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Abstract

Tyrosine kinase inhibitors have been the standard treatment for patients with Philadelphia chromosome-positive (Ph*)
leukemia. However, a series of issues, including drug resistance, relapse and intolerance, are still an unmet medical
need. Here, we report the targeted siRNA-based lipid nanoparticles in Ph* leukemic cell lines for gene therapy of Ph*
leukemia, which specifically targets a recently identified NEDDS8 E3 ligase RAPSYN in Ph* leukemic cells to disrupt

the neddylation of oncogenic BCR-ABL. To achieve the specificity for Ph* leukemia therapy, a single-chain fragment
variable region (scFv) of anti-CD79B monoclonal antibody was covalently conjugated on the surface of OA2-siRAPSYN
lipid nanoparticles to generate the targeted lipid nanoparticles (scFv-OA2-siRAPSYN). Through effectively silencing
RAPSYN gene in leukemic cell lines by the nanoparticles, BCR-ABL was remarkably degraded accompanied by the inhi-
bition of proliferation and the promotion of apoptosis. The specific targeting, therapeutic effects and systemic

safety were further evaluated and demonstrated in cell line-derived mouse models. The present study has not only
addressed the clinical need of Ph* leukemia, but also enabled gene therapy against a less druggable target.
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Introduction

Philadelphia chromosome positive (Ph') leukemia is
a malignant clonal disease derived from hematopoi-
etic stem cells, which is characterized by the expression
of BCR-ABL fusion protein possessing strong tyrosine
kinase activity [1, 2]. Although tyrosine kinase inhibitors
(TKI) are the only approved treatment option for Ph*
leukemia, the nature of resistance, intolerance and recur-
rence has forced to evolve multiple generations of TKI,
from imatinib to panatinib [3, 4]. Meanwhile, according
to clinical data, first-line use of TKI is unable to bring
huge clinical benefits to patients based on risk—ben-
efit assessments [5, 6]. Therefore, merely inhibiting the
kinase activity of BCR-ABL is not an ultimate solution
for Pht* leukemia patients, which remains as an unmet
medical need [7].

Given the definitive relationship between oncogenic
BCR-ABL and the occurrence of Ph' leukemia, effec-
tive degradation of this fusion protein, rather than the
inhibition of tyrosine kinase activity, would be a favora-
ble choice to overcome a series of drawbacks of small
molecule inhibitors. Recently, we found that RAPSYN,
a scaffolding protein possessing NEDD8 E3 ligase activ-
ity, can neddylate BCR-ABL to compete c-CBL-mediated
proteasomal degradation, and therefore silencing RAP-
SYN gene could effectively inhibit the progression of Ph*
leukemia [8]. In addition, the disruption of neddylation
could not only induce apoptosis of the leukemic cells

with BCR-ABL mutations [9], but also eradicate leukemia
stem cells (LSCs) [10], strongly suggesting the advanta-
geous outcomes of targeting this neddylation processes.
Thus, these studies have laid a solid foundation for RAP-
SYN as a potential therapeutic target for Ph* leukemia.

As a scaffolding protein, RAPSYN has been reported to
extensively express in 87 tissues of a human body, with
the highest expression in leg muscles [11]. If RAPSYN
was pathologically absent, severe diseases, such as myas-
thenia gravis, would occur [12-14]. All these facts make
RAPSYN as a less druggable target. To transform this
widespread protein to a druggable target, targeting RAP-
SYN gene in Ph* leukemia cell lines with high gene speci-
ficity and cell selectivity is absolutely required to ensure
the safety of the treatment. Therefore, how to maintain a
sufficient period for the therapeutic agents in blood cir-
culation and how to specifically target Ph* leukemic cells
are a challenging task for the treatment of Ph leukemia
by the approach of gene therapy.

As commonly used for antigen targeting, single-chain
fragment variable (scFv) derived from conventional anti-
bodies, consists of a variable domain from the heavy
chain and another variable domain from the light chain
[15]. Because of the lack of Fc fragment, scFv does not
exhibit ADCC, ADCP and CDC effects in addition not
to activate the immune system. Moreover, given their
smaller size, scFv portions usually possess better cellular
penetration capability than conventional antibodies and
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easier linkage with various vehicles as warheads for the
binding with specific antigens, which could greatly facili-
tate targeted therapy [16]. According to a previous report
[17], CD79B is highly expressed on the surface of acute
lymphoblastic leukemia cells. Thus, it is highly possible to
utilize CD79B as an antigen for targeting Ph* leukemia
by its corresponding scFv.

In this study, we fabricated a RAPSYN and CD79B
dual targeted lipid nanoparticle (scFv-OA2-siRAPSYN)
via covalent conjugation of anti-CD79B-scFv on the sur-
face of the lipid nanoparticles (OA2-siRAPSYN) com-
posed of single cationic lipoid OA2-based liposomes
and RAPSYN-targeted siRNA. This dual targeted lipid
nanoparticle could effectively promote the degradation of
BCR-ABL. Consequently, the present gene therapy may
represent a new treatment approach for hematological
tumorigeneses.

Materials and methods

siRNA synthesis

siRAPSYN, NC-siRNA was synthesized by RiboBio Co.,
Ltd. (Guangzhou, China). FAM-labeled siRNA (Fam-
siRNA) and Cy5-labeled siRNA (Cy5-siRNA) were pre-
pared by Sangon (Nanjing, China).

Cell cultures

The cell lines of K562 (female; CBP60529), MEG-01
(male; BP61104), KU812 (male; BP60732) were pur-
chased from COBIOER in a mixture containing 10%-20%
fetal bovine serum (FBS; FS301-02, TransGen Biotech)
and 100 mg/mL streptomycin/penicillin (FG101-01,
TransGen Biotech). HS-5 cells (male; CRL11882) were
from American Type Culture Collection (ATCC) in
Dulbecco’s modified Eagle’s culture-medium (1640;
KGM12800, KeyGEN BioTECH) containing 10% FBS
and 100 mg/mL streptomycin/penicillin. All cells were
cultured in a moisture incubator containing 5% CO,
at 37 °C. All cell lines were identified by short tandem
repeat matching analysis and were free from mycoplasma
contamination.

