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Abstract

Improved survival for HNC patients with recurrent and metastatic disease warrants that cancer
therapy is specific with protected delivery of the therapeutic agent to primary and metastatic
cancer cells. A further objective should be that downregulation of the intracellular therapy target
leads to cell death without compensation by an alternate pathway. To address these goals, we
report the utilization of a sub-50 nm tenfibgen (s50-TBG) nanocapsule that delivers RNAI
oligonucleotides directed against the essential survival signal protein kinase CK2 (RNAi-CK2) in
a cancer cell-specific manner. We have evaluated mechanism and efficacy of using s50-TBG-
RNAI-CK2 nanocapsules for therapy of primary and metastatic head and neck squamous cell
carcinoma (HNSCC). s50-TBG nanocapsules enter cancer cells via the lipid raft/caveolar pathway
and deliver their cargo (RNAI-CK2) preferentially to malignant but not normal tissues in mice.
Our data suggest that RNAi-CK2, a unique single-stranded oligonucleotide, co-opts the argonaute
2/RNA induced silencing complex (Ago2/RISC) pathway to target the CK2aa' mRNAS. s50-
TBG-RNAI-CK2 inhibited cell growth corresponding with reduced CK2 expression in targeted
tumor cells. Treatment of three xenograft head and neck squamous cell carcinoma (HNSCC)
models showed that primary tumors and metastases responded to s50-TBG-RNAI-CK2 therapy,
with tumor shrinkage and 6-month host survival that was achieved at relatively low doses of the
therapeutic agent without any adverse toxic effect in normal tissues in the mice. We suggest that
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our nanocapsule technology and anti-CK2 targeting combine into a therapeutic modality with a
potential of significant translational promise.
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Introduction

Head and neck cancers (HNCs) represent approximately 3% of all cancers in the United
States and 42,440 diagnoses of oral cavity and pharynx HNCs are expected for the year
2014 (1). In general, survival for HNC patients has not improved significantly over the last
several decades because of the difficulties in treating recurrent and metastatic disease (2, 3).
The use of Cetuximab, an epidermal growth factor receptor (EGFR)-specific antibody, in
combination with chemotherapy extends median overall survival from 7.4 to 10.1 months in
patients with recurrent or metastatic HNSCC (4) warranting more effective treatment
approaches to address recurrent and disseminated disease.

Much recent work has pointed to the strong potential of targeting protein kinase CK2 for
cancer therapy. CK2 (acronym for previous name casein kinase 2 or I1) is a ubiquitous and
highly conserved protein Ser/Thr kinase impacting a broad range of cellular activities that
has led to the notion that it is a “master regulator” of cell function (5-7). The CK2
tetrameric complex consists of two catalytic a and/or a' subunits, encoded by separate
genes, and two regulatory  subunits. This kinase is constitutively active and is localized
both to the nuclear and cytoplasmic compartments of cells. The potential involvement of
CK2 in cancer cell biology has long been recognized because of its role in cell proliferation
and the observations that CK2 is elevated, predominantly at the protein or enzymic activity
level relative to normal tissue, in all cancers that have been examined (6, 8-10). The role of
CK2 in the cancer cell phenotype was firmly established when it was found that CK2 both
stimulates cell growth and potently inhibits apoptosis —thus providing dual effects of
promoting proliferation while inhibiting cell death (11, 12). The potential of CK2 as a
therapeutic target was suggested by original studies that demonstrated that downregulation
of CK2 by various molecular strategies resulted in death of cancer cells in vitro and in vivo
(13-18); subsequently, the druggability of CK2 was also documented with the development
of chemical inhibitors (19-21).

