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ABSTRACT

Purpose An oligonuclectide termed ‘T-oligo’ having sequence
homology with telomere overhang has shown cytotoxicity in
multiple cancers. We have demonstrated that T-oligo can induce
apoptosis in androgen independent prostate cancer cell line DU-
[45. In this report, we evaluate the use of star-shaped
tetraspermine (SSTYS) for delivery of T-oligo.

Methods SSTS was synthesized from spermine and its intrinsic
cytotoxicity towards DU- 145 cells was compared with spermine
and branched polyethyleneimine (bPEI). Atomistic molecular dy-
namic (MD) simulations were conducted to understand binding
and complexation of spermine and SSTS with T-oligo. Complex-
ation was also determined using gel electrophoresis and SYBR
gold assay. Complexes were characterized for size, cellular uptake
and antiproliferative effect.

Results SSTS exhibited significantly lower toxicity than spermine
and bPEI. Its affinity towards T-oligo was significantly higher than
spermine as determined by experimental studies and confirmed
by MD simulations and it formed stable complexes (TONPs) with
T-oligo. TONPs facilitated cellular uptake and nuclear accumula-
tion of T-oligo and their cytotoxic potential was observed at
concentration several folds lower than that required for T-oligo
alone.

Conclusion SSTS significantly enhanced therapeutic benefits as-
sociated with the use of T-oligo and can be developed as a
delivery vehicle for its in-vivo therapeutic applications.

Electronic supplementary material The online version of this article
(doi: 10.1007/51 1095-014-1455-7) contains supplementary material, which is
available to authorized users.
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ABBREVIATIONS

6-FAM 6-carboxyfluorescein

BCA Bicinchoninic acid

bPEI Polyethylenimine, branched

CRPC Castration resistant prostate cancer

DAPI 4',6-Diamidino-2-Phenylindole,
Dihydrochloride

EDTA(ONP),  Ethylenediaminetetrakis-(p-nitrophenyl) ester

SSTS Star-shaped tetraspermine

TONPs T-oligo nanoplexes

INTRODUCTION

Prostate cancer is the second leading cause of cancer death in
men with an estimated 233,000 new cases in the U.S. in 2014
[1]. Although most advanced prostate cancer patients respond
initially to androgen deprivation therapy, they stop
responding between one and three years after imitiation of
therapy [2], thus becoming castration resistant. Therefore,
new treatments are being investigated to treat castration re-
sistant prostate cancer (CRPC).
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Telomeres are heterochromatic structures present at the
ends of linear chromosome and are essential for ensuring
chromosome stability [3]. Exposure of telomere overhang
induces apoptosis or senescence depending on the type of
cancer cell. Exogenous administration of oligonucleotide ho-
mologous to the telomere overhang also elicits effects similar
to the exposure of telomere overhang [4—6]. One such oligo-
nucleotide termed “T-oligo’(1 1-mer), having sequence homol-
ogy to telomere overhang, exhibits cytostatic and/or cytotoxic
effects in multiple cancer cell types while sparing normal
primary cells including mammalian epithelial cells [7-10].
Recently, we have demonstrated that T-oligo can inhibit
growth of prostate cancer cell line DU-145 lacking androgen
receptors [11]. Rankin et al. have also reported similar obser-
vations [12], thus suggesting its potential in the CRPC treat-
ment. However, in general, oligonucleotides such as T-oligo
are poorly internalized owing to their polyanionic character
and degrade rapidly in the presence of nucleases [13, 14]. The
use of suitable carrier can overcome these limitations associ-
ated with the administration of free T-oligo. An ideal carrier
can pack the oligonucleotide into nanoparticulate form, pro-
tect 1t from degradation during circulation, and enhance its
cellular internalization [15-18].

Cationic polymers are currently investigated as nucleic acid
carriers because they can form complexes with negatively
charged oligonucleotides through electrostatic interactions
[19, 20]. Flexibility of chemistries, facile manufacturing, and
robust and stable formulation are some advantages associated
with cationic polymers that can ease their transition to clinics.
Several cationic polymers have been explored so far as carriers
for nucleic acids (antisense oligonucleotides, stRNA and plas-
mid DNA) [21-24]. But identification of a suitable
polycationic polymer with lower intrinsic toxicity and higher
transfection remains a challenge. Molecular weight and sur-
face charge are two important factors responsible for the
toxicity of polycationic polymers [25, 26]. An increase in
molecular weight or surface positive charge increases the
cytotoxicity associated with polymers; whereas, relatively
small molecular weight polycationic compounds (1-5 K) ex-
hibit lower toxicity [27, 28]. Thus, we want to develop small
molecular weight polycationic compounds with lower toxicity
profiles, while maintaining their ability to bind to nucleic acids
to form complexes within the nanometer size range. Our
recent studies demonstrate the potential of spermine-based
molecules for nucleic acid delivery [29]. In this manuscript we
report the benefits of using star-shaped tetraspermine (SST'S)
comprising of four spermine units conjugated to the central
core (Fig. 1) as a carrier for T-oligo. We use atomistic
molecular dynamics (MD) simulations to examine the
binding of spermine and SSTS with T-oligo. We also
demonstrate that complexes made of T-oligo and SSTS ex-
hibit antiproliferative properties at much lower concentration
than free T-oligo.

f ]
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Fig. I Schematic representation of star-shaped tetraspermines (SSTS).

