sur-

ace. To washing off the non-adherent cells, 200 μl IMDM were added

o each well to wash and repeated 4 times. After complete washing,

ells were recovered by adding fresh media and were incubated at 37 °C

or 4 h. CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay

1 mg/ml) was added to each well and cells were continuously incu-

ated at 37 °C for 2 h. The cell count of the adhered cells was assayed

y the measurement of absorbance signals to evaluate the surface adhe-

ion capability of the cells. 

.10. Fluorescence and cell surface adhesion studies 

For cell surface adhesion investigation, KG-1a cells were seeded into

5 mm glass-bottom dishes (Corning). Untreated cells, naked PLEKHA7

reated cells and Lipo-PEG-cRGD treated cells were used for the compar-

son with the cells treated with Lipo-PLEKHA7-PEG-cRGD by utilizing

he following stains; FITC (green) for cell membrane, ATTO 550 (red)

or actin and Hoechst 33,342 (blue) for nuclei. KG-1a cells were treated

ith FITC-labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles for 24 h. Af-

er washing twice with PBS, the cells were counterstained with 4,6-

iamidino-2-phenylindole (DAPI; D1306, Invitrogen) for nuclei staining

nd then visualized using an inverted fluorescence microscope (Keyence

Z-9000, Osaka, Japan). 

For monitoring the restoration of cell surface adhesion induced by

LEKHA7, KG-1a cells were seeded in 35-mm glass-bottom dishes (Iwaki

GC Techno Glass, Japan) at a density of 1 × 10 5 cells per well 1 d before

ransfection. ATTO 550- labeled Lipo-PLEKHA7-PEG-cRGD nanoparti-

les were used for cell transfection for 12 h. The cells were fixed with 4%

araformaldehyde in PBS (Sigma-Aldrich) for 15 min and were further

tained with Hoechst 33342 (Molecular Probes) and ConcanavalinA-

ITC (Sigma-Aldrich) for nuclei (blue) and cell membrane (green) la-

eling, respectively. The cells were imaged using a TiE-A1R confocal

aser scanning microscope (Nikon). 

In order to further confirm cell surface adhesion, cells treated with

ipo-PLEKHA7-PEG-cRGD nanoparticles were compared with untreated

ells, for which KG-1a cells were seeded into 96-well plates (at a den-

ity of ∼4 × 10 4 cells/well), incubated for 4 h, and then treated with

ipo-PLEKHA7-PEG-cRGD. After washing twice with PBS, the cells were

tained with IncuCyte NucLight Rapid Red Reagent for nuclear labeling

Essen Bioscience) and the images were captured at 1 h scan intervals

or 24 h. 

.11. Live cell imaging and cell growth assay 

For live cell imaging, cells treated with Lipo-PLEKHA7-PEG-cRGD

anoparticles were compared with untreated cells. KG-1a cells were

eeded into 96-well plates (at a density of ∼4 × 10 4 cells/well), incu-

ated for 4 h, and then treated with Lipo-PLEKHA7-PEG-cRGD. After

ashing twice with PBS, the cells were suspended in fresh media and

ere monitored in the IncuCyte ZOOM (Essen BioScience), acquiring

mages at 1 h scan intervals for 48 h. 

For cell growth assessment, KG-1a and ML-2 cells were seeded into

6-well plates (at a density of ∼4 × 10 4 cells/well), incubated for 4 h,

nd then treated with Lipo-PLEKHA7-PEG-cRGD. After washing twice

ith PBS, the cells were stained with IncuCyte NucLight Rapid Red

eagent for nuclear labeling (Essen Bioscience) and were monitored in

he IncuCyte ZOOM (Essen BioScience), acquiring images at 1 h scan

ntervals for 48 h. 

For cell growth quantification, transfected cells and untreated cells

ere seeded in 96-well plates (5000 cells/well) using IncuCyte ZOOM

Essen Bioscience) for every 1 h of imaging. The confluence was ana-

yzed using the IncuCyte ZOOM 2016A software. 
4 
.12. Statistical analysis 

Statistical significance was analyzed by Student’s t -test and ANOVA

sing JMP Pro 15 software (SAS Institute Inc., Cary, NY, USA), and the

ata are presented as the mean ± SEM, ∗ p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗ p <

.001. 