Increased CK2 expression in HNSCC is correlated with disease status and prognosis (8, 22,
23). Using immunohistochemical analysis of patient samples, elevated CK2 levels were
strongly detected at the proliferating edge as well as throughout the tumor sections; in
comparison, Ki-67 staining was detected only at the proliferating edge (22, 23). Together,
mounting evidence on increased CK2 abundance and its shift toward nuclear accumulation
throughout tumor sections suggests that CK2 dysregulation underpins the malignant
processes of tumor growth and maintenance. In a previous report, we documented the role of
CK2 in various HNSCC signaling pathways and showed that CK2 knockdown has a potent
effect on several of these pathways (23).
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For most molecular targets, a particularly important consideration for delivery of any cancer
therapy agent remains the need for specific delivery to malignant cells. To that end, a large
number of nanoparticle based delivery approaches have been devised (see e.g., (24)). These
approaches have achieved varying degrees of success in precise targeting to cancer cells.
Because CK2 is a ubiquitous and essential survival signal in normal as well as cancer cells,
it is important to target it specifically in cancer cells to achieve a satisfactory response.
Along these lines, we have utilized a novel nanocapsule that has the characteristics of
directed targeting to cancer cells while avoiding the normal cells. The nanocapsule shell is
comprised of tenfibgen, the carboxy-terminal fibrinogen globe domain of tenascin-C,
surrounding therapeutic agents such as CK2 antisense or siRNA (10, 23-25). Important
features of the nanocapsule are: a) the TBG ligand shell that allows receptor-mediated
targeting to cancer cells via tenascin receptors which are elevated in these cells (26-31); b)
avoidance of reticuloendothelial system (RES) accumulation; ¢) avoidance of endosomal/
lysosomal compartments; d) high stability and nuclease resistance to protect
oligonucleotide/oligonucleoside (OGN) cargos; e) lack of aggregation; and f) relatively
neutral charge. It is noteworthy that several of these characteristics are key for avoiding
immunotoxicity (32).

The TBG nanocapsule contains a 20-mer single-stranded chimeric OGN cargo designated as
RNAI-CK2 and designed as a 14-mer DNA seed arm with a 6-mer RNA 3’ end. The
sequence of this OGN is bi-specific in that it decreases expression of both CK2a and CK2a/
proteins. Importantly, in acute response HNSCC xenograft treatment studies, use of this
TBG encapsulated OGN (TBG-RNAI-CK2) resulted in loss of CK2 expression, suppressed
tumor growth, and changed survival and apoptosis-related gene expression consistent with
the cell culture studies (23). Here we further elaborate on the use of the TBG nanocapsule to
target CK2 in HNC, including data on the s50-TBG nanocapsule caveolar/lipid raft-
mediated entry into cells and on the possible Ago2/RISC-mediated mechanism underlying
the molecular targeting of CK2 in cancer cells. We have also delineated the biodistribution
of s50-TBG nanocapsules using a xenograft cancer model in mice, and present data on the
targeting of metastatic sites as well as on long-term survival in mice. Together, our data
further underscore the therapeutic feasibility of RNAI molecular targeting of CK2 delivered
via the cancer cell-specific s50-TBG nanocapsule.

Materials and Methods

Cell lines and culture

UM-SCC 11b tumor line was obtained from the University of Michigan squamous cell
carcinoma series in 2000 (Ann Arbor, MI). The FaDu (HTB-43™) and SCC-15 (CRL-1623)
tumor lines were purchased from ATCC in 2000 (Manassas, VA) and were cultured as per
instructions from ATCC or as previously described (23); newly received cells were
expanded, frozen back. Cells were cultured for less than 3 months per thaw. Cell lines were
not authenticated by authors. Tissue culture plasticware and nanofibers (Corning) were
coated with 0.5 pg/cm? of 2:1 (w/w) Tenascin-C (TNC, Millipore):Fibronectin-1 (FN1,
Sigma-Aldrich) in 1X phosphate buffered saline (PBS). DOTAP (N-[1-(2,3-
Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate) transfection reagent
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(Roche Applied Sciences) was used according to manufacturer’s protocol. PEI-polyplexes
(25 kDa PEI, Sigma-Aldrich) were prepared and used as described (33). Nanocapsule
transfections were performed as described in Figs. 1-4 legends.

Immunoprecipitation analysis

Nuclear or cytosolic lysates were prepared as described (34), incubated for 3 h at 4° C with
200 nM of various fluorescein isothiocyanate (FITC)-labeled oligos then pulled down using
"Catch and Release" columns (Millipore) with anti-FITC antibodies.

