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The therapeutic applications of lipid nanoparticle (LNP)
formulations of small interfering RNA (siRNA), are hampered by inefficient delivery of encapsulated siRNA to
the cytoplasm following endocytosis. Recent work has
shown that up to 70% of endocytosed LNP-siRNA particles are recycled to the extracellular medium and thus
cannot contribute to gene silencing. Niemann-Pick type
C1 (NPC1) is a late endosomal/lysosomal membrane
protein required for efficient extracellular recycling of
endosomal contents. Here we assess the influence of
NP3.47, a putative small molecule inhibitor of NPC1,
on the gene silencing potency of LNP-siRNA systems
in vitro. Intracellular uptake and colocalization studies
revealed that the presence of NP3.47 caused threefold
or higher increases in accumulation of LNP-siRNA in late
endosomes/lysosomes as compared with controls in a
variety of cell lines. The gene silencing potency of LNP
siRNA was enhanced up to fourfold in the presence of
NP3.47. Mechanisms of action studies are consistent
with the proposal that NP3.47 acts to inhibit NPC1. Our
findings suggest that the pharmacological inhibition of
NPC1 is an attractive strategy to enhance the therapeutic efficacy of LNP-siRNA by trapping LNP-siRNA in late
endosomes, thereby increasing opportunities for endosomal escape.
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INTRODUCTION

The application of RNA interference using small interfering RNA
(siRNA) has enormous therapeutic potential, as virtually every
gene becomes a “druggable” target that can be selectively silenced.
However, in the free form, the large, negatively charged siRNA
molecules are subject to degradation by RNases in the circulation, are rapidly cleared from the blood and cannot penetrate cell
membranes to access intracellular sites of action even if they get
to target tissues.1 Considerable effort has therefore been made to
develop safe and efficient delivery systems. Lipid nanoparticles
(LNPs) are the most advanced delivery systems with several LNP

siRNA formulations undergoing clinical evaluation.2 These systems employ optimized ionizable cationic lipids and satisfy key
issues for the development of clinically relevant siRNA-loaded
LNP (LNP-siRNA) including efficient siRNA encapsulation, high
gene silencing potencies and therapeutic indices (for liver targets)
as well as scalable manufacturing processes.3–5 However, there
remains a critical need to improve the potency of LNP-siRNA systems in order to extend applications of this gene silencing technology to tissues other than the liver.
A critical determinant of gene silencing potency involves the
cellular processing of LNP-siRNA following endocytosis. A recent
study suggests that < 2% of endocytosed LNP-siRNA is actually
released into the cytoplasm,6 and other studies have demonstrated
that the majority of internalized LNP-siRNA is recycled back to
the extracellular environment.7 Niemann-Pick type C-1 protein
(NPC1) has been identified as an important regulator of major
recycling pathways of siRNA delivered by LNPs; NPC1 knockout
cells showed enhanced siRNA intracellular retention and increased
gene silencing.7 NPC1 is a late endosomal/lysosomal membrane
protein that mediates cellular cholesterol trafficking; loss of NPC1
function has been shown to cause a hyper-accumulation of cholesterol in lysosomes, resulting in Niemann-Pick disease type C.8
This work therefore suggests that the pharmacological inhibition
of NPC1 could be an attractive strategy to potentiate therapeutic
effects of LNP-siRNA by reducing recycling to the extracellular
milieu, increasing intracellular retention and thus maximizing the
potential for endosomal release of siRNA into the cell cytoplasm.
In a screen of small molecules to identify agents that prevent Ebola virus infection, the compound NP3.47 (Figure 1) was
shown to enhance cholesterol accumulation in intracellular vacuoles,9 presumably by preventing endosomal escape of lipoproteins
following endocytosis. In the case of Ebola virus it was shown
that NP3.47 inhibited NPC1 and blocked cytoplasmic delivery
of the virus.9 For LNP-siRNA systems, longer residence times in
intracellular organelles may be expected to result in an enhanced
possibility for lytic interactions of component cationic lipids with
late endosome or lysosome membranes, resulting in siRNA escape
into the cytosol. To assess the influence of NP3.47 on the processing of LNP-siRNA following uptake, various cell lines were incubated with LNP-siRNA in the presence and absence of NP3.47
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Figure 1 Chemical structure of NP3.47. Reprinted from ref. 9

to determine effects on intracellular accumulation, extracellular
recycling, and gene silencing. It is shown that the presence of
NP3.47 increases intracellular accumulation, delays recycling to
the cell exterior and enhances the gene silencing potency of LNPsiRNA systems, indicating that NCP1 inhibition is a rational strategy for improving the potency of LNP-siRNA systems.