MATERIALS AND METHODS
Materials

Spermine (N,N-Bis-(3-amino-propyl)-butane-1,4-diamine)
was purchased from Alfa Aesar (Ward Hill, MA). DNA oli-
gonucleotides T-oligo 5" - GTTAGGGTTAG - 3', the control
oligo 5" - CTAACCCTAAC- 3" and FAM labeled T-oligo 5" —
(6-FAM)GTTAGGGTTAG - 3" were purchased from The
Midland Certified Reagent Company (Midland, TX). SYBR
Gold reagent was obtained from Life Technologies (Grand
Island, NY). All other chemicals were obtained from Sigma
Aldrich (Milwaukee, WI). All commercial reagents and anhy-
drous solvents were used without further purification or distil-
lation. High-performance liquid chromatography (HPLC)
grade solvents were purchased from Fisher Scientific (Pitts-
burgh, PA). RPMI 1640 media, PBS, trypsin, antimycotic
were purchased from GIBCO (Invitrogen; Grand Island,
NY). FBS was purchased from Atlanta biological (Lawrence,
GA 30043). DAPI and WST-1 reagent was purchased from
Roche Diagnostics (Indianapolis, IN). To study cellular uptake
and subcellular trafficking, experiments were performed using
8-chambered slide BD Biosciences Discovery Labware (Bed-
ford, MA). All small molecules were analyzed using TLC,
NMR, MS and HPLC for the purity. Thin layer chromatog-
raphy was performed on Whatman silica gel 60 A with fluo-
rescent indicator (Partisil K6F). Compounds were visualized
by UV light and/or stained with ninhydrin solution followed
by heating. Flash column chromatography was performed on
Whatman silica gel 60 A (230-400 mesh). Proton NMR
spectra were recorded on a Bruker 400 MHz spectrometer.
ESI mode mass spectra were recorded on a Shimatzu LCMS-
2020. MALDI analysis was performed using a Voyager-DE
PRO mass spectrometer (Applied Biosystems, Foster City,
CA) equipped with a 337 nm pulsed nitrogen laser. Gel
electrophoresis was performed using BioRad vertical
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electrophoresis system Power Pac 200 (BioRadHercules, CA)
and bands were visualized using the molecular imager,
Chemidoc™ XRS + with image lab software (Bio-Rad
Hercules, CA). Polyplex size was measured by a dynamic light
scattering spectrophotometer, NICOMP 3802 LS, Santa
Barbara, CA.

Methods
Chemustry

Spermine (1) was converted to monoprotected bis-
bocspermine (MPBBS) (5) in four steps as shown in Scheme 1.
Details of the synthetic procedure are provided in supplemen-
tary information. Central core with four amine-reactive arms
ethylenediaminetetrakis-(p-nitrophenyl) ester) (6)
(EDTA(ONP),) was synthesized as described previously [30].
SSTS was synthesized by reacting MPBBS (5) with
(EDTA(ONP)) (6) as depicted in Scheme 2. Conjugation of
monoprotected bis-bocspermine (5) to the central core (6)
yielded N-protected form of SSTS. Deprotection of primary
amines under basic conditions followed by deprotection of
secondary amines under acidic conditions yielded SSTS as
trifluoroacetate salt. Detailed procedure about the synthesis is
described below.

Synthesis of N-Protected SSTS (7). To the solution of 5 (0.47 g,
0.77 mmol) in 15 mL anhydrous tetrahydrofuran was added
N,N-Diisopropylethylamine (2.24 mL, 12.9 mmol) and 6
(0.1 g, 0.13 mmol). Reaction mixture was stirred under nitro-
gen at room temperature for 24 h. THF was then evaporated
and the reaction crude was dissolved in 200 mL dichloro-
methane, and the organic layer was washed with 0.1 N NaOH
(3%50 mL), water (2x50 mL), I M KHSO, (3x50 mL) and
water (2x50 mL). Dichloromethane was dried over anhy-
drous sodium sulfate and evaporated under vacuum to give
a yellow oily concentrate. Concentrate was purified by flash
column chromatography over silica gel using ethyl
acetate:methanol:NH,OH (70:27:3) as an eluent to afford
0.14 g (48.8%) of compound 7.

Synthesis of Star-Shaped Tetraspermine (SSTS) (8). Compound
7 (0.14 g, 0.063 mmol) was dissolved in a 1:1 mixture of
MeOH/NH4OH (30% aq solution) and refluxed overnight.
Then the solvent was evaporated under vacuum. The residue
obtained was dissolved in methanol and precipitated in ether
to obtain 0.08 g (70%) of pale yellow sticky precipitate of 8,
which was found to be pure by TLC and MS analysis. It was
used without further purification for the next step. The pre-
cipitate 8 (0.08 g, 0.044 mmole) was dissolved in 10 mL 20%
solution of trifluoroacetic acid in dichloromethane. The reac-
tion mixture was stirred at room temperature for 2 h. After
this time, solvents were evaporated the crude mixture was
dissolved in minimum amount of methanol and precipitated
in cold ether to obtain 0.09 g, (0.03 mmole, 83%) of SST'S (9)
as trifluoroacetate salt. 'H NMR (400 MHz) DMSO-d; & 1.6
(16H, bs, HNCH,-CH,-CH,;NH), 1.68—1.82 (8H, m, HNCH,-
CH,-CH;NH,), 1.84-2.0 (8H, m, CONHCH,-CH,-CH,NH),
2.75-3.05 (44H, m, CH,CH,NH,, CH,CH,NH, CH,CH,N),
3.1-3.2 (8H, m, CONHCH,CH,), 3.45 (8H, m, COCH,N),
8.0 (12H, bs, NHs), 8.4 (4H, bs, CONH), 8.9 (16H, bd,
CH,NH); MS Mol. Wt. Calculated (1,029.54) Mol. Wt. Ob-
served (1,030.54, M+ 1). SSTS was further characterized
using Matrix Assisted Laser Desorption lonization-Time of
Flight mass spectrometry (MALDI-TOF MS) to confirm its
molecular weight. SSTS was also characterized using LC/MS
to determine the purity and was found to be more than
95% pure. NMR and MALDI spectra of SSTS are shown in
Fig. 2.

