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Abstract

Gemcitabine hydrochloride (HCI) is approved for the treatment of a wide spectrum of solid
tumors. However, the rapid development of resistance often makes gemcitabine less efficacious.
In the present study, we synthesized several novel lipophilic monophosphorylated gemcitabine
derivatives, incorporated them into solid lipid nanoparticles, and then evaluated their ability to
overcome major known gemcitabine resistance mechanisms by evaluating their /n vitro
cytotoxicities in cancer cells that are deficient in deoxycytidine kinase (dCK), deficient in human
equilibrative nucleoside transporter (hENT1), over-expressing ribonucleotide reductase M1
subunit (RRM1), or over-expressing RRM2. In dCK deficient cells, the monophosphorylated
gemcitabine derivatives and their nanoparticles were up to 86-fold more cytotoxic than
gemcitabine HCI. The majority of the gemcitabine derivatives and their nanoparticles were more
cytotoxic than gemcitabine HCI in cells that over-expressing RRM1 or RRM2, and the
gemcitabine derivatives in nanoparticles were also resistant to deamination by deoxycytidine
deaminase. The gemcitabine derivatives (in nanoparticles) hold a great potential in overcoming
gemcitabine resistance.
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1. Introduction

Gemcitabine (2,2’ -difluorodeoxycytidine, dFdC) HCI is approved for the treatment of a
wide spectrum of solid tumors including pancreatic, non-small-cell lung cancer, breast, and
bladder cancers (Candelaria, M. et al., 2010; Barton-Burke 1999; Kalykaki et al., 2008;
Sandler et al., 2000; Zucali et al., 2008; Cetina et al., 2004; Candelaria, Myrna et al., 2007).
However, tumor cells often acquire resistance during or after gemcitabine treatment
(Bergman, Andries M. et al., 2002; Andersson et al., 2009; Sezgin et al., 2005). Gemcitabine
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is a polar deoxycytidine analogue. It requires nucleoside transporters to translocate across
the cellular membrane (Heinemann V et al., 1995). Clinical data showed that patients with
tumors with a decreased expression of hENT1, a nucleoside transporter, have a significantly
lower survival rate after gemcitabine treatment than those with tumors that express a higher
level of hENT1 (Giovannetti et al., 2006; Mey et al., 2006; Spratlin et al., 2004). More than
90% gemcitabine that are internalized into cells are deaminated by deoxycytidine deaminase
(dCDA) to form inactive 2’-deoxy-2",2’-difluorouridine (dFdU) (Immordino et al., 2004).
Therefore, deamination affects the efficacy of gemcitabine adversely (Immordino et al.,
2004). Gemcitabine is a prodrug, which needs to be phosphorylated to gemcitabine
monophosphate (dFACMP) by dCK (Kroep et al., 2002; Bouffard et al., 1993).
Subsequently, dFdCMP is phosphorylated by nucleotide kinases to di- and tri-
phosphorylated gemcitabine (dFdCDP and dFdCTP, respectively) that are active metabolites
of gemcitabine (Bergman, Andries M. et al., 2002; Mini et al., 2006; Ueno et al., 2007).
Therefore, tumor cells deficient in dCK are resistant to gemcitabine. Clinical studies in
patients with resected pancreatic adenocarcinoma showed a strong correlation between low
level of dCK expression and poor clinical outcomes after gemcitabine-based adjuvant
therapy (Maréchal et al., 2010). Disease-free survival was significantly longer in patients
having high levels of dCK expression (38.6—-77.5 months) than in patients having low levels
of dCK expression (2.9-9.6 months) (Maréchal et al., 2010). The anti-proliferative activity
of gemcitabine is known to be exerted mainly through the inhibition of DNA synthesis by
masked chain termination and inhibition of DNA polymerase by dFdCTP (Huang and
Plunkett 1995). RR is required to convert ribonucleotides to deoxyribonucleotides. dFdCDP
inhibits RR, leading to the depletion of deoxynucleotide triphosphate (ANTP) pool and the
enhancement of the activity of gemcitabine (Heinemann et al., 1992). Active RR composes
of two homodimers of non-identical subunits, the large RRM1 subunit and the small RRM2
subunit (Candelaria, M. et al., 2010). Both pre-clinical and clinical data have shown that
tumor cells that over-express of RRM1 or RRM2 are resistant to gemcitabine treatment
(Jordheim et al., 2005; Boukovinas et al., 2008).

The most commonly reported acquired resistance to gemcitabine is dCK deficiency
(Bergman, Andries M. et al., 2002; Gregoire et al., 2002). Inefficient intracellular
monophosphorylation of gemcitabine may reduce the efficacy of gemcitabine drastically.
However, only a few gemcitabine analogues with a phosphate moiety have been reported to
address the problem. The first synthesized compound to address dCK deficiency was a
gemcitabine derivative linked with a C-1 thioether, C-2 oxyether phospholipid (Alexander et
al., 2003; Alexander et al., 2005; Alexander and Kucera 2005). Wu et al. then introduced the
gemcitabine phosphoramidate prodrug, which was shown to be 4 times more cytotoxic than
gemcitabine in dCK deficient cell lines (Wu et al., 2007). In the present study, several new
nucleoside analogues were designed and synthesized to overcome major gemcitabine
resistance mechanisms. All the compounds were linked with a monophosphate group at the
5’C of the deoxyribofuranose ring, and thus, have the potential to bypass the rate limiting
step of dCK-dependent gemcitabine activation. Moreover, by attaching a long chain stearoyl
group on gemcitabine, it is expected that nucleoside transporters may no longer be required
for the lipophilized gemcitabine to enter cells. Furthermore, it is expected that the lipophilic
monophosphorylated gemcitabine derivatives may also become resistant to deamination by
dCDA (Song et al., 2005).

Finally, we previously reported that the incorporation of another lipophilic gemcitabine
derivative, 4- N-stearoyl gemcitabine (GemC18), into solid lipid nanoparticles engineered
from lecithin/glycerol monostearate-in-water emulsions rendered the gemcitabine less
sensitive to resistance caused by the over-expression of RRM1 (Chung et al., 2012; Sloat et
al., 2011). Therefore, the solid lipid nanoparticle formulation was extended to the novel
lipophilic monophosphorylated gemcitabine derivatives as well. In order to evaluate the
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extent to which the novel gemcitabine derivatives, alone or in nanoparticles, can overcome
various gemcitabine resistance mechanisms, their /n vitro cytotoxicities were determined in
cancer cells that are dCK deficient, hENT1 deficient, over-expressing RRM1, or over-
expressing RRM2. In addition, the ability of selected gemcitabine derivative-containing
nanoparticles to competitively inhibit the deamination activity of dCDA was evaluated and
compared to that of gemcitabine HCI to understand the extent to which the gemcitabine
derivatives in nanoparticles may become less sensitive to deamination.

2. Materials and methods

2.1. General materials and methods

Proton NMR spectra were recorded on a 300 MHz Varian UNITY Plus or a 500 MHz
Varian INOVA. Chemical shifts (&) of 'H NMR spectra were recorded in parts per million
(ppm) relative to tetramethylsilane (TMS), which was the reference (6= 0 ppm). IH NMR
data are reported according to the following order: chemical shift, integration (i.e., number
of hydrogen atoms), multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet, br = broad, brs = broad singlet), and coupling constant in Hertz (Hz). High
resolution mass spectra were acquired in electronspray positive and negative ionization
modes by direct injection onto an lonSpec 9.4T QFT-FTMS system in the mass
spectrometry facility of the Department of Chemistry and Biochemistry at the University of
Texas at Austin. The concentrations of deoxycytidine (dCyd) and deoxyuridine (dUrd) in the
dCDA assay were determined using an Agilent 1260 Infinity high performance liquid
chromatography (HPLC) with an Agilent ZORBAX Eclipse Plus C18 column (4.6 x 150
mm, 5 wm) attached to a ZORBAX Eclipse Plus guard column (Agilent Technologies, Inc.,
Santa Clara, CA).

All commercially available chemical reagents were purchased from Sigma-Aldrich (St.
Louis, MO) or Thermo Fisher Scientific Inc. (Pittsburgh, PA) and were used as received
unless noted. Gemcitabine HCI was from U.S. Pharmacopeia (Rockville, MD). Soy lecithin
was from Alfa Aesar (Ward Hill, MA). The 1-hydroxy-7-azabenzotriazole (HOAt) was from
CreoSalus, Inc. (Louisville, KY). Air or moisture-sensitive reactions were performed under
an atmosphere of argon. Thin-layer chromatography (TLC) on Whatman silica gel plates
(UVas4) from Fisher Scientific was used to monitor the reaction progress. Silica gel — grade
60 (230-400 mesh) from Fisher Scientific was used for column chromatography to purify
reaction products. The chemical structures of final compounds were confirmed using NMR
and high resolution mass spectrometry.