Animals

NOD/ShiltJGpt ~ Prkdcem26Cd52112rgem26Cd22/Gpt
(NCG) female mice (4—6 weeks) were from GemPhar-
matech Co., Ltd (Nanjing, China). Mice were placed in a
barrier facility under pathogen-free conditions of 24+ 1%
and 55+5% humidity for a light—dark cycle of 12 h. All
animal experiments were conducted in compliance
with the WMA Statement on animal use in biomedical
research, and approved (No. 2020-07-009) by the Animal
Care and Use Committee of China Pharmaceutical Uni-
versity (Nanjing, China).
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Cell transfection of the liposomes

Transfection of the indicated siRNA into cells was per-
formed with the liposomes prepared with OA2, TA7
and TA13 as well as commercial riboFECT"" CP (Ribo-
bio, Guangzhou, China). Briefly, when the cell conflu-
ency reached 50%, siRNA and liposomes were diluted in
deionized water and incubated for 30 min at room tem-
perature, respectively. Then, the mixtures were added
into the target cells. Transfected cells were collected after
48 h for further analyses.

Gene knockdown in vitro
K562, KU812 and MEG-01 cells were inoculated into
6-well plates at a density of 1x1076 cells per mL. Cells
were incubated with OA2-siNC or OA2-siRAPSYN at a
dose of 1 pg/mL siRNA in a humid atmosphere of 5% CO,
at 37 °C for 48 h. According to the manufacturer’s instruc-
tions, total RNA was extracted using TRIzol® reagents
(Invitrogen, CA, USA), and the RNA was reverse-tran-
scribed to ¢cDNA using Evo M-MLV reverse transcrip-
tion premix kit (Accurate Biology, Nanjing). Then, SYBR
Green Pro Taq HS premixed qPCR kit (Accurate Biol-
ogy, Nanjing) was used to detect the transcriptional lev-
els of target genes in each group. A two-step RT-PCR
was performed on a Biosystems StepOnePlus real-time
fluorescence quantitative PCR apparatus. Sample analysis
was conducted in triplicate. The level of target gene in a
given sample was normalized to the corresponding level
of GAPDH. The relative transcription of target gene was
calculated by 224t method.

The primers used in qRT-PCR for RAPSYN and
GAPDH were as follows:

5-GTACGACTCCGCCATGAGCA-3  (RAPSYN
Forward primer);
5-TGGCATCCAGAGCCTTGTCC-3*  (RAPSYN
Reverse primer);
5-CTCTGATTTGGTCGTATTGGG-3* (GAPDH
Forward primer);
5-TGGAAGATGGTGATGGGATT-3’ (GAPDH

Reverse primer).

Western blot

Total proteins were obtained by cell lysis (Beyotime, Nan-
jing, China), and protein samples of the same concentra-
tion were electrophorized on 8% or 10% SDS-PAGE and
then transferred to PVDF membranes (Millipore, USA).
After incubating with anti-RAPSYN (Abcam, Cam-
bridge, GB), anti-BCR-ABL (Abcam, Cambridge, GB),
anti-Wnt5b (Abcam, Cambridge, GB), anti-c-Myc (Pro-
teintech, Wuhan, China), anti-p-catenin (Proteintech,
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Wuhan, China), and anti-p-Tubulin (Proteintech, Wuhan,
China) overnight at 4 °C, then incubated with second-
ary antibody of goat anti-rabbit I[gG/HRP (CST technol-
ogy, Boston, USA) or goat anti-mouse IgG/HRP (CST
technology, Boston, USA) at room temperature for 2 h.
Finally, protein bands were visualized using ECL system
(Tanon 3500).

Cell viability assay

The cells were inoculated into 96-well plates with a den-
sity of 10,000 cells per well, and incubated with 1 pg/
mL siRNA or siNC for 24, 48, 72, 96 h. The cell viabil-
ity was measured using CCK-8 assay kit (Vazyme, Nan-
jing, China) according to the manufacturer’s instructions.
Each experiment for each cell line was repeated for at
least three times.

Cell apoptosis assay

The apoptosis index of cells treated with OA2-siNC
or OA2-siRAPSYN for 24 h was detected by annexin
V-FITC Apoptosis Test kit (BD Biosciences, San Jose,
USA). Flow cytometry was employed to analyze the cells
with the software of FlowJo version 10.6.1.

Cell proliferation assay

According to the protocol of the CFDA SE cell prolifera-
tion and tracer detection kit (Beyotime, Nanjing, China),
cells with logarithmic growth stage were labeled, and
then OA2-siNC or OA2-siRAPSYN was added, respec-
tively. Cell division was monitored by measuring CFSE
using flow cytometry via channel 488 at day 0, day 2, and
day 4.

Determination of the neddylation of BCR-ABL

One mg of total protein extracted from cells was incu-
bated with IgG or BCR-ABL antibody for 1 h, and then
Protein A/G agarose strain (Bioworld, Nanjing, China)
was added for overnight incubation at 4 “C. On the sec-
ond day, after washing the beads with PBS for 4 times,
sample buffer was added and boiled for protein denatura-
tion. Protein concentration of the cells was adjusted to
the same for sampling, and separated by 6% SDS-PAGE
for the transfer to PVDF membrane. Then, 5% skim milk
powder was added and incubated with anti-BCR-ABL
antibody (Abcam, Cambridge, GB) or anti-NEDDS anti-
body (Abcam, Cambridge, GB) at 4 ‘C overnight. Subse-
quently, the samples were incubated with corresponding
secondary antibody at room temperature for 2 h. The
target bands were visualized using ECL system (Tanon
3500).

Page 4 of 17

Detection of CD79B expression

A 24-well plate was coated with Poly-D-Lysine (Beyo-
time, Shanghai, China), and then 2x 1075 K562 cells were
inoculated into each well. After the attachment of the
cells with plate wall, anti-CD79B antibody (Proteintech,
Wuhan, China) was added to incubate at room tempera-
ture for 1 h. Then, the secondary antibody labeled with
488 dye (CST technology, Boston, USA) was added and
incubated for 1 h. Finally, the conjugates were incubated
with DAPI for 5 min for the comparison under fluores-
cence microscope.