Preparation and Characterization of T-Oligo Nanoplexes (TONPs)

Stock solutions of 6-FAM-T-oligo (0.08 mM) and SST'S
(1.4 mM) were prepared in water. TONPs were formed at
varying N/P ratios (0 to 30) by mixing two solutions and final
volume was adjusted to 30 pL using water. The solutions were
allowed to stand at room temperature for 20 min before
analysis. Ability of SSTS to completely complex with T-
oligo was examined by monitoring electrophoric mobility of
free 6-FAM -T-oligo and TONPs by gel electrophoresis on a
BioRad vertical electrophoresis system. Agarose gel (3%, w/v)

Scheme | Synthesis of CF, =<CF3 0§<CF3
monoprotected bis-bocspermine i) H,N 0=<NH o NH H,N NH
Ethyl trifluoroacetate i) Boc < < <
anhydride iii) ammonium <
hydroxide, methanol iv) ethyl HN . HN . Boc-N Boc-N . Boc-N
trifluoroacetate, —50°C § 1—> § .y § L § v §

NH NH }N—Boc >N*Boc >N-Boc

NH, >NH NH NH, NH,

OJ\CF3 04\CF3
1 2 3 4 5
MPBBS
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Scheme 2 Synthesis of star- FchO O__CF,
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was prepared in 1 X TBE (Tris-Boric acid-EDTA) buffer. Ten
pL of the TONP solutions (at N/P ratios of 0—30) were mixed
with 5 pL of sucrose solution and the mixtures were electro-
phoresed at 100 V for 20 min. The locations of FAM labeled
T-oligo containing bands were visualized by UV illuminator
(Fig. 3a). The complex formation and the presence of free T-
oligo was also determined by SYBR gold assay as described
previously [31] using label free T-oligo. Briefly, 0.5 pg of T-
oligo was complexed with SSTS at different N/P ratios in
opaque 96 well plates and incubated for 20 min at room
temperature. 50 pL of SYBR Gold solution was then added
in each well and plate was incubated in dark for 10 min.
Intercalation-caused fluorescence was quantified using Syner-
gy 2 multiplate reader (Bio-Tek instruments Winooski, VT) at
495 nm excitation and 537 nm emission wavelengths. Com-
plexation of T-oligo with branched polyethyleneimine (PEIL,
25 kD) and spermine was evaluated as well. Experiments were
performed in triplicate, and the results are given as mean

NH, NH,

relative fluorescence intensity values  standard deviation
(Fig. 3b). Intercalation of free T-oligo represents 100% fluo-
rescence and non-intercalating SYBR Gold in buffer repre-
sents 0% fluorescence. For size measurement TONPs were
prepared as described above. The size of the TONPs was
measured in quadruplicates at 25°C using dynamic light
scattering spectrophotometer. Results are reported as mean
diameter in nm +/— size distribution (Fig. 3c).

Molecular Dynamics Simulations

We modeled the complexation of spermine and SSTS mole-
cules with T-Oligo by atomistic MD simulations using the
NAMD package [29] and the CHARMM forcefields
par_all27_prot_na.par [32, 33] for T-Oligo nucleotides and
cgenfl2b7 [34-36] for others. The systems are simulated in the
NPT ensemble with periodic boundary conditions applied,
using the Langevin dynamics Yy ang=1.0 ps_ . The long range
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Fig. 2 Characterization of SSTS (@) 'H NMR for spermine showing one 300
duster of peak at 1.5 ppm. (b) 'H NMR for SSTS showing three peaks in the —_
region of 1.6-2.0, indicating formation of amide at one end of spermine. (c) £
MALDI analysis indicates one peak (M + I') corresponding to the molecular £
weight of SSTS. @ 200-
>
<
electrostatic couplings are calculated by the PME method N
[37]. 100+
In SSTS, we assume that the 12 amines furthest from the
EDTA core are protonated giving a +12 net charge.
Spermine molecules were given a +3 net charge, so that four 0- 101 2044 30:1
spermine molecules would more closely approximate a single ’ ) )
N:P

SSTS molecule in both mass and charge. We used ammoni-
um and trifluoroacetate counter ions for T-oligo and
oligospermines respectively as in the biological experiments.
TIP3 water was used as the solvent.

The two primary goals of the simulation studies were to
compare the strengths of interaction between spermine and
SSTS with T-oligo, and to study in more detail the complex-
ation of SST'S and T-oligo. FFor this reason three systems were
simulated: 1) 1 molecule of T-oligo and 8 molecules of SST'S;

@ Springer

Fig. 3 Characterization of complexes prepared using T-oligo and SSTS. (a)
TONPs were prepared at different N/P ratios (1, 5, 10, 20, and 30) in water
and run on agarose gel. T-oligo band locations were visualized using UV
iluminator. Complete complexation was observed when N/P ratio was 30: |
(b) Percentage of free T-oligo as detected by SYBR gold assay after complex-
ation with spermine, SSTS and bPEI at different N/P ratios ranging from O. | to
60. (c) Average diameter of nanoplexes: TONPs were formed at different
N/P ratios (10, 20, 30) and size measured by dynamic light scattering
spectrophotometer. Error bars represent polydispersity (size distribution)
and not the standard deviation. Standard deviation was less than 2%.
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2) 1 molecule of T-oligo and 24 molecules of spermine (both
were neutralized using ammonium and trifluoroacetate and
then solvated in TIP3 water in a 150X 150% 150 A® periodic
bounding box; 24 spermine molecules were used to maintain
same N/P ratio as with SSTS); 3) 20 molecules of T-oligo and
150 molecules of SSTS (neutralized by 200 molecules of
ammonium and 1,800 molecules of trifluoroacetate and
solvated in TIP3 water in a 300%300% 300 A® periodic
bounding box). All systems were solvated using the
VMD solvate plugin. The first and second systems were
both equilibrated for 7 ns, the third was equilibrated for
20 ns after using external forces as described below.
Complexes obtained from simulations studies are depicted in
Fig. 4.

Cell Culture

Androgen independent DU-145 cells were used to measure
cellular uptake and growth inhibition. The cells were cultured
as previously described [38]. Briefly, cells were cultured in
RPMI 1640 media supplemented with 10% of fetal bovine
serum (FBS) and 0.5% of antimycotic (the combination of
penicillin and streptomycin) at 37°C in 5% COs. Cells were
passaged after reaching 85-90% confluency.