. Results 

.1. Nanoparticles synthesis and characterization 

To provide a biodegradable nanoplatform for PLEKHA7 delivery to

ML cells, cRGD-guided PEGylated cationic lipid nanoparticles were

repared. Nanoparticles were conjugated with cyclic RGD peptide as

 surface ligand for 𝛼v 𝛽3 integrin targeting to avoid the PEG dilemma

nd expedite targeted, efficient delivery. The particle size and zeta po-

ential values are listed in Table S1. The average diameter of Lipo-

LEKHA7-PEG-cRGD was 172.3 ± 12.1 nm, while the zeta potential was

9.22 ± 1.3 mV ( Fig. 1 C and Fig. S1, respectively). The resultant poly-

ispersity index indicated that the synthesized nanoparticles were sta-

le in water with a narrow size dispersion. As shown in the TEM images

 Fig. 1 D), the prepared nanoparticles were spherical and manifested a

roper structure and configuration. The morphology of Lipo-PLEKHA7-

EG-cRGD revealed a uniform spherical shape and narrow size distribu-

ion. 

.2. Intracellular uptake of Lipo-PLEKHA7-PEG-crgd nanoparticles 

Effective intracellular uptake of synthetic nanoparticles is a funda-

ental necessity for evidence of therapeutic efficiency. Lipo-PLEKHA7-

EG-cRGD uptake by KG-1a cells was examined by confocal microscopy

 Fig. 2 A). KG-1a cells were successfully transfected with ATTO 550

ed-labeled Lipo-PLEKHA7-PEG-cRGD, accompanied by the observation

f Lipo-PLEKHA7-PEG-cRGD located in the cytoplasm after 4 h of in-

ubation. As demonstrated in the merged image for investigating the

omprehensive cellular uptake, the aggregated dots of ATTO 550 red-

abeled Lipo-PLEKHA7-PEG-cRGD were largely displayed in the cyto-

lasm. Moreover, 3D images in Fig. 2 B revealed a considerable boost of

TTO 550 red-labeled Lipo-PLEKHA7-PEG-cRGD; thus, these findings

lso confirmed higher intracellular uptake efficiency of Lipo-PLEKHA7-

EG-cRGD inside KG-1a cells ( Fig. 2 C). Our results showed that Lipo-

LEKHA7-PEG-cRGD undergoes 𝛼v 𝛽3 receptor-mediated endocytosis. 

.3. Lipo-PLEKHA7-PEG-cRGD exhibits efficient transfection and 

istribution into KG-1a cells 

The performance of colocalization analysis was indispensably re-

uired to emphasize high transfection and distribution of Lipo-

LEKHA7-PEG-cRGD nanoparticles inside KG-1a cells after 12 h incu-

ation. As shown in Fig. 2 D, the visible colocalization between FITC-

abeled Lipo-PLEKHA7-PEG-cRGD (green) and phalloidin-labeled actin

laments (red) was exhibited for the regulated distribution of PLEKHA7

t the apical ZA location, indicating effective transfection of the fabri-

ated nanoparticles for efficient PLEKHA7 delivery. 

Altogether, the results of cellular uptake study ( Sections 2.3 , 3.3 )

ighlight that PLEKHA7 was encapsulated in the nanoparticles without

ulky aggregation or degradation. 

.4. Lipo-PLEKHA7-PEG-cRGD induces PLEKHA7 re-expression in KG-1a 

ells 

To elucidate PLEKHA7 expression in KG-1a cells before and

fter transfection with Lipo-PLEKHA7-PEG-cRGD nanoparticles, im-

unoblotting experiment was performed to assess the comparison be-

ween KG-1a untreated cells with cells treated with Lipo-PLEKHA7-PEG-

RGD nanoparticles. The results confirmed our claim displaying that
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Fig. 2. Cellular uptake of Lipo-PLEKHA7-PEG-cRGD nanoparticles in KG-1a cells. (A) Uptake of fluorescently labeled Lipo-PLEKHA7-PEG-cRGD into KG-1a cells. 