Expression and purification of anti-CD79B-scFv
Plasmid construction: The amino acid sequence of anti-
CD79B (L/H) scFv was from US patent USA20200207852,
and codon optimization was performed to make it suit-
able for the expression in Escherichia coli. The gene frag-
ment of MBP tag was inserted into pET28a vector of its
N-terminus by using Gibson assembly kit, and then the
codon-optimized gene (Additional file 1: Table S1) of
anti-CD79B-scFv with a 6 X His tag on its C-terminus was
inserted into the pET28a plasmid containing MBP tag to
result in the expression vector of pET28a-MBP-scFv.
Protein expression and purification: The pET28a-based
plasmid of MBP-anti-CD79B-scFv-6xHis was trans-
formed to E. coli BL21(DE3) cells (Sangon, Nanjing,
China). A transformed colony was inoculated into LB
containing kanamycin to culture overnight with shanking
at 220 rpm at 37 “C. On the second day, bacterial cul-
ture (1:1000) was inoculated into LB medium contain-
ing 1 mg/L kanamycin and continued to grow under the
same conditions. When ODy,, of the culture reached
approximately 0.8, 0.1 mM IPTG was added to the cul-
ture to induce protein expression at 18 ‘C and 200 rpm
for 18 h. Then, the bacterial cells were collected by cen-
trifugation at 8000g for 10 min, and mixed with 20 mL
buffer (50 mM K,HPO,, 500 mM NacCl, 10 mM imida-
zole pH 7.5). After disrupting the cells by ultrasound at
120 w for 15 min, the supernatant was obtained by cen-
trifugation at 12,000x g for 30 min. Two affinity chro-
matographic steps were employed for the purification of
MBP-anti-CD79B-scFv-6 X His. First, the soluble fraction
was incubated with 300 pL Ni-NTA resin (GE Health-
Care) at 4 °C for 1 h and then loaded onto a gravity flow
column. The protein was preliminarily purified by the
elution with the buffer (50 mM K,HPO,, 500 mM NaCl,
300 mM imidazole, pH 7.5). Next, the eluted protein
was mixed with dextrin sepharose resin (Cytiva, shang-
hai, China) and loaded onto a column for another affin-
ity chromatography, and the purification was achieved
by the elution with the buffer (50 mM Tris, 500 mM
NaCl, 10 mM maltose, 5% glycerol, pH 7.5). Finally, the
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purity of the recombinant MBP-anti-CD79B-scFv-6 X His
was examined by 10% SDS-PAGE with Coomassie blue
staining.

Determination of binding affinity of scFv

The experiments were performed according to a pre-
vious report [18] with minor modifications. Different
concentrations of anti-CD79B-scFv ranging from 0.0001
to 1 mg/mL were added to each well in 96-well plates
and incubated at 37 °C for 2 h. Horseradish peroxidase
labeled anti-His monoclonal antibody (Proteintech,
Wauhan, China) was used as the secondary antibody.

Preparation of the complexes of lipoids with siRAPSYN
TA7-siRAPSYN and TA13-siRAPSYN were prepared
according to the procedures previously described [19].

Preparation and characterization of OA2-siRAPSYN

and scFv-OA2-siRAPSYN

For OA2-siRAPSYN, OA2 were dissolved in a mixture
of 2 mL anhydrous methanol and 3 mL chloroform and
transferred to a 500 mL solanum-shaped bottle. After
rotary evaporation at 40 °C for 10 min, vacuum drying
overnight was performed to thoroughly remove organic
solvents. Then, an appropriate amount of deionized
water was added to hydrate OA2 lipid film (final OA con-
centration of 2 mg/mL) at 37 “C for 30 min. The mixture
was then extruded through 0.8 um, 0.4 um and 0.2 um
carbonate films for 11 times each to obtain the OA2 lipid
nanoparticles. Finally, siRAPSYN was added into the
solution of OA2 lipid nanoparticles at N/P of 5 at room
temperature for 30 min to obtain the OA2-siRAPSYN.

Regarding scFv-OA2-siRAPSYN, OA2-DPM was first
prepared with the same method of OA2 lipid nanoparti-
cles except for adding the DPM at a ratio of OA2/DPM of
98:2 (mol/mol). Next, to obtain scFv with free sulfhydryl
groups, tris(2-carboxyethyl) phosphine (TCEP) was dis-
solved in PBS at 2 pmol/mL and mixed with scFv at room
temperature for 10 min, following the dialysis against
PBS at 4 °C for 2 h to obtain the reduced scFv protein,
which was then incubated with OA2-DPM at a ratio of
DPM/scFv of 30:1 (mol/mol) at room temperature for 2 h
to obtain scFv-OA2. The complex of scFv-OA2 and siRA-
PSYN were the same as mentioned before.

Particle size, polydispersity index (PDI) and zeta poten-
tial were determined by using Laser Light Scattering Sys-
tem (BL-200SM, Brookhaven, USA).

To determine siRNA stability, agarose gel electrophore-
sis was performed on 1% agarose gel at an electrophoresis
condition of 140 V for 20 min and visualized by gel imag-
ing system. OA2-siRAPSYN and scFv-OA2-siRAPSYN
with or without 10% Triton X-100 solution were respec-
tively sampled. Free siRNA was used as the control.
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For TEM images, different samples were added onto
the copper net and stained by 1% phosphotungstic acid.
After drying, TEM was performed at 80 kV to observe
the morphology (HT7700, Hitachi, Japan).

For in vitro stability, the particle sizes of OA2-siRA-
PSYN and scFv-OA2-siRAPSYN after incubation with
saline or 1640 medium containing 10% fetal bovine
serum (FBS) at 37 “C for different time points (0, 1, 2, 4,
6, 12 and 24 h) were respectively determined.

