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’ INTRODUCTION

Among all thyroid cancers, the papillary thyroid carcinoma
(PTC)1 is the most frequent.2 It is associated with somatic
mutations of the RET proto-oncogene encoding for a membrane
tyrosine kinase (TK) receptor that is normally not expressed
in the thyroid follicular cells. The most common variant is
RET/PTC1 which is formed by an intrachromosomic rearrange-
ment, leading to the juxtaposition of the RET TK domain with
the genes H4.3�5 RET/PTC1 fusion oncogene occurred in
children after the nuclear fallout in the Chernobyl area6 and
after external irradiation to medical treatment.7,8

The prognosis of PTC is generally good, but a considerable
number of patients, approximately 30% as shown after 30 years of
follow-up, have recurrent disease. This constitutes, therefore, an
area of important research on emerging therapies such as using
small interfering RNA (siRNA) for targeting the RET/PTC1
fusion oncogene and inducing the silencing of the corresponding

protein. Such therapeutic approach is highly specific because
RET/PTC1 is present only in the tumor cells and not in the
surrounding normal cells. Recently, a siRNA RET/PTC1 efficient
and specific to RET/PTC1 oncogene has been discovered; this
opens new prospects in the treatment by siRNAs of PTC with
RET/PTC1 junction.9 However, in vivo delivery of siRNA is a key
challenge because the biological efficacy of the siRNAs is ham-
pered by their poor stability in biological fluids and low intracel-
lular penetration due to their highly hydrophilic and anionic
character.10,11

So far, a wide variety of approaches including viral vectors and
nonviral delivery systems, such as liposomes, nanoparticles,
micelles, and polyplexes,12�14 have been investigated to enhance
target cells uptake and silence potency in vivo. However, the
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ABSTRACT: We report the conjugation of the natural lipid
squalene (SQ) with a small interfering RNA (siRNA), against
the junction oncogene RET/PTC1, usually found in papillary
thyroid carcinoma (PTC). The acyclic isoprenoid chain of
squalene has been covalently coupled with siRNA RET/
PTC1 at the 30-terminus of the sense strand via maleimide�
sulfhydryl chemistry. Remarkably, the linkage of siRNA RET/
PTC1 to squalene led to an amphiphilic molecule that self-
organized in H2O as siRNA-SQ RET/PTC1 nanoparticles
(NPs). The siRNA-SQ RET/PTC1 NPs, stable in H2O, were
used for biological studies. In vitro, they did not show any
cytotoxicity. Interestingly, in vivo, on a mice xenografted RET/
PTC1 experimental model, RET/PTC1-SQNPs were found to
inhibit tumor growth and RET/PTC1 oncogene and oncopro-
tein expression after 2.5 mg/kg cumulative dose intravenous
injections. In conclusion, these results showed that the “squalenoylation” offers a new noncationic plate-form for the siRNA delivery.
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safety of viral vectors is questionable because of immunogenicity
and possible recombination of oncogenes. On the other hand,
most of the nonviral vectors are designed using polycations,
either polymers or lipids, whose (cyto)toxicity is now well
documented.15,16 This is the reason why the conjugation of
nucleic acids with neutral lipids offers an interesting alternative.
Thus, DNA-programmed lipids, consisting of two 18-carbon
alkyl hydrophobic tails linked covalently to the 50-termini of a
9-mer single stranded DNA, have been proposed as responsive
liposomes.17 In another interesting approach, a simple lipid tail
phosphoramidite with diacyl chains has been attached onto the
end of an aptamer via a polyethylene glycol linker to obtain self-
assembledmicelles able to target cancer cells.18 Different types of
cholesterol-conjugated siRNA were also synthesized to elucidate
the requirements for siRNA delivery in vivo. However,
the pharmacological efficacy of these approaches remains to be
demonstrated in experimental pathologies.19 Noteworthy, the in
vitro demonstration that alkyne-modified lipids derived from
cholesterol and covalently conjugated to azido oligonucleotides
could efficiently inhibit hepatitis C virus translation in human
hepatic cells has been done by the group of Barthelemy.20 Thus,
although further in vivo efficacy is needed, amphiphilic oligonu-
cleotides may represent an interesting marriage of nucleic acids
with lipids.21 In this context, we introduce here the idea to
covalently link siRNA with the squalene, a natural and nonionic
lipid. This triterpene is known for its dietary benefits,22 biocom-
patibility, and inertness so that it is already extensively used as
excipient in numerous pharmaceutical formulations for oral and
parenteral administration.23 From a safety point of view, this lipid

is therefore more desirable than cholesterol and fatty acid, of
which intravenous administration may be linked with cardiovas-
cular events. Thus, in the present study, we propose to conjugate
RET/PTC1 siRNA to squalene in order to improve siRNA
hydrophobicity and stability and to demonstrate the efficacy of
this treatment on a mice xenografted RET/PTC1-expressing
tumor. The concept to chemically link the squalene to a biologi-
cally active drug molecule in order to create a bioconjugate, which
can self-aggregate as nanoassemblies in water, has already been
demonstrated using (mono)nucleosides analogues with antic-
ancer (e.g., gemcitabine in leukemic cancer) or antiviral activity
(ddC).24 Interestingly, the gemcitabine�squalene nanoassemblies
were able to deliver this drug efficiently into the cell cytoplasm
through a nonendocytotic pathway, thus bypassing lysosomal
degradation.25 This is another reason why we have extended this
strategy here to siRNA RET/PTC1 oligonucleotides (ONs).