RESULTS
The presence of NP3.47 increases intracellular
localization of LNP-siRNA

The NPC1 protein plays an important role in the intracellular trafficking of cholesterol, as indicated by the fact that NPC1 knockout
cells demonstrate high levels of cholesterol.7 In order to show that
NP3.47 (which was identified as a blocker of Ebola infection) has
effects consistent with inhibition of NPC1 the effects of NP3.47 on
cholesterol accumulation in HeLa cells was examined. As shown
in Supplementary Figure S1, the presence of NP3.47 resulted in
significantly higher levels of intracellular cholesterol. The compound U 18666A, which is known to increase intracellular cholesterol by inhibiting cholesterol transport from lysosomes10 was
used as a positive control. It may be noted that the presence of U
18666A reduces LNP uptake in contrast to the increased accumulation of LNP in NPC knockout cells.7
Next, we investigated the effects of NP3.47 on LNP accumulation in a variety of cell lines. LNP siRNA systems containing the ionizable cationic lipid MC3 were formulated using the
microfluidic mixing technique11 and administered to cells in the
presence and absence of NP3.47. The cell lines employed were
NIH/3T3, HeLa, LNCaP, Raw 264.7, OVCAR-3, PC3, 22Rv1, and
NPC1 knockout (NPC1−/−) cells which were incubated with DiIlabeled LNP-siRNA and NP3.47 at 0, 1 or 10 μmol/l for 24 hours.
Intracellular accumulation of LNP-siRNA was determined by
quantification of DiI fluorescence using the Cellomics Arrayscan.
Results are shown in Figure 2, where it may be noted that, in the
absence of NP3.47, accumulation as reflected by fluorescence
intensity increased up to a dose level of 2.5 mg/l but was reduced
at the highest dose of 5 mg/l. Similar effects have been observed
elsewhere for related LNP systems and arise due to inhibitory
effects of the high concentrations of the exchangeable PEG-lipid12
at higher LNP dose levels (Kulkarni et al., unpublished results).
The results shown in Figure 2a–h demonstrate that in the
presence of 10 µmol/l NP3.47, LNP-siRNA (2.5 and 5 mg/l concentrations) accumulated significantly more in all cell lines tested
compared with untreated cells. This is with the exception of
NPC1−/− cells where NP3.47 had no effect. Representative images
(Figure 2i) illustrate the increased intracellular LNP accumulation in the presence of 10 µmol/l NP3.47. All subsequent experiments were carried out using 10 µmol/l concentrations of NP3.47.
Molecular Therapy vol. 24 no. 12 dec. 2016
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NP3.47 decreases and delays LNP-siRNA recycling to
the cell exterior
The absence of NPC1 has been shown to reduce the extracellular
recycling of siRNA delivered by LNPs.7 To determine the effect
of the NPC1 inhibitor NP3.47 on siRNA recycling, HeLa cells
were incubated with fluorescently-labeled siRNA encapsulated in
LNPs in the presence and absence of the inhibitor. The Quasar
570-tagged siRNA was selected because previous work shows that
the distribution pattern of Quasar 570 reflects the intact siRNA
localization.13 The cellular recycling of LNP-siRNA was determined by measuring the intracellular and extracellular amount
of siRNA over time using the pulse-chase protocol outlined in
the “Methods” section. As shown in Figure 3, in the absence of