2.2. Chemical syntheses (Scheme 1)

2.2.1. 4-N-stearoyl gemcitabine (4)—Compound 4 or GemC18 was synthesized as
previously reported (Guo and Gallo 1999; Immordino et al., 2004). Gemcitabine HCI salt (1)
(200 mg, 0.67 mmol) in 13.3 mL of 1N potassium hydroxide (KOH) was cooled to 4°C. To
this solution, di-fert-butyl dicarbonate (Boc,0, 1.483 g, 6.8 mmol) in anhydrous dioxane
(13.3 mL) was added over 10 min under argon atmosphere. The reaction mixture was stirred
at 22°C for 1 h, followed by an extraction procedure (i.e., The mixture was extracted with
ethyl acetate (EtOAc)) and a workup protocol (i.e., The organic layer was washed with
brine, dried over anhydrous sodium sulfate (Na,SQO,), filtered and solvent was removed
under reduced pressure). The residue was added to Boc,0O (1.483 g, 6.8 mmol) in anhydrous
dioxane (13.3 mL) and 1N KOH (13.3 mL) at 22°C. The reaction progress was monitored
by TLC. After 1 h, the extraction and workup protocols were repeated, and the crude
product was purified by column chromatography (dichloromethane (DCM) : acetone, 1:1).
The desired product fractions were pooled and dried to yield 219 mg of 2 (yield of 71%). 1H
NMR (500 MHz, acetone-d) & 7.60 (1H, d, /= 7.6 Hz, 6-CH), 6.34 (1H, brs, 1’-CH), 5.97
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(1H, d, J=7.6 Hz, 5-CH), 5.29 (1H, brs, 3’-CH), 4.53-4.39 (3H, m, 4’-CH, 5" A-CH, 5'B-
CH), 2.82 (2H, s, NH) 1.50, 1.47 (18H, two s, (CH3)3C). A solution of 2 (219 mg, 0.47
mmol), stearic acid (149 mg, 0.52 mmol) and HOAt (70 mg, 0.52 mmol) in anhydrous DCM
was pre-cooled to 4°C, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (109
mg, 0.57 mmol) was added. The mixture was de-gassed by vacuum sonication and then
stirred at room temperature under argon for about 40 h. Water (15 mL) was added to the
reaction mixture and extracted with the mixture of EtOAc and hexane (2:1). The combined
organic phase was washed with saturated ammonium chloride (NH4CI) followed by the
workup protocol as aforementioned, and the residue was purified by column
chromatography (EtOAc : Hexane, 3:7). The conjugated amide 3 was isolated as a white
powder (319 mg, 92%). 1H NMR (300 MHz, acetone-d®) § 9.90 (1H, s, NHCO), 8.03 (1H,
d, J=7.8 Hz, 6-CH), 7.45(1H, d, /= 7.5 Hz, 5-CH), 6.38 (1H, t, J= 8.7 Hz, 1'-CH), 5.40—
5.30 (1H, m, 3’-CH), 4.56-4.44 (3H, m, 4’-CH and 5'-CHJ>), 2.57 (2H, t, J= 7.5 Hz, CO-
CHy), 1.71-1.65 (2H, m, CO-CH,-CHy), 1.50, 1.47 (18H, two s, (CH3)3C), 1.40-1.20
(28H, m, CHy), 0.90-0.87 (3H, m, terminal CHs). To a stirred solution of the compound 3
(319 mg, 0.44 mmol) in DCM (7 mL), about 1.5 ml of trifluroacetic acid (TFA) was added.
After 2 h, excess TFA was removed under reduced pressure. The concentrated sample was
co-distilled with DCM for 5 times. The crude sample was chromatographed on silica gel
(DCM : ethanol, 94:6) (Immordino et al., 2004). The final product 4 was a white powder
(162 mg, 70%). IH NMR (500 MHz, pyridine-d®) 6 11.97 (1H, s, NHCO), 8.75 (1H, d, J=
7.6 Hz, 6-CH), 7.74 (1H, d, J= 7.6 Hz, 5-CH), 6.99 (1H, t, J= 7.2 Hz, 1’-CH), 5.18-5.11
(1H, m, 3’-CH), 4.47-4.28 (3H, overlapping m, 4’-CH and 5’-CHy), 2.67 (2H, t, J=7.4
Hz, CO-CHy), 1.83-1.76 (2H, m, CO-CH»-CH,), 1.34-1.20 (28H, m, CHy), 0.87 (3H, t, J
= 6.9 Hz, terminal CH3). ESI-HRMS [M+H] * m/z calculated for Co7H46F2N305: 530.3406,
found: 530.3401.