’CHEMISTRY

One of the critical problems in RNA-based therapeutic applica-
tions is the delivery of intact siRNA across plasma membranes of
cells. In the present study, we have designed a new squalene�siRNA
bioconjugate to protect siRNA fromdegradation and to improve the
cell delivery by increasing the overall lipophilicity of the nucleic acid
derivative. In order to protect the siRNA RET/PTC1 against 30-
exonucleases, simultaneously preventing steric hindrance toward
recognition of the targeted mRNA by the antisense strand and also
allowing fixation of proteic RISC complex at the 50-end (that
requires phosphorylation), we directly linked squalene at the 30-
end of the 21-mer sense strand siRNA 1 (Figure 1). This coupling
strategy was based on previous studies showing that the modifica-
tion of the 50-hydroxyl groups of the guide siRNA strand by
methoxy groups completely hampered the siRNAs function in

Scheme 1. Synthesis of Squalenoyl Maleimide 5 and Con-
jugate Addition of the Sense Strand siRNA 1 with 5 To Give
RET/PTC1 siRNA-SQ (9)

Figure 1. Chemical structure of the siRNA sense strand 1 and of the
squalenoyl activated moieties 2�5.
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Drosophila embryo lysate and HeLa cell extract.29,30 At the outset of
this study, we chose to link covalently the siRNA sense strand 1 to
squalene through a disulfide linkage, taking advantage of the
3-mercaptopropyl phosphate group introduced at the 30-terminal
of the oligonucleotide during its manufacturing on solid support.
However, attempts to condense 1with either the squalene derivative
2 or its more electrophilic C-5 nitro analogue 3met with repetitive

failure (data not shown). We thus envisioned that the challenging
squalenoylationmight bemore efficiently achieved by the use of the
maleimide group as thiol acceptor as previously described byWeber
et al.27 Toward this goal, the maleimide squalene 4 was prepared
from the corresponding aminosqualene by condensation with
N-(ethoxycarbonyl)maleimide 6 (Scheme 1). However, attempts
at coupling siRNA 1 with 4 in a PBS (phosphate buffered saline)
solution/DMFmixturewere similarly found fruitless, providing only
aminute amount of the desired conjugate (5%) based on theHPLC
trace and MALDI-TOF MS analysis.

In order to increase the maleimide functional group accessi-
bility to the thiol-modifiedON, we have intercalated a small ether
linker between the maleimide group and the SQ moiety. The
synthesis of the requisite squalenoyl maleimide 5 is outlined in

Figure 2. Characterization of RET/PTC1 siRNA-SQ sense strand bioconjugate. (a) HPLC profile of reaction mixture. Arrows show the elution peal of
RET/PTC1 siRNA bioconjugate. Significant increase in the reaction yield (from 7% to 55%) was observed when 30% methanol was added to the
reaction mixture as a cosolvent and when reaction activation was performed by microwave irradiation. Chromatogram 1 corresponds to the reaction
mixture obtained in conventional heating conditions. Chromatogram 2 corresponds to the reaction mixture obtained in the presence of 30% methanol
and reaction activation by microwave irradiation. (b) MALDI-TOF mass spectrometry analysis of the RP-HPLC purified RET/PTC1 siRNA-SQ sense
strand bioconjugate. The MALDI-TOF mass spectrum shows a bioconjugate molecular weight of 7365.14 Da in agreement with the calculated
molecular weight.

Table 1. RP-HPLC Elution Times of RET/PTC1 siRNA-SQ
versus RET/PTC1 siRNA

compd elution time (min)

CGU UAC CAU CGA GGA UCC AAA 10.5

CGU UAC CAU CGA GGA UCC AAA SQ 17.5



4070 dx.doi.org/10.1021/jm2000272 |J. Med. Chem. 2011, 54, 4067–4076

Journal of Medicinal Chemistry ARTICLE

the Scheme 1. Briefly, the maleimide moiety was first tethered
with an ethoxyethanol linker according to the method of Keller
and Rudinger28 starting from N-(ethoxycarbonyl)maleimide 6.
Condensation of the resulting maleimide alcohol 7 with the
mixed anhydride derived from 1,10,2-tris-norsqualenic acid 823

and ethyl chloroformate provided adduct 5 in 35% yield.
(Scheme 1). Nevertheless, we observed no significant increase
in the reaction yield (7%) with the siRNA (Figure 2a, chromato-
gram 1), although fewer byproducts were formed than with
maleimide 4. By contrast, when 50% of methanol was added as
cosolvent, the adduct 9 was obtained in 45% yield. A further
improvement was gained when microwave irradiation (10 min,
70 �C)was substituted to the conventional heating, providing the
desired squalenoyl oligonucleotide 9 in 55% yield (Figure 2a,
chromatogram 2). Calculated RET/PTC1 siRNA conjugate
weight was 7365 Da, in agreement with the MALDI-TOF mass
spectrometry determined weight 7365.14 Da (Figure 2b). Puri-
fication of the crude product on polymeric RP-HPLC column
and lyophilization then afforded the pure squalenoyl-modified
oligonucleotide 9 which was characterized by MALDI mass

spectrometry. Althoughwemay expect that the conjugate addition
of the thiol group on themaleimide double bond gave a mixture of
two diastereomers, only one peakwas observed in theHPLC trace.
Given the sizes of both the oligonucleotide and the squalene with
respect to the maleimide ring and the conformational flexibility
around the linker, we hypothesize that this supplementary asym-
metric center will be without repercussion.

The modification of the siRNA thiol backbone with squalenic
acid at the 30-end of the sense strand was found to dramatically
enhance the lipophilicity as represented by the delayed elution
times (Table 1).