Scale bar = 10 μm. (B) 3D cellular uptake snapshots of fluorescently labeled Lipo-PLEKHA7-PEG-cRGD into KG-1a cells. Scale bar = 50 μm. The color representatives 

are blue (Hoechst 33,342) for nuclei, green (Concanavalin A-FITC) for cell membrane, and red (ATTO 550) for Lipo-PLEKHA7-PEG-cRGD nanoparticles. (C) Cellular 

uptake efficiency of Lipo-PLEKHA7-PEG-cRGD in KG-1a cells. Data are presented as mean ± SEM ( n = 3 biological replicates). Statistical significance was set at 
∗ p < 0.05. (D) Colocalization study of FITC-labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles for efficient transfection in leukemic cells. Fluorescently labeled Lipo- 

PLEKHA7-PEG-cRGD were monitored in KG-1a cells. The color representatives are green (FITC) for PLEKHA7 and red (phalloidin) for actin. Scale bar = 20 μm. (E) 

Western blots showing PLEKHA7 protein expression in KG-1a cells prior to and after transfection with Lipo-PLEKHA7-PEG-cRGD compared to untreated cells ( n = 3). 

(F) Quantification of PLEKHA7 protein expression in KG-1a cells. Data are presented as mean ± SEM ( n = 3 biological replicates); ∗ p < 0.05. 
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s  
LEKHA7 was lost (in lower expression level) or mis-localized in KG-1a

ells while after the addition of nanoparticle-mediated PLEKHA7 deliv-

ry, it significantly resulted in PLEKHA7 re-expression inside the cells.

s demonstrated in ( Fig. 2 E, F), PLEKHA7 protein expression was signif-

cantly upregulated and re-stored in cells treated with Lipo-PLEKHA7-

EG-cRGD with approximately 50% PLEKHA7 protein expression in-

rease in comparison with untreated cells at p < 0.05. 
5 
.5. Lipo-PLEKHA7-PEG-cRGD attenuates cell proliferation and 

lonogenic growth of AML cells 

As demonstrated in Fig. 3 A and B, cell counting revealed that Lipo-

LEKHA7-PEG-cRGD nanoparticles considerably reduced the prolifer-

tion rate in KG-1a and ML-2 cells compared to control cells. We ob-

erved a significant alleviation of AML cell proliferation caused by Lipo-
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Fig. 3. Proliferation activity of Lipo-PLEKHA7-PEG-cRG nanoparticles on AML cells. (A) Cell count of KG-1a cells and (B) Cell count of ML-2 cells transfected with 

naked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-PEG-cRGD nanoparticles in culture comparable to untreated cells. The value is determined as 

the fold increase in cell number relative to the number of cells initially plated. Data are presented as mean ± SEM ( n = 5) at ∗ ∗ ∗ p < 0.01. (C) Clonogenic growth of 

KG-1a cells and (D) Clonogenic growth of ML-2 cells transfected with naked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-PEG-cRGD nanoparticles 

relative to untreated cells. The number of colonies observed 7 d after plating. Data are presented as mean ± SEM ( n = 5); ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. (E) 

Effect of naked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-PEG-cRGD nanoparticles on AML cell apoptosis. Representative flow cytometry plot 

of KG-1a transfected with naked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-PEG-cRGD nanoparticles relative to untreated cells for Annexin V 

and PI. 

6 
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a  
LEKHA7-PEG-cRGD compared with naked PLEKHA7, Lipo-PLEKHA7

nd Lipo-PEG-cRGD. We also noticed that the relative number of

olonies formed by naked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD

nd Lipo-PLEKHA7-PEG-cRGD were 592 ± 15, 455 ± 16, 593 ± 13

nd 189 ± 11, respectively in KG-1a cells ( Fig. 3 C) while 786 ± 11,

32 ± 15, 843 ± 10 and 309 ± 12, respectively in ML-2 cells ( Fig. 3 D).

ipo-PLEKHA7-PEG-cRGD nanoparticles were correlated with the low-

st average colony numbers, roughly 70% reduction in both leukemic

ell lines compared to control cells ( p < 0.001). Our findings indicate

hat Lipo-PLEKHA7-PEG-cRGD markedly attenuated cell proliferation,

s evidenced by a dense decline in clonogenic growth of KG-1a and ML-

 cells. 