Assays of protein concentration and coupling rate

To determine scFv coupling rate on liposome surface,
BSA solution (0.5 mg/mL) of 0, 1, 4, 8, 12, 16 and 20 pL
was respectively added to a 96-well plate. After addition
of 20 pL ultra-pure water, each well was mixed evenly
with 200 uL BCA reagent to establish a standard curve.
Subsequently, freshly prepared scFv-OA2 liposome (500
uL) was centrifuged with a 100 kDa ultrafiltration tube at
5000x g for 15 min to obtain the solution. The solution
containing free scFv (20 uL) was added to each well in a
96-well plate. Then, 200 pL of BCA reagent was added,
gently mixed and incubated at 37 “C for 30 min. The
absorption at 562 nm was recorded with triplicated wells
for each group. The concentration (Ci) of scFv in the
solution was calculated according to the standard curve,
and the coupling rate was calculated according to follow-
ing formula:

Coupling rate = (co — ci)/Co x 100%

where, Co is the concentration of total scFv, Ci is the con-
centration of free scFv in the solution.

Cellular uptake of scFv-OA2-siRAPSYN

K562, KU812 and MEG-01 cells were inoculated into
6-well plates at a density of 1x1076 cells per mL. Cells
were cultured with FAM-labeled siNC, OA2-siNC, scFv-
OA2-siNC and scFv-OA2-siNC with scFv at a dose of
2 pg siRNA in a humid atmosphere of 5% CO, at 37 °C
for 12 h and then collected for flow cytometry analysis
(BD FACS Celesta).

The intracellular lysosomal escape of scFv-OA2-siRAPSYN

Poly-D-Lysine-coated cell slides were placed in a 24-well
plate in advance, and K562 cells were inoculated at a den-
sity of 5X 1075 cells per mL. Then, cells were incubated
with FAM-labeled siNC and scFv-OA2-siNC in a humid
atmosphere of 5% CO, at the dose of 1 pug siRNA for 6 h.
The 24-well plates were taken out and washed twice with
preheated hanks buffer (Vazyme, Nanjing, China). Then,
Lysosomal stain (Abcam, Cambridge, GB) was added
and incubated at 37 “C with 5% CO, for 30 min, and then
washed twice with hanks buffer at 37 “C and fixed with
4% paraformaldehyde for 15 min. The nuclei fractions
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were stained with DAPI for 5 min, and the slides were
removed after three times of washing with PBS. A drop
of fluorescence quencher was dropped on the slides,
after fastening and sealing the slides, they were observed
under a fluorescent microscope (Lecia DM-2500).

The antitumor effects of scFv-OA2-siRAPSYN

in subcutaneously transplanted tumor model

A mixture of 1*10"6 K562 cells at logarithmic growth
stage with matrix gum (Beyotime, Shanghai, China) was
injected into the lateral abdomen of 4-week-old NCG
female mice. When the tumor volume reached ~ 50 mm?,
the mice were randomly divided into 4 groups: saline,
scFv-OA2-siNC, OA2-siRAPSYN, and scFv-OA2-siRAP-
SYN. Ten ug per mouse was injected into the tumor every
two days, and tumor volume and mouse weight were
recorded. The mice were euthanized when the tumor vol-
ume reached 1500 mm?, The formula used to calculate
tumor volume was: tumor volume = (length x width?)/2.
The tumor tissues were dissected, fixed with 4% para-
formaldehyde, embedded in paraffin, sliced and stained
with hematoxylin and eosin (H&E) or TUNEL or Ki67.
The sections were photographed using a Lecia fluores-
cent microscope.

Survival test in xenografted mouse model

To establish a xenografted mouse model, K562 cells were
infected with lentivirus Fluc-GV260 (Genechem, Shang-
hai, China). K562 cells with stable expression of luciferase
were screened out using Puromucin (Beyotime, Shanghai,
China) to obtain Luct K562 cells. Then, 1x 1077 /200 ul
K562 cells or Luct K562 cells were injected into the tail
vein of 4-week-old NCG female mice. Forty mice with
K562 cells were randomly divided into 4 groups (saline,
scFv-OA2-siNC, OA2-siRAPSYN, and scFv-OA2-siRA-
PSYN). Twelve mice with Luct K562cells were also ran-
domly divided into corresponding 4 groups (n=3). After
7 days, 2.5 nmol of different siRNA preparations were
administered via caudal vein of the mice in each group.
LNP-siRNA was administered every two days and the
survival time of each mouse was recorded. The fluores-
cence of luctK562 xenografted mice was monitored by
IVIS Lumina III (PerkinElmer, MA, USA) in vivo imaging
system at the same time. At the end of the experiments,
before taking photography, potassium salt (Beyotime,
Shanghai, China) was intraperitoneally injected to cause
the death of all mice.

Biodistribution of scFv-OA2-siRAPSYN

Nine mice with xenografted leukemia were randomly
divided into three groups: siRNA, OA2-siRAPSYN,
and scFv-OA2-siRAPSYN. Mice were treated with
whole-body hair removal, and 2.5 nmol Cy5-siRNA was
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administered through tail vein in each group. Fluores-
cence intensity of the mice was detected by using IVIS®
Spectrum Imaging System (PerkinElmer, MA, USA) at
0, 3, 6 and 24 h, and isoflurane was used for anesthesia.
After 24 h of administration, heart, liver, spleen, lung,
kidney and femoral head of the mice were collected, and
the fluorescence values of Cy5-siRNA in each organ were
detected by ex vivo imaging.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 8.0 (GraphPad Software Inc., CA, USA). Image ]
software was used for semi-quantitative analysis of pro-
tein bands. Data were compared using student T-test
between two groups and ordinary univariate analysis of
Variance (ANOVA) between three or more groups. The
difference was considered statistically significant when
*P<0.05, *P<0.01, **P<0.001, ****P<0.0001 and “ns”
indicated no significance (two-tailed distribution).

Results

Effective silencing of RAPSYN gene in Ph* leukemia cell
lines by OA2-siRAPSYN

To identifying the siRNA silencing effects in Ph* leuke-
mia cell lines, we first compared three siRNA sequences
that target RAPSYN gene for their silencing efficiency
(Additional file 1: Table S2). When individual siRNA was
transfected into K562 cells with commercial liposomal
transfection reagent Lipo2000 for 48 h, total RNA and
proteins were extracted for qRT-PCR and Western blot-
ting analyses. The results showed that sequence #3 exhib-
ited the best silencing effects on RAPSYN expression
(Additional file 1: Fig. S1).