NP3.47, ~60% of the previously internalized siRNA was detected
in the supernatant 4 hours after noninternalized LNP-siRNA was
removed. The presence of NP3.47 reduced siRNA exocytosis,
as only 40% of the previously internalized siRNA was detected
extracellularly 4 hours after external LNP siRNA was removed.
It is interesting to note however, that the bulk of the internalized
siRNA is eventually recycled to the cell exterior. After a 24 hours
chase, 80% of the total internalized siRNA was detected in the
extracellular medium in the absence of NP3.47, as compared with
~70% of the siRNA when the NPC1-inhibitor was present. These
results indicate that the presence of NP3.47 reduces and delays
siRNA recycling to the extracellular milieu.
The presence of NP3.47 enhances the gene silencing
potency of LNP-siRNA
To determine if the increased intracellular cellular accumulation of LNP-siRNA induced by NP3.47 could lead to enhanced
gene silencing, HeLa OVCAR-3, PC3, 22Rv1 or NPC1−/− cells
were treated for 24 hours with LNPs containing small interfering glyceraldehyde 3-phosphate dehydrogenase (siGAPDH)
(LNP-siGAPDH) in the absence or presence of 10 µmol/l NP3.47.
Quantification of GAPDH mRNA levels by reverse transcriptionquantitative polymerase chain reaction (RT-qPCR) indicated
dose-dependent gene silencing induced by increasing concentrations of LNP-siGAPDH. In order to ascertain the effects of NP3.47
the siRNA dose required to induce 50% gene silencing (ED50) was
determined. Gene silencing was enhanced approximately fourfold in HeLa cells (ED50 0.06 versus 0.24 mg/l) and approximately
twofold in OVCAR-3 (ED50 0.13 versus 0.28 mg/l), PC3 (ED50 0.16
versus 0.28 mg/l), and 22Rv1 cells (ED50 0.025 versus 0.065 mg/l)
in the presence of 10 µmol/l NP3.47 (Figure 4a–d). Although the
gene silencing enhancement by NP3.47 is less than that reported
by Sahay et al.,7 for NPC1 knockout cells, the results support the
hypothesis that NP3.47 inhibits recycling mediated by NPC1
resulting in enhanced siRNA escape into the cytosol. For NPC1−/−
cells, there was no change in (ED50) observed between the NP3.47
treated and LNP-siRNA alone (Figure 4e), again consistent with
hypothesis.
NP3.47 does not influence acidification of
intracellular organelles
If NP3.47 is enhancing intracellular accumulation of LNP-siRNA
systems, by inhibiting the action of the NPC1 protein, it would not
be expected to affect acidification of endosomes as they progress
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Figure 2 The intracellular accumulation of LNP-siRNA is increased in the presence of NP3.47. (a) NIH/3T3, (b) HeLa, (c) LNCaP, (d) Raw 264.7, (e)
OVCAR-3, (f) PC3, (g) 22Rv1, and (h) NPC1−/− cells were exposed to DiI-labeled LNP-siRNA (0.5, 2.5, and 5 mg/l) and NP3.47 (0, 1, and 10 µmol/l) for
24 hours at 37°C. Accumulation of LNP-siRNA was monitored using a Cellomics Arrayscan and quantified using the Cellomics Compartmental Analysis
algorithm. Data are presented as mean ± SD of three representative experiment performed in triplicate (**P < 0.01, ***P < 0.001 versus controls, by
unpaired Student’s t-test). (i) Representative images of cells exposed to LNP-siRNA (2.5 mg/l) with and without treatment of 10 µmol/l NP3.47. LNPsiRNA, siRNA-loaded LNP; LNP, lipid nanoparticle; siRNA, small interfering RNA; SD, standard deviation.

