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Introduction

Gemcitabine (2',2'-difluorodeoxycytidine, dFdC) is a deoxycyt-
idine analog with antitumor activity against a wide variety of 
cancers. It is approved as the first line single agent treatment for 
advanced pancreatic cancer and for combination therapy against 
non-small cell lung, breast and ovarian cancers.1 Although gem-
citabine is one of the primary standard drugs used to treat various 
solid tumors, drug resistance often limits its efficacy,2 making 
it clinically important to understand the mechanisms of gem-
citabine resistance and to develop novel strategies to overcome 
the resistance.

Ribonucleotide reductase (RR) catalyzes the conversion of 
ribonucleoside 5'-diphosphates into their corresponding 2'-deoxy-
ribonucleotides. This reaction is rate limiting in the production 
of 2'-deoxyribonucleoside-5'-triphosphates (dNTPs), which are 
essential for the de novo synthesis of DNA.3 Gemcitabine diphos-
phate (dFdCDP) binds to the large subunit M1 of RR (RRM1) 
and inhibits RR, thereby depleting the cellular deoxynucleotide 
(dNTP) pools.4,5 RRM1 has been identified as the key molecule 
in determining the efficacy of gemcitabine. The overexpression 
of RRM1 had been repeatedly reported in gemcitabine-resistant 
cancer cells both in vitro and in vivo,6-11 and RRM1 overexpres-
sion through the transfection of a lung cancer cell line led to 
gemcitabine resistance as well.9 More importantly, a higher level 
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of RRM1 has been detected in tumors in various cancer patients 
who were poor responders to gemcitabine.9,12-18 Taken together, 
these findings demonstrate that RRM1 overexpression plays a 
key role in gemcitabine resistance. Therefore, the downregula-
tion of RRM1 expression may increase the susceptibility of resis-
tant cancer cells to gemcitabine.

RNA interference (RNAi) represents a powerful method for 
specific gene silencing.19,20 Previously, we and others have shown 
that the downregulation of RRM1 expression using small inter-
fering RNA (siRNA) increased the sensitivity of gemcitabine 
resistant cancer cells to gemcitabine in vitro.10,11,13,14,17,21 In the 
present study, we tested the feasibility of using RRM1-specific 
siRNA to downregulate RRM1 expression and thus sensitize 
RRM1-overexpressing tumor cells to gemcitabine in an animal 
model. In vivo siRNA delivery remains challenging due to the 
poor stability of unmodified siRNA molecules and the difficulty 
in delivering them intracellularly.20,22 It was shown that polyeth-
ylenimine (PEI) could protect siRNA from enzymatic and non-
enzymatic degradations and efficiently deliver them into target 
cells in culture.23,24 Moreover, it was shown that PEI can also 
efficiently deliver siRNA complexed with it to tumors in mice 
after systemic administration.25,26 We therefore chose to employ 
PEI as a carrier for RRM1-specific siRNA in this study.

Previously, a gemcitabine resistant lung cancer cell line, 
TC-1-GR, was developed in our laboratory by continuously 
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higher concentrations of gemcitabine, they subsequently increased 
the expression of RRM1 gradually. The removal of gemcitabine 
from culture medium resulted in a relatively rapid return of 
RRM1 protein level to near baseline.7 Thus, we initially com-
pared RRM1 gene and protein expression in TC-1 and TC-1-GR 
tumors in nude mice 21 d after tumor cells were injected (s.c.). 
The overexpression of RRM1 in TC-1-GR tumors in mice was 
sustained in the 3-week period tested (Fig. 2A and B). RT-PCR 
analysis revealed a detectable level of RRM1 mRNA only in 
TC-1-GR tumors (Fig. 2A). Western blotting analysis confirmed 
that there was a clear difference in the expression of RRM1 pro-
tein in TC-1 and TC-1-GR tumors (Fig. 2B), and the RRM1 
protein level in TC-1-GR tumor tissues remained significantly 
higher than in TC-1 tumor tissues 21 d after tumor cell implan-
tation (Fig. 2B).