Cellular Uptake of TONPs

Microscopic Analysis. 6-FAM labeled T-oligo was used to form
TONPs to visualize cellular entry and intracellular location of
T-oligo and TONPs. DU-145 cells were seeded at a density of
25,000 cells per chamber in 8-chambered slide in 500 pL of
complete medium. Cells were incubated for 72 h in presence
of 10% serum until they reach 80% confluency. After 72 h,
cells were washed twice with complete medium. After wash-
ings, the cells were treated with 0.5 mL of 6-FAM-T-oligo or
TONPs solutions at various N/P ratios [10, 20, 30] for 1 h,
2 h and 4 h at 37°C. After treatment, cells were washed three
times with PBS before observing under fluorescence micro-
scope. To determine nuclear localization DAPI was used as a
nuclear stain. At least two independent studies were conduct-
ed to visualize internalization of T-oligo and its colocalization
with DAPL, and shown in Figs. 5 and 6.

Quantitative Cellular Uptake. Quantitative cellular uptake of
6-FAM labeled T-oligo and TONPs after incubation for 4
and 24 h with DU-145 cells was measured by fluorometry.
Treatments were performed as described above. After treat-
ments, cells were washed twice with PBS followed by addition
of130uL of 1 N NaOH. Cells were then incubated for 40 min.
After incubation, cell lysate was vigorously mixed and 100 uLL
of cell lysates were transferred to black opaque 96 well plate.
Fluorescence was measured at 485 nm excitation and 520 nm
emission wavelengths. The data obtained was normalized for

Fig. 4 Complexation of T-oligo with oligospermines (a) Small cluster of one
T-oligo and three SSTS molecules (b) small cluster of one T-oligo and four
spermine molecules and (c) Big cluster of 20 T-oligo and 42 SSTS molecules.
Green ribbons represent T-oligo, red strands with yellow centers represent
SSTS molecules, and blue strands represent spermine molecules. Water and
counter-ions are not shown.

protein content, measured using BCA assay. The cellular
uptake was compared with bPEI (25 kD) and lipofectamine.
Results are depicted in Fig. 7a.

Fluorescence Assisted Cell Sorting (FACS) Analysis. Uptake
mechanism of TONPs in DU-145 cells was investigated as
described before for other polycationic systems [39, 40] by
using inhibitors of clathrin- and caveolae-mediated endocyto-
sis [41]. DU-145 cells were seeded (100,000 cells/well) in 24
well plate 24 h prior to treatment. Cells were then treated with
200 pL solution of genistein (30 pg/mL) or chlorpromazine
(10 pg/mL) or a mixture of genistein and chlorpromazine for
1 h. (These concentrations were found to be non-toxic from
cell viability studies conducted separately). Subsequently,
TONPs were added at final concentration of 1 pM of 6-
FAM-T-oligo in each well and incubation was continued for
another 4 h. Media was then aspirated and cells were washed
three times with PBS. Trypsin was added to each well and cells

@ Springer



202

Kolhatkar et al.

Fig. 5 Intracellular trafficking of TONPs. Fluorescence microscopy images of the DU- 145 cell line after incubation at 37°C with (a) free T-oligo (10 uM), | h or
(b) TONPs (N/P 20) for | h, or () TONP (N/P 30) for | h, or (d) TONP (N/P 30) for 2 h or (e) TONP (N/P 30) for 4 h. Images in panel (a, b, and c) were

captured with 10X lens and in panel (d) and (e) were captured with 20X lens.

were harvested, mixed with complete media and centrifuged at
5,000 rpm for 4 min. Cell pellets were resuspended in 500 pL
complete media and analyzed for the presence of 6-FAM-
labeled T-oligo by flow cytometer (Becton Dickinson, Frank-
lin Lakes, NJ) and data analyzed by CellQuest software.

In Vitro Growth Inhibition

Growth inhibition effect and Gl;y, values for free
spermine, SSTS, and bPEI (25 kD) were evaluated on
DU-145 cells. DU-145 cells (2,000/well for 5 days and
4,000/well for 4 h, 24 h and 48 h treatment) were seeded
in 96-wells plate in complete medium for 24 h prior to
treatment. On the day of the treatment (day 0), cells were
treated with the test substance for predetermined time (4,
24, 48 h or 5 days). At the end of treatments, media was
aspirated followed by addition of 110 pL of WST-1
solution. After 4 h, absorbance was measured at
440 nm. Cell growth inhibition was calculated using fol-
lowing formula.

Ar—Ay

% Growth Inhibition = x 100

C 0

Ar  Absorbance of treated cells

(at the end of the treatment period)
Ac  Absorbance of control cells

(at the end of the treatment period)
Ay Absorbance at Day 0

(Start of the treatment)

@ Springer

Briefly, cell viability at day O (start of the treatment) was
subtracted from the cell viability after treatment and expressed
as percentage growth inhibition compared to untreated cells
(Fig. 8). Negative growth inhibition values indicate cell killing.
Experiments were routinely conducted in the exponential
growth phase. Glj;, values were determined by nonlinear re-
gression analysis using GraphPadPrism software. Averages of
GlI; values are reported in Table I for at least two independent
experiments performed in triplicate. Similar experiments were
performed to determine growth inhibition properties of free T-
oligo, control oligo, TONPs and complexes prepared using
SSTS of control oligo (Fig. 9, Table II). Cell viability of DU-
145 cells after treatment with endocytosis inhibitors (chlorprom-
azine and genistein) for 5 h was evaluated using similar method
to determine non-toxic concentrations for uptake studies.