.6. Lipo-PLEKHA-PEG-cRGD effectiveness on AML cells apoptosis 

After demonstrating the proliferation-inhibiting function of Lipo-

LEKHA7-PEG-cRGD nanoparticles on AML cells, the effectiveness of

aked PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-

EG-cRGD nanoparticles on cell apoptosis was also investigated. Flow

ytometric analysis with Annexin V-FITC/PI double staining was used

o evaluate transfected KG-1a cells ( Fig. 3 E). There was no induction of

ell apoptosis when KG-1a cells were transfected with naked PLEKHA7,

ipo-PLEKHA7, Lipo-PEG-cRGD or Lipo-PLEKHA7-PEG-cRGD nanopar-

icles, showing no significant difference compared to untreated cells.

nterestingly, the cell apoptosis study results illustrated that Lipo-

LEKHA7-PEG-cRGD possesses a different direction, completely differ-

nt from conventional chemotherapeutics. 

.7. Lipo-PLEKHA7-PEG-cRGD maintains ZA integrity in AML cells 

We investigated the significant roles of PLEKHA7 in KG-1a cells

ransfected with Lipo-PLEKHA7-PEG-cRGD nanoparticles, compared to

ntreated cells and cells transfected with naked PLEKHA7 and Lipo-PEG-

RGD, by inducing the enhancement of surface adhesion of PLEKHA7-

ediated cells. As shown in Fig. 4 A-E, our results revealed that

LEKHA7 re-expression could restore cell surface morphologic changes

ssociated with surface adhesion in KG-1a cells particularly in Lipo-

LEKHA7-PEG-cRGD group. However, there is no a significant change

n untreated cells, naked PLEKHA7 and Lipo-PEG-cRGD groups. To mon-

tor PLEKHA7 location within KG-1a cells, FITC-labeled Lipo-PLEKHA7-

EG-cRGD nanoparticles were selectively located at the ZA along with

he nucleus as shown in Fig. 4 D. PLEKHA7 was recruited to the cell-

ell contact locations in the ZA to regulate ZA integrity, which was lost

n AML cells. Where, the superimposed ovals indicate the cell-cell sur-

ace adhesion which is created with the contacting of KG-1a cells af-

er PLEKHA7 restoration in its intracellular location. Moreover, ATTO-

50 labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles were also deliv-

red and monitored as demonstrated in Fig. 4 E, the red dots (PLEKHA7)

ere efficiently delivered and transfected to distribute inside KG-1a

ells. The PLEKHA7 effect was observed that is the induction of cell to

ell surface contact and adhesion through the morphological changes

ssociated with adhesion to attach together and to restore the nor-

al cell behavior. This effect took place once PLEKHA7 had been re-

xpressed within leukemic cells. These results were also emphasized

y the quantification of cellular adhesion as revealed in Fig. 4 F. KG-

a cells transfected with Lipo-PLEKHA7 and Lipo-PLEKHA7-PEG-cRGD

anoparticles exhibited a significant enhancement in the percentage of

ellular adhesion which was measured as mentioned in Section 2.9 ., ap-

roximately 55% and 75% higher than that in control cells ( p < 0.001).

ontrarily, there is no significant change in naked PLEKHA7 and Lipo-

EG-cRGD groups compared to untreated cells. These results were also

onfirmed by red fluorescence images in Fig. 4 G for revealing the cell-

ell surface adhesion of cells transfected with Lipo-PLEKHA7-PEG-cRGD

anoparticles. The arrows indicated that the two adjacent cells treated

ith Lipo-PLEKHA7-PEG-cRGD nanoparticles were attached together

o contact each other after 12 and 24 h. While there is no significant
7 
hange in untreated cells. Intriguingly, restabilization of PLEKHA7 in

ML cells could restore the capability cell-cell adhesion, corroborating

ur PLEKHA7 nanoconstruct concept for acquiring some characteristic

eatures of healthy normal cells to curb the aggressive behavior of AML

ells in growth. 