Western blot analysis

Western analysis was performed on whole cell, nuclear, and cytoplasmic lysates as
described (20) using the following antibodies: CK2a, CK2a’ (Bethyl Laboratories
A300-197A, A300-199A), caveolin-1, SP-3 (Santa Cruz Biotechnology sc-894, sc-644),
Ago2 (Abnova 00027161), LDH (Cell Signaling 2012), Keratin-14 (Covance PRB155P),
and FITC (Biodesign K9006G).

gRT-PCR analysis

For SYBR green quantitative reverse-transcriptase PCR (QRT-PCR), cDNA was transcribed
from 0.5 pg of total RNA using Superscript Il (Invitrogen). SYBR green reagents and
huCK2a, huCK2a’ and (human glyceraldehyde 3-phosphate dehydrogenase) huGAPDH
normalization primers were obtained from SABiociences, and used as described (25).

For endpoint PCR, total RNA was isolated from spleens using TRIzol Reagent (Invitrogen).
Total RNA (0.5 pg) was used as template to perform RT-PCR using Titan One Tube™ RT-
PCR system (Roche Molecular Diagnostics). Primers used were: 5°-
GTTGCTTCCCGATACTTCAAAGG-3’ (CK2a’, F), 5’-
GAACCTTGGCTATCCTCACCAAC-3’ (CK2a’, R), 171 bp product; 5’-
TCCTCGTGGACTATCAGATG-3’(CK2a’, F), 5’-AACCTTGGCAATGCGAAC-3’
(CK2a’, R) 140 bp product; 5’-CCCTTCATTGACCTCAAC-3’ (GAPDH, F) 5’-
TTCACACCCATCACAAAC-3’ (GAPDH, R); 120 bp product. The PCR amplification
included RT 50°C for 30 min, 94°°C for 4 min, 33 cycles of 94°°C, 45 sec; 55°C, 20 sec;
72°C, 45 sec with final 5 min extension at 72°C. For normalization, parallel RT-PCR
reactions were performed with GAPDH primers using the same conditions. PCR products
were separated by 1.0% agarose gel and stained with ethidium bromide. Images were
acquired using a Kodak digital imaging system and quantitated using ImageJ.

Preparation of tenfibgen (TBG) nanocapsules

The sequences targeting CK2aa” are shown in Fig. 1. FITC-labeled siRNAs and single-
stranded oligos were modified at the 5 end. The TBG nanocapsules containing the oligos or
green fluorescence protein (GFP) and luciferase reporter plasmids were manufactured as
previously described (23, 35). Nanocapsules manufactured for in vitro use had bismuth
tribromophenate added to the ligand shell to facilitate sedimentation and improve electron
density.
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Immunohistochemistry

Frozen sections were processed and antibodies used as described (25, 35). Other antibodies
include GFP (Sigma G1544) and keratin-14 (Covance PRB155P). Nuclei were stained using
Sytox Green (Life Technologies) or bisbenzamide. Images were acquired using Nikon C1si
Laser Scanning Confocal Microscope.

Transmission Electron Microscopy

SCC-15 cells (2 x10°) were plated onto 4 well glass chambers coated with TNC:FN1 and
treated with 2 pM TBG-siRNA. Following fixation and mounting, sections were lead-
stained and examined using Phillips CM12 TEM microscope (45,000x).

Animals and HNSCC xenograft tumor models

Animals were housed in facilities approved by AAALAC in accordance with USDA, U.S.
Department of HHS, and NIH. Experiments were conducted under approved IACUC
protocols at University of Minnesota and MVAHCS. Balb/C athymic nude females (NCI)
were used to generate the three xenograft models using intradermal flank inoculation with 4
x 108 FaDu, SCC-15 or UM-11b cells (23). Treatment amounts and regimens are described
in legends for Figs. 4, 5 and Table 1. Tumors were measured using calipers and tumor
volumes calculated by V = 0.5(L*W*W). At necropsy, blood, liver, kidney, spleen, lung,
brain, primary and metastatic tumors were collected; portions of samples were embedded in
OTC or flash frozen in liquid nitrogen for analysis. Blood and serum analysis was performed
as described (35).