We then determined whether systemic administration of 
RRM1-specific siRNA in the PEI-siRNA complexes can success-
fully downregulate RRM1 expression in TC-1-GR tumors pre-
established in nude mice. TC-1-GR tumor-bearing nude mice 
were injected (i.p.) with either 10 μg RRM1-specific siRNA or 
control siRNA in PEI-siRNA complexes every other day start-
ing 7 d after tumor cells injection. After 2 weeks, tumors were 
removed to evaluate RRM1 protein expression. As shown in 
Figure 2C and D, the RRM1 protein level in TC-1-GR tumors 
in mice that were injected with the PEI-control siRNA complexes 
was not different from that in mice that were injected with PBS. 
However, the RRM1 protein level in tumors in mice that were 
injected with the PEI-RRM1 siRNA complexes was significantly 
lower than in mice that were injected with PBS or the PEI-control 

culturing TC-1 cells with gradually increasing concentrations 
of gemcitabine HCl.11 The TC-1-GR cells were found to sig-
nificantly overexpress RRM1.11 In the present study, using the 
TC-1-GR tumor cells in a mouse model, we demonstrated that 
the downregulation of RRM1 overexpression using RRM1-
specific siRNAs potentiated the antitumor activity of gem-
citabine against the RRM1-overexpressing tumor cells in vivo. 
Our findings underline the potential of RRM1 as a therapeutic 
target for chemosensitization, and suggest that the combination 
of RRM1-specific siRNA with gemcitabine represents a promis-
ing strategy for the management of gemcitabine resistant tumors.

Results

Silencing of RRM1 sensitizes RRM1-overexpressing, gem-
citabine resistant lung cancer cells to gemcitabine. To facili-
tate the delivery of RRM1-specific siRNA into tumor cells, the 
siRNA was complexed with PEI. The size of the PEI-RRM1 
siRNA complexes was 122 ± 5 nm, with a zeta potential of 15 ± 
0.6 mV. As a control, a universal negative control siRNA was also 
complexed with PEI, resulting in a PEI-control siRNA complex 
of 119 ± 4 nm, with a zeta potential value of 15 ± 0.5 mV. The 
polydispersity indices of the complexes were within the range of 
0.2 and 0.3, and there was not a significant difference between 
the sizes (and zeta potentials) of the PEI-RRM1 siRNA com-
plexes and the PEI-control siRNA complexes. We next investi-
gated whether the PEI is able to deliver the siRNA efficiently into 
cells by determining the level of RRM1 protein after TC-1-GR 
cells in culture were transfected with either PEI-RRM1 siRNA or 
PEI-control siRNA complexes. As shown in Figure 1A, RRM1 
protein level in cells transfected with the PEI-control siRNA 
complexes was not different from that in untreated cells or in 
cells treated with PEI alone. In contrast, RRM1 protein was not 
detected in cells transfected with the PEI-RRM1 siRNA com-
plexes (Fig. 1A), demonstrating that the RRM1-specific siRNA, 
when delivered using the PEI, was able to significantly inhibit 
the expression of the RRM1 protein. To evaluate whether silenc-
ing RRM1 expression can sensitize the RRM1-overexpressing 
TC-1-GR tumor cells to gemcitabine, the cytotoxicity of gem-
citabine in TC-1-GR cells transfected with PEI-RRM1 siRNA 
complexes was determined. Incubation of TC-1-GR cells that 
were pretreated with fresh medium or with PEI alone with 
50 μM gemcitabine for 48 h induced approximately 40% cell 
death (Fig. 1B). Cells pretreated with the PEI-control siRNA 
complexes remained resistant to gemcitabine; after gemcitabine 
treatment, the viability of the TC-1-GR cells pretreated with 
the PEI-control siRNA complexes was not different from that of 
the TC-1-GR cells pretreated with PEI alone (Fig. 1B). In con-
trast, gemcitabine at the same concentration became significantly 
more cytotoxic to TC-1-GR cells that were pretreated with the 
PEI-RRM1 siRNA complexes (Fig. 1B), indicating that silenc-
ing RRM1 overexpression could restore the susceptibility of the 
TC-1-GR cells to gemcitabine.