.8. Lipo-PLEKHA7-PEG-cRGD induces growth retardation in AML cells 

The presence of PLEKHA7 plays a pivotal role in AML cell growth.

uring the IncuCyte schedule scans, we revealed noticeable growth re-

ardation of Lipo-PLEKHA7-PEG-cRGD-treated cells compared to un-

reated cells, as displayed in Fig. 5 A and B which were mainly em-

hasized by the cell growth curve in Fig. 5 C. The cell proliferation

ate was strikingly attenuated upon transfection with Lipo-PLEKHA7-

EG-cRGD nanoparticles. These findings were supported by Fig. 5 D

hich showed a significant attenuation in cell growth in cells transfected

ith Lipo-PLEKHA7-PEG-cRGD nanoparticles when compared with un-

reated cells, highlighting the controllable effect of Lipo-PLEKHA7-PEG-

RGD on ML-2 cell growth. Ultimately, the restoration of PLEKHA7

ould re-establish the growth retardation in AML cells to curb the AML

ggressiveness. 

. Discussion 

PLEKHA7, one of the most important molecules involved in tissue

orphogenesis and maintenance of tissue integrity, also functions as

 tumor suppressor protein [ 8 , 33 ]. Numerous studies have reported a

trong correlation between PLEKHA7 loss and the initiation of tumors

 12 , 13 , 18 , 34 ]. We have firstly studied the PLEKHA7 expression in

eukemic cells to assess the growth capability of leukemic cells under

he condition of loss or mis-localization of PLEKHA7, and estimated the

fficacy of PLEKHA7-loaded cRGD-mediated PEGylated cationic lipid

anoparticles for efficient PLEKHA7 delivery in leukemic cells as well

s the effect of PLEKHA7 on the regulated induction of AML behav-

or and growth alterations. To further investigate the significance of

LEKHA7 protein in leukemia, we treated leukemia cells with PLEKHA7-

oaded cRGD-mediated PEGylated cationic lipid nanoparticles to restore

LEKHA7 expression and examined its effects on PLEKHA7-mediated

ellular adhesion and proliferation. The restoration of adhesion normal-

ty and integrity, which was lost in AML cells, could result in normal

omeostasis through regulated induction of AML behavior and growth

lterations. 

Specifically, we tested PLEKHA7 expression in AML cells prior to

he transfection to understand the importance of PLEKHA7 loss or mis-

ocalization for survival and aggressiveness of AML cells and we also

emonstrated that the restoration of PLEKHA7 strengthens apical ZA

nd restrains AML growth. The results of the current study illustrated

hat AML cells could be efficiently transfected with Lipo-PLEKHA7-PEG-

RGD nanoparticles, suggesting their internalization assimilation to al-

er AML behavior and dynamics to control growth. 

Notably, lipid bilayer fusion, endocytosis, drug conjugation, and fa-

ilitated diffusion of lipofectamine-based formulation [35] with fur-

her surface modification by PEGylation allowed the targeting of the

v 𝛽3 integrin ligand [36] . These mechanisms demonstrated that Lipo-

LEKHA7-PEG-cRGD could facilitate the entry of the cargo by liposomes

lipid-based nanocarriers) and cRGD peptide which promotes cell-

anomaterial conjugations to allow cargo penetration into the patho-

ogic location to supply optimum delivery of PLEKHA7 for AML normal

omeostasis. These important functions of these biocompatible materi-

ls have clearly appeared in cell proliferation, colony formation, and ad-

esion results. Lipo-PLEKHA7 and Lipo-PLEKHA7-PEG-cRGD nanopar-

icles have significant effects on AML cells when compared to untreated

nd other groups. Consistent with the hypothesis that PLEKHA7 acts

s an adhesion relative modulator, its re-expression in KG-1a and ML-2

ell lines significantly attenuated the cell growth rate. The cell prolifer-

tion results of Lipo-PLEKHA7-PEG-cRGD nanoparticles demonstrated
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Fig. 4. Effect of Lipo-PLEKHA7-PEG-cRGD nanoparticles on the restoration of normal cell functions. Morphologic appearances associated with adhesion in (A) 

untreated cells (B) Naked PLEKHA7 treated cells (C) Lipo-PEG-cRGD treated cells. The stain color representatives are green (FITC) for cell membrane, red (ATTO 