2.2.2. 2'-2'-difluoro-cytosine-5'-octadecylphosphate (8) (Bligh and Dyer 1959;
Guo and Gallo 1999; Perie et al., 1990)—The mixture of gemcitabine HCI (200 mg,
0.67 mmol) and Na,COs3 (354 mg, 3.3 mmol) in water (3.3 mL) and dioxane (13.3 mL) was
added to Boc,0O (147 mg, 0.67 mmol). After 48 h of stirring at room temperature, 15 mL of
water was added, followed by the extraction and workup procedure mentioned above. The
crude sample was chromatographed on silica gel (DCM : acetone, 1:2) to obtain 212 mg of
3’-O(tert-butoxycarbonyl)-2”-2"-difluoro-cytidine (5A) (87%). *H NMR (300 MHz,
acetone-d®) 8 7.75 (1H, d, J= 7.5 Hz, 6-CH), 6.34 (1H, t, J= 9.1 Hz, 1'-CH), 6.04 (1H, d, J
= 7.8 Hz, 5-CH), 5.40-5.31 (1H, m, 3'-CH), 4.23-4.19 (1H, m, 4’-CH), 4.00-3.82 (2H,
overlapping m, 5" A-CH, 5"B-CH), 1.51(9H, s, (CH3)3C). Boc,0 (1.26 g, 5.8 mmol) was
added to a stirred solution of 5A (212 mg, 0.58 mmol) in 10 mL of dioxane. The resultant
mixture was maintained at 37°C in a rotary shaker at 250 rpm for 3 days. Water (25 mL)
was added to the sample and followed by the extraction and workup protocol mentioned
above. The concentrated sample was chromatographed on silica gel (EtOAc : hexanes, 1:1)
to obtain the desired product of 4-N-3”-O-Bis(fert-butoxycarbonyl)-2” -2’ -difluoro-cytidine
(5B) (196 mg). 1H NMR (300 MHz, acetone-d®) & 8.25 (1H, d, J= 7.5 Hz, 6-CH), 7.30 (1H,
d, /= 7.5 Hz, 5-CH), 6.36 (1H, t, /= 8.6 Hz, 1-CH), 5.37-5.28 (1H, m, 3’-CH), 4.34-4.28
(1H, m, 4’-CH), 4.08-3.98 (1H, m, 5" A-CH), 3.87 (1H, m, 5"B-CH), 1.52, 1.50 (18H, two
S, (CH3)3C). Octadecanol (5 g, 18.48 mmol) and triethylamine (4.8 g, 47.52 mmol) were
partially dissolved in 50 mL of DCM under argon. Phosphorus oxychloride (POCl3) (2.8 g,
18.48 mmol) was added drop-wise and heated to reflux for 2 h. The reaction mixture was
filtered to remove triethylamine hydrochloride, and the filtrate was added to 0.2 N sodium
bicarbonate (NaHCO3) (370 mL). After 15 h stirring at room temperature, 370 mL of
acetone was added, and the white precipitate was recovered by filtration. The precipitate was
washed with acetone and re-dissolved in 400 mL of water. Another 260 mL of acetone was
added, and the precipitate was recovered, washed with acetone, dissolved in a homogeneous
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mixture of 200 mL of chloroform (CHCl3), 400 mL of methanol (CH3OH), and 200 mL of
0.1 N HCI, and stirred for 1 h at room temperature. A mixture of 200 mL of CHCI3 and 200
mL of water was added, and the organic layer was isolated (Bligh and Dyer 1959; Perie et
al., 1990). The aqueous phase was extracted with CHCl3 (2 x 100 mL). The combined
organic layer was evaporated to dryness and lyophilized to obtain desired product of
octadecylphosphate (6) (2.2 g, 34%). 1H NMR (300 MHz, CDCls3 : CD30D, 4:1) & 3.98
(2H, q, /= 6.8 Hz, CH,0P), 1.70-1.62 (2H, m, CH,CH,0P), 1.39-1.19 (30H, m, CH, from
C18 chain), 0.88 (3H, t, /= 6.8 Hz, terminal CH3). ESI-HRMS [M-H]~ m/z calculated for
C1gH3804P™: 349.2513, found: 349.2515. The powders of compound 5 (100 mg, 0.22
mmol) and octadecylphosphate (220 mg, 0.62 mmol) were mixed and lyophilized for 15 h.
To the lyophilized powder, 2,4,6-triisopropylbenzenesulfonyl chloride (TPS) (154 mg, 0.5
mmol) and 2 mL of pyridine were added under argon environment, and the reaction was
stirred at 38—-40°C for 24 h. A few drops of water were added, and solvent was removed
under reduced pressure. The crude oil was chromatographed on silica gel, eluting first with
CHCI3 : CH30H (24:1) and then with CHCI3 : CH30H (9:1) (Alexander et al., 2003). The
fractions of the desired product (Rf = 0.2 in CHCI3 : CH30H, 9:1) were pooled, and 4-A-3-
O-Bis(tert-butoxycarbonyl)-2’ -2’ -difluoro-cytidine-5"-octadecylphosphate (7) was isolated
as a white powder (156 mg, 89%). IH NMR (300 MHz, CDCl; : CD30D, 4:1) & 7.94 (1H,
d, /= 7.2 Hz, 6-CH), 7.30 (1H, d, /= 7.5 Hz, 5-CH), 6.35 (1H, t, /= 8.6 Hz, 1"-CH), 5.29—
5.18 (1H, m, 3'-CH), 4.29-4.10 (3H, overlapping m, 4’-CH, 5’ A-CH, 5'B-CH), 3.89 -
3.78 (2H, m, CH,0P), 1.60 (2H, t, /= 6.6 Hz, CH,CH,0P), 1.52, 1.50 (18H, two s,
(CH3)3C), 1.39-1.19 (30H, m, CH, from C18 chain), 0.88 (3H, t, /= 6.6 Hz, terminal CH3).
ESI-HRMS [M-H]~ ml z calculated for C37Hg3F2N3011P™: 794.4174, found: 794.4162. To a
stirred solution of 7 (95 mg, 0.12 mmol) in 6 mL of DCM, about 0.9 ml of TFA was added.
This solution was stirred at room temperature for 2 h. Excess TFA was removed under
reduced pressure, and the concentrated sample was co-distilled with DCM for 5 times. The
crude sample was column-purified on silica gel by eluting with 20%, 40%, and 50% CH3OH
in CHCl3, sequentially. The desired fractions with the R¢ value of 0.25 (CHClI3 : CH30H,
3:2) were pooled and evaporated to dryness to yield 41 mg of 8 (58%). 1H NMR (300 MHz,
CDCIl3:CD30D, 4:1) 6 7.88 (1H, d, J= 8.1 Hz, 6-CH), 6.17 (1H, t, /= 6.9 Hz, 1’-CH), 6.06
(1H, d, J= 7.2 Hz, 5-CH), 4.42-4.00 (4H, overlapping m, 3’-CH, 4’-CH,5’ A-CH, 5'B-
CH), 3.94-3.71 (2H, m, CH,0P), 1.62 (2H, t, /= 6.6 Hz, CH,CH,0P), 1.39-1.19 (30H, m,
CH, from C18 chain), 0.88 (3H, t, /= 6.6 Hz, terminal CH3). ESI-HRMS [M-H]~ ml/z
calculated for Co7H47FoN3O7P~: 594.3125, found: 594.3125.

2.2.3. 4-N-acetyl-2"-2"-difluoro-cytosine-5"-octadecylphosphate (9) (Watanabe
and Fo 1966)—Acetic anhydride (150 L) and 8 (16.5 mg, 0.03 mmol) in 2 mL of
CH30H was refluxed for 15 h, and the resultant mixture was co-distilled with CH30H five
times. The resultant sample was vacuum dried overnight to obtain 14 mg of 9 (73%). 1H
NMR (300 MHz, CDCl3 : CD30D, 4:1) § 7.90-8.10 (1H, m, 6-CH), 6.30-6.05 (2H, two m,
1’-CH, 5-CH), 4.42-3.80 (6H, overlapping m, 3’-CH, 4’-CH,5’A-CH, 5"B-CH, CH,0P),
2.04 (3H, s, NHCOCHg3) 1.65-1.50 (2H, m, CH,CH,0P), 1.39-1.19 (30H, m, CH, from
C18 chain), 0.88 (3H, t, /= 6.3 Hz, terminal CH3). ESI-HRMS [M-H]~ m/z calculated for
CogHygFoN30gP™ : 636.3231, found: 636.3220.

2.2.4. 2'-2'-difluoro-5"-monophosphate(1-stearate-2-chloro-propyl)cytosine (12)
(Alexander et al., 2003; Bligh and Dyer 1959; Perie et al., 1990)—Glycerol
monostearate (1 g, 2.79 mmol) and triethylamine (0.726 g, 7.17 mmol) were partially
dissolved in 12 mL of DCM under argon. POCl3 (0.428 g, 2.79 mmol) was added drop-wise
and heated to reflux for 2 h. The reaction mixture was filtered to remove triethylamine
hydrochloride, and the filtrate was added to 0.2 N NaHCO3 (56 mL). After 15 h of stirring at
room temperature, 56 mL of acetone was added, and the white precipitate was recovered by
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filtration. The precipitate was washed with acetone and re-dissolved in 60 mL of water.
Another 40 mL of acetone was added, and the precipitate was recovered. It was then washed
with acetone, dissolved in a homogeneous mixture of 100 mL of CHCI3, 200 mL of
CH30H, and 100 mL of 0.1 N HCI, and stirred for 1 h at room temperature. A mixture of
100 mL of CHCI3 and 100 mL of water was added, and the organic layer was isolated. The
aqueous phase was extracted with CHCI3 (2 x 50 mL). The combined organic layer was
evaporated to dryness and lyophilized to obtain 1-stearate-2-hydroxy-3-phosphatidic acid
(10) (720 mg, 59%). 1H NMR (300 MHz, CDCl3 : CD30D, 4:1) 6 4.10-4.03 (2H, m,
COOCHy,), 4.00-3.90 (3H, overlapping m, CH,OP, CHOH), 2.27 (2H, t, /= 7.4 Hz,
COCHy), 1.60-1.48 (2H, m, COCH,CH>), 1.30-1.10 (28H, m, CH, from C18 chain), 0.80
(3H, t, /= 6.0 Hz, terminal CH3). ESI-HRMS [M-H]~ m/z calculated for Co1H4207P™:
437.2674, found: 437.2673. The powders of 5 (50 mg, 0.11 mmol) and 10 (110 mg, 0.25
mmol) were mixed and lyophilized for 15 h. To the lyophilized powder, TPS (74 mg, 0.25
mmol) and 1 mL of pyridine were added under argon environment, and the reaction was
stirred at 38—-40°C for 24 h. A few drops of water were added, and the solvent was removed
under reduced pressure. The crude oil was chromatographed on silica gel, eluting first with
CHCl3 : CH30H (24:1) and then with CHCI3 : CH30H (9:1) (Alexander et al., 2003). 4-
N-3’-O-Bis(tert-butoxycarbonyl)-2”-2"-difluoro-5"-monophosphate(1-stearate-2-chloro-
propyl)cytosine (11) was isolated as a white powder (56 mg, 62%). 1H NMR (300 MHz,
CDCI3:CD30D, 4:1) § 7.95 (1H, d, J= 7.8 Hz, 6-CH), 7.32 (1H, d, /= 6.9 Hz, 5-CH), 6.34
(1H,t, J=7.6 Hz, 1’-CH), 5.18-5.31 (1H, m, 3’-CH), 4.60-4.10 (7H, overlapping m, 4’-
CH, 5"A-CH, 5"B-CH,COCH,, CH,0P), 3.82- 3.71 (1H, m, CHCI), 2.39-2.29 (2H, m,
COCHy), 1.68-1.56 (2H, m, CH,CH,CO), 1.53,1.51 (18H, two s, (CH3)3C), 1.38-1.19
(28H, m, CH, from C18 chain), 0.88 (3H, t, /= 6.6 Hz, terminal CH3). ESI-HRMS [M-H]~
mi z calculated for C4gHggCIFoN3013P~: 900.3995, found: 900.3997, [M+H]* miz
calculated for C4gHggCIFoN3013P*: 902.4141, found: 902.4150. To a stirred solution of 11
(50 mg, 0.055 mmol) in 4 mL of DCM, about 0.5 ml of TFA was added. This solution was
stirred at room temperature for 2 h. The excess TFA was removed under reduced pressure,
and the concentrated sample was co-distilled with DCM for 5 times. The crude sample was
column-purified on silica gel by eluting with 5%, 10%, and 15% CH3OH in CHCl3,
sequentially (Alexander et al., 2003). The desired fractions with the R¢ value of 0.2
(CH30H : CHClIs, 2:1) were pooled and evaporated to dryness to yield 18 mg of compound
12 (47%). 1 H NMR (500 MHz, CDCl53 : CD30D, 4:1) 6 7.78 (1H, d, J= 7.6 Hz, 6-CH),
6.22 (1H, t, J= 6.9 Hz, 1’-CH), 5.95-5.92 (1H, m, 5-CH), 4.24-3.66 (9H, overlapping m,
3’-CH, 4’-CH, 5" A-CH, 5"B-CH,COCH,, CH,0P, CHCI), 2.36-2.29 (2H, m, COCHy),
1.62-1.58 (2H, m, CH,CH,CO), 1.31-1.19 (28H, m, CH, from C18 chain), 0.88 (3H, t, J=
7.0 Hz, terminal CH3). ESI-HRMS [M-H]~ m/z calculated for CygHggCIFoN3OgP™:
700.2947, found: 700.2958, [M+H]* m/z calculated for C3gH5,CIF,N3OgP*: 702.3092,
found: 702.3089.