toward lysosomes. Live cell imaging was used to determine the
effects of NP3.47 on the acidification of endosomal/lysosomal
compartments (Figure 5). Lysosomotropic dyes (Lysotracker
Green or Lysoview 633) possess weakly basic amine groups which
selectively accumulate in low intracellular pH compartments
and have been used to label and track acidic organelles in live
2102

cells.14 Increases of the pH in previously acidic organelles can be
visualized as a reduction of fluorescence intensity and/or a loss
in the ability to visualize intracellular structures by fluorescence
microscopy. Ammonium chloride, a lysosomal inhibitor that
acts by increasing lysosomal pH,15 was used as a positive control.
The compound 4-bromobenzaldehyde N-(2,6-dimethylphenyl)
www.moleculartherapy.org vol. 24 no. 12 dec. 2016
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NP3.47 enhances delivery of internalized LNP-siRNA
to late endosomes and lysosomes
If NP3.47 delays and reduces recycling of siRNA to the exterior
of the cell and does not affect the acidification of endocytotic
organelles, it would be expected that increased trafficking of LNP
systems to late endosomes and lysosomes should be observed.
Pulse-chase colocalization studies of LNP-siRNA with endosomal/lysosomal markers in HeLa cells were therefore performed
in the presence and absence of NP3.47 and then visualized by
confocal microscopy. HeLa cells were incubated with DiI-labeled
LNP-siRNA for 3 hours after which the cells were washed and
resuspended in fresh medium. Cells were fixed after 15 minutes
or 60 minutes chase and endosomes/lysosomes were visualized
by staining with antiearly endosomal antigen-1 (EEA1) and antilysosomal associated membrane protein-1 (LAMP1) antibodies,
respectively as shown in Figure 6.
Confocal imaging demonstrated little colocalization of LNPsiRNA with EEA1 after 15 and 60 minutes chase, regardless of
whether NP3.47 was present or not. However, distinct colocalization of LNP-siRNA with LAMP1 was observed after 15 and
60 minutes chase. Interestingly, quantification of the confocal
images revealed that colocalization of LNP-siRNA with LAMP1
at both time points was significantly enhanced in the presence of
NP3.47 (Figure 6c,d). An increase in localization of LNPs with
Lysoview-positive vesicles (late endosome and lysosome markers) was also observed in live cells (3 hours pulse and 60-minutes
chase, Supplementary Figure S2) treated with NP3.47. These
results indicate that the enhanced knockdown of LNP-siRNA in
the presence of NP3.47 is mediated by enhanced trapping of LNP
in late endosomal/lysosomal compartments, which is in agreement with previous findings in NCP1−/− cells.7

DISCUSSION

The results of this work show that the presence of the NPC1
inhibitor NP3.47 can enhance intracellular accumulation of LNPsiRNA systems in vitro, resulting in up to fourfold increases in
gene silencing potency. There are three aspects of these results that
require discussion. The first concerns the mechanism whereby
NP3.47 exerts its effects and whether the results presented are
Molecular Therapy vol. 24 no. 12 dec. 2016
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semicarbazone (EGA), reported to delay lysosomal maturation
without neutralizing acidic organelles,16 was used as a negative
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As shown in Figure 5, live cell imaging using confocal
microscopy demonstrated that ammonium chloride significantly
reduced the intracellular fluorescence intensity of the lysosomotropic agents (Lysotracker Green and Lysoview 633) when incubated with Raw 264.7, NIH/3T3 and HeLa cells. However, the
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pathways. This behavior was similar to that observed for EGA and
indicates that the mechanism behind the increased intracellular
accumulation of LNP-siRNA and enhanced gene silencing in the
presence of NP3.47 does not result from neutralizing previously
acidic endocytic compartments.
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Figure 3 Cellular recycling of siRNA is delayed by NP3.47. HeLa cells
were treated for 3 hours with Quasar 570 labeled LNP-siRNA in the presence or absence of 10 µmol/l NP3.47.Cells were washed to remove extracellular LNP-siRNA and fresh medium was added containing 10 µmol/l
NP3.47 or DMSO as a control. At different time points, the supernatant
and cell lysate were collected to quantify the fluorescent siRNA. The ratio
of extracellular siRNA concentration to total concentration is plotted.
Data are presented as mean ± SD of three representative experiments
performed in triplicate (**P < 0.01 versus control by unpaired Student’s
t-test). DMSO, dimethylsulfoxide; LNP-siRNA, siRNA-loaded LNP; LNP,
lipid nanoparticle; siRNA, small interfering RNA.