In vivo biodistribution

Balb/C athymic nude (NCI) female mice carrying FaDu tumors were treated (intravenous)
i.v. with 3 mg/kg of TBG encapsulated iodine-derivatized siRNA when tumors were ~4-5
mm in diameter. Controls received TBG-trehalose (TBG-sugar) nanocapsules. At necropsy,
blood and tissues were collected and shipped to the University of Missouri MURR facility
for neutron activation analysis (NAA). By irradiation, tissue and siRNA iodine is converted
to isotope 1128 which allows for counting of gamma ray emission (36). Drug accumulation
was calculated as the organ difference between animals receiving TBG-sugar and those
receiving TBG-iodine-derivatized-siRNA nanocapsules.

Statistical Analysis

Percent of mice with tumor/metastases signal among those surviving the study were
compared by treatment group using Fisher’s Exact tests. Cell culture expression data, mouse
spleen expression data, tumor and mouse weights were summarized and compared by
treatment group for each tumor or sample type using analysis of variance (ANOVA). Means
+ SD are presented. Overall survival, defined as time from treatment initiation to death or
censorship at six (SCC-15, FaDu) or seven (UM-11b) months was summarized using
Kaplan-Meier methods. Comparisons between the treatment and control groups were made
using log rank tests. P-values for pairwise comparisons were conservatively adjusted for
multiple comparisons using a Bonferroni correction and p-values <0.05 were considered
statistically significant.

Mol Cancer Ther. Author manuscript; available in PMC 2015 August 01.



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

1duosnuely Joyny vd-HIN

Unger et al. Page 6

Results

Targeting CK2 using s50-TBG nanocapsules carrying RNAiI molecules

We tested different chemistries of the same OGN sequence designed to target both the a and
a” catalytic subunits of CK2. This sequence is 100% complementary to the CK2a transcript,
but has a single base mismatch with the CK2a” mRNA. The various base modifications of
these OGN are presented in Fig. 1A. In order to facilitate nanocapsule uptake, FaDu cells
were plated in 3D culture using 0.5 pg/cm? 2:1 tenascin-C:fibronectin (TNC:FN1) -coated
nanofiber scaffolds to improve cell surface lipid raft density. Treatment with TBG
nanocapsule containing three types of OGN caused a varying level of reduction in the CK2a
subunit ((RNAIi-CK2 0.66 + 0.15, siRNA to CK2aa” (siCK2) 0.61 + 0.08, antisense to
CK2aa” (AS-CK2) 0.84 £ 0.12)) (Fig. 1B). Several HNSCC cell lines were similarly
cultured and treated with s50-TBG-RNAIi-CK2 nanocapsules, and 48 h after treatment all
five cancer cell lines demonstrated an inhibition of growth, with three cell lines showing
statistically significant reduced growth (Fig. 1C). Corresponding analysis of the mRNA
level by quantitative RT-PCR in cells treated with nanoencapsulated RNAIi-CK2 showed a
significant reduction in the a subunit transcript in FaDu cells detected 24 h after treatment
(black bars compared with white bars, p<0.05; Fig. 1D); although CK2a” mRNA was
reduced it was not significantly different than the control sense-strand treated cells (white
bars). Reductions in SCC-15 and UM-11b CK2a and a” transcript levels were also modest.

Uptake of the s50-TBG nanocapsule is mediated via the caveolar/lipid raft pathway