2.2.5. 4-N-heptadecylcarbonyl-2'-2'-difluoro-cytosine-5'-
sodiummonophosphate (13) (Perie et al., 1990)—Compound 4 (50 mg, 0.094 mmol)
and triethylamine (0.072 g, 0.72 mmol) were partially dissolved in 2 mL of DCM under
argon. POCI3 (0.0329 g, 0.21 mmol) was added drop-wise, and the same phosphorylation
reaction protocol as mentioned in section 2.2.4 was followed. The precipitate was washed
with acetone several times and dried under vacuum to obtain 7 mg of pale yellow powder of
13 (12% yields). 'H NMR (300 MHz, CD30D) 6 8.4-8.3 (1H, m, 6-CH), 7.6-7.5 (1H, m, 5-
CH), 6.3-6.2 (1H, m, 1’-CH), 4.2-3.8 (4H, overlapping m, 3'-CH, 4’-CH and 5’-CHy),
2.44 (2H, m, CO-CHy), 1.8-1.7 (2H, m, CO-CH»-CH>), 1.34-1.20 (28H, m, CH>), 0.89
(3H, m, terminal CH3). ESI-HRMS [M-H]~ m/z calculated for C57H45F2N3OgP*: 608.2918,
found: 608.2933, [M+H]" m/z calculated for Cy7H47F2N3OgP*: 610.3063, found: 610.3064.
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2.3. Cell lines and cell culture

Human leukemia cell line CCRF-CEM (CCL-119), human pancreatic cancer cell lines
PANC-1 (CRL-1469), MIA PaCa-2 (CRL-1420), and BxPC-3 (CRL-1687), human breast
adenocarcinoma cell line MCF-7 (HTB-22), and mouse lung cancer cell line TC-1
(CRL-2785) were from the American Type Culture Collection (Rockville, MD). CCRF-
CEM-AraC-8C cells (hENT1 deficient) and CCRF-CEM/dCK ™/~ cells (dCK deficient) were
kindly provided by Dr. Buddy Ullmann (Oregon Health & Science University, Portland,
OR) and Dr. Margaret Black (Washington State University, Pullman, WA), respectively.
L1210 wt and L1210 10K were kindly supplied by Dr. Lars Petter Jordheim (Université
Claude Bernard Lyon I, Lyon, France). TC-1-GR cells were previously developed in our lab
(Chung et al., 2012). CCRF-CEM, CCRF-CEM-AraC-8C, CCRF-CEM/dCK ™=, L1210 wt,
L1210 10K, TC-1, and TC-1-GR cells were cultured in RPMI 1640 medium. MCF-7 and
PANC-1 cells were cultured in Dulbecco’s modified Eagle medium (DMEM), and MIA
PaCa-2 cells were cultured in DMEM medium with 2.5% horse serum. All media were
supplemented with 10% fetal bovine serum (FBS), 100 U/mL of penicillin, and 100 pg/mL
of streptomycin (all from Invitrogen, Carlsbad, CA).

2.4. Preparation of nanoparticles

All gemcitabine derivative-containing nanoparticles were prepared as previously described
(Sloat et al., 2011; Sloat et al., 2010). Briefly, 3.5 mg of soy lecithin, 0.5 mg of glycerol
monostearate, and 1 mg of gemcitabine derivative were added to water (1 mL). The mixture
was maintained at 50-62°C while stirring until the formation of homogenous slurry. Tween
20 was added to a final concentration of 1% (v/v). The resultant emulsions were allowed to
cool to room temperature while stirring to form nanoparticles. Particle size and zeta
potential were determined using a Malvern Zetasizer Nano ZS (Westborough, MA).

2.5. Gel permeation chromatography

Gel permeation chromatography (GPC) was performed to separate un-incorporated 8 from
nanoparticles using a 6 mm x 150 mm Sepharose® 4B column, which was equilibrated with
phosphate buffered saline (PBS, pH 7.4). Samples (100 wl) were applied into the column
and eluted with PBS (Sloat et al., 2011). Elution fractions of 250 pL were collected, and
their absorbances at 234 nm were measured using a BioTek Synergy ™ HT Multi-Mode
Microplate Reader (Winooski, VT). As a control, compound 8 in Tween 20 micelles (100
pa/ml of 8 in 1%, v/v, of Tween 20 in water) were applied to the GPC column.

2.6. In vitro release of 8 from 8-NPs

In vitrorelease of 8 from 8-NPs was performed as described previously (Sloat et al., 2011).
8-NPs (100 pg/mL) were placed into a 1 mL cellulose ester dialysis tube (MWC 50,000)
from Spectrum Chemicals & Laboratory Products (New Brunswick, NJ). The dialysis tube
was placed into a conical tube containing 12 mL of PBS with 0.05% (w/v) of sodium
dodecyl sulfate (SDS) and incubated in a 37°C shaker incubator. At predetermined time
points, 200 L of the release medium was withdrawn and replaced with 200 pL of fresh
release medium. As a control, the diffusion of 8-in-Tween 20 micelles across the dialysis
membrane was also measured. The absorbance was measured at 234 nm.

2.7. In vitro cytotoxicity and apoptosis assay

Cells (5,000/well) were seeded in 96-well plates. After overnight incubation, they were
treated with various concentrations of gemcitabine HCI, gemcitabine derivatives, or
gemcitabine derivatives in nanoparticles at 37 °C, 5% CO,. TC-1 and TC-1-GR cells were
incubated for 48 h. CCRF-CEM, CCRF-CEM-AraC-8C, CCRF-CEM/dCK /-, L1210 wt,
L1210 10K, and MCF-7 cells were incubated for 72 h, and MIA PaCa-2 and PANC-1 for 96
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h. Gemcitabine HCI was dissolved in PBS, and gemcitabine derivatives were dissolved in
dimethyl sulfoxide (DMSO). The maximum amount of DMSO added per well was 1 pL,
which was found non-toxic. Compound 13 was not used in the /n vitro cytotoxicity assay
because it was not sufficiently solubilized in DMSO. The number of viable cells after the
incubation was determined using an MTT assay. Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (20 I, 5 mg/mL) was added in each well and incubated for 3
h. Formazan crystals were solubilized with acidified isopropanol (150 wl) (for CCRF-CEM,
CCRF-CEM-AraC-8C, CCRF-CEM/dCK ™=, L1210 wt, and L1210 10K cells) or DMSO
(150 pl) (for TC-1, TC-1-GR, MCF-7, PANC-1, and MIA PaCa-2). Absorbance was
measured using a BioTek Synergy ™ HT Multi-Mode Microplate Reader (BioTek
Instruments, Winooski, VT) at 570 nm and 630 nm. The fraction of affected (dead) cells
(Fa) and the fraction of unaffected (live) cells (Fu) at every dose were calculated, and the
Log (Fa/Fu) values were plotted against the Log (concentration of gemcitabine) (Chou and
Talalay 1984). ICgq was the dose at Log (Fa/Fu) = 0. The experiment was repeated at least
three times. To understand whether the cells underwent apoptosis after treatment with the
gemcitabine derivatives in nanoparticles, CCRF-CEM-dCK ™~ cells (5 x 10%) were
incubated at 37°C, 5% CO, with gemcitabine, 8 in solution, or 8-NPs (10 wM). After 72 h,
cells were resuspended in PBS with 2% FBS, stained using a Guava Nexin kit that contains
annexin V and 7-amino actinomycin D (7-AAD) according to the manufacturer’s protocol,
and analyzed using a Guava Easycyte 8HT Flow Cytometry System (Millipore, Hayward,
CA). Flow cytometry data were analyzed using the Guava Analysis Software.