Silencing of RRM1 using siRNA shows antitumor activ-
ity against RRM1-overexpressing TC-1-GR tumors in mice. 
Studies have shown that when cells were exposed to progressively 

Figure 1. RRM1-specific siRNA downregulated RRM1 expression and 
sensitized TC-1-GR tumor cells to gemcitabine. (A) Immunoblotting 
analysis of RRM1 in untransfected TC-1-GR cells (UT) or TC-1-GR cells 
transfected with PEI-RRM1 siRNA or PEI-control siRNA complexes. As a 
control, cells were also treated with PEI25K alone (PEI). (B) Cytotoxicity 
of gemcitabine in TC-1-GR cells transfected with PEI-RRM1 siRNA or PEI-
control siRNA complexes. Data are presented as a mean ± SEM (n = 3).
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Figure 3A, PEI-RRM1 siRNA complexes alone or gemcitabine 
alone significantly delayed TC-1-GR tumor growth. However, 
combination treatment with both PEI-RRM1 siRNA complexes 
and gemcitabine was significantly more effective in delaying the 
tumor growth than either one of them alone (Fig. 3A). In addi-
tion, a significantly less percent of Ki67-positive cells was detected 
in TC-1-GR tumors in mice that were treated with both PEI-
RRM1 siRNA complexes and gemcitabine than with either of 
them alone (Fig. 3B–D), indicating that the combination ther-
apy was more anti-proliferative than monotherapy with either of 
them alone. Finally, data in Figure 3E showed that increasing 
the doses of siRNA and gemcitabine in the combination therapy 
significantly further enhanced the resultant antitumor activity. 
At the highest doses of RRM1 siRNA and gemcitabine tested, 
the mice had no significant loss in body weight and did not show 
any other signs of toxicity (Fig. 3F).

Discussion

RRM1 has been identified as a key molecule in determining the sen-
sitivity of tumor cells to gemcitabine. The involvement of RRM1 
overexpression in gemcitabine resistance had been documented in 
various cancers, including non-small cell lung cancer, pancreatic 
cancer, breast cancer and biliary tract cancer.9,12-18 Thus, it was pro-
posed that knocking down of RRM1 expression can potentiate the 

siRNA complexes (Fig. 2C and D), demonstrating that the PEI-
RRM1 siRNA complexes downregulated the expression of the 
RRM1 protein in TC-1-GR tumor tissues in mice.

To test whether the RRM1-specific siRNA can inhibit 
TC-1-GR tumor growth in mice, nude mice with pre-established 
TC-1-GR tumors were injected (i.p.) with PEI-RRM1 siRNA 
complexes or PEI-control siRNA complexes. TC-1-GR tumors 
in mice that were injected with PBS grew aggressively (Fig. 2E). 
Both PEI alone and PEI-control siRNA complexes failed to exhibit 
any significant antitumor activity (Fig. 2E). Conversely, the PEI-
RRM1 siRNA complexes significantly delayed TC-1-GR tumor 
growth (Fig. 2E), clearly demonstrating that systemic administra-
tion of RRM1-specific siRNA inhibited the growth of RRM1-
overexpressing TC-1-GR tumors in mice. Finally, in contrast to 
what was observed in TC-1-GR tumor-bearing mice, the PEI-
RRM1 siRNA complexes did not show any significant antitumor 
activity against the parent TC-1 tumors that do not overexpress 
RRM1 (Fig. 2F), indicating that the RRM1-specific siRNA was 
only effective against tumor cells that overexpress RRM1.

