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Abstract

Systemic delivery of siRNA to solid tumors remains challenging. In this study, we investigated the
systemic delivery of an siRNA-nanoparticle targeting ribonucleotide reductase subunit M2
(RRM2), and evaluated its intratumoral kinetics, efficacy and mechanism of action. Knockdown
of RRM2 by an RNAi mechanism strongly inhibited cell growth in head and neck squamous cell
carcinoma (HNSCC) and non-small cell lung cancer (NSCLC) cell lines. In a mouse xenograft
model of HNSCC, a single intravenous injection led to the accumulation of intact nanoparticles in
the tumor that disassembled over a period of at least 3 days, leading to target gene knockdown
lasting at least 10 days. A four-dose schedule of siRNA-nanoparticle delivering RRM2 siRNA
targeted to HNSCC tumors significantly reduced tumor progression by suppressing cell
proliferation and inducing apoptosis. These results show promise for the use of RRM2 siRNA-
based therapy for HNSCC and possibly NSCLC.
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1. Introduction

RNA interference (RNAI) has advanced to clinical trials with great promise following the
Nobel-prize winning discovery in 1998 [1]. The pursuit of siRNA-based therapeutics
designed to engage RNAI pathways has the potential to provide new, effective ways of
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imparting therapy to patients [2-4]. To treat most cancers and other disseminated diseases, it
is necessary to administer the siRNA systemically. However, the systemic administration of
SiRNA /n vivo faces a series of hurdles such as kidney filtration, uptake by phagocytes,
aggregation with serum proteins, and enzymatic degradation by endogenous nucleases
before reaching the cytoplasm of the target cell. As a class of new delivery vehicles, cell-
specific targeted nanoparticles have the potential to provide increased efficacy and reduced
toxicity relative to conventional therapeutics [5]. Several promising strategies have been
adopted to improve the systemic delivery of siRNA in animal models [2, 3, 6-8], but their
safe and effective delivery still remain challenging, particularly in the clinical setting.

Ribonucleotide reductase (RR) is the rate-limiting enzyme in the conversion of
ribonucleotide 5’-diphosphates into 2”-deoxyribonucleotides, which are essential for DNA
synthesis and replication. RR enzymatic activity is modulated by the level of its M2 subunit
(RRM2), which is expressed only in the late G1/early S phase of the cell cycle when DNA
replication occurs [9-13]. Overexpression of RRM2 plays an active role in tumor
progression and in the cellular response to DNA damage [14, 15]. Elevated RR activity and
RRM2 overexpression significantly increase the drug-resistant properties and the angiogenic
and invasive potential of human cancer cells [12, 16-18]. RRM2 was identified as a
diagnostic marker and an indicator of poor patient outcome of several cancers [19, 20],
suggesting that RRM2 contributes to malignant progression and is a potential therapeutic
target. In our study, we used a targeted nanoparticle for systemic delivery of RRM2 siRNA.
The clinical version of this delivery system has been denoted CALAA-01, and is now in a
Phase I clinical trial for systemic delivery of siRNA to treat patients with solid cancers [7,
21].

Human transferrin protein (Tf) ligand is displayed on the exterior of CALAA-01 as a
targeting moiety to engage the Tf receptor (TfR), which has long been known to be
upregulated in malignant cells [22] and is a common ligand used to target tumor cells [23—
26]. It has been reported that CALAA-01 can deliver a higher fraction of siRNA within
tumor cells by targeting TfR to achieve intracellular localization compared to nontargeted
analogs [27]. This system recently provided the first example of dose-dependent
accumulation of targeted nanoparticles in human tumors and also the first example of
delivering an siRNA that was proven to mediate an RNAi mechanism of action [7].

Evaluation of CALAA-01 is further extended in the present work to demonstrate the
intratumoral kinetics of the nanoparticle system and to observe its efficacy in tumor growth
inhibition in head and neck cancer, which is one of the leading causes of cancer death
worldwide [28]. Such studies are critical for understanding the effective dosing and
prolonged knockdown of the targeted protein to achieve better therapeutic effect. Here, we
explored the role of RRM2 by utilizing siRNA-mediated gene silencing that leads to growth
suppression /in vivoand in vitro. This could impact treatment of several other cancers. To
our knowledge, this is the first animal study in head and neck cancer confirming that
systemically delivered siRNA can produce specific gene inhibition in a mouse model and
can contribute to inhibition of tumor progression by suppressing cell proliferation and by
induction of apoptosis.