’RESULTS AND DISCUSSION

RET/PTC1 siRNA-SQ Nanoparticles Characterization. Pur-
ified RET/PTC1 siRNA-SQ sense strand 9 and RET/PTC1
siRNA antisense strand were hybridized, and duplex formation
was assessed by 4% agarose gel electrophoresis (data not shown).
The attachment of a squalene moiety with the siRNA duplex
induced the spontaneous formation of siRNA-SQ nanoparticles in
H2O (control siRNA-SQ and RET/PTC1 siRNA-SQNPs) with a
size of 165( 10 nm and a polydispersity index of 0.2 as measured
by laser light scattering (number of measurements n = 10). This
emphasizes the important contribution of the squalene to the
overall physicochemical behavior of the conjugate, as also illu-
strated by the impressive increase in the lipophilic character of
RET/PTC1 siRNA-SQ shown by RP-HPLC analysis. RET/PTC1
siRNA-SQ NPs dimension was confirmed by electronic micro-
scopy and cryotransmission electronmicroscopy showing spherical
regular particles without visible supramolecular organization, as
illustrated in Figure 3a and Figure 3b. The nanoparticles were
found to be negatively charged, with amean ζ potential of�26mV,
which is in favor of the establishment of repulsive forces allowing
the stabilization of the NPs suspension; both size and ζ potential of
RET/PTC1 siRNA-SQ NPs remained nearly constant after in-
cubation for 48 h at room temperature and at 37 �C (Figure 3c).
Then the stability of the RET/PTC1 siRNA-SQ duplex in nano-
particle formulation was tested in vitro for 24 h in 10% serum-
containing media and in serum free media, relative to the naked
RET/PTC1 siRNA. In both conditions, the stability of RET/PTC1

Figure 3. Characterization of RET/PTC1 siRNA-SQ NPs. Represen-
tative images of the RET/PTC1 siRNA-SQ NPs obtained by (a)
cryoelectron microscopy and by (b) transmission electron microscopy.
RET/PTC1 siRNA-SQ NPs were found to be spherical in shape. The
nanoparticle size, as observed by TEM, correlated well with the size
measured by laser light scattering (Nanosizer). (c) Mean diameter
(black curves) and ζ potential (gray curves) evolution of RET/PTC1
siRNA-SQ NPs upon incubation in water at room temperature and at
37 �C. Both size and ζ potential of RET/PTC1 siRNA-SQNPs remained
nearly constant after incubation for 48 h at room temperature and at
37 �C (n = 3 experiments).

Figure 4. Serum stability of naked siRNA compared with RET/PTC1
siRNA-SQNPs. NPs were incubated in (a) serum freemedia or (b) 10%
serum containing media at 37 �C from 0 to 24 h. (a) In serum-free
media, a total dissociation of the siRNA duplex from the first second was
observed for naked siRNA (a, left panel). RET/PTC1 siRNA-SQ NPs
were stable for 24 h (a, right panel). (b) In serum-containing media, the
RET/PTC1 siRNA-SQ NP increased the stability of the siRNA duplex
from 0 to 1 h postincubation (compare left to right panel).
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siRNA-SQ NPs was improved relative to the naked RET/PTC1
siRNA in solution. In serum free media, naked siRNA displayed
immediate and complete dissociation of the duplex (Figure 4a, left
panel), whereas RET/PTC1 siRNA-SQNPs were stable until 24 h
(Figure 4a, right panel). In serum-containing media, the RET/
PTC1 siRNA-SQ NP also increased the stability of the siRNA
duplex from 0 to 1 h postincubation (Figure 4b, compare left to
right panel). Thus, nanoparticles have clearly improved the nucleic
acid stability in both serum and serum freemedia. This should allow
an improved cell/tissue delivery of RET/PTC1, since its stability
during 1 h in serum conditionsmay be sufficient to reach the tumor
as an intact molecule.
In Vitro Evaluation. MTT assay did not show any significant

inhibition of growth rate for RET/PTC1 siRNA-SQ NPs treated
cells when compared to untreated cells after 24, 48, and 72 h
incubations. This experiment was done for TPC-1 cells (data not
shown) and for BHP 10-3 cells (Figure 5). It was observed that
∼95% of the cells were still metabolically active after RET/PTC1
siRNA-SQ NPs treatment. By qRT-PCR we found that the RET/
PTC1 siRNA significantly reduced RET/PTC1 mRNA levels by
∼80%, whereas the control siRNA did not show any statistical
difference when compared with untreated cells (Figure 6a). The
down-regulation of RET/PTC1 mRNA levels by siRNA was
paralleled by a decrease in RET/PTC1 protein content (Figure 6b).
Thus, the cytotoxicity of RET/PTC1 siRNA-SQ NPs was
evaluated in this model, but no cell growth inhibition was noted
and the absence of RET/PTC1 gene silencing was observed too
(data not shown), possibly because in cell culture conditions, the
limited enzymatic content did not allow the cleavage of the
squalene needed for nanoparticle disaggregation before further
mRNA sequence recognition. From the other side, this experi-
ment has also highlighted the absence of any cell toxicity using
squalene nanoparticles as noncationic nanocarriers of siRNA.
In Vivo Evaluation. In a preliminary experiment, we have

tested the tumorigenicity of the TPC-1 and BHP 10-3 cells in
nude mice. It was observed that TPC-1 cells were not able to
form tumors, whereas BHP 10-3 were tumorgenic after sub-
cutaneous injection of 106, 2.5 � 106, and 5 � 106 cells. Then
the efficiency of RET/PTC1 siRNA-SQ NPs was tested on BHP
10-3, 2.5 � 106 cells subcutaneously inoculated into irradiated
nude mice. When tumors reached around 50 mm3, mice were