RRM1-specific siRNA enhances the antitumor activity 
of gemcitabine in TC-1-GR tumor-bearing mice. To evaluate 
whether the RRM1-specific siRNA can increase the antitumor 
activity of gemcitabine against tumors that overexpress RRM1 in 
vivo, TC-1-GR tumor-bearing mice were treated with PEI-RRM1 
siRNA complexes in combination with gemcitabine. As shown in 

Figure 2. Systemic administration of RRM1-specific siRNA downregulated RRM1 expression in TC-1-GR tumors in mice and significantly inhibited 
TC-1-GR tumor growth. (A and B) RT-PCR (A) and immunoblotting (B) analyses of RRM1 expression in TC-1 and TC-1-GR tumor tissues 21 d after tumor 
cell injection. (C and D) Immunoblotting analysis of RRM1 expression in TC-1-GR tumors after mice were treated with PEI-RRM1 siRNA complexes. 
TC-1-GR tumor cells were injected (s.c.) in female nude mice on day 0. Mice were injected with PEI-siRNA complexes (0.5 mg/kg siRNA per mouse 
per injection) every two days for two consecutive weeks, starting on day 7. aThe level of RRM1 protein in tumors in mice that were treated with the 
PEI-RRMi siRNA complexes was significantly lower than that in tumors in mice that were treated with the PEI-control siRNA complexes or PBS. (E and 
F) RRM1-specific siRNA inhibited the growth of TC-1-GR tumors (E), but not TC-1 tumors (F) in mice. Tumors were injected in mice on day 0. TC-1-GR 
tumor-bearing mice were injected with PEI-RRM1 siRNA or PEI-control siRNA complexes on days 3–5, 7–12 and 14–16. TC-1 tumor-bearing mice were 
injected on days 7–11 once daily. The dose of the siRNA was 0.5 mg/kg per mouse per injection. bThe values of the RRM1 siRNA group were significant-
ly different from that of the control siRNA group (p < 0.05). Data are presented as a mean ± SEM (n = 2–3 in D, 3–5 in E and F).
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antisense DNA oligo targeting RRM1, was also able to inhibit 
tumor growth in vitro and in vivo.27 It however should be noted 
that RRM1-specific siRNA is only effective in tumors that over-
express RRM1 (Fig. 2E), but not in gemcitabine-sensitive par-
ent TC-1 tumors that do not overexpress RRM1 (Fig. 2F). The 
RRM1-specific siRNA was not effective against B16-F10 tumors 
that do not overexpress RRM1 as well (data not show). More 
experiments will have to be completed to understand why the 
RRM1-specific siRNA was active only to tumors that overexpress 
RRM1, but not effective against gemcitabine-sensitive tumor 
cells that do not overexpress RRM1. Nonetheless, the specific 
antitumor activity of RRM1-specific siRNA only against tumors 
that overexpress RRM1 may actually be desired because it would 
not likely be cytotoxic to normal non-tumor cells that do not 
overexpress RRM1. Moreover, Fan et al. (1997) reported that 

chemosensitivity of gemcitabine resistant cancer cells, and previous 
in vitro data, including ours, confirmed that the downregulation 
of the expression of RRM1 could restore the sensitivity of gem-
citabine resistant cancer cells to gemcitabine.10,11,13,14,17,21 However, 
to our best knowledge, the feasibility of enhancing the chemosen-
sitivity of cancer cells to gemcitabine using RRM1-specific siRNA 
has not yet been tested in an animal model.

In the present study, we showed that knocking down of 
RRM1 expression in tumor cells that overexpress RRM1 using 
RRM1-specific siRNA significantly delayed the growth of the 
tumors (Fig. 2E), indicating that RRM1 may be a potential tar-
get for cancer therapy. Data from previous studies also demon-
strated the benefits of target RRM1 overexpression. For example, 
Reid et al. (2009) reported that the inhibition of RRM1 using 
siRNA decreased cell proliferation.21 In addition, GTI-2501, an 