To further improve the silencing effects of siRNA, three
lipoid materials, including OA2 with a primary amine
head group, TA7 and TA13 with a tertiary amine head
group, were compared (Additional file 1: Fig. S2) [19].
These liposomal materials could load siRNA well with-
out a leakage when N/P was above 5 (Additional file 1:
Fig. S3). Then, same quantity of siRNA loaded with these
liposomes and commercial liposome of RiboFECT"
CP (Ribo) was transfected to K562 cells to compare the
transfection efficiency. After transfecting K562 cells by
these lipoid-based lipid nanoparticles, OA2 showed a
higher gene silencing efficiency and stronger inhibi-
tion of cell proliferation compared to TA7, TA13 and
the commercial transfection reagent (Additional file 1:
Fig. S4). In the Western blots, RAPSYN appeared two
closely related bands, which is due possibly to the SRC-
mediated phosphorylation [8]. Subsequently, to ascertain
the transfection efficiency, these lipoid-based lipid nano-
particles were further evaluated in different cells. Flow
cytometry analyses indicated that only OA2-based lipid
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nanoparticles could consistently deliver siRNA into all
leukemia cell lines, including K562, MEG-01 and KU812
(Additional file 1: Fig. S5). Therefore, OA2-based lipid
nanoparticles were chosen as the carrier for delivering
siRAPSYN into Ph™ leukemia cell lines.

Next, the siRNA-based lipid nanoparticles (OA2-siRA-
PSYN) were prepared, showing an average particle size of
130.63 £2.48 nm and a positive charge of 25.46 +4.50 mV
(Additional file 1: Table S3), as well as a similar mor-
phology to blank OA2 lipid nanoparticles under trans-
mission electron microscopy (Additional file 1: Fig. S6).
Next, qRT-PCR and Western blotting were employed to
examine the gene silencing effects on Ph* leukemia cell
lines. Indeed, OA2-siRAPSYN could efficiently deliver
siRNA into all cells, resulting in approximately 80% of
gene silencing efficiency (Fig. 1a). Meanwhile, the viabil-
ity of Ph* leukemia cell lines was obviously inhibited by
the treatment of OA2-siRAPSYN (Fig. 1b), and the apop-
tosis of Ph* leukemia cell lines was also increased after
the treatment (Fig. 1c¢ and Additional file 1: Fig. S7). In
addition, we examined the proliferation of Ph* leukemia
cell lines on day 2 and day 4 after the treatment of OA2-
siNC or OA2-siRAPSYN. The results showed that the
proliferation ability of the cells was significantly inhib-
ited by OA2-siRAPSYN (Fig. 1d and Additional file 1: Fig.
S8). Together, silencing RAPSYN gene for the decrease of
RAPSYN protein expression effectively led the inhibition
of proliferation and the promotion of apoptosis for Ph*
leukemia cell lines.

Inhibition of growth and proliferation of Ph* leukemia cell
lines by OA2-siRAPSYN via Wnt/(-catenin/ c-Myc signaling
pathway

To dissect the relationship between RAPSYN gene silenc-
ing and the suppression of cell viability of K562 cells,
the neddylation associated BCR-ABL degradation and
the Wnt/B-catenin/c-Myc signaling pathway primarily
responsible for the cells proliferation and apoptosis were
respectively examined. As shown in Fig. le, the silenc-
ing of RAPSYN gene resulted in the decrease of BCR-
ABL neddylation and the increase of its degradation.
Since Wnt/B-catenin/c-Myc signaling pathway is closely
related to cell proliferation and apoptosis, the expres-
sion levels of these proteins were individually determined

(See figure on next page.)
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after silencing RAPSYN gene. Since the strong tyrosine
kinase activity of BCR-ABL can phosphorylates Y654 of
[-catenin to increase its stability and nuclear transloca-
tion [20], the translocation of B-catenin to the nucleus
promotes the transcription of c-Myc gene to drive tumor
progression [21]. Conversely, the decrease of BCR-ABL
can lead to the reduction of p-catenin at cellular level,
resulting in the inhibition of the expression of c-Myc to
facilitate the process of cell apoptosis [22]. Thus, the pre-
sent results suggested that the interference of RAPSYN
gene transcription affects the viability of leukemia cell
lines through the downregulation of Wnt/p-catenin/c-
Myc signaling pathway.

Expression and purification of anti-CD79B-scFv

for targeting Ph* leukemia cell lines

To identify a specific marker on the surface of Ph* leu-
kemia cells for possible targeted therapy, whole-genome
expression matrix (GSE5550) was applied to compare
the differences of CD34" cells in the bone marrow of
untreated chronic myeloid leukemia (CML) patients
and healthy volunteers in GEO database. Differential
gene enrichment and analysis revealed that CD79B gene
is highly transcribed in CML patients (Fig. 2a). Subse-
quently, the expression of CD79B protein in Pht leuke-
mia cell lines was confirmed by Western blotting, and
higher expression levels of CD79B in Ph* leukemia cell
lines were further verified by the comparison with human
bone marrow stromal cell line of HS-5 (Fig. 2b). More
importantly, CD79B was localized on the surface of K562
cells by fluorescent microscopic analysis (Fig. 2c), sug-
gesting that CD79B could be an ideal outer membrane
protein for specific binding.

Due to small size and the versatility for different con-
jugations, single-chain fragment variable (scFv) region
of anti-CD79B monoclonal antibody was chosen for the
binding with CD79B on the surface of Ph* leukemia cell
lines. To express this scFv in Escherichia coli, MBP and
6xHis tags were respectively fused at N- and C-termini
of the anti-CD79B-scFv sequence for soluble expres-
sion. After the induction by IPTG, anti-CD79B-scFv
protein (72 kDa) was expressed in the soluble form.
Then, two-step purification process, consisting of nickel
affinity chromatography and dextrin-sepharose affinity