treated by 2.5 mg/kg in five intravenous injections as described in
Experimental Section. The ANOVA test followed by Bonferroni’s
test showed a statistical difference between treatments (p = 0.01).
RET/PTC1 siRNA-SQ NP significantly reduced the tumor size
with a tumor growth inhibition rate of 70% (p < 0.05), whereas the
control siRNA-SQNPdid not significantly inhibit the tumor growth
(p > 0.05) compared to the control saline (Figure 7a). Then the
silencing ability of RET/PTC1 siRNA-SQ NPs was assessed in
three tumor biopsies by qRT-PCR and the protein content by
Western blot. By qRT-PCR it was found that RET/PTC1 siRNA-
SQNPs significantly reduced RET/PTC1mRNA levels by approxi-
mately 80%, whereas the control siRNA-SQ NPs did not show
any statistical difference when compared to the control saline
(Figure 7b). The down-regulation of RET/PTC1 mRNA levels
by RET/PTC1 siRNA-SQ NPs was paralleled by a decrease in
RET/PTC1 protein content (Figure 7c).
Thus, whereas RET/PTC1 siRNA-SQ NPs did not display

any cytotoxicity in vitro, significant regression of tumor growth
(i.e., 70%) was observed in vivo with the RET/PTC1 siRNA-SQ
NPs, whereas the control siRNA-SQ NPs injected under the
same conditions failed to do so. This in vivo anticancer activity
was even paralleled by RET/PTC1 oncogene and oncoprotein
expressions inhibition, revealing that at least a fraction of the
intravenously injected siRNA was delivered in an active form
inside the tumor cells. These data demonstrate once again that
prediction of in vivo pharmacological efficacy through cell
culture experiments is uncertain, even when experiments are
performed on exactly the same tumor cell line. We have already
observed such a phenomenon with siRNA loaded onto chitosan-
coated nanospheres.26 The reasons are numerous: (i) Cells in
culture may exhibit different pattern of gene expression and

Figure 5. Cell viability at different concentrations of RET/PTC1
siRNA-SQ NPs. MTT assay was performed on BHP 10-3 cells as
described in Experimental Section. Cell viability was calculated as
100� [(A570 of NP treated cells� A570 of blank)]/[(A570 of control
cells� A570 of blank)]. No statistical difference was observed between
untreated cells and RET/PTC1 siRNA-SQ NP treated cells at 24, 48,
and 72 h.

Figure 6. Gene silencing efficiency of RET/PTC1 siRNA in the BHP
10�3 cell line. (a) The RET/PTC1 mRNA expression was analyzed by
real time quantitative reverse transcription PCR (qRT-PCR) for treated
cells by siRNA RET/PTC1 (black) or siRNA CT (gray) and compared
to untreated cells (white). Experiments were performed 24 h after
transfection with 50 nM RET/PTC1 siRNA or control siRNA using
Lipofectamine 2000. Measurement shows a reduction of RET/PTC1
mRNA levels after transfection of RET/PTC1 siRNA. The bars
represent the mean ( SD of three independent experiments: (///)
Significant change compared to untreated cells using ANOVA followed
by Bonferroni’s test (p < 0.001). (b) RET/PTC1 protein level in
untransfected and transfected cells with RET/PTC1 siRNA or CT
siRNA at 50 nM. Proteins were extracted 24 h after transfection and
analyzed by Western blot using Ret antibody. β-Actin was used as
loading control for Western blot. Experiments were performed in
triplicate.
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differentiation than in vivo. (ii) The physicochemical properties
of the nanoparticles may change in vivo: aggregation, dissocia-
tion, or reorganization due to physiological salts, opsonins, lipids,
etc. (iii) The cell culture experiments that are performed usually
during 24 h are far from in vivo experiments that lasted weeks,
and (iv) the enzymatic content is entirely different in vitro than
in vivo. This should significantly influence the kinetic release of
the oligonucleotide from the squalenoylated nanoparticles.

’CONCLUSION

The linkage of RET/PTC1 siRNA to squalene at the 30-terminus
of the sense strand via maleimide�sulfhydryl chemistry led to
amphiphilic molecule that self-organized in water as nanoparticles.
In vitro, this bioconjugate did not show any cytotoxicity in two
human PTC cells. Interestingly, in vivo, on a mice xenografted
RET/PTC1experimentalmodel, RET/PTC1 siRNA-SQNPswere

found to inhibit tumor growth and RET/PTC1 oncogene and
oncoprotein expression after 2.5 mg/kg cumulative dose intrave-
nous injections. Thus, using RET/PTC1 siRNA as a model, we
propose here an original noncationic nanoplate-form for the
efficient delivery of small fragments of nucleic acids and open the
way to further pharmacological studies.

’EXPERIMENTAL SECTION

General. IR spectra were obtained as solid or neat liquid on a Fourier
transform Bruker Vector 22 spectrometer. Only significant absorptions
are listed. The 1H and 13C NMR spectra were recorded on Bruker
Avance 300 (300 and 75 MHz for 1H and 13C, respectively). Recogni-
tion of methyl, methylene, methine, and quaternary carbon nuclei in 13C
NMR spectra rests on the J-modulated spin�echo sequence. Mass
spectra were recorded on a Bruker Esquire-LC. Analytical thin-layer
chromatography was performed on Merck silica gel 60F254 glass pre-
coated plates (0.25 mm layer). Column chromatography was performed
on Merck silica gel 60 (230�400 mesh ASTM). All the chemicals used
were of analytical grade. Water was purified using a Milli-Q system
(Millipore, St.-Quentin-en-Yvelines, France). Tetrahydrofuran (THF)
was distilled from sodium/benzophenone ketyl. Methanol and ethanol
were dried over magnesium and distilled. DMF and CH2Cl2 were
distilled from calcium hydride, under a nitrogen atmosphere. All
reactions involving air- or water-sensitive compounds were routinely
conducted in glassware that was flame-dried under a positive pressure of
nitrogen. Squalene, ethyl chloroformate, and 2-(2-aminoethoxy)ethanol
were purchased from Sigma-Aldrich Chemical Co., France. Chemicals
obtained from commercial suppliers were used without further purifica-
tion. HPLC grade acetonitrile, methanol, ethanol, and acetone were
provided by Carlo Erba (Rodano, Italy). Triethylammonium acetate
(TEAA) buffer was obtained from Fluka BioChemika. Helium for
mobile phase degassing was from Air Liquide. After HPLC purification,
the final siRNA�squalene bioconjugate compound was further sub-
jected to liquid chromatography. The purity was calculated from the LC
chromatogram at a wavelength of 258 nm. By thismethod, the purity was
greater than or equal to 95.0%.
1-(4,8,13,17,21-Pentamethyldocosa-4,8,12,16,20-pentae-