fully consistent with inhibition of the function of NPC1. Second,
the results presented here indicate that the presence of NP3.47
enhances accumulation in lysosomes; this may not be expected to
result in enhanced gene silencing due to potential degradation of
LNP-siRNA contents. The third area of discussion concerns how
the benefits of agents such as NP3.47 could be extended to in vivo
applications. We discuss these areas in turn.
With regard to the mechanism of action of NP3.47, a number of the results reported here support the proposal that NP3.47
acts through inhibition of NPC1. First, results indicate that the
enhanced intracellular accumulation of LNP-siRNA is due to
a delay and reduction in the amount of siRNA that is recycled
to the cell exterior in the presence of NP3.47. This is consistent
with inhibition of the NPC1 protein as NPC1 has been shown to
be required for extracellular recycling of endosomal contents.7
Second, we demonstrate that NP3.47 does not neutralize acidic
intracellular organelles. Such neutralization would inhibit progression to late endosomes and lysosomes;17 thus the lack of
influence of NP3.47 on the intracellular organelle pH is also
consistent with the significantly higher levels of LNP-siRNA that
are observed to accumulate in late endosomes and lysosomes in
the presence of NP3.47. Third, in addition to extracellular recycling, NPC1 has also been shown to be necessary for the efficient
fusion of lysosomes with late endosomes.18 Continuous fusion
of lysosomes with late endosomes creates hybrid organelles in
which the bulk of the lysosomal cargo is degraded.18,19 NPC1
dysfunction caused accumulation of lysososmal cargo,18 again
consistent with the results presented here which show that more
LNP colocalize with late endosomes/lysosomes in the presence
of NP3.47.
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Figure 4 NP3.47 enhances the potency of LNP-siRNA formulations for gene silencing in vitro. (a) HeLa, (b) OVCAR-3, (c) PC3, (d) 22Rv1, and
(e) NPC1−/− cells were treated with LNPs-siRNA against GAPDH in the presence or absence of 10 µmol/l NP3.47. GAPDH mRNA levels were quantified
after 24 hours incubation using RT-qPCR. A median effective siRNA dose (ED50) for the control and the NP3.47 treated can be obtained. Data are presented as mean ± SD of three representative experiments performed in triplicate. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LNP-siRNA,
siRNA-loaded LNP; LNP, lipid nanoparticle; RT-qPCR, reverse transcription quantitative polymerase chain reaction; siRNA, small interfering RNA.

An additional question concerning the mechanism of NP3.47
is whether it applies to other forms of endocytosis. The endocytosis of LNP-siRNA systems containing ionizable cationic lipids
is dependent on association with apolipoprotein E (ApoE) and
proceeds by the classic clathrin-mediated endocytosis mechanism
used for uptake of cholesterol-containing LDL.20 However, it has
been noted that low NPC1 levels result in reduced internalization and lower transfection efficiencies for a polymer-based gene
delivery system which enters cells primarily through caveolaemediated endocytosis.21 Thus, the benefits of NP3.47 on LNPsiRNA intracellular accumulation and gene silencing potencies
may depend on the particular endocytotic mechanism employed.
The observation that the presence of NP3.47 leads to
enhanced lysosomal accumulation of LNP-siRNA systems and
enhanced gene silencing capabilities is interesting for a number
of reasons. First, it has not been generally recognized that such a
large proportion of endocytosed siRNA is recycled to the extracellular medium (>60% for HeLa cells). Such recycling could be
a factor limiting the gene silencing potency of LNP-siRNA systems following uptake contributing to the fact that only a minor
fraction (<−2%6 and ~ 3.5%22) of endocytosed siRNA is released
into the cytosol. Second, the fact that greater accumulation of
LNP-siRNA systems is observed in lysosomes in the presence of
NP3.47 implies that they have passed through late endosomes and
2104