Fig. 1 Inhibition of growth and proliferation of Ph* leukemia cell lines by OA2-siRAPSYN. a The effects of OA2-siRAPSYN on mRNA level

of RAPSYN gene and protein level of RAPSYN, after the Ph™ leukemia cell lines were treated with OA2-siNC or OA2-siRAPSYN for 24 h; b The

effects of OA2-siRAPSYN on the viability of leukemia cell lines; ¢ The effects of OA2-siRAPSYN on the apoptosis of leukemia cell lines; d The effects
of OA2-siRAPSYN on the proliferation of K562 cells; e The effects of OA2-siRAPSYN on BCR-ABL neddylation and the expression of the proteins
involved in Wnt/B-catenin/c-Myc signaling pathway. Statistical analyses were performed by student T-test. Data are presented as mean+SD (n=3).

ns: no significance, **P <0.01, ***P <0.001, ****P <0.0001 versus control
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chromatography, was employed to purify the protein,
and the purity of anti-CD79B-scFv was greater than 95%
judged by SDS-PAGE (Fig. 2d). To determine the bind-
ing capability of anti-CD79B-scFv with Ph* leukemia
cell lines, ELISA and FACS were used for the examina-
tion. ELISA results indicated that anti-CD79B-scFv binds
to Ph* leukemia cell lines in a concentration-dependent
manner (Fig. 2e). After incubating anti-CD79B-scFv with
K562 cells for 1 h, the fluorescent responses to anti-His
fluorescent antibody of the cells were significantly shifted
from the measurements by FACS (Fig. 2f). However,
when HS-5, a normal human bone marrow stromal cell
line with low expression of CD79B, was treated with anti-
CD79B-scFv in the same way, and the results of FACS
showed no statistical difference compared to NC (Addi-
tional file 1: Fig. S9). To exclude non-specific binding and
false positives, total proteins of each type of cells with or
without anti-CD79B-scFv were used for Western blot-
ting. As shown in Fig. 2g, anti-CD79B-scFv could specifi-
cally bind with CD79B on the cell surface, demonstrating
the utility of anti-CD79B-scFv as a valuable tool for tar-
geted binding.

Preparation and characterization of scFv-OA2-siRAPSYN

To exhibit CD79B targeting ability, the anti-CD79B-scFv
should conjugate on the surface of OA2-siRAPSYN for
targeting. For the conjugation, OA2 and DSPE-PEG2000-
Maleimide (DPM) at a ratio of 98/2 (mol:mol) were
mixed to obtain the lipid nanoparticles (OA2-DMP) by
thin film extrusion. Then, the C-terminal cysteine in anti-
CD79B-scFv was reacted with the maleimide group of
OA2-DMP. Next, the ratio of anti-CD79B-scFv to OA2-
DMP was optimized. When the ratio was about 0.06%
(mol:mol), the resulting scFv-OA2 showed the most suit-
able particle size (Additional file 1: Table S4), and the best
siRNA delivery efficiency (Additional file 1: Fig. S10).
Notably, the coupling rate was determined to be 92.49%
by BCA assay (Additional file 1: Fig. S11).

Subsequently, scFv-OA2 was complexed with siR-
APSYN to generate scFv-OA2-siRAPSYN. Agarose
gel electrophoresis showed that, scFv-OA2 and OA2
could tightly bind siRAPSYN without leakage at a N/P
ratio of 5 because no siRNA band was found in the
groups of scFv-OA2-siRAPSYN and OA2-siRAPSYN,

(See figure on next page.)
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whereas siRNA bands obviously presented on the gels
after Triton treatment to destroy the lipoplex (Fig. 3a).
Meanwhile, TEM images showed that, scFv-OA2 and
scFv-OA2-siRAPSYN were larger than that of OA2 and
OA2-siRAPSYN, respectively, owing to the conjugation
of anti-CD79B-scFv (Fig. 3b), which was similar to the
observations from dynamic light scattering (Additional
file 1: Table S5). In addition, when scFv-OA2-siRAPSYN
was incubated in saline or 10% FBS medium for 24 h,
their particle sizes did not show significant changes
(Fig. 3c), indicating the formation of stable particles
in vitro. Collectively, these physical characteristics made
scFv-OA2-siRAPSYN possible for cellular uptake and
gene silencing.

Cellular uptakes of scFv-OA2-siRAPSYN

To test whether scFv-OA2-siRAPSYN could effectively
enter Ph* leukemia cell lines, the uptake of FAM-siRNA
via different lipid nanoparticles by K562 cells were
detected by flow cytometry. As shown in Fig. 3d, scFv-
OA2 could deliver siRAPSYN into cells more efficiently
than OA2 alone, and its MFI value was significantly
higher than that from OA2. To confirm that this differ-
ence on MFI was related to anti-CD79B-scFv, free scFv
was added to compete scFv-OA2-siRAPSYN in K562
cells. As a result, the significant decrease of MFI value
indicated that excessive amount of scFv could hamper the
cellular uptake of scFv-OA2-siRAPSYN, further demon-
strating profound positive impacts of anti-CD79B-scFv
conjugation on the uptake of scFv-OA2 by K562 cells.

On the other hand, siRNA works at the free form to
perform the function of gene silencing after the endo-
cytosis of lipid particles containing siRNA in the cells.
In the case of scFv-OA2-siRAPSYN, it was required to
quickly release the siRNA in cytosol for its gene silenc-
ing. To examine the dissociation of siRAPSYN from
lysosomes, FAM-siRNA signal (Green) of scFv-OA2-
SiRAPSYN and LysoTracker signal (Red) in K562 cells
were visualized to observe the locations under fluores-
cent microscopy. After incubating with K562 cells for
6 h, complete dismissal of the signals of Fam-siRNA and
LysoTracker Red was observed, confirming the escape of
scFv-OA2-siRNA from lysosomes (Fig. 3e). To evaluate
whether scFv-OA2-siRNA can overcome the biological

Fig. 2 Expression, purification and binding affinity of anti-CD79B-scFv. a Volcano map of whole gene expression matrix (GSE555) for CML patients.
GEO2R was used for online analysis of the differential gene datasets; b The expression level of CD79B in leukemia cell lines detected by Western
blotting. ¢ Localization of CD79B (green) in K562 cells (scale: 10 pm). d SDS-PAGE of purified anti-CD79B-scFv with Coomassie blue staining; e The
binding capability of anti-CD79B-scFv with leukemia cell lines detected by ELISA; f The binding of anti-CD79B-scFv with K562 cells determined

by flow cytometry; g Binding specificity of anti-CD79B-scFv with different cells detected by Western blotting. ns: no significance, **P <0.01

versus control group
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barriers encountered by siRNA to exert gene silencing  with scFv-OA2-siRAPSYN for 24 h. As shown in Fig. 3f,
effects, mRNA levels of RAPSYN in Pht leukemia cell — scFv-OA2-siRAPSYN could effectively decrease mRNA
lines were quantified by qRT-PCR after the treatment levels of RAPSYN in all three tested Ph* leukemia cell
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lines, showing the benefit of anti-CD79B-scFv conjuga-
tion. These results provided evidence on the effective-
ness of gene silencing by scFv-OA2-siRAPSYN at cellular
levels.