2. Materials and Methods
2.1. Cell lines

HNSCC cell lines Tul77 and Tu212 (provided by Dr. Gary L. Clayman, University of Texas
M.D. Anderson Cancer Center), Tu686, 686LN and 886LN (provided by Dr. Peter G. Sacks,
New York University College of Dentistry), SQCCY1 (provided by Dr. Shi-Yong Sun,
Emory University) and M4e cells were derived from a metastasis xenograft mouse model,
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[29] and were cultured in DMEM/F12 (1:1) with 10% heat inactivated fetal bovine serum
(FBS). A549, H292, H460 and H1299 lung cancer cell lines were kindly provided by Dr
Shi-Yong Sun (Emory University, GA). These cell lines were maintained in RPMI 1640
with 10% FBS. BJ (normal human fibroblast) and BEAS-2B (bronchial epithelial cells) were
obtained from Dr. George R. Stark (Cleveland Clinic Foundation, OH) and Dr. Xingming
Deng (Emory Winship Cancer Institute, GA) respectively. All cells were maintained in a
humidified incubator at 37°C, 5% CO,.

2.2. Western blotting

The primary antibodies were anti-RRM2, anti-GAPDH, from Santa Cruz Biotech, CA, anti-
hTfR from Abcam, Cambridge, MA; and anti-g-actin from Sigma Aldrich. The secondary
antibodies were from Santa Cruz Biotech. Western band quantification was performed using
Image-Quant TL software (GE/Amersham Biosciences, Piscataway, NJ).

2.3. siRNAs duplexes

Unmodified RNA duplexes were gifts from Calando Pharmaceuticals (Pasadena, CA).
Control siRNA was bioinformatically designed to minimize potential for targeting any
human gene (Dharmacon, Lafayette, CO).

RRM2 siRNA (siR2):
5 -GCGAUUUAGCCAAGAAGUUCA-3’
Control siRNA (siC or siCON1):
5-UAGCGACUAAACACAUCAAUU-3’

2.4. Lipofectamine transfection

siRNA was complexed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions and applied to each plate (cells 30~50% confluent).
Transfection media was removed and replaced with new media after 5 hours.

2.5.5-RLM-RACE

5-RLM-RACE (RNA Ligase Mediated Rapid Amplification of cDNA Ends) was
performed according to the Invitrogen GeneRacer manual with modifications as described
previously [7]. Briefly, RNA was ligated to GeneRacer RNA adaptor and the reverse-
transcribed using Superscriptlll (Invitrogen). RACE-PCR was performed using forward
(GR5") and reverse (R2Rev) primers in the GeneRacer adaptor and 3" end of RRM2
MRNA, respectively, to span the predicted RRM2 cut site. PCR products were excised from
2% agarose gel and sequenced directly to confirm RACE band identities.

2.6. Cell growth assay

Sulforhodamine B (SRB) assay was used for cell growth determination [30]. sSiRNA-
transfected cells were re-seeded (5x103 cells/well) in a 96-well plate 24 hrs after
transfection. 72 hrs later, cells were fixed with 10% trichloroacetic acid. Plates were stained
with 0.4% SRB for 10 min and bound SRB was dissolved in 10 mmol/L Tris base (pH 10.5).
Cell growth was assessed by OD determination at 492 nm using a microplate reader. The
percentage of survival was then calculated based on the absorbance values relative to the
control siRNA-transfected samples.
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2.7. Formulation of CALAA-01

The CALAA-01 formulation used in this study was described earlier [31]. The delivery
components CDP, AD-PEG, AD-PEG-Tf were placed in one vial and the nucleic acid in a
second vial. When the two solutions (1:1 volumes) were mixed, the nanoparticles self-
assembled. siRNA and nanoparticle components were supplied by Calando Pharmaceuticals.
The formulation gave a 70 nm diameter nanoparticle that contained ~10,000 CDP
molecules, ~2000 siRNA molecules, ~4000 AD-PEG, and ~100 AD-PEG-Tf molecules
[21].