Figure 3. RRM1-specific siRNA sensitized 
TC-1-GR tumors to gemcitabine in a mouse 
model. (A) The antitumor activities of RRM1 
siRNA, gemcitabine (Gem), or RRM1 siRNA 
in combination with gemcitabine (siRNA + 
Gem) in mice with pre-established TC-1-GR 
tumors. TC-1-GR tumor cells were injected 
in nude mice on day 0. On days 5–8, 10–15 
and 17, mice were injected with PEI-siRNA 
complexes (0.5 mg/kg siRNA per mouse 
per injection). On days 5, 8, 11, 14 and 16, 
mice were injected with gemcitabine HCl 
(150 mg/kg per mouse per injection). aThe 
values of the Gem + siRNA were signifi-
cantly different from that of the Gem alone 
or siRNA alone (p < 0.05). (B) Prolifera-
tion indices of TC-1-GR tumor cells after 
different treatments. bThe value of Gem 
+ siRNA was significantly different from 
that of the Gem alone or siRNA alone. cThe 
values of the Gem alone and siRNA alone 
were significantly different from that of the 
PBS (p < 0.05). (C and D) Typical pictures 
(magnification: 20x) of TC-1-GR tumor tis-
sues stained against Ki67 cell proliferation 
marker after mice were treated with PBS 
(C) or RRM1 siRNAs in combination with 
gemcitabine (D) (bar = 100 μm). (E) The 
effect of the dose of gemcitabine on the 
antitumor activity of RRM1-specific siRNA 
and gemcitabine combination therapy 
against TC-1-GR tumors in mice. TC-1-GR 
tumor cells were injected in nude mice on 
day 0. On days 3–8 and 10–16, mice were 
injected with PEI-siRNA complexes. On 
days 3, 6, 9, 12 and 16, mice were injected 
with gemcitabine HCl. The dose of siRNA 
and gemcitabine HCl were 0.5 mg/kg 
and 150 mg/kg per mouse per injection, 
respectively, for the siRNA + Gem L group, 
1 mg/kg and 300 mg/kg per mouse per 
injection, respectively, for the siRNA + Gem 
H group. dThe values of siRNA + Gem H and 
siRNA + Gem L were significantly different 
(p < 0.05). Data are presented as a mean ± 
SEM (n = 4–5) in (A, B and E). (F) The body 
weights of mice treated in (E).
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siRNA both in vitro and in vivo, and simply downregulating 
RRM1 expression in tumor cells that overexpress RRM1 using 
the RRM1-specific siRNA significantly inhibited the tumor 
growth and sensitized the tumor cells to gemcitabine as well. 
RRM1-specific siRNA-mediated downregulation of RRM1 may 
represent an effective strategy to overcome RRM1 overexpres-
sion-related tumor cell resistance to gemcitabine and to other 
cytotoxic antitumor agents whose efficacy is also significantly 
affected by the level of RRM1 expression.

Materials and Methods

Materials and cell lines. Bovine serum albumin (BSA), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), ethidium bromide, glycine, PEI (branched, MW 
25 kDa), sodium dodecyl sulfate (SDS), sodium hydrochloride 
and tris(hydroxymethyl)aminomethane hydrochloride were 
from Sigma-Aldrich. Agarose I was from Amresco. Gemcitabine 
hydrochloride (gemcitabine HCl) was from US. Pharmacopia. 
Nitrocellulose membranes, western blotting filter papers and 
CL-XPosure film were from Thermo Scientific. Blotting-grade 
blocker, laemmli sample buffer, precision plus protein standards 
were from Bio-Rad. The duplex small interfering RNA (siRNA) 
oligonucleotides specific to RRM1 (UUA AUA ACU GGG 
CUU CUG GGC UCU C and GAG AGC CCA GAA GCC 
CAG UUA UUA A) and the universal negative control siRNA 
were from Invitrogen. Mouse lung cancer cell line (TC-1, ATCC 
#CRL-2785) were cultured in complete RPMI 1640 medium 
(Invitrogen) supplemented with 10% fetal bovine serum (FBS), 
100 U/ml of penicillin and 100 μg/ml of streptomycin, all from 
Invitrogen. The previously established TC-1-GR cells were cul-
tured in similar RPMI 1640 medium further supplemented with 
1 μM gemcitabine HCl.