Anti-tumor effects of scFv-OA2-siRAPSYN in xenografted
mice

To assess if the cellular effects of scFv-OA2-siRAPSYN
could translate to anti-tumor activity in vivo, a xeno-
grafted mouse model was established by subcutaneously
implanting K562 cells. Once the tumor grew to approxi-
mately 50 mm?3, scFv-OA2-siRAPSYN and different con-
trol groups were intratumorally administrated in the
mice every two days. As shown in Fig. 4a, compared to
saline and NC groups, the tumor volumes of OA2-siRA-
PSYN and scFv-OA2-siRAPSYN groups increased slowly,
and scFv-OA2-siRAPSYN group showed a more remark-
able effect on the inhibition of tumor growth. After
sacrificing the mice, tumor tissues were collected, photo-
graphed and weighed. The tumor weight was statistically
analyzed, and the results were consistent with the data of
tumor volume (Fig. 4b, c). Notably, scFv-OA2-siRAPSYN
treatments resulted in more potent anti-tumor effects
than the siRNA without scFv region, further confirming
the critical roles of anti-CD79B-scFv for specific target-
ing and subsequent gene silencing. Meanwhile, body
weight of the mice did not have significant changes, and
no adverse effects were noticeably observed during and
after the treatments (Fig. 4d).

To ascertain that the anti-tumor efficacy of scFv-OA2-
SiRAPSYN was resulted from the decrease of BCR-ABL
neddylation and the increase of BCR-ABL degradation
by the silencing of RAPSYN gene, tumor tissues in differ-
ent groups of the mice were collected for various analy-
ses. Both OA2-siRAPSYN and scFv-OA2-siRAPSYN
were able to significantly lower the levels of mRNA and
protein of the target gene RAPSYN (Fig. 4e), thereby
promoting the degradation of BCR-ABL (Fig. 4f). In par-
ticular, scFv-OA2-siRAPSYN exhibited the best capabil-
ity on gene silencing. In addition, H&E staining showed
that scFv-OA2-siRAPSYN could reduce tumor cell den-
sity and blurred boundaries. Ki67 staining and TUNEL
analysis also confirmed the inhibitory effects on tumor
growth by scFv-OA2-siRAPSYN (Fig. 4g). Therefore, the
anti-tumor effects of scFv-OA2-siRAPSYN were defini-
tively confirmed in the cell line-based mouse model, and
the advantage of anti-CD79B-scFv conjugation was veri-
fied in vivo.

Prolonged survival of leukemic mice by scFv-OA2-siRAPSYN
To evaluate the therapeutic potential of scFv-OA2-
siRAPSYN for targeted therapy of Ph™ leukemia, a Ph*
leukemic cell line-based mouse model was constructed
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by intravenously injecting K562 cells into the tail veins
of NCG mice. After 7 days, the mice were intravenously
administrated with different preparations every two days,
and their survival times were recorded. OA2-siRAPSYN
without scFv, similar to saline and scFv-OA2-siNC,
showed no therapeutic effects. Compared to the controls,
scFv-OA2-siRAPSYN could remarkably prolong the sur-
vivals of leukemic mice (Fig. 5a).

To directly monitor the disease progression of leu-
kemic mice, K562 cells were constructed with fluores-
cence reporter gene to establish a fluorescent leukemic
mouse model, and the malignant status and progression
of the disease was regularly monitored. As shown in
Fig. 5b, the imaging results were in accordance with the
survival data. As time went by, the fluorescence signals
of all control groups, including saline, OA2-siRAPSYN
and scFv-OA2-siNC, increased sharply and gradually
diminished after 20 days. By contrast, the florescence sig-
nals in scFv-OA2-siRAPSYN group were relative lower,
indicating the inhibition of tumor growth. Collectively,
these results again confirmed that OA2-siRAPSYN with
anti-CD79B-scFv can specifically target leukemic cells to
inhibit the progression of Ph* leukemia.

Biodistribution and safety of scFv-OA2-siRAPSYN

To investigate the distribution of scFv-OA2-siRAPSYN in
leukemic mouse model, in vivo imaging was performed
after administration of scFv-OA2-Cy5-siRAPSYN over
the time. As shown in Fig. 5¢, the fluorescence signals in
all mice were mainly accumulated in the abdomen at 3 h
after the administrations. At 6 h, the intensity of fluores-
cence signals in free siRAPSYN group was significantly
weakened, whereas the groups of OA2-siRAPSYN and
scFv-OA2-siRAPSYN still produced strong fluorescence,
especially the scFv-OA2-siRAPSYN group. After 24 h,
the fluorescence of Cy5-siRAPSYN was undetectable in
all groups, indicating the complete clearance of siRNA
within 24 h. With regard to the distribution of scFv-OA2-
siRAPSYN, it was not resided in particular organs, which
is likely due to its targeting effects in blood circulation.
In parallel, the mice after administration were sacrificed
at 24 h, and major organs were collected for ex vivo visu-
alization of Cy5-siRAPSYN signal. As shown in Fig. 5d,
strong fluorescence signals were found in liver, kidneys
and lung in free siRNA group, whereas the fluorescence
signals of OA2-siRAPSYN and scFv-OA2-siRAPSYN
were largely located in the kidneys, implying that siRNA
was liable to excrete through the kidneys.