2.8. Systemic delivery of CALAA-01 in a xenograft nude mouse model

Based on protocols approved by the Institutional Animal Care and Use Committee of Emory
University, nude mice (athymic nu/nu) aged 4-6 weeks were purchased from Taconic. Each
mouse was injected with 5x108 Tu212 cells subcutaneously in the right flank, and tumor
volume was monitored (volume = 0.5x/x1A). Treatments commenced when the tumors had
reached approximately 70 mm3. For detection of intratumoral kinetics of CALAA-01, we
injected a single dose of nanoparticles (10mg/kg) via tail vein injection and collected tumors
after 24h, 48h, 72h, 96h, 168h, and 240h (3 mice/group). Then we performed nanoparticle
intratumoral kinetics assays by confocal microscopy, immunohistochemistry, and gRT-PCR.

In another animal model experiment (8 mice/group), we injected 5% dextrose in water
(D5W), naked siRNA (siR2) or nanoparticle containing either siCON1 (siCON1) or siR2
(CALAA-01) via the tail vein in a four-dose schedule (Days 1, 3, 8 and 10) and sacrificed
the mice on the 28t day after cancer cell transplantation.

2.9. Confocal microscopy

Snap-frozen tumor tissues were re-embedded in paraffin to generate tissue sections of 4 um
in thickness. Upon deparafinization with xylene and rehydration with a decreasing ethanol
gradient, the sections were permeabilized in chilled acetone at =20 °C for 20 min. To detect
intracellular localization of CDP/siRNA nanoparticles and/or expression levels of the RRM2
protein, PBS-rinsed sections were immersed in a PBS-based staining solution that contains
adamantine-modified, PEGylated gold nanoparticles (Au-PEG-AD) at a final concentration
of 1.5x10™ particles per mL and/or goat anti-human R2 polyclonal antibody (sc-10846;
Santa Cruz Biotechnology), conjugated to Alexa Fluor 555 (Invitrogen), at a final
concentration of 1 pg/mL. Staining proceeded in the dark at RT for 2 h. Brief PBS rinses
removed any non-specifically bound gold particles and anti-R2 antibodies, before mounting
the stained tumor sections with ProLong Gold antifade reagent with DAPI (Invitrogen). A
Zeiss LSM 510 confocal scanning microscope was used to collect the images. The excitation
wavelengths of DAPI, Au-PEG-AD, and Alexa Fluor 555 are 740 nm (two photon laser),
488 nm (argon laser), and 543 nm (HeNe laser), respectively. Their corresponding emission
filters are 400-460 nm, 500-550 nm, and 560-610 nm, respectively.

2.10. gRT-PCR

Total tumor RNA was collected using the RNeasy mini Kit according to the manufacturer’s
instructions (Qiagen). Tumor RNA samples were reverse-transcribed using SuperScriptll|
reverse transcriptase. 2 .l of prepared sample cDNA was used for triplicate Tagman real
time-PCR as described elsewhere [32]. RRM2 levels were normalized to Tata Binding
Protein (TBP) levels within the same sample.

2.11. Ribonucleotide reductase (RR) assay

RR activity was measured utilizing the CDP assay method as previously described [33].
Frozen tissue was cut into small pieces using a new razor blade. The tissue suspension was
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homogenized and tissue debris was removed by centrifugation at 16,000 g at 4° for 20 min.
The supernatant was passed through a Sephadex G25 spin column, pre-equilibrated with
buffer (50 mM of HEPES, pH 7.2, 2 mM of DTT) to remove endogenous nucleotides. The
reaction mixture in a final volume of 50 pl contained the following: [BH]CDP (0.5 u.Ci;),
HEPES (pH 7.2) (50 mM), DTT (6 mM), magnesium acetate (4 mM), ATP (2 mM), CDP
(0.05 mM), and a specific amount of tissue extract. The incubation time for the reaction was
30 min at 37°C. [3H]dCDP was dephosphorylated by phosphodiesterase at 37°C for 2hrs.
[3H]C and [3H]dC were separated with a C1g ion exchange column by HPLC and detected
by B-RAM radioactive detector. The reaction was linear during the process.