Preparation of PEI-siRNA complexes. PEI25K/siRNA com-
plexes were prepared as described previously with slight modi-
fication.36 Briefly, 10 μg of siRNAs was dissolved in 150 μl of 
150 mM NaCl and incubated for 10 min. Thirty-three micro-
liters of PEI25K (5 mg/ml) in 150 mM NaCl was added to the 
siRNA solution, resulting in a nitrogen-to-phosphorus (N/P) 
ratio of 33.23 After vortexing, the mixture was incubated at room 
temperature for 30 min prior to further use. The particle size and 
zeta potential of the complexes were measured in triplicates with 
at least 12 runs for each measurement at 25°C using a Malvern 
Zetasizer Nano ZS. The complexes were diluted 200-fold with 
purified water before applying to the Zetasizer.

In vitro downregulation of RRM1 expression and sensitiza-
tion of TC-1-GR cells to gemcitabine. TC-1-GR (2 × 104) cells 
were plated in 96-well plates in RPMI 1640 medium supple-
mented with 10% FBS. When reached 80% confluent, cells were 
transfected with 60 pmol PEI-RRM1 siRNA complexes or PEI-
control siRNA complexes. Forty-eight hours after the transfec-
tion, the cell culture medium was refreshed. The cells were then 
treated with 50 μM gemcitabine HCl for another 48 h before the 
cytotoxicity was evaluated using the MTT assay. Cells were also 
harvested 48 h after the transfection to prepare total proteins for 
western blotting assay.

RRM1 is a tumor suppressor, and the loss of RRM1 could poten-
tially initiate tumor development.28

In addition to its own antitumor activity against RRM1-
expressing tumors, RRM1-specific siRNA also sensitized the 
RRM1-overexpressing tumor cells to gemcitabine in vitro and in 
vivo (Figs. 1 and 3). As shown in Figure 3A, frequent high doses 
of RRM1-specific siRNA alone were able to significantly inhibit 
the growth of the RRM1-overexpressing TC-1-GR tumors. The 
TC-1-GR tumors are resistant to gemcitabine,11 but frequent high 
doses of gemcitabine HCl alone (150 mg/kg) were also able to 
significantly inhibit its growth (Fig. 3A). However, combination 
treatment with both RRM1-specific siRNA and gemcitabine HCl 
was more effective than any of them alone, likely because the down-
regulation of the RRM1 expression by the siRNA made the oth-
erwise resistant TC-1-GR tumor cells less resistant to gemcitabine. 
In fact, tranilast, an antiallergic drug, that can decrease RRM1 
protein expression was recently found to strongly sensitize pancre-
atic cancer cells to gemcitabine as well.29 As mentioned previously, 
RR catalyzes the production of dNTPs, which are required for 
DNA synthesis. It has been suggested that RRM1 overexpression 
promotes gemcitabine resistance primarily through increasing the 
dNTP pools.30 Because dNTPs directly compete with dFdCTP 
for incorporation into DNA, an increase in the cellular concen-
tration of dNTPs can decrease the incorporation of dFdCTP 
into DNA.5,31-33 In addition, dNTPs can also inhibit the activity 
deoxycytidine kinase (dCK),34 a key enzyme in the phosphoryla-
tion of gemcitabine.32 In other words, an increase in the dNTP 
pool decreases the phosphorylation of gemcitabine. Furthermore, 
dNTPs are also required for the activity of deoxycytidine deami-
nase (dCDA),34 the rate limiting enzyme for the deamination (i.e., 
deactivation) of gemcitabine.32 Thereby, an increase in the cellular 
level of dNTPs could enhance the rate of gemcitabine deamina-
tion. Taken together, it is likely that the downregulation of RRM1 
expression using siRNA decreased the activity of RR and thus 
reduced the dNTP level in tumor cells, which in turn may have 
increased the incorporation of dFdCTP into DNA and increased 
the cellular concentration of gemcitabine metabolites by enhanc-
ing gemcitabine activation and inhibiting gemcitabine deactiva-
tion. Additional studies to identify the effect of siRNA-mediated 
RRM1 silencing on the level of dNTPs are planned.