To determine the practical utility of present approach,
the safety of scFv-OA2-siRAPSYN was preliminarily
evaluated in mice. Different siRAPSYN preparations were
injected intravenously into leukemic mice every 2 days.
After 10 days, the mice were sacrificed, and tissues were
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Fig. 5 Therapeutic effects of scFv-OA2-siRAPSYN on human Ph* leukemia mouse models of disease and distribution in vivo. a Kalpan-Meier survival
curve of leukemic mice (n=10), ns: no significance, ***P <0.001 versus control group; ¥P <0.001 versus OA2-siRAPSYN group. b Fluorescence signals
from K562 cells in mice with different treatments. ¢ Biodistribution of Cy5-siRAPSYN over the time in vivo. d Distribution of Cy5-siRAPSYN in organs
(from left to right: heart, liver, spleen, lung, kidney and femoral head) after the administrations for 24 h

individually collected for pathological examinations. The
examinations indicated that scFv-OA2-siRAPSYN exhib-
ited good safety profiles in mice (Additional file 1: Fig.
S13), which warrants further evaluations in different ani-
mal species for preclinical studies.

Discussion

Despite the advancements and great successes of PRO-
TAC-based design of small molecules or nucleic acid-
based gene therapies, direct targeting Ph* leukemia
has not practically shown their therapeutic potentials
[23-26]. Compared to the inhibition of tyrosine kinase
activity by TKI, the degradation of oncoprotein BCR-
ABL possesses obvious advantages to avoid drug resist-
ance, relapse and recurrence. Previously, BCR-ABL was
chosen as the first and the most important target for the
demonstration of the feasibility of PROTAC technology
by using various ubiquitin E3 ligases [27, 28]. Unfortu-
nately, all excellent molecular and cellular activities on
the degradation were unable to translate to hematological

tumor models for prolonging the survival times of the
animals. Our recent findings revealed that, in Ph* leuke-
mia cells, the Lys residues in BCR-ABL are modified by
a scaffolding protein RAPSYN that possesses NEDD8 E3
ligase activity[8]. These neddylation modifications gen-
erates a shield on the surface of BCR-ABL oncoprotein
to prevent the binding and degradation by PROTAC-
based degraders, which provides a sensible explanation
on the lack of in vivo efficacy of these degraders. Mean-
while, the discovery of RAPSYN-mediated neddylation
of BCR-ABL also provides an alternative degradation
approach because inhibition of the NEDDS8 E3 ligase
activity of RAPSYN or silencing of RAPSYN gene could
achieve the reduction of BCR-ABL neddylation for the
ease of c-CBL-mediated proteasomal degradation. How-
ever, specific inhibition of the NEDDS8 E3 ligase activity
of RAPSYN is an impossible task since RAPSYN protein
is extensively distributed in various tissues [29]. Conse-
quently, silencing of RAPSYN gene becomes an ultimate
choice.
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In the past 20 years, siRNA has emerged as a new ther-
apeutic technology, which is regarded as a unique therapy
for the treatment of broad-spectrum refractory diseases
[30]. To accomplish desired therapeutic effects, efficient
delivery of siRNA into cells is a prerequisite [31]. In this
study, we chose OA2, a demonstrated effective cationic
lipid nanoparticle with high transfection efficiency [32],
as the carrier to deliver the siRNA against RAPSYN gene,
which has shown excellent RAPSYN gene silencing in
Ph* leukemia cell lines. In addition, OA2-siRAPSYN
could significantly inhibit the proliferation of Ph* leuke-
mia cell lines, through the regulation of Wnt/p-catenin/c-
Myc signaling pathway, which is another advantage to
possibly eliminate leukemia stem cells in Ph* leukemia
patients [33-35].

Given the nature of hematological malignancy, Ph™ leu-
kemia cells continuously distribute in various issues. To
effectively deliver sufficient amount of siRNA into cells,
specific binding between siRNA delivery system and leu-
kemia cells would be essential for achieving promising
therapeutic effects. For example, because IL1 receptor-
associated protein (ILIRAP) is a tumor-associated anti-
gen on cell surface, targeting this antigen was attempted
to eradicate leukemia stem cells, but several issues of tox-
icity and side effects were associated with its lack of spec-
ificity [36]. In our case, specifically targeting a surface
marker on Ph* cell lines could offer precise recognition
for OA2-siRAPSYN by Ph™ leukemia cells, thus leading
to effective RAPSYN silencing and minimized potential
adverse effects. Indeed, the analysis of GEO databases
indicated that CD79B protein could be a candidate of
surface antigen based on its high expression on leuke-
mic cell surface. In addition, the safety of anti-CD79B
monoclonal antibody has been clinically demonstrated,
as exemplified by marketed drugs [37, 38]. Therefore,
CD79B was selected in this study as a surface molecule
to specifically bind the scFv portion of its antibody, which
should be able to result in targeted therapy for Ph* leu-
kemia. Indeed, OA2-siRAPSYN with anti-CD79B-scFv
as the ligand showed targeting capability with specific
uptakes by Ph* leukemia cell lines for RAPSYN gene
silencing and BCR-ABL degradation, conforming the
druggable value of targeting RAPSYN gene. The effective-
ness of scFv-OA2-siRAPSYN was also verified by tissue
distribution, anti-tumor efficacy and survival time in leu-
kemic cell line-based mouse models. Compared to other
approaches of gene therapy for hematological diseases,
the conjugation of a scFv portion with lipid nanoparticles
for specific targeting of a certain group of cells in the cir-
culation is a remarkable advancement in the field, which
could promote the design of novel therapeutic strategies
and the development of more precise and sophisticated
treatment options.
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Conclusions

In summary, we have designed and evaluated a dual-
targeted scFv-OA2-siRAPSYN for gene therapy of Ph*
leukemia. Specific binding with Ph cell lines was accom-
plished by the conjugation of anti-CD79B-scFv with
OAZ2-based lipid nanoparticles, thereby exhibiting effec-
tive gene silencing of RAPSYN for the degradation of
oncogenic BCR-ABL. Moreover, the therapeutic values of
scFv-OA2-siRAPSYN were demonstrated in xenografted
mouse models. The present leukemic cell line-based
study has not only offered a new protein degradation-
based therapeutic strategy for the treatments of Ph*
leukemia, but also shown the potentials of expanding its
utility for other hematological diseases.
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