RESULTS
Synthesis and Characterization of SSTS and TONPs

We have previously described the procedure for the synthesis
of the central core with four reactive ester groups [42]. The
presence of only one free primary amine in MPBBS [5]
facilitated the conjugation of four spermines to the central
core. The presence of several Boc groups facilitated the purifi-
cation of protected form of SST'S using flash column chroma-
tography. Reaction for deprotection of Boc groups after column
purification was clean yielding pure SST'S in the TFA salt form.
Comparison of NMR spectra for spermine and SSTS revealed
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Fig. 6 Fluorescence microscopy
images demonstrating nuclear
accumulation of FAM-T-oligo in
DU- 145 cell cells incubated at 37°C
with TONP (N/P=30) for 4 h. (a)
Light microscope image (b)
Visualization of nuclear staining by
DAPI (c) Visualization of FAM-T-
oligo and (d) Colocalization of DAPI
and FAM-T-oligo.

a downfield shift for protons attached to the o-carbon with
respect to the primary amine in spermine (Fig. 2a, b). Protons
at the B-position to the primary amine (two protons at each end
of spermine) appeared as one cluster in spermine NMR, where-
as, in SSTS two different peaks were observed due to the
formation of amide bond only at one end (Fig. 2a, b). MALDI
(Fig. 2¢) and MS analysis confirmed molecular weight while
LC/MS revealed more than 95% purity for SSTS. To deter-
mine buffering capacity, spermine, SST'S, and bPEI were titrat-
ed using HCI solution. Titration curves and buffering capacity
with respect to pH are plotted, and the graphs are included in
supplementary information (Fig SI and S2). All polyamines
(spermine, SST'S and bPEI) exhibited buffering effect at higher
pH values (pH>7) corresponding to their higher pK, values.
Buffering capacity for the change in pH from 7.4 to 5.1 was
calculated and reported in Table I. Branched PEI exhibited
highest buffering capacity, which was 3.7-folds more than NaCl.
Spermine and SSTS showed 2.6- and 2-folds increase in buff-
ering capacity compared to NaCl solution.

Preparation and Characterization
of T-Oligonanoplexes (TONPs)

Figure 3a shows the scan of electrophoresis gel for the com-
plexes prepared using SST'S and T-oligo. Lane one is for free
T-oligo while lanes 2 to 6 are for complexes at different N/P
ratios. Despite the same amount of T-oligo used for complex
formation, a decrease in the intensity of the band for free T-
oligo was observed with increasing amount of polymer (in-
creasing N/P ratio). The decrease was quite significant even at
N/P ratio of one (Lane 2). No free T-oligo was observed at

N/P ratio of 30 (Lane 6, Fig. 3a) indicating complete com-

plexation of T-oligo. SYBR gold assay revealed very low
percentage of T-oligo in the free form even at low N/P ratios
and the percentage of free form remained more or less same at
higher N/P ratios. The size of TONPs was measured at 25°C
using dynamic light scattering spectrophotometer. The aver-
age size for TONPs at N/P ratio 10, 20 and 30 was 195, 202
and 232 nm respectively (Fig. 3c). Since complete complexa-
tion was seen at higher N/P ratios, TONPs at N/P ratio of 20
and 30 were used for biological evaluation.

Molecular Dynamics Simulations

We used atomistic MD simulations to compare the strengths
of binding between spermine/SSTS and T-oligo, and to study
the complexation between T-oligo and SSTS. The Coulom-
bic coupling energy was calculated every 0.004 ns and aver-
aged over 0.4 ns. In Fig. 4a, b, we show the SSTS-T-oligo
complex and the spermine-T-oligo complex, respectively.
Using VMD [43], we found that in these two complexes the
average Coulombic coupling is —202.05 kcal/mol and
—117.56 kcal/mol per SSTS and spermine molecules, respec-
tively. These results are in good agreement with the
experiments.

In Fig. 4c, we also present the formation of large SSTS-T-
oligo complexes. Local complexation occurred first, where
small clusters comprising of one molecule of T-oligo and
two/three molecules of SSTS were observed to form, in
analogy to Iig. 4a. These local complexes then assembled into
larger clusters. In order to speed up this process of cluster
assembly, we initially applied a small force of 0.69 pN, pulling
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8 internalization than TONPs with N/P ratio of 20 (Fig. 5b). To
% determine sub-cellular localization, TONPs (N/P=30) were
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507 (Fig. 5d), a dispersed green fluorescence was observed
O_j - - -_ throughout the cytoplasm with a trend towards nuclear accu-

TONP Chlorprc Chilorprc Genistein
+ TONP + Genistein +TONP
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Fig. 7 (a) Quantitative measurement of cellular uptake of free FAM labeled
T-oligo, spermine-T-oligo complexes, TONPs, and PEI-T-oligo complexes
after incubation for 4 h and 24 h with DU-145 cells. Spermine, SSTS, and
bPEI significantly enhanced cellular uptake of T-oligo after 24 h incubation
compared to free T-oligo. (b) DU- 145 cells were pre-incubated for | h with
Chlorpromazine (10 ug/mL), or Genistein (30 ug/mL), or their mixture
followed by addition of TONPs. Cellular uptake of TONPs was measured
using FACS after 4 h incubation.

the components close to each other. The formed cluster is
comprised of 20 T-oligo molecules and 42 SSTS molecules
(Fig. 4c). The strong electrostatic attraction between positively
charged SSTS molecules and negatively charged T-oligo
makes the cluster compact and stable.

Intracellular Trafficking and Quantitative Cellular
Uptake of TONPs

To visualize the internalization, TONPs prepared using fluo-
rescently labeled T-oligo (6-FAM T-oligo) were incubated
with DU-145 cell lines at 37°C at two different N/P ratios
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mulation (Fig. 5¢). After 4 h, a discrete nuclear accumulation
was observed (Fig. 5e). To further confirm nuclear accumula-
tion, a co-localization study was performed using DAPI as
nuclear stain. Figure 6 shows images taken from fluorescence
microscope after incubation with TONPs (N/P=30) for 4 h.
Blue fluorescence corresponding to DAPI (Fig. 6b) and green
fluorescence corresponding to T-oligo (Fig. 6¢) indicates ac-
cumulation of DAPI and T-oligo in the nucleus. This was
further confirmed by observation of purple color in co-
localization pictures (Fig. 6d). To quantitate cellular internal-
ization, cells were incubated with TONPs, washed with PBS,
lysed with NaOH solution and the fluorescence was measured
and reported in Fig. 7 after normalization with protein con-
tent. We used Lipofectamine as a positive control and bPEI
for comparison. As expected, very low cellular uptake was
observed for naked T-oligo; whereas, lipofectamine signifi-
cantly increased T-oligo internalization at 4 h. Complexes
formed using linear and bPEI and SSTS demonstrated a
significant increase in cellular uptake of T-oligo after 4 h,
which was further enhanced after increasing the incubation
time to 24 h. Enhancement in the cellular uptake of TONPs
was comparable to the enhancement observed after incuba-
tion of bPEI-T-oligo complexes.
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Table I Characteristics of Spermine, SSTS and bPEI
Compound Molecular weight No. of amines/mol Buffering capacity® Glsg

