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Therapies for the treatment of Chronic Myeloid Leukemia and other leukemias are still limited for patients at
advanced stages, which allow development of point mutations in the BCR-ABL fusion gene that render CML cells
insensitive to therapies. An effective non-viral delivery system based on lipopolymers is described in this study to
deliver specific siRNAs to CML cells for therapeutic gene silencing. The lipopolymer, based on the lipid a-
linolenic acid (aLA) substitution on low molecular weight polyethyleneimine (PEI), was used to deliver siRNA
against the BCR-ABL gene and, the resultant therapeutic effect was evaluated in in vitro and in vivo CML models.
The study concluded that siRNA/PEI-aLA nanoparticles enabled silencing of the BCR-ABL gene and BCR-ABL
protein, which consequently reduced growth on CML K562 cells in vitro and arrested the growth of localized
tumors in a localized CML mouse model. The results from this study confirmed the potential use of lipopolymers
as delivery systems and are encouraging for the future design of non-viral delivery systems for the treatment of

CML and other hematological malignancies resulting from gene fusions.

1. Introduction

Chronic myeloid leukemia (CML) is a malignant neoplasm char-
acterized by the Philadelphia (Ph) chromosome at the myeloid hema-
topoietic stem cell level. The BCR-ABL fusion gene initiates and pro-
pagates the disease that leads to uncontrolled expansion of immature
myeloid cells in bone marrow and bloodstream [1,2]. Tyrosine kinase
inhibitors (TKI) against ABL tyrosine kinase have shown promise in
treating CML, however subsets of patients, especially those in the ac-
celerated and in blast crisis phases, are more likely to show early re-
lapse and develop resistance to TKI treatment [1,2]. Synthetic small
interfering RNA (siRNA) molecules can be designed to bind and silence
ongogenic mRNAs but the siRNA technology in clinics has been limited
to solid tumors in major organs such as lung, kidney and liver [3].
Delivery of siRNA to leukemia-causing cells has yielded limited success
in in vitro studies due to lack of functional delivery systems [3,4]. While
viral delivery and electroporation have been used for siRNA delivery in
exploratory studies, they cannot be translated to a clinical setting (with