thus have a greater chance of escape in the endosomal compartment than if they had been recycled. Finally, the properties of the
ionizable cationic lipids employed here have been optimized to
destabilize surrounding membranes by association with endogenous anionic lipids (such as phosphatidylserine, PS, or lyso-bis
phosphatidic acid, LBPA)5 to form membrane-lytic nonlamellar structures.4,5 It is conceivable that some of the siRNA release
occurs in the lysosomes as the low pH (pH 4.5–5) in the lysosome will convert essentially all of the LNP ionizable cationic lipid
to its positively charged, membrane lytic form. However, recent
studies have shown that siRNA release occurs within 10 minutes
of endocytosis22 in endosomes that have characteristics of both
early and late endosomes,6 and little if any release is observed in
lysosomes.22
The third area of interest concerns whether enhanced gene
silencing potency observed in vitro in the presence of NP3.47 can
be extended to in vivo situations. As noted elsewhere the gene
silencing potency of LNP-siRNA systems for hepatocyte targets
is extremely high, requiring doses of as little as 10 μg/kg body
weight to achieve 50% gene silencing;3,4 however, for other tissues dose levels of 1 mg/kg body weight or more are required,23–25
limiting clinical applications. The addition of agents such as
NP3.47 to enhance potency would appear an attractive option,
however the problems associated with the likely toxicities of
www.moleculartherapy.org vol. 24 no. 12 dec. 2016
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were imaged by confocal microscopy. Scale bar: 10 µm. Fluorescent intensities from confocal images of (b) Raw 264.7, (c) NIH/3T3, and (d) HeLa
cells were quantified using ImageJ. On average at least 50 cells per experiment were analyzed. Quantification of fluorescent intensity per cell is
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systemically administered NP3.47 limit the appeal of this option.
In this regard we have recently shown26 that a hydrophobic prodrug derivative of dexamethasone, when associated with LNP
systems is a 20-fold or more potent for suppressing immunostimulatory effects of encapsulated RNA or DNA as compared with
free dexamethasone. This is attributed to the avid accumulation
of LNP systems by cells of the immune system such as macrophages and dendritic cells.23 Thus, for specific tissues that avidly
accumulate LNP systems, such as cells of the immune system,
inclusion of a hydrophobic prodrug version of NP3.47 in the LNP
may prove useful for increasing gene silencing potencies of LNPsiRNA systems.
In summary, the results presented here show that the NPC1
inhibitor NP3.47 leads to enhanced gene silencing capabilities for LNP-siRNA systems in vitro. The mechanism involved
is consistent with inhibition of the NPC1 protein resulting in
reduced LNP recycling to the cell exterior, greater accumulation of LNP-siRNA in intracellular organelles and concomitantly improved opportunities for escape of LNP-siRNA into
the cell cytoplasm. It is anticipated that related strategies may
be employed to enhance the potency of LNP-siRNA systems in
certain tissues in vivo.
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MATERIALS AND METHODS

Materials. The ionizable cationic lipid O-(Z,Z,Z,Z-heptatriaconta-

6,9,26,26-tetraen-19-yl)-4-(N,N-dimethylamine) butanoate (MC3) was
obtained from Biofine International (Vancouver, Canada). Polyethylene
glycol-dimyristol glycerol (PEG-DMG) was synthesized as previously
described by Akinc et al.,27 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, AL). Lipophilic dye DiI (1,1′-dioctadecyl-3,3,3′3 ′-tetramethylindocarbocyanine perchlorate) was obtained from Invitrogen (Carlsbad,
CA). GAPDH siRNA (sense strand 5′-UGG CCA AGG UCA UCC AUG
ACA ACU U-3′ and antisense strand 5′-AAG UUG UCA UGG AUG ACC
UUG GCC A-3′) was purchased from Invitrogen. Filipin complex (F9765)
and U 18666A were purchased from Sigma-Aldrich (St. Louis, MO).
NPC1 inhibitor NP3.47 was synthesized following the procedures detailed
elsewhere.9 The structure of NP3.47 was confirmed by NMR and the full
details are provided in Supplementary Method 1.
Cell culture. The human cervix carcinoma cell line (HeLa), the murine

macrophage cell line (Raw 264.7), the human prostate carcinoma cell
line (PC3), and the murine fibroblast cell line (NIH/3T3) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4 mmol/l
L-glutamine, 4,500 mg/l glucose, 1 mmol/l sodium pyruvate, 1,500 mg/l
sodium bicarbonate and supplemented with 10% (v/v) fetal bovine serum
(FBS). The human prostate carcinoma cell lines (LNCaP and 22Rv1) and the
human ovarian carcinoma cell line (OVCAR-3) were cultured in Roswell
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Figure 6 Treatment with NP3.47 results in increased localization of LNP-siRNA in late endosomal/lysosomal compartments. (a, b) Representative
images of HeLa cells incubated with DiI-labeled LNP-siRNA (red) in the presence or absence of NP3.47 for 3 hours. Cells were fixed after 15 minutes
a or 60 minutes b chase and stained with EEA1 or LAMP1 antibodies (green). The inset images show 282% magnification. Scale bar: 10 µm. (c, d)
Quantitative analysis of LNP colocalization with EEA1 and LAMP1 following 3 hours pulse and 15 minutes c or 60 minutes d chase. Data are presented as mean ± SD based on three representative experiments, 8–10 images per experiment were analyzed (**P < 0.01 versus control by unpaired
Student’s t-test). EEA1, antiearly endosomal antigen-1; LAMP1, antilysosomal associated membrane protein-1; LNP-siRNA, siRNA-loaded LNP; LNP,
lipid nanoparticle; siRNA, small interfering RNA.