X 107 M)

4 h 24 h 48 h 5 days

Spermine 202.34 4 6.6 >204 >206 49.1 44.4
SSTS 1,029 14 5.1 >206 >204 66.2 84.2
bPEI 25,000 28 9.2 1.04 0.65 0.06 0.1

#Buffering capacity (for change in pH from 7.4 to 5.1) = mol of HCl added/change in pH

To determine the mechanism of cellular uptake, DU-145
cells were pre-incubated with chlorpromazine (clathrin-
mediated endocytosis inhibitor) or genistein (caveolae-
mediated endocytosis inhibitor) or their mixture for 1 h before
adding TONPs. Non-toxic concentrations of chlorpromazine
(10 pg/mL) and genistein (30 pg/mL) were selected based on
the cytotoxicity profile as determined by WST-1 assay. FACS
analysis (Fig. 7b) revealed, a decrease in cellular uptake after
pre-incubation with chlorpromazine whereas an increase after
pre-incubation with genistein compared to the cellular uptake
of TONPs alone. Pre-incubation with a mixture also de-
creased the cellular uptake.
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Fig. 9 Cytotoxicity of T-oligo, SSTS, TONPs and control oligonucleotide
nanoplexes after incubation with DU-145 cells for (a) 48 h and (b) 5 days.

Intrinsic Cytotoxicity of Spermine, SSTS and bPEI

Figure 8 illustrates cell viability for spermine, SST'S and bPEI
after 48 h and 5 days (Gl values reported in Table I). Cell
viability decreased with increase in the concentration and
incubation time of spermine and SST'S. No growth inhibition
was observed for both compounds at concentrations lower
than 0.02 mM (cell viability >90%); whereas, at higher con-
centrations (0.1 mM) both compounds showed a significant
growth inhibition. After 48 h treatment, SSTS, at 0.05 mM
and 0.1 mM, was less toxic (cell viability 57 and 36%) than
spermine (cell viability 45 and 20%). The difference in cell
viability was more pronounced (p<0.005) after 5 days of
treatment when SSTS treatment showed 89 and 31% cell
viability, and spermine treatment showed 29 and 4% cell
viability at 0.05 and 0.1 mM respectively. Compared to
spermine macromolecules, bPEI was much more toxic. Cyto-
toxicity of bPEI was more even at the lowest concentration
(0.02 mM) tested for SSTS/spermine. Thus, cell viability of
bPEI is reported at lower concentrations (Fig. 8). Growth
inhibition studies were also conducted at 4 h and 24 h to
determine the nontoxic concentrations to be used for trans-
fection studies and Gl are reported in Table I.

In-Vitro Growth Inhibition of DU-145 After Incubation
With TONPs

To determine the antiproliferative properties, T-oligo was
incubated with DU-145 cells at various concentrations rang-
ing from 1 to 40 uM. T-oligo demonstrated significant toxicity
only at higher concentrations (20 pM and 40 uM) (data not
shown). Lower nontoxic concentrations (1, 2, and 4 uM) of T-

Table Il Glgg values of SSTS, T-oligo, and TONPs Using DU- 145 Cell Line

Glso (uM)
4h 24 h 48 h 5d
SSTS >206 >204 66.2 84.2
T-oligo - >4.0 >4.0 >40
TONP (N/P=30) - >4.0 2.04 I.15
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oligo were chosen for further studies to evaluate the effect of
complexation with SSTS. Cell viabilities of DU-145 after
incubation with free T-oligo, free SSTS, TONPs (N/P=30)
and complexes prepared from SSTS and control oligo (N/P=
30) are reported in Fig. 9 and Gl5y values are reported in
Table II. T-oligo and control oligo when used alone were
nontoxic (cell viability >95%) at the concentrations used in
these studies. After 48 h treatment (Fig. 9a), a decrease in cell
viability was observed for free SSTS at 25, 50, and 100 pM
(concentrations required to prepare TONPs at N/P=30
equivalent to 1,2, and 4 pM of T-oligo). Cell viabilities after
treatment with nanoplexes prepared from control oligo and
SSTS were similar to those after treatment with free SSTS.
TONPs were nontoxic at 1 pM (T-oligo equivalent
concentration) but exhibited a significant toxicity (p<<0.03)
compared to control oligonanoplexes at 2 and 4 pM (T-
oligo equivalent concentrations). After 5 days treatment, the
difference in toxicity between TONP and control-oligo-
nanoplexes was more evident at 4 pM. Comparison of Gl
values revealed that the toxicity of TONPs was approximately
2-fold higher than control-oligonanoplexes.