electroporation) or possess significant risks for translation (with viral
delivery). Lipopolymer-based carriers based on low molecular weight
polyethyleneimine (PEI), have been explored for efficient siRNA de-
livery to myeloid leukemia cells in vitro [5-7]. Previously, a lipopo-
lymer derived from a-linolenic acid (aLA) substitution showed effective
silencing of the Green Fluorescent Protein (GFP) in GFP-positive K562
cells in suspension or after attachment to a RGD-surface [5]. However,
no studies were explored with this delivery system in a preclinical CML
model. This study evaluated the PEI formulation based on aLA con-
jugation on 1.2 kDa PEI (PEI1.2-aLA), as siRNA carrier in human K562
CML cells in vitro and K562 xenograft model in mice. This animal model
represents ‘metastasized” CML tumors, and has been used in the lit-
erature before [8,9]. The PEI1.2-alLA was then used in vitro to deliver
siRNA against the BCR-ABL fusion gene to assess changes in BCR-ABL
mRNA and p210 BCR-ABL protein levels and proliferation of CML cells.
The efficacy of BCR-ABL siRNA nanoparticles was subsequently as-
sessed in a CML xenograft model consisting of localized tumors. The
methodology for the study is included in Supplementary Material.
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Fig. 1. siRNA effect in GFP-K562 cells in vitro. (A) GFP silencing in cells transfected with unmodified PEI and PEIs substituted with PA, LA and aLA. Decrease of mean
GFP fluorescence (Ai), and GFP silenced cell population (Aii) were assessed by flow cytometry 3 days after 36 nM siRNA treatment (1:8 and 1:12 siRNA:polymer
ratios) and calculated as described in the Supporting Information (n = 3). (B) Decrease of GFP fluorescence of cells transfected with PEI-aLA at 20, 40 and 80 nM as a
function of time (siRNA:polymer ratios 1:8 and 1:12) (n = 3). (C and E) Cells treated with BCR-ABL siRNA/PEI-aLA at 30 nM and/or 60 nM siRNA and 1:12
siRNA:polymer ratio were analyzed by RT-qPCR on day 1 (n = 3) (C) and MTT cell viability assay (normalized to NT) ondays 1,2 and 4 (n = 4) (E) *, p < 0.05; **,
p < 0.01; ***, p < 0.001. (D) Western blot analysis of p210 BCR-ABL phosphorylated-BCR-ABL (P-p210 BCR-ABL) proteins from cells treated with siRNA/PEI1.2-
aLA at 20 nM siRNA and 1:12 siRNA:polymer ratio for 3 days. Protein expression of p210 BCR-ABL and P-p210 BCR-ABL relative to 8-tubulin was quantified (n = 2).
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The carriers used in this study were palmitic, linoleic and a-lino-
lenic acid modified PEI (PEI1.2-PA, PEI2-LA and PEI1.2-aLA) and un-
modified PEI (A scheme of the lipid substitutions on PEI is shown on
Fig. S1). The synthesis and characterization of PEI-PA and PEI-LA, and
PEI-aLA were described in [10] and [5,11], respectively. Complete
siRNA binding to the polymers occurs at siRNA:polymer ratio of 1:2 [5],
so that siRNA:polymer ratio in excess of 1:2 was used to ensure com-
plete binding of the siRNA. The size and surface charge of siRNA/PEI-
alA nanoparticles (siRNA/polymer ratio 1:12) was 118.5 * 13nm
and 38.8 + 2.6 mV, respectively; in comparison to 712 * 17.9nm
and 32 *+ 0.7mV from siRNA/PEI nanoparticles [5]. We first in-
vestigated silencing of the reporter GFP gene in K562 cells with stable
GFP expression (GFP-K562) (Fig. 1A). The unmodified PEI was in-
effective to silence the GFP expression. PEI1.2-PA and PEI1.2-aLA were
effective in reducing mean GFP fluorescence (1:8 ratio: 40.3 + 2.0%
and 22.8 + 3.1%; 1:12 ratio: 47.2 * 4.0% vs. 44.6 = 5.8% Fig. 1Ai,
and Fig. 1Aii). LA-substitution on PEI was also not effective, unlike its
activity in acute myeloid cell models [6]. We used PEI1.2-aLA for the
remainder of the study. We further evaluated the effectiveness of
PEIl1.2-aLA for long term silencing (Fig. 1B). The 20 nM siRNA treat-
ment showed a 10-20% decrease in mean GFP fluorescence, which
remained constant for up to 9 days (Fig. 1B). At 40 nM, decrease in GFP
fluorescence with 1:8 ratio was slightly higher than the 20 nM dose but
also < 20% (Fig. 1Bi). At the 1:12 ratio, the 40 nM siRNA treatment
displayed a steady increase in silencing from 11.1 = 2.0% to
44.8 + 3.5% over the 9 day studied period (Fig. 1Bii). At 80 nM, there
was a gradual increase in GFP silencing from ~30% on day 2 to ~84%
on day 9 (Fig. 1Bi, ii).

The changes in BCR-ABL mRNA were quantified by ddPCR one day
after transfection (Fig. 1C). Treatment of cells with 30 nM siRNA
yielded 12-13% BCR-ABL silencing while, at 60 nM, 27.3 * 6.5% si-
lencing (1:8 ratio, p < 0.001) and 49.6 = 2.5% silencing (1:12 ratio,
p < 0.001) was seen. Based on western blotting, treatment of cells
with 20 nM siRNA for 3 days reduced the p210 BCR-ABL levels by 30%,
which was also similar to the reduction of phosphorylated p210 BCR-
ABL (P-p210) protein (~30%; Fig. 1D). Slightly higher reduction of
p210 and P-p210 BCR-ABL proteins was found (32% and 44%, re-
spectively) for cells treated with 30 nM siRNA (Fig. S2). To evaluate the
effects of BCR-ABL silencing on growth (Fig. 1E), cell growth was

416 £ 3% and 359 = 51% on day 1 (5.7% decrease),
48.1 + 15.2% and 35 = 9.8% on day 2 (13.1% decrease), and
57.5 * 3.6% and 34.3 = 1.6% on day 4 (23.2% decrease, p < 0.001)

for treatment with GFP-siRNA and BCR-ABL siRNA, respectively.