To address the mechanism of entry of the s50-TBG nanocapsules into cancer cells, we
utilized pharmacologic inhibitors of caveolar uptake (filipin and nystatin) or of endosomal
uptake (bafilomycin) at varying concentrations. Fig. 2A illustrates representative results of
the treatment of SCC-15 carcinoma cells with 2 p g/ml of filipin prior to treatment of cells
with 0.25 p g/ml of s50-TBG-RNAI-CK2 (left panels) or 1.25 p g/ml of FITC-labeled
RNAI-CK2-PEI polyplexes (right top and middle panels). For this experiment, the s50-TBG
nanocapsule shell was spiked with sheep 1gG, and identified by using anti-sheep 1gG (red
signal). In Fig. 2A (left, top panel) the red signal denotes nuclear localization of the s50-
TBG nanocapsules. Further, RNAI-CK2-PEI polyplexes were also directly visualized via the
FITC label at the 5" end of the RNAi-CK2 OGN (Fig. 2A right, top). Treatment with 2
pg/ml of filipin caused disappearance of the s50-TBG nuclear signal (Fig. 2A left, middle);
however, the polyplexes continued to demonstrate a punctate distribution which was non-
nuclear (Fig. 2A right, middle), consistent with the established uptake of PEI nucleic acid
polyplexes by the endosomal pathway (37). Fig. 2B shows a representative transmission
electron micrograph of s50-TBG nanocapsules in surface caveolae of SCC-15 cells grown
on TNC:FN1 matrix and treated with 20 uM siCK2 encapsulated in s50-TBG nanocapsules.
As shown in Fig. 2B, localization of s50-TBG nanocapsules is visualized in the caveolae.
The micrograph also shows the trafficking of the nanocapsules along fibers consistent with
cytoskeleton. Considering that the s50-TBG nanocapsules entered the cells via the caveolar/
lipid raft pathway in cancer cells, we investigated if the matrix on which the cells grew
affected expression of caveolin-1. Membrane-associated caveolin-1 protein levels were
analyzed by immunoblot in HNSCC cell lines grown in 3D cultures on TNC:FN1 coated
nanofiber scaffolds compared with standard tissue culture treated plastic plates; the results
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demonstrated increased expression of caveolin-1 in hydrophobic membrane fractions of
FaDu and UM-11b grown on TNC:FN1 scaffolds (Fig. 2C).

Delivery of single-stranded chimeric RNAi-CK2 via s50-TBG nanocapsules enhances Ago2

expression

Since Ago2 is the key Argonaute family protein responsible for cleaving the targeted
transcript within small RNA-induced silencing complexes (RISCs) (38), we investigated
whether or not Ago2 was involved in RNAIi-CK2 induced reduction of CK2 expression. The
results shown in Fig. 3A depict SCC-15 cells treated with 200 nM s50-TBG encapsulated
FITC-labeled RNAI-CK2, DOTAP complexed FITC-labeled RNAI-CK2 or FITC-labeled
sif-gal, or no treatment control. Ago2 (red) and RNAIi-CK2 (green) signals co-localize in the
s50-TBG nanocapsule treated cells (top left) while this is not apparent in cells in which the
single-stranded RNAI-CK2 OGN was delivered using DOTAP. As expected, the double-
stranded siRNA, sif—gal, signal also co-localized with Ago2. Fig. 3B shows analysis of
Ago2 protein expression in SCC-15 cells treated with s50-TBG nanoencapsulated RNA.
molecules compared with those introduced using DOTAP. The expression of the nuclear
Ago2 was pronounced in the cells treated with s50-TBG encapsulated single-stranded RNAI
and double-stranded siRNA molecules, while only the siRNA elicited significant nuclear
Ago2 expression when introduced with DOTAP. No increase in cytosolic Ago2 expression
was observed. A significant elevation of nuclear Ago2 was observed in response to s50-
TBG nanoencapsulated OGN compared with corresponding controls (p < 0.05; Fig. 3B
lower panel).

We next examined the interaction of Ago2 with RNAI-CK2 in SCC-15 cells 8, 24, and 36 h
following treatment with s50-TBG nanoencapsulated FITC labeled RNAi-CK2. As shown in
Fig. 3C, an increase in the perinuclear (8 and 36 h) and nuclear (24 h) co-localization of
Ago2 (red) and FITC labeled RNAI-CK2 (green) was detected. To confirm the nuclear
Ago2 loading of various siRNA and single-stranded RNAi molecules, and the importance of
the growth environment in this process, SCC-15 cells grown on TNC:FN1-coated nanofiber
scaffolds or standard tissue culture plastic were treated with s50-TBG nanocapsules
containing FITC-labeled siRNAs or chimeric RNAi molecules. At 24 h post-treatment, the
cells were harvested and fractionated for nuclear and cytosolic compartments using
methodology in which endoplasmic reticulum remains associated with the nuclear fraction..
Western blot analysis of FITC-labeled OGNs immunoprecipitated with anti-FITC antibody
indicated that Ago2 binds both siRNAs and the single-stranded RNAI structures and the
Ago2/FITC-siRNA or RNAIi complexes are primarily localized in the nuclear/nuclear-
associated fraction (Fig. 3D). By comparison little OGN-associated nuclear Ago2 was
detected in cells not grown on TNC:FN1-coated scaffolds, analogous to what was observed
with caveolin-1 (Fig. 2C).