2.12. Immunohistochemistry

Upon deparaffinization and rehydration, tissue sections were permeabilized with 0.25%
Triton-X-100/PBS for 5 min. Tissue sections were blocked with 2.5% horse serum for 30
minutes. To detect intracellular localization and expression levels of RRM2 and Ki67
proteins, we used goat anti-human R2 polyclonal antibody and mouse anti-human Ki-67
antibody (prediluted; Invitrogen, Carlsbad, CA), respectively, as primary antibodies, then
conjugated to secondary antibody and counterstained cell nuclei using 4,6-diamidino-2-
phenylindole (DAPI, Invitrogen, Carlsbad, CA). Mouse and rabbit 1gG were used as
negative controls. Terminal deoxynucleotidyl transferase dUTP nick and labeling (TUNEL)
assay was performed according to the manufacturer’s protocol (Promega, Madison, WI).

2.13. Statistical analysis

3. Results

All results represent the average of at least three separate experiments and are expressed as
mean +SD. Statistical analysis was performed using #test. £<0.05 was considered
statistically significant.

3.1. RRM2 and TfR proteins are expressed in HNSCC and NSCLC cells and siR2 efficiently
suppresses RRM2 protein

Several HNSCC and NSCLC cell lines were tested for RRM2 and TfR expression levels in
order to identify a suitable model system to evaluate the efficacy of the CALAA-01
nanoparticle, which has Tf on the surface as a targeting ligand and encapsulates sSiRNA
targeted to RRM2 [7]. HNSCC (Tul77, Tu212, Tu686, 686LN, 886LN, M4e and SqCCY1)
and NSCLC (A549, H292 and H460) cells displayed various degrees (moderate to high
level) of expression of TfR and RRM2 proteins compared to normal cells such as BJ

(normal human fibroblasts), primary culture of BEAS-2B (bronchial epithelial cells) and
oral keratinocytes (Figure 1A). These results suggest that HNSCC and NSCLC could be
suitable models for /n vivo studies with CALAA-01. The RRM2 sequence-specific SIRNA
(siR2) was designed previously to target RRM2 and has been characterized for potency,
efficacy, and specificity [21, 34]. To explore the knockdown efficiency of siR2, HNSCC and
NSCLC cell lines with moderate and high expression of RRM2, Tu212 and M4e, and A549
and H460, respectively, were examined. We transfected cells with siR2 or siC (non-targeting
control siRNA) for 72h and observed >80% reduction in RRM2 protein levels following
siR2 treatment when compared with siC (Figure 1B and C).

3.2. siR2 silences RRM2 via an RNAi mechanism in HNSCC and NSCLC cell lines

To confirm the RNAi-mediated mechanism of action of siR2, RNA from Tu212 (HNSCC)
and A549 (NSCLC) cells transfected with siR2 or siC was subjected to 5'-RLM-RACE
(Figure 2A—-C). The schematic diagram in Figure 2A shows the predicted cleavage site of
siR2 and the primers used for PCR amplification of the cleavage fragment. RRM2 mRNA
fragments, whose 5” ends matched the predicted siRNA-induced cleavage site (10 base pairs
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from the 5 end of the antisense strand), and were of correct band size and sequence, were
detected only in siR2-treated Tu212 and A549 cells (Figure 2B and C). These results suggest
that siR2 can mediate an RNAi mechanism in both HNSCC and NSCLC cells.

3.3. Depletion of RRM2 inhibits cellular growth in HNSCC and NSCLC

To explore the role of RRM2 in the regulation of cell proliferation, HNSCC and NSCLC
cell lines with moderate and high expression of RRM2, Tu212 and M4e, and A549 and
H460, respectively, were examined for cell growth inhibition by siR2 treatment. In both
HNSCC and NSCLC cells, we found significant cell growth inhibition at nanomolar
concentrations of siR2 compared to siC after 72h (Figure 3A and B). Treatment with 5 nM
siR2 for 72h inhibited cell growth in both HNSCC (Tu212 ~75% and M4e ~60%) and
NSCLC cells (A549 and H460 ~80%). Interestingly, we observed no significant difference
in cell growth response between cell lines with moderate and high expression of RRM2.
This finding demonstrated that once RRM2 was downregulated by siRNA, cellular growth
was strongly inhibited regardless of RRM2 expression level. Our results provide evidence
that RRM2 plays a vital role in cellular growth in HNSCC and NSCLC cells.