The effect of BCR-ABL siRNA delivery was then investigated in a
CML xenograft mice model (methodology for tumor xenografts forma-
tion is described in Supporting Information). The established xenografts
derived from GFP-K562 cells were injected with BCR-ABL-siRNA/
PEI1.2-aLA nanoparticles subcutaneously near the tumor (SC;
3 X 10 ng siRNA, siRNA:polymer ratio 1:12) or intraperitoneally (IP;
10ug + 3 x 15pug siRNA, siRNA:polymer ratio 1:12). Nanoparticle
injections were carried out every 3-4 days at the time points indicated
in Fig. 2. Injection with RPMI alone and GFP-siRNA/PEIl1.2-aLA na-
noparticles served as treatment controls. Changes in the relative tumor
volumes (vs. day 0) after the first injection are shown in Fig. 2 (data in
Table S1). For SC-treated xenografts, GFP siRNA did not decrease tumor
volumes after day 10 in comparison to RPMI group. Tumor growth with
BCR-ABL siRNA showed a slower growth trend in comparison to RPMI
and GFP siRNA groups (Fig. 2A). This effect was more evident on days 7
and 10, where there was a significant difference on day 7 between
RPMI and BCR-ABL siRNA groups (p < 0.05 by t-test), but the rest of
the groups were not significantly different. A reduction of tumor size
was still appreciated on day 14 but the difference was less evident. The
ddPCR analysis of extracted tumors indicated ~21% reduction of BCR-
ABL mRNA in tumors treated with BCR-ABL siRNA in comparison with
RPMI group (p = 0.1), where no changes in BCR-ABL levels with the
GFP siRNA were found (Fig. S3A). Presumably, the 1-week delay
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between the last siRNA injection and analysis time allowed recovery of
the BCR-ABL mRNA levels. With IP administration of siRNA, growth of
tumors treated with GFP siRNA was slower in comparison with the
RPMI group but there was no significant difference at any time point
(Fig. 2B). BCR-ABL siRNA injection decreased the tumor volumes from
day 4 up to day 15; where statistical differences were found on day 4
(between RPMI and BCR-ABL, p < 0.05) and on day 8 (between RPMI
and BCR-ABL, and GFP and BCR-ABL, p < 0.05 by t-test). On day 8,
the volume of tumors treated with BCR-ABL was 6 times less than the
volume of tumors treated with GFP siRNA. Changes in volume of tu-
mors treated with BCR-ABL siRNA on days 12 and 15 were no longer
significantly different in comparison to RMPI (p = 0.076) and GFP
siRNA (p = 0.097) groups (Fig. 2B). No apparent changes in the body
weight were observed between treated mice and untreated mice (Fig.
S3B).

Low and high molecular weight (MW) PEIs have been widely used
as a non-viral vector for their ability to condense and delivery nucleic
acid into the cells. PEI has been used for a range of mammalian cells,
including attachment-dependent and suspension cells [12,13]. To avoid
non-specific interactions and prolong plasma circulation time, cationic
surface of PEI were shielded with hydrophilic polymers such as poly
(ethylene glycol) (PEG), pluronic and polyacrylic acid [13]. Other PEI
modifications included ligand-PEI conjugates for cell targeting such as,
galactose, transferrin (Tf), and folate [14]. In the context of PEI mod-
ifications for nucleic acid delivery to leukemia cells, immune-poly-
plexes were constructed using high (25 kDa) MW PEI-based polyplexes
attached via streptavidin bridge to biotin-labeled antibodies for tar-
geted pDNA delivery in lymphoma cell lines [15]. Anti-CD3 and anti-
CD19 immunoplexes were highly functional and selective for delivery
in Jurkat T-cells (CD3+/CD19-) and Granta B-cell lines (CD3-/
CD19+), respectively. Only 11% of Jurkat and 2% of Grant cells were
positive with pDNA, in comparison with naked PEI that resulted in 5%
of Jurkat cells transfected [15]. Another study modified linear 22 kDa
PEI for pDNA delivery in CML K562 cells [16], where PEI was con-
jugated with PEG and/or Tf (Tf-PEG-PEI and PEI-PEG). Plasmid DNA
complexes formed with a combination of native PEI and the two PEI-
conjugates (PEI/Tf-PEG-PEI/PEI-PEG) gave higher transfection than
complexes formed with native PEI, was equally effective to PEI/Tf-PEG-
PEI and 100-fold higher than PEI/PEI-PEG. Surface charge of PEI/Tf-
PEG-PEI/PEI-PEG complexes was significantly lower (between -1
and + 12mV) in comparison with native PEI (+31 mV) and PEI/Tf-
PEG-PEI (+27mV) complexes, and similar charge to PEI/PEI-PEG
(+10mV) [16]. In this regard, our polymers represent a less toxic
backbone (low MW PEI) with a membrane-compatible modification
(i.e., lipid substitution), which might be amenable for further mod-
ifications, such as for cell surface targeting or anti-fouling features
based on this literature. Another type of polymer used in leukemia,
acute myeloid leukemia in this case, is cyclodextrin modified with PEG
and a IL3Ra as targeting ligand (CD.DSPE-PEG-Fab) [17]. This delivery
system with a 100 nM siRNA dose gave 40% and 50% reduction of
mRNA and protein, respectively in comparison with nanoparticles with
control-siRNA. An increase of siRNA dose to 200 nM induced 25% cell
death in comparison with control siRNA nanoparticles. Combinatorial
treatment at 200 nM with chemotherapeutic agent cytarabine gave a
synergistic effect by inducing 75% cell death in comparison to 20% cell
death with cytarabine treatment alone. Studies with AML patient cells
gave 30% or 60% silencing of BRD4 mRNA (6 patients), 45-60% (2
patients) BRD4 protein inhibition and a significant reduction of cell
viability alone (40-70%) and in combination with cytarabine (~ 80%).
Therapeutic effect of stablished drugs or chemotherapeutic agents can
be combined with siRNA therapy to induce further the anti-leukemic
effect [17].