2.8. In vitro cellular uptake

PANC-1 cells (2.5 x 10%/well) were seeded in a 6-well plate and incubated overnight at
37°C, 5% CO,. The medium was then replaced with 1 mL of medium containing 8-NPs (40
M), 8 in solution (40 kM), or gemcitabine HCI (40 uM and 400 M) and incubated for
predetermined time points at 37°C, 5% CO,. Compound 8 in solution was prepared by
diluting 8 in DMSO with culture media (DMSO concentration at 0.5%, v/v). The culture
medium was removed; cells were washed three times with cold PBS and then lysed with 1%
SDS. The cell lysates were lyophilized and re-dissolved in CH30H for gemcitabine and
CHCl3: CH30H (4:1) for 8-NPs and 8 in solution. The concentrations of gemcitabine and 8
were determined using HPLC. For gemcitabine analysis, the mobile phase was CH30H in 5
mM sodium acetate (15%, v/v) at the detection wave length of 266 nm, and the flow rate
was 1 mL/min. Arabinofuranosyluracil (AraU) was used as an internal standa rd, and the
extraction efficiency of AraU was about 100% with the aforementioned extraction
procedure. For compound 8, the mobile phase was 1 mM PBS in acetonitrile (45%, v/v) at
the detection wave length of 270 nm, and the flow rate was 1 mL/min in reverse phase
HPLC.

2.9. Partial purification dCDA and dCDA activity assay

Deoxycytidine deaminase was partially purified from BxPC-3 cells as previously described
(Laliberté and Momparler 1994; Bergman, A. M. et al., 2004). The pellet of 1 x 108 cells
was suspended in 4 mL of 20 mM Tris buffer (pH 7.5) containing 5 mM potassium chloride
(KCI), 1 mM dithiothreitol, 40 .l of streptomycin sulfate (12.74 mg/mL), and 50 p.I of
protease inhibitor cocktail. The suspended cells were sonicated and centrifuged for 30 min at
20,000 g. Ammonium sulfate was added to reach 40% saturation, stirred for 1 h, and
centrifuged at 36,000 g for 20 min at 4°C. Ammonium sulfate was added to the supernatant
to reach 55% saturation, mixed for 1 h and centrifuged at 36,000 g for 20 min at 4°C. The
pellet was resuspended in 1 mL of 20 mM Tris buffer (pH 7.5) and desalted by overnight
dialysis against water. Protein concentration was measured using Bradford reagent from
Sigma-Aldrich. The dCDA activity assay was carried out as described previously with slight
modifications (Bergman, A. M. et al., 2004; Ruiz van Haperen et al., 1993). Briefly, 55 pl of
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partially purified dCDA (3.2 mg/mL) and 0.5 mM dCyd (20 pl) in a total volume of 200 pl
of 20 mM of Tris buffer (pH 7.5) were incubated at 37°C for 15 min. The reaction was
terminated by the addition of 50 .l of trichloroacetic acid (40%, w/v) and chilling on ice for
20 min. Protein was precipitated by centrifugation at 10,000 g for 10 min, and the
supernatant was neutralized with 500 .l of trioctylamine and 1,1,2-trichloro-trifluoroethane
(1:4). The mixture was centrifuged at 10,000 g for 1 min, and the upper layer was analyzed
using HPLC (detection wavelength, 260 nm; mobile phase, 10% CH3OH in water). The
relevant peaks were quantified to determine the concentrations of dCyd and dUrd. For the
competition assay, 20 .l of gemcitabine HCI or gemcitabine derivative-containing
nanoparticles, with molar equivalent concentrations of gemcitabine derivatives, were
included in the reaction mixture. Controls include a reaction with substrate (dCyd) but
without an inhibitor and a reaction without substrate and inhibitors, but with blank
nanoparticles.

2.10. Statistics

Statistical analyses were completed using ANOVA followed by Fisher’s protected less
significant procedure. A p value of < 0.05 was considered significant.

3. Results and discussion

3.1. Syntheses of novel lipophilic monophosphorylated gemcitabine derivatives

GemC18 was synthesized as previously reported with slight modification (Scheme 1) (Guo
and Gallo 1999; Immordino et al., 2004; Sloat et al., 2011). Briefly, the primary and
secondary alcohols of deoxyribofuranose ring of gemcitabine (1) were Boc-protected to
prevent potential side reactions. The stearoyl group was conjugated to 4-amino group, and
the Boc groups were removed to obtain 4 or GemC18 as a white crystalline powder (Steps
a-c; Scheme 1). To facilitate the direct conjugation to the 5"-OH, the primary alcohol and 4-
amino groups of gemcitabine were Boc protected (5B) (Guo and Gallo 1999). Octadecanol
was phosphorylated to give the desired product of 6 (Bligh and Dyer 1959; Perie et al.,
1990). The mixture of lyophilized powders of 5B and 6 were conjugated at the 5"-OH. After
removing Boc groups, the crude sample was chromatographed to obtain compound 8.
Compound 9 was obtained by the acetylation of 8 on the 4-amino group (Steps e—i; Scheme
1) (Watanabe and Fo 1966). Glycerol monostearate was phosphorylated to obtain compound
10 (Bligh and Dyer 1959; Perie et al., 1990). Compounds 5B and 10 were conjugated
(Alexander et al., 2003), and deprotection resulted in compound 12 (Steps j— k; Scheme 1).
Finally GemC18 was phosphorylated to obtain compound 13 (Step d; Scheme 1) (Perie et
al., 1990). Purities of synthesized compounds 4, 8, 9, 12, and 13 (Scheme 1) were = 95.0%
based on NMR data.

3.2. Preparation and characterization of gemcitabine derivatives containing nanoparticles

GemC18 and other newly synthesized lipophilic monophosphorylated gemcitabine
derivatives, 8, 9, 12, and 13, were incorporated into solid lipid nanoparticles prepared from
lecithin/glycerol monostearate-in-water emulsions to prepare GemC18-NPs, 8-NPs, 9-NPs,
12-NPs, and 13-NPs, respectively (Sloat et al., 2010; Sloat et al., 2011). The sizes of the
resultant nanoparticles were 150-175 nm (Fig. 1A), with a polydispersity index of 0.2-0.3
and zeta potentials of =27 mV to —40 mV (Fig. 1A). It was likely that all the gemcitabine
derivatives were incorporated into the nanoparticles, as supported by the lack of a micelle
peak in the dynamic light scattering spectra (Fig. 1B, 8-NPs are shown) and the GPC graph
of the nanoparticles (Fig. 1C). In fact, in our previous study, when 5 times more GemC18
(i.e., 5mg/mL) was used to prepare nanoparticles, the incorporation efficacy remained at
close to 100% (Sloat et al., 2011). Shown in Fig. 1D is the /n vitrorelease profile of
compound 8 from 8-NPs. Compound 8 was used in Figures 1B-D because data that will be
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presented in the following sections showed that it had the highest cytotoxicity against most
of the gemcitabine resistant tumor cells.

3.3. Cytotoxicities of gemcitabine derivatives and their nanoparticles in cancer cells

To evaluate the antitumor activity of the gemcitabine derivatives and the extent to which the
gemcitabine derivatives and their corresponding nanoparticles can overcome various
mechanisms of gemcitabine resistance, the cytotoxicities of them in cancer cells that are
dCK deficient, hENT1 deficient, or over-expressing RRM1 or RRM2 were determined. In
addition, the ability of selected gemcitabine derivative-containing nanoparticles to
competitively inhibit the deamination activity of partially purified dCDA was evaluated and
compared to that of gemcitabine HCI as well.