nyl)pyrrole-2,5-dione (4).To a well-stirred suspension of 1,10,2-tris-
nor-aminosqualene (250 mg, 0.64 mmol) in saturated sodium bicarbo-
nate aqueous solution (3 mL) was added dropwise a solution of
N-(ethoxycarbonyl)maleimide (6) (110 mg, 0.65 mmol) in CH2Cl2
(2 mL). The reaction mixture was stirred at 20 �C for 1 h. CH2Cl2
(10 mL) was added, and the organic layer was separated. The aqueous
phase was extracted with CH2Cl2 (2 � 5 mL). The combined organic
phases were washed with brine, dried over MgSO4, and concentrated
under reduced pressure to provide a yellow oil. The residue was taken
into anhydrous ethanol (10 mL), and DABCO (15 mg, 0.13 mmol) was
added. The reaction mixture was heated at reflux for 2 h. After cooling,
the solution was concentrated under reduced pressure, taken into AcOEt
(15 mL), and sequentially washed with 0.5 M HCl and brine. The
organic phase was dried over MgSO4 and concentrated under reduced
pressure. Chromatographic purification on silica gel, eluting with
AcOEt/cyclohexane 1:1, afforded maleimido squalene 4 as a color-
less oil (150 mg, 48%). IR (neat) ν: 2913, 2845, 1710, 1695, 1442, 1408,
1374, 1333, 1142, 1110, 841, 826. 1H NMR (CDCl3, 300 MHz):
δ = 6.67 (s, 2H, OCCHdCHCO), 5.18�5.03 (m, 5H,HCdC(CH3)),
3.47 (t, J = 7.4 Hz, 2H, CH2CH2N), 2.10�1.90 (m, 20H), 1.67 (s, 3H,
(CH3)2Cd), 1.60 (s, 15H). 13C NMR (CDCl3, 75 MHz): δ = 170.8
(2C, OCCHdCHCO), 135.1 (C, HCdC(CH3)), 135.0 (C, HCdC-
(CH3)), 134.9 (C, HCdC(CH3)), 134.0 (2CH, OCCHdCHCO),
133.4 (C, HCdC(CH3)), 131.2 (C, HCdC(CH3)), 125.1 (CH,
HCdC(CH3)), 124.4 (CH, HCdC(CH3)), 124.3 (3CH, HCdC-
(CH3)), 39.7 (2CH2), 39.6 (CH2), 37.7 (CH2), 36.7 (CH2), 28.2

Figure 7. Antitumor effects of the RET/PTC1 siRNA-SQNPs. (a) The
treatment was performed by intravenous administration until day 10.
Arrows correspond to the days of treatment. Five injections were
performed for [RET/PTC1 or control] siRNA-SQ NPs at days 0, 2,
4, 7, and 10 at 2.5 mg/kg cumulative dose. Downward arrows indicate
that mice were sacrificed at day 19. The effects of RET/PTC1 siRNA-SQ
NPs on tumor growth in nude mice are expressed relative to tumor
volume on day 1 according to the following formula: (tumor volume at
day x)/(tumor volume at day 1). Bars correspond to the standard
deviation for five mice. A statistical difference was observed between
treatments (p = 0.01) using the ANOVA test followed by Bonferroni test
who showed a statistical difference between RET/PTC1 siRNA-SQNPs
and untreated mice (saline), p = 0.013. (b) qRT-PCR shows that the
RET/PTC1 siRNA-SQ NPs inhibit RET/PTC1 expression into mice
grafted tumors and that the control siRNA-SQ NPs have no effect on
RET/PTC1 expression compared to untreated mice (n = 3 tumors):
(///) p< 0.001. (c) ByWestern blot we found a decrease in RET/PTC1
protein expression (three independent experiments).
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(2CH2), 26.8 (CH2), 26.6 (2CH2), 26.5 (CH2), 25.6 (CH3,
(CH3)2Cd), 17.6 (CH3), 16.0 (3CH3), 15.7 (CH3). HRMS (þESI):
m/z 466.3686 ([M þ H]þ calcd for C31H48NO2 466.3685).
2-[2-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethoxy]ethyl