DISCUSSION

The objective of this study was to develop a carrier for T-oligo
that can facilitate its further development as a therapeutic
oligonucleotide. Relatively small size of this oligonucleotide
compared to other nucleic acids such as siRNA or plasmid
DNA prompted us to develop small molecules different from
other polymeric systems currently under investigation as
nucleic acid carriers. We chose spermine to use as a building
block for SST'S because of its affinity towards nucleic acids.
Spermine is an organic cation present at millimolar concen-
tration in eukaryotic cells. At physiological pH, the amine
groups in spermine are protonated, enabling them to interact
with negatively charged cellular components such as DNA,
RNA, and anionic phospholipids [44]. Spermine is known to
produce condensed DNA through the interaction of the pos-
itively charged amines with the phosphate groups on the
nucleosides [45, 46]. Spermine is an important component
in several non-viral delivery vectors. Itis used to form synthetic
cationic lipids that can be assembled to form liposomes.
Spermine is also grafted on polysaccharides and other poly-
mers (dextran, chitosan, methacrylate) to achieve the required
binding with negatively charged phosphate groups [47-51].
Recent reports indicate higher transfection efficiency for poly-
mers made from spermine (polyspermine) [52—54]. The buff-
ering capacity of polyspermine was better than bPEL suggest-
ing that the use of spermine in non-viral delivery vectors can
lead to the endosomal escape of the carrier-oligonucleotide
complex [52]. Efforts from the laboratory of Drs. Smith and
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Pack demonstrate the potential of spermine dendrons as
nucleic acid carriers [55, 56]. We intend to develop
spermine-based macromolecules as nucleic acid carriers. Re-
cently, we reported that tetraspermines can successfully knock-
down reporter gene expression. Thus, in this study we evalu-
ate the use of SSTS comprising of four spermines conjugated
to a central core. SSTS can be considered as generation 0
dendritic spermine with the potential to form higher genera-
tion dendritic analogs. The four surface amine groups on
SSTS can be branched out to form higher generation den-
dritic spermine. The synthetic strategy involving conjugation
of monoprotected bis-bocspermine to the central core yielded
a good amount of tetraspermine, and the presence of Boc
groups facilitated the purification of the protected form.
Deprotection of primary and secondary amines were high
yielding reactions allowing us to synthesize SSTS in pure form
in good quantities despite its highly polar nature.

First, we studied the binding of SSTS with T-oligo. Gel
retardation assay (Fig. 3a) and SYBR gold assay (Fig. 3b)
confirmed complex formation as well as absence of free T-
oligo at higher N/P ratios. A complete binding was observed
at N/P ratio of 30, which is equivalent to wt/wt ratio of 7:1
(SSTS:T-oligo). Dynamic light scattering analysis revealed
sizes of 195, 202 and 232 nm for the complexes formed at
10,20 and 30 N/P ratio.

The MD simulations showed that SSTS has about twice
larger binding affinity to T-oligo than spermine. These results
support the experimental findings that SSTS binds to T-oligo
more strongly than spermine as shown in Fig. 3b. Figure 4a, b
reveal that spermine and SST'S bind to T-oligo quite differ-
ently. The EDTA core of SSTS lies close to the T-oligo
backbone, with one or two legs bound to the DNA and the
other two pointing away, which gives only twice larger binding
strength compared to spermine despite the fact that SST'S is
four times more charged than spermine. In contrast, spermine
binds more completely with the DNA strand, with a greater
percentage of amines per molecule coupled to the T-oligo.
However, SSTS can better neutralize T-oligo than spermine,
due to both enthalpic and entropic reasons.

In Fig. 4c, we can see that the loose SSTS arms exposed to
the solvent can couple several SSTS-T-oligo complexes into a
larger cluster. The strong binding of SSTS is important to
keep the complexes stable in the presence of buffer. The loose
SSTS arms form a protective barrier for the larger clusters.
Pavan et al. has reported a similar screening effect when they
studied the interaction between spermine dendrons and DNA
[57]. Moreover, the non-interacting arms of SST'S could keep
the complex positively charged, which can facilitate its cellular
uptake. This can perhaps explain higher cellular uptake ob-
served with TONPs than complexes formed with spermine,
despite the same N/P ratio used for complexation (Fig. 7a).

The differences in the complexation behavior of spermine
and SSTS are also helpful in the development of targeted
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delivery systems. Since higher percentage of amines in
spermine are engaged in binding to nucleic acid, it is expected
that functionalization of these amines will lead to loss in
binding energy, whereas loose SST'S arms in TONPs can be
functionalized with tumor targeting agents without affecting
the stability of the complexes. Additionally, SSTS (Fig. 4a)
leaves much less of the DNA backbone exposed compared to
the spermine complex (Fig. 4b). By steric interactions this may
help prevent nuclease degradation of T-oligo, possibly im-
proving the longevity of the TONPs. These findings suggest
that SSTS 1s perhaps benefiting from its dendritic
architecture.

Then, we evaluated intrinsic toxicity of SST'S using andro-
gen independent prostate cancer cell line DU-145. As expect-
ed from its molecular weight, cytotoxicity of SSTS was hun-
dreds of fold lower compared to bPEI (Fig. 8, Table I).
Spermine dendrons are also reported to be nontoxic at con-
centrations as high as 20 pg/mL [58]. Reducible
polyspermine is also reported to have lower toxicity profile
[52]. In agreement with these studies, SSTS was completely
nontoxic after 4 h and 24 h incubation period. However, it
showed significant toxicity after longer incubation period,
albeit only at higher concentrations (Fig. 8).

Previously, we have demonstrated that T-oligo can induce
apoptosis in DU-145, a hormone resistant prostate cancer cell
line [11]. T-oligo can inhibit growth of DU-145 cell line
whereas androgen-dependent cell line LNCaP was unaffect-
ed. Rankin e al. demonstrated that T-oligo does not generate
cytotoxicity, or apoptosis, or cell cycle disruption in normal
human prostate epithelial cells (pZ-HPV-7) even after longer
exposure time [12]. DU-145 has mutated p53 and pRb sug-
gesting that T-oligo can induce apoptosis even in the absence
of p33 and pRb. It is postulated that T-oligo in an unknown
manner interferes with the telomeric structure or possibly
serving as destabilized telomeric mimic. Therefore, it is essen-
tial for T-oligo to reach nucleus, which is its target site. A
significant increase in the fluorescence after incubation of
complexes as opposed to free T-oligo suggests that SSTS
facilitates cellular uptake of T-oligo. Moreover, sufficient in-
cubation period led to the accumulation of green fluorescent
in the nucleus. Since fluorescent tag is conjugated to the T-
oligo, we speculate that TONPs are either disassembling in
the endosomes or disassembling during their transition to
nucleus, thus, allowing for nuclear accumulation of T-oligo.
Polycationic polymers having higher buffering capacity are
expected to facilitate endosomal escape of complexes.
Polyspermine has been demonstrated to have significant buff-
ering capacity [52]. However, small molecular weight
spermine dendrons require chloroquine for their transfection
[59]. Our results reveal a significant fluorescence in cytoplasm
at early time points followed by nuclear accumulation after
incubation of DU-145 cells with TONPs. These observations
suggest the possible escape of complexes during their