3.3.1. Lipophilic gemcitabine derivatives and their nanoparticles can
overcome dCK deficiency—The in vitro cytotoxicities of the gemcitabine derivatives
and their nanoparticles in human leukemia cell line, CCRF-CEM, and its derivative line,
CCRF-CEM/dCK ™, were evaluated and compared to that of gemcitabine HCI. The ICs
value of gemcitabine HCI in the parent CCRF-CEM cells was 2.9 + 1.8 nM (Table 1), which
was 6-77-fold smaller than that of the gemcitabine derivatives, GemC18, 8, 9, 12, and the
derivatives in nanoparticles, GemC18-NPs, 8-NPs, 9-NPs, 12-NPs, and 13-NPs (Table 1),
demonstrating that in CCRF-CEM cells, gemcitabine HCI was more cytotoxic than the
gemcitabine derivatives, alone or in nanoparticles. Overall, this finding is in agreement with
data from our previous studies, which showed that the GemC18-NPs were less cytotoxic
than gemcitabine HCI in various cancer cells including the CCRF-CEM (Chung et al.,
2012), likely because the gemcitabine needs to be hydrolyzed from the GemC18 or
GemC18-NPs to be effective (Sloat et al., 2011). In fact, doubling the incubation time of the
GemC18-NPs with the TC-1 lung cancer cells enabled the GemC18-NPs to kill the same
proportion of the cancer cells as gemcitabine HCI (Sloat et al., 2011). Finally, it appears that
the 1Csq values of GemC18, 8, 9, 12 were not significantly different from that of their
corresponding nanoparticles in CCRF-CEM cells (Table 1), indicating that the incorporation
of the gemcitabine derivatives into nanoparticles did not improve their cytotoxicities against
the CCRF-CEM cells.

In the CCRF-CEM/dCK ™~ cells, the 1Cs value of gemcitabine HCI was 240.4 + 29.0 pM,
which was 82,897-fold greater than that in the parent CCRF-CEM cells (Table 1). In
contrast, the 1Cgq values of GemC18, 8, 9, 12, GemC18-NPs, 8-NPs, 9-NPs, 12-NPs, and
13-NPs in the CCRF-CEM/dCK ™~ cells were only 25- to 2,438-fold greater than their 1Cs
values in the parent CCRF-CEM cells (Table 1). In the dCK deficient CCRF-CEM- dCK ™/~
cells, the 1C5q values of the gemcitabine derivatives and their corresponding nanoparticles
were 3-86-fold smaller than that of gemcitabine HCI. In other words, the gemcitabine
derivatives, alone or in nanoparticles, were more cytotoxic to the CCRF-CEM/dCK ™~ cells
than gemcitabine HCI. To further confirm this finding, an apoptosis assay was performed in
CCRF-CEM/dCK ™~ cells by staining them with annexin V and 7-AAD after they were
incubated for 72 h with gemcitabine HCI (10 pM), 8-NPs (10 M), 8-free nanoparticles, or
PBS. Similar to gemcitabine HCI, 8-NPs induced tumor cells to undergo apoptosis (Fig. 2),
but the 8-NPs were significantly more effective than gemcitabine HCI in inducing apoptosis
(Fig. 2). Therefore, the gemcitabine derivatives and their nanoparticles are less dependent on
dCK to be active than gemcitabine HCI. The finding with the gemcitabine derivatives in
nanoparticles is new, and the finding with the derivatives alone is consistent with previous
data generated in dCK over-expressing or dCK deficient cells using other phospholipid
gemcitabine derivatives and gemcitabine phosphoramidate (Alexander et al., 2005; Wu et
al., 2007).
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Moreover, the ratios of the 1Csq value of the same compound in the CCRF-CEM/dCK ™~ to
that in the parent CCRF-CEM cells seem to show that the monophosphorylated gemcitabine
derivatives (i.e., 8, 9, and 12) were less dependent on the dCK to be active than GemC18,
which is not monophosphorylated (Table 1). Importantly, it appears that the incorporation of
the gemcitabine derivatives into nanoparticles made the monophosphorylated gemcitabine
derivatives further less dependent on the dCK to be active (Table 1). For example, for the
gemcitabine derivatives alone, the ratio of the ICs value of CCRF-CEM/dCK ™~ to CCRF-
CEM was 2,438 for the GemC18, 196-1,755 for the other monophosphorylated derivatives
(Table 1). However, for the gemcitabine derivatives in nanoparticles, the ratio was 816 for
the GemC18-NPs, but only 25-68 for 8-NPs, 9-NPs, 12-NPs, and 13-NPs (Table 1).
Gemcitabine is phosphorylated by dCK, and the monophosphorylation of gemcitabine is the
rate limiting step in the activation of gemcitabine (Ueno et al., 2007; Mini et al., 2006).
Therefore, it was expected that the monophosphorylated gemcitabine derivatives are less
dependent on dCK to be active than the GemC18. Interestingly, it appears that the
combination of monophosphorylation of gemcitabine and the incorporation of the lipophilic
monophosphorylated gemcitabine derivative into nanoparticles can more effectively bypass
the rate limiting step of phosphorylation in gemcitabine activation.

To further validate this finding, the cytotoxicities of gemcitabine HCI and selected
gemcitabine derivatives in nanoparticles were evaluated in another dCK deficient cell line,
the murine leukemia cells L1210 10K. The I1Csq value of gemcitabine HCI in the parent
L1210 wt cells was 1.3 + 0.3 nM, which was 17,046-fold smaller than the I1C5q value of
gemcitabine HCI in the dCK deficient L1210 10K cells (22.2 £ 3.7 M) (Table 2).
Interestingly, in the L1210 10K cells, GemC18-NPs and 8-NPs were 4- and 8-fold more
cytotoxic than gemcitabine HCI, respectively (Table 2). In addition, the 1Csq values of
GemC18-NPs and 8-NPs in the L1210 10K cells were only 17-431-fold greater than that in
the L1210 wt cells (Table 2), further confirming that the incorporation of the gemcitabine
derivatives in nanoparticles makes them less dependent on dCK to be active. We did not
investigate the mechanism of hydrolysis of the monophosphorylated gemcitabine
derivatives, but it is likely that they were hydrolyzed between the lipophilic chain and the
phosphate group, similar to the hydrolysis of 1-B-D-arabinofuranosylcytosine (ara-C) or
other gemcitabine phospholipid derivatives (Raetz et al., 1977; Alexander and Kucera
2005).

3.3.2. Lipophilic gemcitabine derivatives and their nanoparticles can
overcome gemcitabine resistance related to RRM1 over-expression—RRM1
plays a substantial role in DNA synthesis and gemcitabine resistance (Bergman, Andries M.
et al., 2005; Ceppi et al., 2006; Davidson et al., 2004; Goan et al., 1999; Ohtaka et al., 2008;
Rosell et al., 2004; Yen 2003). Previously, we developed a tumor cell line that over-
expresses RRM1 (TC-1-GR) (Chung et al., 2012). In TC-1-GR cells, GemC18-NPs were
significantly more toxic than gemcitabine HCI, although in the parent TC-1 cells, GemC18-
NPs were significantly less toxic than gemcitabine HCI (Chung et al., 2012). Importantly, in
mice with pre-established TC-1-GR tumors, GemC18-NPs significantly inhibited the tumor
growth, but gemcitabine HCI did not show any significant anti-tumor activity (Chung et al.,
2012). In the present study, the 1Csq values of the new lipophilic monophosphorylated
gemcitabine derivatives and their nanoparticles in both TC-1 and TC-1-GR cells were
determined to evaluate their ability to overcome gemcitabine resistance caused by RRM1
over-expression. As expected, in TC-1 cells, gemcitabine HCI was more cytotoxic (ICsq,
14.7 £ 2.8 nM) than the gemcitabine derivatives and their nanoparticles (Table 3). However,
in TC-1-GR cells, the majority of gemcitabine derivatives (except 12) and all the
gemcitabine derivatives in nanoparticles were more cytotoxic than gemcitabine HCI (2- to
10-fold) (Table 3). Importantly, in TC-1-GR cells, the IC5q value of gemcitabine HCI was
36.7 £5.1 uM, which was 2,497-fold greater than that in TC-1 cells. In contrast, the ICsg
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values of GemC18, 8, 9, 12 and the nanoparticles, GemC18-NPs, 8-NPs, 9-NPs, 12-NPs,
and 13-NPs, in TC-1-GR cells were only 23- to 177-fold greater than that in TC-1 cells
(Table 3), demonstrating that the gemcitabine derivatives and their nanoparticles are less
sensitive to gemcitabine resistance caused by RRM1-over-expression than gemcitabine HCI.
Incorporation of the gemcitabine derivatives into nanoparticles tended to make the
derivatives, particularly the GemC18, more cytotoxic to the RRM1-over-expressing TC-1-
GR cells. However, unlike what was observed in the dCK deficient cells (Tables 1, 2), it
seemed that in RRM1-over-expressing TC-1-GR cells, monophosphorylation of gemcitabine
did not add significant additional benefits compare with GemC18.