(4E,8E,12E,16E)-4,8,13,17,21-Pentamethyl-docosa-4,8,12,
16,20-pentaenoate (5).To an ice-cooled solution of squalenic acid 8
(400 mg, 1.0 mmol) in THF (4 mL) was added triethylamine (121 mg,
1.2 mmol) followed by ethyl chloroformate (114 mg, 1.05 mmol). The
resulting mixture was stirred at 0 �C for 30 min. A solution of alcohol 7
(203 mg, 1.1 mmol) in THF (2 mL) was added dropwise, and the
mixture was stirred at 20 �C for 24 h. The mixture was concentrated
under reduced pressure, and the residue was treated with 1 M HCl
(2 mL). The mixture was extracted with CH2Cl2 (3 � 20 mL). The
combined organic layers were washedwith brine, dried overMgSO4, and
concentrated under reduced pressure to provide a reddish oil. Chroma-
tographic purification on silica gel, eluting with pentane/ether 3:1, gave
198 mg (35% yield) of maleimide 5 as a colorless oil. IR (neat) ν:
3000�2800, 1737, 1710, 1438, 1406, 1386, 1321, 1295, 1135, 1110,
1043, 976, 828. 1H NMR (CDCl3, 300 MHz): δ = 6.70 (s, 2H,
OCCHdCHCO), 5.15�5.02 (m, 5H, HCdC(CH3)), 4.16 (t, J = 4.5
Hz, 2H,) 3.74�3.71 (m, 2H), 3.70�3.60 (t, J = 4.8 Hz, 4H), 2.40�2.35
(m, 2H), 2.30�2.20 (m, 2H), 2.10�1.90 (m, 16H), 1.66 (s, 3H,
(CH3)2Cd), 1.60 (s, 15H). 13C NMR (acetone-d6, 75 MHz): δ =
172.8 (2C, OCCHdCHCO), 171.1 (C, CO2), 135.2 (C, HCdC-
(CH3)), 135.1 (C, HCdC(CH3)), 135.0 (C, HCdC(CH3)), 134.8
(2CH, OCCH=CHCO), 133.9 (C, HCdC(CH3)), 131.2 (C, HCdC-
(CH3)), 125.3 (CH, HCdC(CH3)), 124.8 (3CH, HCdC(CH3)),
124.7 (CH, HCdC(CH3)), 68.7 (CH2), 67.7 (CH2), 63.4 (CH2),
40.1 (2CH2), 39.9 (CH2), 37.3 (CH2), 35.0 (CH2), 33.2 (CH2), 28.5
(2CH2), 27.1 (CH2), 26.9 (CH2), 26.8 (CH2), 25.5 (CH3, (CH3)2Cd),
17.4 (CH3), 15.8 (2CH3), 15.7(CH3), 15.6 (CH3). MS (þESI): m/z
(%) = 590.6 (100) [M þ Na]þ. HRMS (þESI): m/z 590.3826 ([M þ
Na]þ calcd for C35H53NO5Na 590.3826).
siRNAs Used and Chemical Modifications. The RET/PTC1

siRNA and the irrelevant siRNA scrambled sequence used as a control
in the experiments were previously described.9 The siRNA sequences
were as follows: RET/PTC1 siRNA sense strand, 50-r(CGU UAC CAU
CGA GGA UCC A)d(AA)-30; RET/PTC1 siRNA antisense strand,
50-r(U GGA UCC UCG AUG GUA ACG)d(CT)-30; control siRNA
sense strand, 50-r(GCCAGUGUCACCGUCAAGG)d(AG)-30; control
siRNA antisense strand, 50-r(CCU UGA CGG UGA CAC UGG C)
d(TT)-30.

All single-stranded RNAs were synthesized by Eurogentec (Belgium)
and were characterized by matrix assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) and purified
by RP-HPLC. Single-stranded RNAs were synthesized as 19-mers with
two -30 overhanging 20-deoxynucleotides residues to provide stabilization
against nucleases as described by Tuschl et al.27 To allow functionalization,
a 3-mercaptopropyl phosphate group was introduced at the 30-end of the
sense strand of each siRNA sequence (1, Figure 1).

To generate siRNA from RNA single strands, equimolar amounts of
both forward and reverse strands were annealed in annealing buffer
[30 mMHEPES-KOH (pH 7.4), 2 mMMg acetate, 100 mMK acetate]
for 1 min at 95 �C and then kept 1 h at room temperature before storing
at �20 �C.
Synthesis and Characterization of RET/PTC1 siRNA�

Squalene Bioconjugate. Thiol modified RET/PTC1 siRNA sense
strand 1 (0.33 mg, 0.05 nmoles) in 667 μL of PBS (0.1 M, pH 7) was
mixed with squalenoyl maleimide 5 (3.33 mg, 5.86 nmoles) in 33 μL of
DMF and 30% methanol with a molecular ratio of RNA/SQ (1:100).
The reaction mixture was activated in microwave (10 min, 70 �C) under
magnetic stirring. The solution was lyophilized, and the residue was
washed with ethanol and acetone (3 � 1 mL) to eliminate the excess
squalenoyl maleimide, air-dried, and then dissolved in 1 mL of RNase

free water. The progress of the reaction and purification was monitored
by RP-HPLC on a polymeric column as described below. The cou-
pling yield was determined based on the UV absorbance of the species.
The identity of the conjugate was confirmed by MALDI-TOF mass
spectrometry.
HPLC Equipment and Conditions. The HPLC separation was

performed on a Waters high-performance liquid chromatography sys-
tem equipped with a photodiode array detector (Waters 2996) whose
wavelength range was between 190 and 800 nm, a pump (model Waters
600 controller), and an automatic injector (Waters 717 autosampler).
The stationary phase consists of a nonporous, alkylated poly(styrene
divinylbenzene) column (Hamilton 10 μm, 4.6 mm� 250 mm, PEEK)
protected by precolumn (Hamilton). The data acquisition software is
Empower. Flow rate was 1.2 mL/min. Injection volumes were 100 μL.
The column temperature was maintained at 20 �C throughout the
separation. Chromatography was performed using two mobile phases
A and B. Mobile phase A consisted of an aqueous solution of 0.2 M
TEAA (5%), pH 7.0, with 5% acetonitrile (v/v), and mobile phase B
consisted of 95% acetonitrile with 5% TEAA (v/v). All solvents were
degassed ultrasonically. Chromatograms were recorded at a wavelength
of 258 nm. Quantification of peaks was performed by integration of peak
areas. RP HPLC analyses were performed using the following gradient
condition: 0�8 min linear gradient from 0% to 24% of B; 8�16 min
linear gradient from 24% to 90% of B; 16�18 min back to 0% B; and
18�28min re-equilibration with 100% of A. siRNA for downstream uses
were purified by manual peak collection. Fractions were collected for 1
min, corresponding to a fraction volume of 1.2 mL, and then were
lyophilized. All lyophilized siRNA fractions were reconstituted in
DEPC-treated water.
MALDI-TOF Mass Spectrometry. Matrix-assisted laser desorp-

tion ionization (MALDI) tandem mass spectrometry was performed
with a Perseptive Voyager DE STR MALDI time-of-flight (TOF) mass
spectrometer (Perseptive Biosystems) equipped with a Tektronix TDS
540C digital oscilloscope (500MHz, digitization rate 2 gigasample 3 s