3.4. Intratumoral kinetics of CALAA-01 nanoparticles following a single intravenous

injection

Since we confirmed that our model systems are suitable for /n vivo studies, the systemic
delivery of siRNA was extended to a Tu212 xenograft model by using CALAA-01 for cell-
specific knockdown of RRM2. Results from the delivery of RRM2 siRNA via CALAA-01
in humans have suggested that gene inhibition can be achieved for lengthy time spans (ca.
several weeks) [7]. Numerous factors may contribute to this observation: intrinsic
intracellular siRNA stability, slow release of sSiRNA by the nanoparticles, and tumor growth
dynamics. However, the contribution of each of these factors to the observed
pharmacodynamics of the nanoparticle system has yet to be ascertained. In order to
understand how long the intact nanoparticle protects and releases siRNA in the tumor
environment, we sacrificed Tu212 tumor-bearing mice at several time points after single
intravenous doses of the siRNA nanoparticle. We first examined tumors for the presence of
nanoparticles using an adamantine-capped, PEGylated gold nanoparticle-based stain Au-
PEG-AD, characterized elsewhere [7] that specifically binds to the cyclodextrin (CDP)/
nanoparticle. Tumor sections from both control siRNA containing CDP/nanoparticle
(siCON1)- and siR2-containing CDP/nanoparticles (CALAA-01) were positive for Au-PEG-
AD staining, but not tumor sections from control animals treated with 5% dextrose (D5W)
(Figure 4A). High Au-PEG-AD staining intensity was observed at 24 and 48 hours post
dosing, and was markedly decreased at 72 hours. No further nanoparticle detection was
achieved at later time points (data not shown), suggesting that no more intact nanoparticles
remained within the tumor. Next, we examined the levels of RRM2 mRNA and protein. We
observed a considerable decrease in RRM2 protein immunohistochemical staining in tumors
collected from mice 24 hours after treatment with CALAA-01 compared to the siCON1-
treated controls (Figure 4B). In order to quantify the amounts of RRM2 mRNA and protein
expression, real time QRT-PCR and Western blotting analysis were employed (Figure 4,C
and D). Both RRM2 mRNA and protein levels were decreased in tumors from animals
treated with the CALAA-01 relative to the siCON1 nanoparticle at all time points tested —
up to 10 days post treatment (Figure 4B-D). We have previously observed a similar level of
mMRNA knockdown in Ewing sarcoma tumors following delivery of siRNA targeting EWS-
FLI1. We observed anti-tumor effects in that study also, suggesting that ~50% mMRNA
reduction is sufficient for anti-tumor effects in mice [35]. In patients we have observed up to
75% knockdown of RRM2 mRNA (although the patients received several doses of SiRNA
nanoparticles [7]).
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A single intravenous injection of targeted nanoparticles can remain intact in a tumor for 3
days, leading to target gene knockdown for at least 10 days but for significant knockdown of
RRM2 and tumor growth inhibition, multidosing of CALAA-01 might be required.

3.5. Efficacy of CALAA-01 in tumor growth reduction in a Tu212 xenograft model

To investigate the anti-cancer therapeutic potential of CALAA-01, we established a Tu212
xenograft /n vivo model. CALAA-01 (siR2 5mg/kg and 10mg/kg), nanoparticle sSiCON1,
naked siR2 or D5W were injected via the tail vein in a four-dose schedule (Days 1, 3, 8 and
10) as previously described [7, 21].

We observed promising tumor growth inhibition in the CALAA-01 group. Over 28 days,
tumor growth was reduced by an average 2.9-fold in the CALAA-01-treated group (10 mg/
kg) compared to the nanoparticle-siCON1 group (10 mg/kg; p = 0.0004) (Figure 5A).
Statistical analysis between groups is shown in the figure legend. Mice were sacrificed on
day 28 and tumors were collected. Tumor weight was significantly reduced in the
CALAA-01 (10 mg/kg) compared to siCON1 (10 mg/kg) group (p=0.002) (Figure 5B).
Representative mice from each treatment group are shown in Figure 5C. No significant
changes in body weight were observed throughout the study (Figure 5D). General health and
behavior of the treated mice were also monitored and found to be suitable. We began with 8
mice per group but lost one mouse accidentally in the siCON1 group.