3.3.3. Cytotoxicities of gemcitabine derivatives and their nanoparticles in
cancer cells over-expressing different levels of RRM2—It was reported that MIA
PaCa-2 and PANC-1 cells both over-expressed RRM2, but PANC-1 cells express ~70%
more RRM2 than MIA PaCa-2 (Duxbury et al., 2003). In MIA PaCa-2 cells, the 1Cgq value
of gemcitabine HCIl and GemC18 NPs were 49.7 + 17.7 nM and 40.6 + 8.2 nM, respectively
(Table 4), all other gemcitabine derivatives and their nanoparticles were less toxic than
gemcitabine HCI (Table 4). However, more than 50% of PANC-1 cells were still alive after
96 h of incubation with 400 .M of gemcitabine HCI (Table 1 and Fig. 3A). Data from a
trypan blue exclusion assay showed that it took 116 h to kill 50% of PANC-1 cells with 400
KM of gemcitabine HCI (Fig. 3A). The ICsq values of the gemcitabine derivatives and their
nanoparticles in PANC-1 cells were 5.8 to 58.7 M (Table 4). The 1C5q values of
gemcitabine HCI in PANC-1 cells was more than 8,000-fold greater than that in the MIA
PaCa-2 cells, but the 1C5q values of gemcitabine derivatives and their nanoparticles in
PANC-1 cells were only 24- to 239-fold greater than those in MIA PaCa-2 cells (Table 4).
In other words, the gemcitabine derivatives and their nanoparticles were less sensitive than
gemcitabine HCI to gemcitabine resistance caused by RRM2 over-expression. Again,
monophosphorylation of gemcitabine did not add additional benefits in its cytotoxicity
against the RRM2-over-expressing PANC-1 cells, and except for the GemC18-NPs, a
conclusion that the incorporation of gemcitabine derivatives into nanoparticles makes them
more cytotoxic cannot be drawn. Previously, Duxbury et al. reported that the I1Cgqg values of
gemcitabine in MIA PaCa-2 cells and PANC-1 cells were 40 nM and 50 nM, respectively.
The 1C5 value of gemcitabine HCI in MIA PaCa-2 cells determined in the present study is
comparable to what was reported (Duxbury et al., 2003), but the PANC-1 cells were
significantly more resistant to gemcitabine HCI in our study. Data in Fig. 3B showed that
after 0.5 h of incubation, only about 0.15% of gemcitabine was taken up by PANC-1 cells,
in contrast to 10% and 6% of 8 in nanoparticles or in solution. Therefore the low uptake of
gemcitabine by PANC-1 cells was probably related to its resistance to gemcitabine.
However, it needs to be noted that the low percentage of gemcitabine detected in the
PANC-1 cells could also be due to the rapid deamination of gemcitabine. Moreover, it is
known that PANC-1 cells overexpress RRM1 and RRM2, which are known determinants of
gemcitabine resistance (Jordheim et al., 2005; Boukovinas et al., 2008).

Finally, similar results were obtained in the MCF-7 human breast adenocarcinoma cell line.
Gemcitabine HCI, at a concentration as high as 400 M, was not sufficient to kill half of the
MCF-7 cells after 72 h of incubation (see Supporting Information, Table S1), and data from
a trypan blue exclusion assay showed that more than 50% of MCF-7 cells were still alive,
even after 116 h of incubation with 400 .M of gemcitabine HCI. However, all the
gemcitabine derivatives, except 12, and all gemcitabine derivatives in nanoparticles were
significantly cytotoxic to the MCF-7 cells (ICsq values, 2-31 M) (Table S1). The
mechanism of gemcitabine resistance in the MCF-7 cells is unknown, but the data obtained
in the MCF-7 cells clearly showed that the gemcitabine derivatives and the derivatives in
nanoparticles can overcome that resistance mechanism.
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3.3.4. Cytotoxicities of gemcitabine derivatives and their nanoparticles in
nucleoside transporter deficient cancer cells—It is known that nucleoside
transporters are a prerequisite for the cellular uptake of gemcitabine (Damaraju et al., 2003).
Therefore, in the hENT1 deficient CCRF-CEM-AraC-8C cells, the I1C5q value of the
gemcitabine HCI was 998.8 + 9.4 nM, 344 times greater than that in the parent CCRF-CEM
cells (Table 5). However, the ICsq values of gemcitabine derivatives and their nanoparticles
in CCRF-CEM-AraC-8C cells were only 4- to 35-fold greater than that in the parent CCRF-
CEM cells (Table 5), indicating that the gemcitabine derivatives, alone or in nanoparticles,
are less sensitive to hENT1 deficient than gemcitabine HCI, possibly because the
lipophilized gemcitabine derivatives can diffuse into cells without the help of the nucleoside
transporters, and the gemcitabine derivatives in nanoparticles can be taken up by cells via
endocytosis. However, the cytotoxicities of the monophosphorylated gemcitabine
derivatives and their nanoparticles in the CCRF-CEM-AraC-8C cells are not significantly
different from that of gemcitabine HCI (Table 5). Only the GemC18 and GemC18-NPs were
2.7- and 12.3-fold more cytotoxic than gemcitabine HCI, respectively, in the hENT1-
deficient CCRF-CEM-AraC-8C cells (Table 5), which was consistent with our previous data
(Chung et al., 2012). It is likely that the phosphate group on the gemcitabine derivatives
made them less effective in entering the hENT1 deficient cells.

3.4. Gemcitabine HCI, but not gemcitabine derivatives in nanoparticles, inhibits dCDA

activity

Previously, Bouffard et al. reported that gemcitabine HCI, as a substrate to dCDA,
competitively inhibits the deamination of dCyd by dCDA (Bouffard et al., 1993). In order to
test whether the gemcitabine derivatives are still good substrates of dCDA and inhibit its
activity, dCDA was partially purified from BxPC-3 human pancreatic cancer cells, and its
deamination activity against dCyd was determined in the presence or absence of
gemcitabine HCI or selected gemcitabine derivatives in nanoparticles (Bergman, A. M. et
al., 2004; Laliberté and Momparler 1994; Ruiz van Haperen et al., 1993). The nanoparticles,
but not the gemcitabine derivatives alone, were used due to the poor water solubility of the
gemcitabine derivatives. GemC18-NPs and 8-NPs were chosen because of their greater
cytotoxicity in previous /n vitro cytotoxicity assays. dUrd was not detected in the control
reaction (with dCyd, but no dCDA) indicating that any observed dUrd would be due to the
deamination of dCyd by dCDA. As shown in Fig. 4A, dCyd was converted to dUrd in the
presence of the partially purified dCDA. Gemcitabine HCI competitively inhibited the
conversion of dCyd to dUrd, and the extent of the inhibition was increased by increasing the
concentration of gemcitabine HCI (Fig. 4A). However, GemC18-NPs and 8-NPs did not
significantly inhibit the deamination activity of dCDA (Fig. 4B), confirming that
gemcitabine HCI, but not GemC18-NPs and 8-NPs, can competitively inhibit the
deamination of dCyd by dCDA. Therefore, the gemcitabine derivatives in nanoparticles are
no longer good substrates of dCDA, and it is expected that they can potentially overcome
gemcitabine resistance caused by deamination. This finding is in agreement with data from
previous studies, showing that other gemcitabine derivatives were no longer good substrates
of dCDA as well (Bergman, A. M. et al., 2004; Song et al., 2005).