550) for actin and blue (Hoechst 33,342) for nuclei. Scale bar = 100 μm. (D) Effect of Lipo-PLEKHA7-PEG-cRGD nanoparticles on the restoration of normal cell 

functions with observation of the exact location of PLEKHA7 within KG-1a cells. Restoration of cell surface adhesion in KG-1a cells transfected with FITC-labeled 

Lipo-PLEKHA7-PEG-cRGD nanoparticles. The color representatives are green (FITC) for PLEKHA7 and blue (DAPI) for nuclei. Scale bar = 100 μm. (E) Restoration of 

cell surface adhesion in KG-1a cells transfected with ATTO 550- labeled Lipo-PLEKHA7-PEG-cRGD nanoparticles. The color representatives are blue (Hoechst 33,342) 

for nuclei, green (Concanavalin A-FITC) for cell membrane, and red (ATTO 550) for Lipo-PLEKHA7-PEG-cRGD nanoparticles. Scale bar = 10 μm. (F) Enhancement 

effects of PLEKHA7, Lipo-PLEKHA7, Lipo-PEG-cRGD and Lipo-PLEKHA7-PEG-cRGD on the cell adhesion of KG-1a cells in comparison with untreated control. Data 

are expressed as mean ± SEM ( n = 3 biological replicates). Statistical significance was set at ∗ ∗ ∗ p < 0.001. (G) Red fluorescence imaging of KG-1a cells transfected 

with Lipo-PLEKHA7-PEG-cRGD nanoparticles compared with untreated cells after 12 and 24 h intervals using IncuCyte NucLight Rapid Red Reagent for nuclear 

labeling showing cell to cell surface adhesion. (Scale bar = 200 μm). 
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 considerable decrease in cell counting or colony-forming ability, thus

isplaying high transfection efficiency of nanoparticles in particularly li-

osomes and cRGD moiety. Lipo-PLEKHA7-PEG-cRGD showed the high-

st reduction in viable cells (approximately half of total cell numbers)

nd the lowest clonogenic growth relative to untreated and other indi-

ated groups., promoting efficient PLEKHA7 nanodelivery. The mate-

ials utilized in Lipo-PLEKHA7-PEG-cRGD nanostructure for PLEKHA7

elivery have contributed as a biodegradable non-viral vector to effi-

iently deliver PLEKHA7 cargo to cancer cells without the appearance

f therapeutic activity of these biomaterials inside the cells that may

ause interference with PLEKHA7 effects. This was evidenced by the
8 
esults of Lipo-PEG-cRGD in cell proliferation, colony formation and

poptosis experiments. However, it may still have a possibility that the

ffects of PLEKHA7 protein could be affected by the simultaneous in-

egrin stimulation caused by the nanoparticles. We have observed the

ppearance of cell to cell adhesion in AML cells after transfection with

ipo-PLEKHA7-PEG-cRGD nanoparticles compared to untreated, naked

LEKHA7 and Lipo-PEG-cRGD groups. These morphological changes in

he cells may be related to PLEKHA7 re-expression because it is an api-

al AJ-specific conjugating partner of p120 catenin to form a regula-

ory complex which responsible for stabilization of cell to cell surface

dhesion and interactions [ 15 , 16 ]. Cell adhesion is a regulatory pro-
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Fig. 5. Growth retardation monitoring of KG-1a cells transfected with Lipo-PLEKHA7-PEG-cRGD nanoparticles. (A) Red fluorescence imaging of KG-1a cells trans- 

fected with Lipo-PLEKHA7-PEG-cRGD nanoparticles compared to untreated cells after 5, 12 and 42 h intervals using IncuCyte NucLight Rapid Red Reagent for 

nuclear labeling showing cell growth retardation. (Scale bar = 200 μm). (B) Live imaging (phase contrast) of KG-1a cells transfected with Lipo-PLEKHA7-PEG-cRGD 

nanoparticles relative to untreated cells after 1, 5, 12, 24 h intervals demonstrating the induction of AML growth attenuation. (Scale bar = 150 μm). (C) Overall 

growth over time in KG-1a after transfection with Lipo-PLEKHA7-PEG-cRGD nanoparticles compared with untreated cells. Experiments were performed in triplicate. 