intracellular trafficking. There is a modest buffering capacity
associated with SST'S that might facilitate its endosomal es-
cape. Collectively, both microscopic studies as well quantita-
tive studies suggest higher intracellular concentrations of
TONPs compared to free T-oligo validating the importance
of delivery system. Quantitative studies further demonstrate
that SSTS is equally effective as bPEI and lipofectamine in
increasing the cellular uptake of T-oligo. Various reports
suggest the involvement of both clathrin and caveolae-
meadiated endocytosis for polyplexes prepared from
polycationic polymers [39—41, 60, 61]. Thus, we measured
the cellular uptake of TONPs after pre-incubation of DU-145
cells with chlorpromazine which is an inhibitor of clathrin-
mediated endocytosis and genistein which interferes with
caveolae-mediated endocytosis [41]. A modest decrease in
the uptake after pre-incubation with chlorpromazine suggests
the contribution from clathrin mediated cellular uptake. An
increase in the cellular uptake in the presence of genistein may
be due to an increased contribution from clathrin-mediated
pathway in the absence of caveolac-mediated mechanisms.
This is also supported by the fact that a decrease in the uptake
was observed by inhibiting both clathrin- and caveolae- me-
diated pathway (mixture of chlorpromazine and genistein).
However, only a modest decrease in the uptake after pre-
incubation with mixture also suggests the involvement of
clathrin- and caveolae-independent mechanisms.

In-vitro growth inhibition studies demonstrate significantly
higher toxicity of TONPs compared to T-oligo. Iree T-oligo
1s cytotoxic to DU-145 cells only at very high concentrations
[11]. We have reported a cytotoxic effect of T-oligo at 20 and
40 uM concentration. There was no significant decrease in
cell viability at 10 pM. Rankin e/ al. have also reported
cytotoxic potential of T-oligo in DU-145 cells at high concen-
trations [12]. Higher concentrations of T-oligo are also re-
quired to generate cytotoxicity in various other cancer cell
lines [7, 9]. In this report we demonstrate significant toxicity of
T-oligo at 2 and 4 pM when complexed with SSTS. These
concentrations are 10-20 fold lower than the concentrations
used in previous studies [11, 12]. Roughly, 25 M excess of
SSTS is required to achieve complete binding of T-oligo. At
such high concentration even SSTS starts showing toxicity.
Nevertheless, there is significant difference in the toxicity of
TONPs when compared to toxicity of nanoplexes prepared
from scrambled oligonucleotide. The difference is more evi-
dent at 4 uM and after 5 days treatment. Since SSTS uses
spermine as a monomer, there is a possibility that it can
interfere with polyamine biosynthesis and metabolism. Al-
though polycationic compounds are expected to disrupt cel-
lular membrane, it is possible that cytotoxicity of SSTS at
higher concentration can be related to its interference with the
polyamine biosynthesis and metabolism. Oupicky and col-
leagues have explored and suggested the utility of potent
polyamine analog exhibiting higher transfection ability as well
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as cytotoxic potential [62]. There is considerable interest in
developing polymeric carriers that exhibit some pharmaco-
logical activity [63, 64] and SSTS can perhaps behave in a
similar fashion. Li e/ al. recently reported the use of
bioreducible polycations that not only deliver plasmid DNA,
but also inhibit chemokine receptor CXCR#4 [65]. It remains
to be explored if structural modification of SSTS can lead to
the development of a carrier that can interfere with polyamine
catabolism and also as a carrier system for nucleic acids.

One of the limitations that we encountered in these studies
is higher N/P ratio required for complete binding as well as to
enhance cellular internalization. Our simulation studies indi-
cated that this might be due to some of the non-interacting
arms present in SST'S. Perhaps more flexibility in the core can
lead to higher interaction with nucleic acids as observed with
other polymeric systems [66—70]. Our recent observations
indicate that increase in the molecular weight of
oligospermines increases their binding to nucleic acids. Thus,
we anticipate that higher generations of SST'S will be able to
form stable complexes at lower N/P ratios. Nevertheless, it
was encouraging to observe a significant toxicity of TONPs
containing very low concentration of T-oligo, despite an in-
herently low toxicity associated with T-oligo alone. It is im-
portant to emphasize that although T-oligo elicits its pharma-
cological activity at micromolar concentration, there are sev-
eral advantages associated with its use. One of them is its
selectivity towards cancer cells compared to normal prostate
epithelial cells [11, 12]. Another significant advantage associ-
ated with the use of T-oligo is its effectiveness in killing
androgen-independent prostate cancer cells, which is an im-
portant arena that needs to be explored by performing m-vivo
studies. Use of T-oligo has also been evaluated successfully as
an adjuvant therapy in non-Hodkin’s-like lymphoma mouse
model [5]. Our own findings in this manuscript suggest that
use of T-oligo in combination with macromolecules that can
interfere with spermine catabolism will be a useful strategy to
explore. Future studies in our laboratory will focus on devel-
oping TONPs for wn-vivo applications in an androgen-
independent prostate cancer model. We anticipate TONPs
to exhibit better pharmacokinetic parameters and tumor ac-
cumulation than free T-oligo after in-vwo administration. Ad-
ditionally, functionalizing excess amines present in TONPs by
tumor-targeting agents can increase their selectivity towards
tumor tissues. Although, this manuscript focuses on the use of
T-oligo, SSTS can act as a versatile delivery vehicle. A recent
report indicates that deoxyguanosine-enriched T-oligo ex-
hibits higher toxicity compared to T-oligo [12]. Application
of SST'S can be extended to this or other highly active oligo-
nucleotides or even siRNAs that are active in nanomolar
concentrations. We are currently exploring the possibility of
using SST'S as a delivery vehicle for siRINA.

In conclusion, we report a relatively simple and straight-
forward synthesis of star-shaped tetraspermine (SSTS) that

@ Springer

can be used as a delivery vehicle for therapeutic oligonucleo-
tide T-oligo. Future studies will focus on developing TONPs
as a treatment modality in androgen-independent prostate
cancer mouse model.
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