Besides gemcitabine, it was shown that the level of RRM1 also 
significantly affect the efficacies of other cytotoxic agents including 
5-fluorouracil, methotrexate, pemetrexed and platinum in several 
types of cancer.9,35 Therefore, it is possible that the attenuation of 
RRM1 expression using siRNA technology may also be beneficial 
to overcoming chemoresistance to those anticancer drugs as well.

The RRM1-specific siRNA was less efficient in downregulat-
ing the RRM1 expression in TC-1-GR tumor cells in vivo than 
in vitro (Fig. 1A vs. 2C and D), likely because the PEI/siRNA 
complexes were not as effective in delivering the siRNA into 
tumor cells in vivo as in vitro. We plan to further optimize the 
siRNA delivery system to improve its ability to more effectively 
deliver the siRNA into tumors pre-established in mice.

In conclusion, data in the present study clearly demonstrated 
that RRM1 overexpression in gemcitabine resistant cancer 
cells can be effectively downregulated using RRM1-specific 
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3, 6, 9, 12 and 16. The dose of siRNA and gemcitabine HCl were 
0.5 mg/kg and 150 mg/kg per mouse per injection, respectively, 
for the low dose group (siRNA + Gem L), 1 mg/kg and 300 mg/
kg per mouse per injection, respectively, for the high dose group 
(siRNA+Gem H).

Western blot analysis. Cell or tumor tissue lysates were pre-
pared by homogenizing cells or tumor tissues in Pierce RIPA lysis 
buffer (Thermo Scientific) containing the Halt protease inhibitor 
cocktail (Thermo Scientific). Protein concentration of superna-
tants obtained after centrifugation at 14,000 g for 10 min was 
determined by a microplate assay with the Bio-Rad DC Protein 
assay reagents (Bio-Rad) and bovine serum albumin as a standard. 
Fifty micrograms of TC-1-GR protein lysates were separated on a 
7.5% Mini-Protean TGX precast gel (Bio-Rad). Immunoblotting 
for RRM1 protein was performed using a rabbit polyclonal anti-
body against RRM1 (Aviva System Biology) and a polyclonal 
anti-rabbit IgG horseradish peroxidase conjugated secondary 
antibody (Aviva). β-actin (mouse monoclonal antibody, Santa 
Cruz Biotechnology) was used as a control. Protein bands were 
detected using the enhanced chemiluminescence method (Pierce 
ECL western Blotting Substrate, Thermo Scientific) and quanti-
fied using the G-Box system from Syngene using the Genetool 
quantitation software. The levels of the RRM1 protein was nor-
malized to the levels of the corresponding β-actin protein.

RT-PCR. Total RNA was isolated from TC-1/TC-1-GR 
tumor tissues using RNeasy Lipid Tissue Mini kit (QIAGEN). 
Isolated RNA was reversed transcribed with random hexamers 
using the SuperScript first-strand synthesis system (Invitrogen). 
PCR was performed in an Eppendorf Mastercycler with the fol-
lowing cycling conditions: 95°C for 30 sec, 58°C for 1 min and 
68°C for 1 min for a total of 21 cycles. Primer sequences for 
RRM1 were 5'-CCC AAT GAG TGT CCT GGT CT-3' (for-
ward) and 5'-TTC TGC TGG TTG CTC TTC C-3' (reverse). 
QuantumRNA 18S internal standards using Ambion’s com-
petimer technology (Applied Biosystems/Ambion) were co-
amplified in individual reaction tubes. Reaction products were 
visualized on a 1.5% agarose gel containing ethidium bromide, 
and the intensity of each band determined by densitometric anal-
ysis using the Genetool quantitation software (Syngene).

Histology. Tumor tissues were processed to generate 5 μm 
tissue slides. Sections were stained with antibodies against Ki67, 
a marker of cell proliferation and examined under a light micro-
scope. The average percent of Ki67 positive cells (i.e., prolifera-
tion index) was determined from 20 microscopic pictures per 
treatment.