�1)
and with a N2 laser at the IMAGIF/ICSN, Gif-sur-Yvette, France.
Cells and Cell Culture. Two human papillary thyroid carcinoma cell

lines, TPC-1, kindly provided by Dr. C. Dupuy (UMR 8200 CNRS, IGR,
Villejuif, France), and BHP 10-3,28 kindly provided by Dr. Clayman Gary
(MD Anderson Cancer Center, Houston), harboring the RET/PTC1
rearrangement were used. Cells were maintained at 37 �C, 5% CO2 in
Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, France). Med-
ium was supplemented with 10% fetal calf serum (FCS), 100 U/mL
penicillin, and 100mg/mL streptomycin (Invitrogen, France). The volume
of cell culture medium used during experiments was 2 mL/well for cells
cultured in six-well plates.
Transfection Experiments. Transfections of RET/PTC1 siRNA

or of control siRNA were carried out using Lipofectamine 2000
transfection reagent (Invitrogen, France) on TPC-1 and BHP 10-3 cells
according to the manufacturer’s instructions. Transfections were per-
formed in serum-free OPTI-MEM using a siRNA concentration of
50 nMand 6μLof Lipofectamine 2000 as described byGilbert-Sirieix et al.9

RNA Extraction and Real Time Quantitative Reverse Tran-
scription PCR (qRT-PCR) Analysis. For the determination of the
RET/PTC1 expression, total RNAs of untreated cells, RET/PTC1
siRNA, and control siRNA transfected cells were extracted using RNeasy
mini-kit (Qiagen Ltd., West Sussex, U.K.). Total RNA quantity and
quality were assessed using the Nanodrop ND-1000 spectrophoto-
meter (Wilmington, U.S.). M-MLV reverse transcriptase buffer pack
(Promega, France) was used for reverse transcription. Briefly, 1 μg of
total RNAwas incubated in a 20μL final volume ofM-MLVRT for 1 h at
42 �C. Then RET/PTC1 mRNA expression was determined by qRT-
PCR on 1 μL of the reverse transcription product in a 25 μL final
volume. The following primers were used for RET/PTC1 amplification
(290 bp): forward 50-AGATAGAGCTGGAGACCTAC-30 and reverse
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50-CTGCTTCAGGACGTTGAA-30. RPL 13A forward 50-AGATAGA-
GCTGGAGACCTAC-30 and reverse 50-CTGCTTCAGGACGTTGAA-
30 primers were used as an internal gene control. The amplification was
monitored on ABI PRISM 7000 Taqman (Applied Biosystems, Perkin-
Elmer) using SYBR GreenER qPCR Supermix for ABI PRISM
(Invitrogen, France) according to the manufacturer's instructions. Sam-
ples were run in duplicate with primer sets of the gene of interest and the
RPL 13A control gene. Gene regulation was determined by the 2�ΔΔCt

method29,30 and normalized to RPL13A levels for human cell lines.31 The
results are given as relative fold compared with untreated cells.
Protein Extraction and Western Blot Analysis. For Western

blot analysis, total protein extracts were obtained using M-PER reagent
(Thermo Scientific, Pierce) with protease inhibitors cocktail (Roche).
Proteins were titrated by the BCA method using the BCA protein assay
(Thermo Scientific, Pierce). An amount of 30 μg of cell extracts was
boiled in Laemmli loading buffer and separated on 10% sodium dodecyl
sulfate�polyacrylamide electrophoresis gel. Proteins were transferred
using the iBlot dry blotting system (Invitrogen, France) on precut
nitrocellulose membranes and then blocked with 0.2% casein (I-Block
reagent, Tropix) in PBS with 0.1% Tween-20. The membranes were
incubated overnight at 4 �Cwith the primary antibodies specific for RET
(C-19: sc-167; Abgene 1:200) or β-actin (rabbit polyclonal, 1:1000;
Sigma-Aldrich Chimie S.a.r.l.) used as an internal control. Blots were
washed and incubated with anti-rabbit antibody conjugated to alkaline
phosphatase (1:20,000, Tropix) for 1 h at room temperature and
subsequently washed and revealed using CDP Star chemoluminescence
reagent (Perkin-Elmer).
Preparation and Characterization of RET/PTC1 siRNA-SQ

Nanoparticles. RET/PTC1 siRNA-SQ NPs were prepared by nano-
precipitation as follows. Purified squalene modified RET/PTC1 siRNA
sense strand and RET/PTC1 siRNA antisense strand were hybridized,
and duplex formation was assessed by 4% agarose gel electrophoresis.
Then 20 μM RET/PTC1 siRNA-SQ bioconjugate was first lyophilized
and then dissolved in 0.5 mL of ethanol and added dropwise under
magnetic stirring (500 rpm) into 1 mL of a 5% aqueous dextrose
solution. Then ethanol was completely evaporated using a Rotavapor to
obtain an aqueous suspension of pure RET/PTC1 siRNA-SQ nano-
assemblies. Control siRNA-SQ NPs were prepared using the same
protocol as described above.
Particle Size Measurement. The hydrodynamic diameter of the

nanoparticles was measured at 20 �C by quasi-elastic light scattering
using a Nanosizer 4 (Malvern Instrument Ltd., France), operating at
90 �C. Practically, an amount of 100 μL of the suspension was diluted in
0.9 mL of Milli-Q water. The temperature was allowed to equilibrate 5
min before measurement. The results gave the mean hydrodynamic
diameter of the dispersed particles obtained from three independent
determinations. The standard deviation of the size distribution and the
polydispersity index were also given.
ζ Potential Determination. The ζ potential of the RET/PTC1

siRNA-SQ NP was determined as follows. Dilution of the nanoparticles
suspension [1:10 (v/v)] was performed in 1 mM NaCl and analyzed
with a Zetasizer 4 (Malvern Instrument Ltd., France).