To ascertain whether the RRM2 protein level was reduced in the tumor tissues, we measured
relative RR activity and protein expression. Relative RR activity in the tumor tissue of each
mouse from every group is shown in Figure 6A. We found CALAA-01 (10mg/kg)
significantly reduced RRM2 activity in xenograft tumors by an average 1.88-fold compared
to the siCON1 group (p=0.03) (Figure 6A). The tumor completely disappeared in one mouse
from the CALAA-01 (10mg/kg) group, which was considered to have zero RR activity. We
observed low RR activity in couple of mice with large tumors in the control groups,
especially in the naked siRNA and D5W groups. Tumor progression was very fast in these
mice and the tumors reached a large size. Ulceration in the tumor and necrotic tissues were
detected in these mice, which may have affected the RR activity. To detect intracellular
localization and expression levels of RRM2, we analyzed mice tumor tissues by
immunohistochemistry. Significant reduction in RRM2 protein expression was observed
after treatment of CALAA-01 (10mg/kg) as evidenced by tumor tissue staining with specific
antibody (Figure 6B, middle panel). The nanoparticle CALAA-01 (10mg/kg)-delivered
RRM2 siRNA significantly suppressed cell proliferation and induced apoptosis as evidenced
by xenograft tumor tissue staining for Ki67 (Figure 6B, lower panel) and terminal
deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) (Figure 6C),
respectively. Our results suggest that sSiRNA delivered by nanoparticles significantly
reduced the expression and activity of RRM2 expression in tumors, which facilitated
inhibition of cell proliferation and induction of apoptosis followed by suppression of tumor
growth progression.

4. Discussion

We describe findings that are highly significant and relevant in the context of RRM2-
mediated tumor progression and provide vital clues for the development of novel cancer
therapies. The role of RRM2 in HNSCC and NSCLC was explored, which could have
profound impact on both understanding and targeting these diseases. Our results suggest that
RRM2 plays a critical role in cell growth inhibition in both HNSCC and NSCLC cells. We
have demonstrated the therapeutic potential of nanoparticle-formulated siRNA targeting
RRM2 in HNSCC. We determined that knockdown of RRM2 via an RNAi mechanism leads
to cell growth inhibition in HNSCC and NSCLC cells.

J Control Release. Author manuscript; available in PMC 2013 May 10.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rahman et al.

Page 8

CALAA-01 is the first nanoparticle to demonstrate dose-dependent accumulation in tumors
after systemic injection into patients, and to deliver siRNAs that turn off a desired gene
using the RNAi mechanism [7]. Targeted delivery has yet to be optimized for most cell
types and tissues. We further extended the evaluation of CALAA-01 in the present work to
study its intratumoral kinetics and mechanism of action in an HNSCC model. We and many
others have demonstrated that the mouse transferrin receptor will recognize human
transferrin ligand and can facilitate the internalization of nanoparticles into mouse cells [36].
Transferrin was originally chosen as a targeting ligand because of this cross-reactivity across
species. Therefore, we do not expect to see favorable uptake by human tissue in a mouse
xenograft model. We ascertained that the sSiRNA delivered by single dose systemic
administration of CALAA-01 in an in vivo mouse model can enable knockdown of mMRNA
and protein that lasts at least 10 days. We observed a consistent but not statistically
significant decrease in RRM2 protein and RNA levels compared to siCON1-treated samples
at all time points. Consequently, we performed another in vivo experiment in which
CALAA-01 (10mg/kg) significantly reduced RRM2 activity and expression in a four-dose
schedule.