4. Conclusions

In the present study, four novel lipophilic monophosphorylated gemcitabine derivatives
were synthesized and incorporated into solid lipid nanoparticles. All the gemcitabine
derivatives and their nanoparticles showed a significantly higher cytotoxicity than
gemcitabine HCI in cells that are deficient in dCK, and the gemcitabine derivatives in
nanoparticles were more cytotoxic than the corresponding gemcitabine derivatives. The
majority of the gemcitabine derivatives and all nanoparticles are also more cytotoxic than
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gemcitabine HCI to cancer cells that over-express RRM1 or RRM2. Finally, the gemcitabine
derivatives in nanoparticles were no longer good substrates to dCDA and thus became
resistance to deamination. Collectively, the 2’-2-difluoro-cytosine-5"-octadecylphosphate
(8) in nanoparticles showed the highest cytotoxicity to cells that are deficient in dCK, over-
expressing RRM1, or over-expressing RRM2, and were resistant to deamination. Future /n
vivo studies to evaluate its ability to overcome multiple gemcitabine resistant mechanisms
are warranted.
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Characterization of gemcitabine derivative-containing nanoparticles. (A) The size and zeta
potential of the nanoparticles, blank NPs, GemC18-NPs, 8-NPs, 9-NPs, 12-NPs, and 13-
NPs. (B) The dynamic light scattering spectra of the 8-in-Tween 20 micelles (green, left
peak) and 8-NPs (red, right peak) overlaid. (C) In GPC, 8-NPs (O) eluted in much earlier
fractions (fractions 8 to 11) than 8 in Tween 20 micelles (@) (fractions 17 to 24). The
concentrations of the 8 in Tween 20 micelles and in 8-NPs were 100 pg/mL and 1 mg/mL,
respectively. (D) The release profile of 8 from 8-NPs. As a control, the diffusion of
compound 8 (8 in micelles) through the dialysis membrane was also measured. Data shown
are mean + S.D. (n=3 for A and C, 6 for D). Standard deviations were not shown in C and

D for clarity.
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(A) Percentage of PANC-1 cells alive after incubation with gemcitabine HCI at 400 .M for
up to 116 h. Cell viability was determined using a trypan blue exclusion assay. The
experiment was repeated twice. (B) /n vitro uptake of 8 in nanoparticles, 8 in solution, or
gemcitabine HCI (GEM) by PANC-1 cells. The concentration of compound 8 in the 8-NPs
and 8 in solution was 40 pM, and the gemcitabine HCI concentration was 400 M.
Gemcitabine uptake was not detected when cells were incubated with 40 wM of gemcitabine
HCI. The incubation time was 0.5 h. Data shown are mean + S. D. (n=3).
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GEM GemC18- 8-NPs
NPs

dCDA assay. (A) Effect of gemcitabine concentration on the conversion of dCyd to dUrd
(ratio, w/w) by dCDA,; (B) Effect of GemC18-NPs and 8-NPs on the conversion of dCyd to
dUrd by dCDA (No, no inhibitor; GEM, gemcitabine HCI, 1.7 mM). The molar
concentration of GemC18 and 8 in the nanoparticles was 1.7 mM. Blank nanoparticles did
not inhibit the conversion. Data shown are mean + S.D. The experiment was repeated at

least twice with similar results.
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Scheme 1.

Reagents and conditions: (a) Boc,O, KOH, 1,4 dioxane, 22 °C; (b) CH3(CH»)15COOH,
EDCI, HOAt, DCM, rt; (c) TFA, DCM, rt; (d) i. POClIs, triethylamine, DCM, reflux 2 h; ii.
NaHCOs, rt, 15 h; (e) BocyO, Nay,COs3, dioxane, HoO; (f) BocyO, dioxane, 37 °C, 250 rpm,
72 h; (9) 6, TPS, pyridine, 38-40 °C, 24 h; (h) TFA, DCM,; (i) Acetic anhydride, CH30H,
reflux; (j) 10, TPS, pyridine, 38-40 °C, 24 h; (k) TFA, DCM.
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Table 1

The 1C5 values of gemcitabine, gemcitabine derivatives, and the derivatives in nanoparticles in CCRF-CEM
and CCRF-CEM/dCK ™~ cells.

CCRF-CEM (nM)  CCRF-CEM/dCK™~ (uM)  Ratio of ICs, in CCRF-CEM/dCK ™~ to that in CCRF-CEM

Gemcitabine HCI 29+18 240.4£29.0 82,897
GemC18 19.4+133 47.3+8.7 2,438
8 195.9+28.1 383+12 196
9 58.1+185 62.3+53 1,072
12 49.8+5.9 87.4+10.1 1,755
GemC18-NPs 16.3+45 133+26 816
8-NPs 152.1+15.7 3.8+0.2 25
9-NPs 86.5+9.4 59+14 68
12-NPs 58.8 +15.6 28+0.2 48
13-NPs 222.2+68.7 11.3+35 51
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Table 2
The ICsq values of gemcitabine HCI, gemC18-NPs, and 8-NPs in L1210 wt and L1210 10K cells.

L1210 wt (nM) L1210 10K (uM) Ratio of ICgq values in L1210 10K Ratio of I1Csq in L1210 10K to that in

cells® L1210 wt
Gemcitabine HCI 1.3£03 222437 1 17,046
GemC18-NPs 13103 56+0.1 4 431
8-NPs 172.5+55.2 29403 8 17

*
Ratio is the IC5Q values of gemcitabine HCI divided by that of the nanoparticles.
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Table 3

The 1C5q values of gemcitabine HCI, gemcitabine derivatives, and the derivatives in nanoparticles in TC-1 and
TC-1-GR cells.

TC-1 (nM) TC-1-GR (M)  Ratio of ICx values in TC-1-GR cells® Ratio of ICsq in TC-1-GR to that in

TC-1
Gemcitabine HCI 147+28 36.7£5.1 1 2,497
GemC18 1321+17.2 77+24 5 58
8 2455+ 39.9 21.1+17 2 86
9 210.7£85.0 9.3+25 4 44
12 430.0 £52.4 76.3+10.5 0.5 177
GemC18-NPs 59.8+18.4 3.6+0.2 10 60
8-NPs 371.3+£27.3 84+05 4 23
9-NPs 258.6 £60.9 10.1£0.9 4 39
12-NPs 405.7£114.1 105+20 3 26
13-NPs 395.5+40.7 9.0+2.6 4 23

*
Ratio is the IC5Q values of gemcitabine HCI divided by that of the derivatives or derivatives in nanoparticles.
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The 1C5q values of gemcitabine HCI, gemcitabine derivatives, and the derivatives in nanoparticles in MIA
PaCa-2 and PANC-1 cells.

MIA PaCa-2 (nM) PANC-1 (uM) Ratio of IC5 in PANC-1 to that in MIA PaCa-2
Gemcitabine HCI 49.7 £17.7 > 400 > 8,000
GemC18 133.0+60.4 6.0+1.1 45
8 835.9 + 163.8 50.4+4.3 60
9 204.6 +39.5 385+5.7 188
12 245.1+38.0 58.7+14.2 239
GemC18-NPs 40.6 £8.2 58+0.6 143
8-NPs 201.7 +£50.2 6.2+15 31
9-NPs 290.0 + 84.6 88+18 30
12-NPs 380.0 £98.3 22.0+35 58
13-NPs 357.6+172.2 8729 24
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The 1C5q values of gemcitabine HCI, gemcitabine derivatives, and the derivatives in nanoparticles in CCRF-
CEM and CCRF-CEM-AraC-8C cells.

CCRF-CEM (nM)

CCRF-CEM-AraC-8C (nM)

Ratio of I1Cxq values in
CEM-AraC-8C cells

Ratio of ICsy in CCRF-CEM-
AraC-8C to that in CCRF-

Gemcitabine HCI 29138
GemC18 19.4+133
8 1959+28.1
9 58.1+18.5
12 49.8+5.9
GemC18-NPs 16.3+45
8-NPs 152.1+15.7
9-NPs 86.5+9.4
12-NPs 58.8 +15.6
13-NPs 2222 +68.7

998.8 +9.4
369.4 +235.1
806.5+111.8
5753+97.1
1766.9 + 532.8

81.0+17.9
942.6 +163.8
1325.1+167.2
712.9 +£342.9
1166.6 +293.1

1
2.7
1.2
1.7
0.6

12.3
11
0.8
1.4
0.9

333
19
4
10
35
5
4
13
12
5

*
Ratio is the IC5Q values of gemcitabine HCI divided by that of the derivatives or derivatives in nanoparticles.
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