Statistical analysis. The statistical significance of differences 
among groups were evaluated by a one-way analysis of variance 
(ANOVA) followed by a Bonferroni/Dunn post-hoc comparison 
test. Differences were considered to be significant when p ≤ 0.05.
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Animal studies. All animal procedures were performed 
in accordance with the guideline established by the National 
Institutes of Health for humane treatment of animals. Animal 
protocol was approved by the Institutional Animal Care and 
Use Committee at the University of Texas at Austin. Female 
C57BL/6 and nu/nu mice (18–20 g) were from Charles River. 
TC-1 or TC-1-GR tumors were established in the right flank of 
mice by subcutaneous (s.c.) injection of 5 × 105 cells.

To find out whether the TC-1-GR tumor cells continue to 
overexpress RRM1 when injected in mice, TC-1-GR or TC-1 
tumors were injected into nude mice (n = 3) on day 0. Tumor 
tissues were harvested 21 d later to extract total proteins and total 
RNA for western blotting and RT-PCR analyses.

To understand whether systemic administration of RRM1 
siRNA can downregulate RRM1 protein expression, TC-1-GR 
tumors were injected into nude mice on day 0. Starting on day 
7 after tumor cell implantation (tumors reached 4–5 mm), mice 
were randomized and injected intraperitoneally (i.p.) with PEI-
RRM1 siRNA or PEI-control siRNA complexes (0.5 mg/kg 
siRNA per mouse per injection) every two days for two consecu-
tive weeks. As a control, mice were injected with PBS. The PEI-
siRNA complexes were i.p. injected because data from a previous 
study showed that i.p. injection of similar PEI-siRNA complexes 
successfully downregulated the expression of the target protein.25 
Tumor tissues were harvested 21 d later to extract total proteins 
for western blotting analysis.

To evaluate the in vivo antitumor activity of the PEI-RRM1 
siRNA complexes, tumor cells were injected (s.c.) in mice 
on day 0. When tumors became visible (2–4 mm), TC-1-GR 
tumor-bearing nude mice (n = 5) were injected (i.p.) with PEI-
RRM1 siRNA complexes or PEI-control siRNA complexes on 
days 3–5, 7–12 and 14–16. TC-1 tumor-bearing C57BL/6 mice 
(n = 5) were treated from days 7–11 once daily; the treatment was 
stopped after day 11 due to lack of apparent antitumor activity. 
The dose of the siRNA was 0.5 mg/kg per mouse per injection (in 
150 μl of sterile PBS). As controls, mice were injected with PBS 
or PEI alone. Tumor volume was measured three times a week 
with a caliper and calculated based on the following equation: 
tumor volume (mm3) = 1/2 [length × (width)2].

To evaluate the effect of treatment with RRM1-specific siRNA 
on the antitumor activity of gemcitabine, TC-1-GR tumors were 
established in the right flank of nude mice (n = 4–5) on day 0. 
Tumors reached 3–5 mm in diameter on day 5. On days 5–8, 
10–15 and 17, mice were injected (i.p.) with PEI-RRM1 siRNA 
complexes (0.5 mg/kg siRNA per mouse per injection, in 150 μl 
of PBS). On days 5, 8, 11, 14 and 16, mice were injected (i.p.) 
with gemcitabine HCl (150 mg/kg per mouse per injection, in 
150 μl of PBS). Mice in the siRNA and gemcitabine combination 
treatment group were injected with both siRNA and gemcitabine 
HCl, according to the above dosing schedule. Tumor size was 
monitored as mentioned above. To evaluate the effect of the doses 
of the RRM1 siRNA and gemcitabine in the combination on the 
resultant antitumor activity, TC-1-GR tumor cells were injected 
in female nude mice (n = 3–4) on day 0. Tumors reached 2–4 mm 
on day 3. Mice were then injected daily with PEI-siRNA com-
plexes on days 3–8 and 10–16 and with gemcitabine HCl on days 
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