To our knowledge, this is the first animal study in head and neck cancer showing effective
systemic delivery of sSiRNA to produce specific gene inhibition. Previously, multiple doses
of siRNAs delivered via CALAA-01 have been shown to achieve gene inhibition for lengthy
time spans (ca. several weeks) in a human [7]. Intratumoral kinetics of CALAA-01 such as
SiRNA stability, functionality and tumor growth dynamics have been addressed in our study.
The PK behavior of these siRNA nanoparticles has been described previously [27]. We have
demonstrated co-localization of fluorescent siRNA and nanoparticle staining in tumors from
mice [7]. In this study we ascertained how long siRNA nanoparticles would be present in a
tumor following a single dose. We demonstrated that the nanoparticles could only be
detected in the tumor sections up to 72 hours following a single dose. This is a new
observation for this delivery system and supports prior observations that dosing every 3 days
is sufficient for maximal therapeutic effect [37]. Although Tf-targeted nanoparticles can
deliver functional siRNA to the subcutaneous Tu212 tumors, their heterogeneous
intratumoral distribution may limit SiRNA delivery to all the tumor cells. Therefore,
multiple doses might be important to reach new cells that have either not internalized any
SiRNA or have not internalized sufficient sSiRNA required for the phenotypic effect, such as
cell death. A four-dose schedule of CALAA-01 significantly reduced the expression and
activity of RRM2, which facilitated inhibition of cell proliferation and induction of
apoptosis followed by inhibition of tumor growth progression. Throughout our study, we did
not observe any adverse effects or any body weight changes. sSiRNA nanoparticles with
transferrin targeting ligands do not cause gene knockdown in the liver. A hepatocyte specific
targeting ligand is required to achieve measureable knockdown in the liver. No physiologic
signs of toxicity were observed in any healthy tissue when the siRNA delivery system was
delivered to non-human primates [31]. These results emphasize key features of CALAA-01,
including its tumor specificity for cytotoxic targets and its duration of therapeutic effect for
siRNA-based treatment for cancer therapy.

5. Conclusions

Our study offers promise in siRNA-based therapy for HNSCC and possibly NSCLC.
RRM2-specific siRNA silences RRM2 by an RNAi mechanism and strongly inhibits cell
growth in HNSCC and NSCLC cell lines. We have demonstrated the therapeutic potential of
CALAA-01 in HNSCC. In a mouse xenograft model, a single intravenous injection shows
intact nanoparticles in the tumor sections up to 72 hours, leading to target gene knockdown
lasting at least 10 days. A four-dose schedule of CALAA-01 delivering sSiRNA targeted to
HNSCC tumors significantly reduced tumor progression by suppressing cell proliferation
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and by induction of apoptosis without any potential toxicity issues. These findings signify
the efficacy of the CALAA-01 delivery system against HNSCC tumors in mice and
highlight RRM2 as an excellent anti-cancer target. Further investigation of the applicability
of the delivery system in other cancer types is highly encouraged.
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Fig. 1.

RRM2 and TfR proteins are expressed in HNSCC and NSCLC cells and siR2 efficiently
suppresses RRM2 protein. (A) RRM2 and TfR expression in normal, HNSCC and NSCLC
cell lines. Normal cell line, BJ (human fibroblast), primary culture of BEAS-2B (bronchial
epithelial), normal oral keratinocytes, HNSCC (Tul77, Tu212, Tu686, 686LN, 886LN,
M4e, SQCCY1) and lung cancer (A549, H292, H460) cell lines were cultured for 24 hours
before cell lysis. Cell lysates were examined for expression of RRM2 (upper panel) and TfR
(middle panel) by Western blotting. S-actin protein (lower panel) was immunoblotted to
confirm equal loading amounts. One blot is pictured from three independent experiments.
(B) HNSCC cell lines, Tu212 (left panel) and M4e (right panel), (C) NSCLC cell lines,
Ab549 (left panel) and H460 (right panel), were transfected with 2.5, 5 and 10nM of RRM2-
specific (siR2) or 10nM of control (siC) siRNA for 72h. Western blotting was performed for
determination of RRM2 and p-actin expression.
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Fig. 2.

siR2 silences RRM2 via an RNAi mechanism in HNSCC and NSCLC cell lines. (A)
Schematic diagram showing the predicted cleavage site of RRM2 siRNA and primers used
for PCR amplification of the cleavage fragment. GR5’: GeneRacer 5" primer, GRN5:
GeneRacer 5" nested primer, R2RT: RRM2 gene-specific RT primer, R2Rev: RRM2 gene-
specific reverse primer, R2Nrev: RRM2 gene-specific nested primer. (B) 5"-RLM-RACE
product detection of siRNA-induced RRM2 mRNA cleavage fragment in Tu212 (left panel)
and A549 (right panel) cells. (C) Sequencing chromatographs obtained from positive RACE
bands.
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Fig. 3.

siR2,72H

Depletion of RRM2 by siRNA inhibits cellular growth. (A) HNSCC cell lines, Tu212 (left
panel) and M4e (right panel), were transfected with 2.5, 5 and 10nM of siR2 or 10nM of
siC. After 72h, cell growth was measured by SRB assay (error bars are mean +SD from 3

independent experiments). (B) Cell growth assay in NSCLC
H460 (right panel).
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Fig. 4.