Park Memorial Institute (RPMI)-1640 medium containing 2 mmol/l
L-glutamine, 10 mmol/l N-2-hydroxyethylpiperazine-N9-2-ethanesufonic
acid (HEPES), 1 mmol/l sodium pyruvate, 4,500 mg/l glucose, and
1,500 mg/l sodium bicarbonate and supplemented with 10% (v/v) FBS. The
NPC1 knockout (NPC1−/-−) MEF cell line was a kind gift from G. Sahay at
Oregon State University and P. Lobel at Rutgers University. NPC1−/− cells
were cultured in DMEM containing 10% FBS, 1% L-glutamate, 1% sodium
pyruvate and 1% penicillin/streptomycin. All cell lines were kept in culture
at 37°C in a humidified atmosphere containing 5% CO2. All cell culture
media and reagents were purchased from Invitrogen.
Preparation of siRNA LNPs. LNP-siRNA formulations were manufactured
using a microfluidic mixing method as previously described.11,12 Briefly,
MC3, DSPC, cholesterol, and PEG-DMG were dissolved in anhydrous
ethanol at a molar ratio of 50:10:38.5:1.5 with a final lipid concentration of
20 mmol/l; A solution of siRNA at a final concentration of 0.28 mg/ml was
prepared in 25 mmol/l sodium acetate buffer at pH 4. To formulate LNPsiRNA, lipid and siRNA solutions were injected into a microfluidic mixer
(Precision Nanosystems, Vancouver, Canada) at flow rates of 1.5 ml/min
(siRNA) and 0.5 ml/min (lipids) respectively, using two syringes controlled
by a syringe pump (PHD Ultra, Harvard Apparatus, Holliston, MA).
The LNP-siRNA preparations were then immediately dialyzed against a
50 mmol/l MES (BioShop, Burlington, Canada) and 50 mmol/l sodium
citrate buffer (Sigma-Aldrich, Oakville, Canada) at pH 6.7 for at least 2
hours to remove residual ethanol, followed by dialysis against phosphate
buffered saline (PBS) pH 7.4 overnight using 12–14 kD MWCO dialysis
tubing (Spectrum Labs, Rancho Dominguez, CA). LNP-siRNA was subsequently passed through a 0.2 µm filter (Pall, MI). The final cationic lipid/
siRNA charge ratio was 3:1. LNP siRNA formulations were analyzed to
determine siRNA encapsulation efficiency and LNP size. The LNP analysis
is provided in Supplementary Method 2 and Supplementary Table S1.
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Intracellular accumulation of LNP-siRNA. HeLa, NIH/3T3, Raw 264.7,
LNCaP, PC3, 22Rv1, OVCAR-3, or NPC1−/− cells were seeded in black
96-well plates at a density of 6,000, 6,000, 10,000, 13,000, 6,000, 25,000,
10,000, and 6,000 cells per well, respectively. On the following day, cells
were treated with DiI-labeled LNP-siGAPDH (0.5, 2.5, and 5 mg siRNA/l)
and NP3.47 (0, 1 or 10 µmol/l) and incubated for 24 hours. Cells were then
fixed with 3% paraformaldehyde (PFA, Acros, NJ) containing 500 ng/ml
Hoechst 33342 (Invitrogen) as a nuclear stain for 15 minutes at room temperature (RT). Cells were subsequently washed and stored in 100 µl of PBS
supplemented with 0.1 µmol/l calcium chloride and 1 µmol/l magnesium
chloride. The plates were scanned with Cellomics ArrayScan VTI HCS
Reader (Thermo Scientific, Pittsburg, PA). Object identification and image
analysis were performed using the Cellomics Compartmental Analysis
algorithm. The average fluorescence intensity of DiI per well was measured.
Gene silencing. HeLa, PC3, 22RV1, OVCAR-3, or NPC1−/− cells were
seeded at a density of 100,000, 100,000, 250,000, 250,000, and 100,000
cells per ml in 24-well plate and grown overnight. LNP-siGAPDH at different concentrations (0.03, 0.1, and 0.3 mg/l) and 10 µmol/l of NP3.47
or dimethylsulfoxide (DMSO) were added to the cells. After 24 hours,
the cells were lysed and GAPDH mRNA level was quantified using
RT-qPCR. Total RNA was isolated using PureLink RNA Mini Kits (Life
Technologies, Carlsbad, CA) followed by cDNA synthesis using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA). Quantification of cDNA through RT-qPCR was performed
using a TaqManFast Advanced Master Mix (Life Technologies), and
PrimeTime Std RT-qPCR assay (GAPDH Hs.PT.58.40035104, and HPRT
Hs.PT.58v.45621572; IDT, Coralville, IA). Data were analyzed and quantified using the Quantification Comparative CT (Δ Δ CT) analysis program
of the StepOne Software Version 2.3 using the HPRT gene expression as an
endogenous control.
www.moleculartherapy.org vol. 24 no. 12 dec. 2016
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Live cell imaging of the effects of small molecule inhibitors on acidic
organelles. HeLa, NIH/3T3 or Raw 264.7 cells at a density of 100,000,