An analysis of the human HNC Affymetrix U-133a microarray database (39) indicated that
Ago2 was significantly elevated in HNSCC compared with normal oral mucosa samples
(Supplemental Fig. 1). Other genes relevant to the targeting/uptake of the s50-TBG
nanocapsules by tumor cells such as tenascin C and caveolin-1 were also significantly
upregulated. Among the putative receptors for tenascin-C (and TBG) are integrin a2 and
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integrin p1; these genes are among those that showed the largest changes (62- and 234-fold
increase, respectively) in the HNC tumors versus normal samples in this database (39).

Analysis of s50-TBG nanocapsule biodistribution in FaDu xenograft tumor bearing mice

To investigate the biodistribution of s50-TBG nanocapsules by neutron activation analysis,
we produced TBG nanocapsules carrying an 1127 derivatized siRNA cargo to administer to
nude mice bearing FaDu flank xenograft tumors. Two hours after i.v. administration of the
nanocapsules containing the 1127-siRNA or sugar (background control), the mice were
sacrificed and collected tissues were subjected to neutron bombardment which converted
1127 to 1128, The results on 1128 gamma emissions were analyzed; Fig. 4A shows the cancer-
cell specific uptake of the s50-TBG nanocapsules, with negligible amounts found in brain,
kidney, liver and thyroid; these tissues were not saline perfused which may account for the
presence of small amounts of the signal. Interestingly, the nanocapsule uptake appeared to
be even more avid in the metastases (78% injected dose (ID)/g) compared with the primary
tumor (18% ID/g).

Analysis of acute response to s50-TBG nanocapsule in FaDu metastatic spleen tumors

Using a cohort of 15 mice euthanized at day 3, we tested whether CK2 manipulation (by 1 x
25 mg/kg dose of the nanocapsules) was apparent in acutely-treated tumors and found that
CK2 total protein levels were not altered by RNAI-CK2 treatment at day 3 (data not shown).
Since CK2 shuttling from the nucleus precedes onset of apoptosis, we investigated post-
treatment CK2 cellular distribution as well as the phosphorylation status of the CK2
substrate NF«B p65 using confocal microscopy. The result in Fig. 4B shows nuclear and
cytoplasmic CK2 signal (green) in response to nanocapsules carrying sense control (top
left), while treatment with nanoencapsulated RNAi-CK2 (top right) shows CK2 signal
markedly affected in the nuclear compartment. The corresponding panels below depict the
NF-xB p65 p-Ser529 signal (red) demonstrating that the RNAI-CK2 treatment dramatically
affected the NF-kB status in the treated primary tumors (lower left).

We also analyzed the CK2 response in these same acutely treated FaDu xenograft mice
which had developed metastases in the spleen. Immunoblot analysis for Keratin-14 and
CK2aa” in the primary tumor, naive spleen, and tumor carrying spleen showed, CK2a and
Keratin-14 levels were elevated in the tumor-bearing spleen and these proteins were down-
regulated on treatment of the animals with TBG-RNAIi-CK2 (p=0.068 and p<0.0001,
respectively) relative to vehicle control (Fig. 4C). Quantitative RT-PCR analysis showed
human-specific CK2a message was significantly down-regulated in splenic tumor compared
to vehicle control in RNAI-CK2 treated animals (2.2+1.8 vs. 10.0+4.0; p=0.012). A
significant reduction in CK2a” mRNA levels was also observed between the RNAI-CK2
treatment and vehicle control (1.1+3.2 vs. 100.0£78.3; p=0.066).