In order to assess the stability of the nanoparticles suspension, 0.2 μM
RET/PTC1 siRNA-SQNPs were incubated at room temperature and at
37 �C for 0.5, 1, 2, 3, 6, 24, and 48 h. Size and ζ potential were measured
at different time points.
Transmission Electron Microscopy and Cryotransmission

Electron Microscopy. Transmission electron microscopy (TEM)
was performed using a Philips EM208 with a large format CCD camera
AMT at the CCME Orsay. The samples were deposited on a carbon-
coated form war film on copper grids. After 5 min, the excess was
removed and stained with neutral 1% aqueous phosphotungstic acid
during 30 s. For cryoelectron microscopy, samples were pipetted on to
holey grids in a humid chamber, blotted with filter paper for 15 s, and

quick-frozen by plunging them in liquid ethane cooled with liquid N2.
Images were taken at 200 kVat a magnification of 3000�.
Stability of RET/PTC1 siRNA-SQ NPs in Serum and in Serum-

FreeMedium. Serumstability of an aqueous solutionof nakedRET/PTC1
siRNA vs RET/PTC1 siRNA-SQ NP was assessed using a 4% agarose
gel electrophoresis stained with ethidium bromide. Then 5 μM naked
RET/PTC1 siRNA and RET/PTC1 siRNA-SQ NPs were incubated in
serum freemedium and inmedium containing 10% fetal calf serum at 37 �C.
At each predetermined time point (0, 0.5, 1, 3, 6, 12, and 24 h), aliquots of
each sample (10 μL) were collected and stored at �20 �C. Then 1 μL of
100 bp DNA ladder (Interchim, Montluc-on, France) was run alongside the
products.
Cytotoxicity Assay. Cytotoxicity of nanoparticles was evaluated on

BHP 10-3 cells by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) method.32 The cells were seeded in 12-well plates
(1.5� 105 cells per well) and incubated with 1mL of Dulbecco’s modified
eagle medium (DMEM) containing 10% fetal calf serum and antibiotics
(100U/mL penicillin, 100 μg/mL streptomycin) at 37 �C, 5%CO2,. After
24 h, the cell culture medium was replaced by 1 mL of fresh culture
medium and treated with RET/PTC1 siRNA-SQ NP at different con-
centrations (i.e., 6.25, 12.5, 25, and 50 nM). After 24, 48, and 72 h
postincubation at 37 �C, 100 μL of MTT reagent (5 mg/mL in PBS)
(Sigma-Aldrich, Saint Quentin Fallavier, France) were added in each well.
After 2 h of incubation at 37 �C, the cells were lysed by 1 mL of a 10%
sodium dodecyl sulfate (SDS) in 10 mMHCl solution overnight at 37 �C.
An amount of 200 μL of the medium contained in each well was then
transferred to a 96-well plate, and the optical density was measured at
570 nmwavelength using a microplate reader (MRXII photometer, Dynex
Technology). Untreated cells were used as a control. Each nanoparticle
concentration condition was tested twice, and each measurement was
made in duplicate. Results are expressed as a percentage of untreated cells.
siRNA Administration to Nude Mice. All animal experiments

were carried out according to the French laws of animal welfare and were
approved by the Ethics Commission of the official veterinary authorities.
First, we performed tumorigenicity tests of TPC-1 and BHP 10-3 cells
on nude mice produced by the laboratory. One day before tumor
implantation mice were preirradiated by 5 Gy, then subcutaneous PTC
tumors were induced by inoculation of 2.5� 106 human BHP 10-3 cells
in the right flank. When the tumor volume reached 40�50 mm3, 3
groups of 5 mice were intravenously treated with either saline or with a
cumulative dose of 2.5 mg/kg (RET/PTC1 or control) siRNA-SQ NPs
dispersed in a 9 g/L NaCl solution given in 5 intravenous injections of
100 μL each at day 0, 2, 4, 7, and 10. After the first injection, the size and
the volume of the tumors were evaluated over 19 days. Tumour size was
measured in two dimensions with a calliper-like instrument. Individual
tumor volumes (V) were calculated by the formula V = (length �
[width]2)/2. At the end of the experiment, the animals were sacrificed
and tumors were excised and snap frozen immediately thereafter for
qRT-PCR analysis and Western blotting.
RNA and Protein Extractions from Tumors. Three tumor bi-

opsies of each group of animals were taken at the end of the experiments.
Total RNA was extracted using RNeasy mini-kit (Qiagen Ltd., West
Sussex, U.K.) according to the manufacturer's instructions. Then reverse
transcription and qRT-PCR were performed as previously described.

The same tumors were used for total proteins extraction using
M-PER reagent (Thermo Scientific, Pierce) with protease inhibitors
cocktail (Roche) and analyzed by Western blot as described above.
Statistical Analysis. For in vitro and in vivo studies, data are

presented as the mean( SD. Themean values of treatment groups were
compared with one-way ANOVA. When ANOVA showed that there
were significant differences between the groups, Dunnett’s test or
Bonferroni’s test was used to identify the sources of these differences.
p e 0.05 was considered statistically significant.
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