100,000 or 150,000 cells per ml, respectively, were seeded in 35-mm glass
bottom culture dishes (MatTek, Ashland, MA). The following day, cells
were treated for 40 minutes with 1 and 10 µmol/l NP3.47, 5 µmol/l EGA
(ChemBridge, San Diego, CA), 25 mmol/l NH4Cl or DMSO. Thereafter,
HeLa cells were incubated with LysoView 633 (Biotium, Fremont, CA) for
15 minutes at 37°C while NIH/3T3 and Raw 264.7 cells were incubated
with 75 nmol/l of LysoTracker Green (LTG) DND-26 (Life Technologies)
in FluoroBrite DMEM (Life Technologies) for 2 minutes at 37°C. Cells
were then washed with PBS and replenished with FluoroBrite DMEM
(Life Technologies). Live cells were imaged immediately using a Leica
confocal microscope (Leica, Wetzlar, Germany). LTG was excited using
a 488 nm argon laser and imaged at 500–530 nm. LysoView 633 was
excited with the 633 nm laser and imaged at 645–750 nm. LysoTracker
and LysoView fluorescence intensity per cell was measured using ImageJ
and expressed as corrected total cell fluorescence according to the
method described by Potapova et al.,28 The corrected total cell fluorescence was normalized to the untreated control cells.
Cellular recycling of LNP-siRNA. Cellular recycling of siRNA was deter-

mined according to Sahay et al.,7 Briefly, HeLa cells were seeded in 12-well
plate at a density of 100,000 cells per ml and allowed to grow overnight.
The following day, cells were treated with 1.5 mg/l of the fluorophore
Quasar 570-labeled LNP-siRNA and 1 mg/l of ApoE (PeproTech, Rocky
Hill, NJ), in the presence or absence of 10 µmol/l NP3.47 for 3 hours.
Cells were subsequently washed and incubated with fresh media containing 10 µmol/l of NP3.47 or DMSO. At different time points (0, 2, 4 , and 24
hours) the supernatants and cell lysates were collected. The fluorescence
intensity of the cell lysates (intracellular) and the supernatant (extracellular) treated with and without 1% Triton X-100 was determined using
Infinite M1000 microplate reader (Tecan, Männedorf, Switzerland). The
siRNA concentrations at each time point were determined using a standard curve. At each time point, a ratio of extracellular siRNA concentration to the total siRNA concentration was plotted.
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Statistical analysis. Data was analyzed using OriginPro 8 software

(OriginLab, Northampton, MA). Sample size, number of replicates, and
statistical methods are listed in the figure legends for each experiment.

SUPPLEMENTARY MATERIAL
Figure S1. Cholesterol intracellular accumulation was observed in
NP3.47 treated HeLa cells.
Figure S2. Treatment with NP3.47 results in increased localization of
LNP-siRNA with lysosomal positive vesicles.
Table S1. Encapsulation efficiency and particle size of LNP-siRNA.
Supplementary Method 1. Structure confirmation of NP3.47.
Supplementary Method 2. Analysis of lipid nanoparticles.
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