Several other studies reported BCR-ABL siRNA delivery to arrest the
growth in CML K562 cells in vitro using commercial [3,18,19] and non-
commercial agents [4,5,20-23]. The functional effects were obtained
with siRNA concentrations that ranged between 70 nM and 2000 nM. In
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Fig. 2. BCR-ABL siRNA treatment in CML xenografts. Established tumors were treated (A) SC injection of siRNA (3 x 10 pg siRNA, siRNA:polymer ratio 1:12), and
(B) IP injection of siRNA (1 x 10 ug siRNA, followed by 3 X 15 ug siRNA, siRNA:polymer ratio 1:12). * (p > 0.05) by T-test and # (0.05 > p < 0.10) by ANOVA.
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this study, we observed silencing effects at 20-60nM, doses con-
siderably lower in comparison with the dose range used in the reported
studies.

We further explored the feasibility of BCR-ABL siRNA delivery in
nude mice bearing CML solid tumors. We demonstrated that BCR-ABL
gene was effectively silenced by repeated administration of BCR-ABL
siRNA/PEI1.2-aLA via SC route, inhibiting the growth of xeno-
transplanted tumors: The mice weights after the IP treatment showed
no significant changes between untreated mice and mice treated with
the nanoparticles, indicating no gross adverse effects. A previous an-
imal study performed from our research group, [24] evaluated the ef-
fect of siRNA delivery with a lipopolymer (linoleic acid substituted PEI)
in a breast cancer tumor model [24]. The IP treatment, which consisted
of 4 injections of 10 ug of siRNA and siRNA:polymer w/w ratio 8:1
every 48 h with a total 40 pg of siRNA (~0.5 mg/kg/day), showed si-
milarly significant tumor volume reduction with siRNA nanoparticle
treatment [24]. This study performed functional marker analysis on the
kidney (serum creatinine and urea) and liver (alanine aminotransferase
and gamma-glutamyl transpeptidase) of mice treated by IP injections;
these results did not show significant changes/difference in comparison
with untreated mice, suggesting no signs of nephrotoxicity or hepato-
toxicity after systemic siRNA/lipopolymer treatment [24]. In the pre-
sent study, we performed IP treatment with 4 injections of 1 X 10 ug
and 3 x 15 pg siRNA and siRNA:polymer w/w ratio 1:12 every 48 h (a
total of 55 ug of siRNA, giving ~0.69 mg/kg/day), with slightly higher
siRNA amount and siRNA:polymer ratio than the study by Aliabadi,
et al. However, given that the lipopolymers used in both studies are of
similar nature (i.e., lipid-substitution of low molecular PEI), we ex-
pected to find no signs of toxicity in liver and kidney of mice from our
study.

We are aware of only one in vivo study that evaluated the ther-
apeutic effect of oligonucleotides in CML model [25]. Zhang et at.,
delivered the G3139 antisense oligonucleotide (ASO) against Bcl-2 gene
with transferrin receptor (TfR) conjugated lipoplexes (LP) to K562
(which over-express Tf-R) xenografts in mice. Although Tf-LP G3139
delivery suppressed tumor growth for increased survival, it was found
that this effect was due to Bcl-2 silencing (expected) and immune cells
through tool-like receptor (TLR9) activation (unexpected). This sug-
gests that not only an effective delivery vehicle is needed but also a
careful design of the silencing agent so that the secondary effects are
optimized and the intended effect takes place. To our knowledge, this is
the first time that siRNA administration was demonstrated in CML in
vivo models. This may reflect the limited in vivo success with the cur-
rently used siRNA delivery systems. We recognize that future studies
will be needed with a more physiologically-relevant in vivo model, i.e.,
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on the horizontal axis indicates injections days: 1, 4, 7 days for SC treatment (A), and 1, 4, 8 and 12 for IP treatment (B).

grafting of cells derived from CML patients in NOD/SCID/yc (non-obese
diabetic/severe combined immunodeficiency/mutation of IL-2 receptor
y—chain deficient) mice [26] as well as a more careful analysis of
toxicities upon systemic siRNA injection with our delivery system.
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