To confirm our findings of a functional relationship between CK2 down-regulation and anti-
tumor activity, we utilized confocal microscopy to compare naive baseline spleen vs
metastatic tumor-carrying spleen treated with s50-TBG-delivered reporter gene (nuclear-
localized GFP), s50-TBG-RNAI-CK2, or vehicle. We found that Keratin-14-positive lesions
were only GFP-positive in s50-TBG-GFP nanocapsule treated mice (Fig. 4D, pGFP versus
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vehicle series). In contrast to vehicle treated animals, Keratin-14-positive lesions were not
observed in s50-TBG-RNAI-CK2-treated or naive spleen (Fig. 4D, B1 versus C1 and D1)
consistent with the 13.9-fold reduction in Keratin-14 protein in the RNAIi-CK2 treated
animal’s spleens (Fig 4C).

Finally, blood and serum analyses demonstrated no changes in hematological or blood
chemistry profiles in these mice (Supplemental Tables 1 and 2).

Survival response of various HNSCC xenograft tumors to treatment with s50-TBG
nanocapsules with RNAi-CK2 cargo

We investigated the survival response of several xenograft models of HNSCC using
SCC-15, UM-11b and FaDu tumor cells treated with varying doses and regimens of s50-
TBG-RNAI-CK2. CK2 and p53 expression characteristics in addition to other properties
associated with aggressive tumors for the HNSCC models are summarized in Supplemental
Table 3. The results in Fig. 5, panels Al, B1, and C1, show the tumor response to varying
doses of TBG-RNAIi-CK2. Tumor bearing animals treated with one or two doses of the drug
demonstrated a persistent reduction in tumor volume 35 days after treatment initiation.
Moreover, significantly improved survival was observed compared to control groups up to
200 days following treatment; notably, 25 of 46 animals survived without any local
recurrence. In contrast, only 12 of the 53 control animals from the 3 study groups survived.
No control animals carrying FaDu tumor lived beyond 50 days, and only 2 animals carrying
SCC-15 tumors lived past 150 days. Further, treated flank tumors resolved by a wound
healing process subsequent to vessel hemorrhage (which resembled bruising) rather than a
conventional “shrinking”. There was no significant change in the animal weights over the
course of the study (Supplemental Fig. 2).

Information on tumor burden in the surviving mice in relation to dose level and therapy
regimen is shown in Table 1. At the end of the survival period, all remaining animals were
treated with s50-TBG nanocapsules containing a luciferase expressing plasmid to determine
in vivo tumor burden in primary and metastatic sites (10). The results indicate that of the 25
surviving s50-TBG-RNAI-CK2 treated animals the percentage with any metastatic tumor
burden ranged from 33% (UM-11b, 3 of 9; FaDu, 2 of 6) to 10% (SCC-15, 1 of 10). In
contrast, of the remaining 12 sense-RNAI and vehicle treated control mice (UM-11b, 10;
SCC-15, 2), all but 1 (i.e., 92%) had detectable local and metastatic tumors.

Discussion

In recent years, considerable progress has been made towards developing cancer therapies
that are designed to target specific deregulated pathways or molecules. Indeed, these targets
may represent one or more hallmarks of cancer (40). However, fundamental concerns
pertaining to such therapies remain. First, lack of drug delivery in a cancer cell specific
manner may have potent side-effects and considerable toxicity in the host. Second, even
when therapeutic effects are noted they tend to be transient with re-emergence of the cancer
due not only to the development of drug resistance pathways but also to the possible ever-
changing reliance of cancer cells on alternate pathways and molecules for survival (40).
Ideally, for effective cancer therapy the target should be unique to malignancy and without
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redundancy in the cell so that its targeting results in specific cancer cell death. However,
such a situation is now considered highly unlikely for the majority of cancers.