Time course of nanoparticle intratumoral residency and RRM2 expression levels in Tu212
tumors of mice treated with single intravenous dose of 5% dextrose (D5W), control siRNA-
containing CDP/nanoparticle (SiCON1 10mg/kg) or siR2-containing CDP/nanoparticles
(CALAA-01 10mg/kg). (A) Detection of CDP/siRNA nanoparticles with Au-PEG-AD stain
(green) in tumors at 24, 48, and 72 hours after treatment (white arrows point to clusters of
CDP/nanoparticles; nuclei stained with DAPI in blue). (B) Immunohistochemical analysis of
RRMZ2 protein expression (orange) 24 hours after treatment with sSiCON1- or CALAA-01
nanoparticles counterstained with DAPI (blue). (C) Real time qRT-PCR analysis of tumor
RRM2 mRNA expression over time (siCON1 24 hr, CALAA-01 24, 48, 72, 96, 168, 240 hr)
(error bars are mean +SD, n=3). (D) Western blot analysis of tumor RRM2 protein
expression over time (error bars are mean +SD from 3 independent blots).
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Fig. 5.

Systemically delivered CALAA-01 in a four-dose schedule (days 1, 3, 8 and 10) efficiently
reduced tumor growth in a Tu212 xenograft model. (A) Tumor growth (tumor volume =
0.5x &< uA) progression in five groups: D5W, naked siR2 (10 mg/kg), siCON1 (formulated
10 mg/kg) and siR2-containing nanoparticle (CALAA-01 5 mg/kg and 10 mg/kg). First dose
started on Day 10 after implantation and tumor growth was monitored until Day 28
(endpoint of tumor volume 1500 mm3) (error bars are mean +SE, n=8). Statistical analysis
(all days) between groups was as follows: D5W vs CALAA-01 10 mg/kg: P=0.0002, siR2
Unformulated vs CALAA-01 10 mg/kg: P=0.0007; siCON1 vs CALAA-01 10 mg/kg:
P=0.0004; D5W vs CALAA-01 5 mg/kg: P=0.03, siR2 Unformulated vs CALAA-01 5 mg/
kg: P=0.04;, siCON1 vs CALAA-01 5 mg/kg: P=0.09. (B) Mice were sacrificed, tumors
were collected from each treatment group on Day 28 and tumors were weighed (error bars
are mean +SD, n=8). Statistical analysis between groups was as follows: D5W vs
CALAA-01 10 mg/kg: P=0.0019, siR2 Unformulated vs CALAA-01 10 mg/kg: P=0.0016,
SiCONL1 vs CALAA-01 10 mg/kg: P=0.0024. (C) Representative mouse from each group of
D5W, naked siR2, siCON1, CALAA-01 5 mg/kg and 10 mg/kg. Arrows indicated tumor
area. (D) Body weights throughout study in each treated group (error bars are mean + SD,
n=8).
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Fig. 6.

RRM2 expression and cell proliferation were reduced followed by induction of apoptosis
upon four doses of CALAA-01 in the Tu212 xenograft model. We used xenograft tumor and
tumor tissue sections which were collected on Day 28 of the study, meaning 10 days after
the last injection and during the time of sacrifice. The dosing schedule is illustrated in Figure
5A. (A) Relative RR activity in tumor tissues of each mouse from each group was plotted
graphically (error bars are mean +SD, n=8, siCON1 vs CALAA-01 10 mg/kg: P=0.03and
siR2 unformulated vs CALAA-01 10 mg/kg: P=0.01). (B) RRM2 and Ki67 expression
detected in xenograft tissue by IHC analysis. Representative images shown from siCON1
and CALAA-01 10 mg/kg groups (brown stain for RRM2, and Ki67 and nuclei were
counterstained by hematoxylin, blue; magnification X200). (C) Apoptosis was detected by
xenograft tumor tissue staining with TUNEL (green) and nuclei (blue), Magnification X200.
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