(D) Red fluorescence imaging of ML-2 cells transfected with Lipo-PLEKHA7-PEG-cRGD nanoparticles compared to untreated cells after 12 and 24 h intervals using 

IncuCyte NucLight Rapid Red Reagent for nuclear labeling showing growth retardation of the cells (Scale bar = 200 μm). 
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ess of cell to establish interactions with the neighboring cells through

pecific protein complexes which could be mediated by adherent junc-

ions [15] . PLEKHA7 is one of these regulatory proteins that directly

ontributes in the cell to cell adhesion function via p120-specific in-

eracting complex, thus its loss can cause disturbance in cellular inter-

ction and adhesion [ 16 , 17 ]. Moreover, a recent study have reported

hat PLEKHA7 expression in breast cancer can induces E-cadherin and

120 upregulations which could promote cell to cell adhesion and also

nhibit the cancer cell proliferation [12] . We did not investigate the

ausative mechanism by which PLEKHA7 achieves these behaviors and

rowth modulator roles in AML. However, previous studies have shown

hat PLEKHA7 employs the RNAi machinery to the apical AJs to stimu-
9 
ate miRNA maturation and conjugation with an apically localized RNA-

nduced silencing complex (RISC) [ 15 , 34 ]. This PLEKHA7 role inhibited

he expression of pro-tumor-promoting proteins such as cyclin D1, Snail,

nd c-Myc [15] . A recent study reported concomitant dysfunction of

LEKHA7 and the RNAi machinery at the apical AJs in colon cancer

atient samples. Moreover, the RNAi machinery was restored to api-

al AJs, and PLEKHA7-expressing xenografts showed a reduced tumor

urden once PLEKHA7 was restored in colon cancer cell lines [37] . Inhi-

ition of E-cadherin/epidermal growth factor receptor (EGFR) signaling

nd p120 signaling are the contributing mechanisms that indicate the

undamental role of PLEKHA7 in tumor suppression [13] . In ovarian

pithelial cancer, E-cadherin induces EGFR signaling, which is inhib-
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ted by PLEKHA7 expression [13] . In AML cells, E-cadherin suppression

ignificantly reduced cell-cell adhesion and enhanced cell growth and

olony formation, indicating the function of E-cadherin in homophilic

dhesion stimulation and cell proliferation retardation by an E-cadherin-

ediated connection with stromal cells [38] . Furthermore, E-cadherin

ould also suppress the Wnt signaling pathway via 𝛽-catenin interaction

rom the nuclear signaling pool, contributing to its tumor suppression

unction [39–41] . Prior studies have reported that cell adhesion plays a

ain role in the interaction between developing hematopoietic cells and

heir microenvironment, which regulates the destiny of hematopoietic

tem cells [42–45] . Zhou et al. demonstrated that the adhesion capac-

ty to bone marrow stroma was impaired in leukemia cells. Hence, the

odulation of the adhesion behavior of hematopoietic stem cells may

hange the hematopoietic cell homeostasis with the bone marrow mi-

roenvironment, leading to leukemic transformation [46] . Our results

ave been agreed with Pence and coauthors that discussed the induc-

ion of cancer cells for PLEKHA7 loss or cytoplasmic translocation in

rder to avoid PLEKHA7 tumor suppression thereby, this suppression

aused an extensive burden on cancer cells to eradicate the expression

f apical PLEKHA7 [12] . 

. Conclusion 

Our findings uncovered the important function of PLEKHA7 as a

ehavior and growth modulator in AML via an in vitro study on new

ioengineered smart nanoparticles that are well-characterized, cRGD-

onjugated with thiolated PEG (NHS-PEG6-maleimide) to effectively de-

iver PLEKHA7 to induce normal homeostasis in AML cells. Our study

evealed that PLEKHA7 re-expression restores apical ZA integrity and

ellular adhesion and attenuates AML growth rate without appear-

nce of apoptosis signals occurred to AML cells. Altogether, This ap-

roach will foreseeably open new avenues for applying smart biocom-

atible PLEKHA7 re-engineered nanoconstructs in vivo via implemen-

ation of experimental animal models and further passing into clini-

al trials for efficient translation and production of advanced PLEKHA7

anomedicines for AML regulation and reprogramming. 
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