Protein kinase CK2 has been found to be elevated in all cancers that have been examined (6,
10). This increase in CK2 expression correlates with increased nuclear localization, is not
associated with any mutational changes in CK2 genes, and serves as a prognostic indicator
(5, 9). Its role in cancer cell biology likely relates to its interaction with various hallmarks of
cancer (7, 40, 41), and we originally proposed CK2 as a potentially important target for
cancer therapy (14). Since then, much evidence has come forth to support CK2 as a
druggable target (20, 21, 42). Certainly, while a “pharmacological window” may exist for
targeting of CK2 since normal/benign cells tend to be relatively resistant to downregulation
of CK2, its cancer cell specific targeting would be highly desirable (14). To that end, we
have designed a novel nanocapsule that can deliver its cargo specifically to target CK2 in
cancer cells while avoiding the normal cells (7, 10,16,23-25, 43).

Our results on the mechanism by which s50-TBG nanocapsules enter the cell demonstrate
the involvement of the caveolar/lipid raft pathway, providing a mechanism for avoiding the
endosomal pathway and preventing activation of the innate immune response (44, 45). This
relates to the sub-50 nm size of the TBG encapsulated RNAi-CK2, which unlike
conventional liposomes or other nanoparticle delivery strategies is below the known size
exclusion for the lipid raft/caveolar pathway. Our data also suggest the importance of the
cancer cell environment for drug uptake and processing. In the case of cultured cells, this
translated to the necessity for growing cells on an extracellular matrix support containing
tenascin-C and fibronectin. The extracellular protein-enriched scaffolds allowed for
increased Ago2 expression and association with the OGN drug cargo in the nuclear and
nuclear-associated fractions upon treatment with TBG encapsulated OGN; consistent with
Ago2 association with single-stranded small RNAs in the nucleus and Ago2 localization to
the perinuclear region (46, 47); whereas growth of cells on plastic was not favorable for
OGN/Ago2 association. This suggests targeting of CK2aa' mRNAs via the
nanoencapsulated RNAI-CK2 is achieved, at least in part, through the Ago2/RISC pathway.
Further, it is possible that the s50 TBG nanocapsule may enhance RNA. efficacy in the cell
by delivering the OGN specifically to nuclear and nuclear-associated Ago2 locations (48).
Of note, all three xenograft models responded to RNAI-CK2 treatment with significantly
improved survival, and remained free of local recurrence for 6 months, despite variances in
their basal Ago2 expression levels. As we achieved significant reduction in vivo of
orthotopic prostate xenografts using naked phosphorothioate antisense DNA with the
identical bi-specific sequence targeting CK2, it suggests that the chimeric DNA/RNA hybrid
used in the current study might also target the CK2aa' transcripts for destruction via RNase
H (18).

We propose that the malignant cell specificity of the s50-TBG nanocapsule is achieved by
the nature of the protein which forms the shell of the nanocapsule, namely TBG. The
receptors for tenascin-C are known to be elevated in cancer cells including HNSCC, while
these receptors are minimal in normal cells (29, 31, 49). Human and mouse TBG peptides
are 93% perfectly identical and 99% positively identical taking into account conservative
amino acid changes, thus the TBG nanocapsule is predicted to elicit the same biological
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activities in tissues of mouse and human origin. Our data also provide further evidence that
s50-TBG nanocapsules target cancer cells and not the normal cells —specifically,
biodistribution data demonstrate that the OGN drug cargo accumulation is much greater in
primary and especially metastatic lymph node tumor tissue as compared to non-tumor
tissues such as liver and spleen, thereby avoiding preferential accumulation in the RES.

We previously demonstrated that s50-TBG-RNAIi-CK2 was effective in acute HNSCC
response studies at reducing tumor growth and inducing changes in tumor cell signaling
anticipated for treatment response (23). Here, using higher s50-TBG-RNAIi-CK2 dosing
levels in which survival out to 6 months was examined, we have noted that the xenograft
tumor response is remarkably sensitive to the dose level and regimen of therapy treatment.
Dose response analysis of survival data at the highest doses is confounded due to frequent
occurrence of rapid tumor death response and, in some cases, subsequent animal death. Such
a response was the most pronounced in the FaDu xenograft as it was observed at single
doses = 10 mg/kg. Interestingly, these tumors also expressed the highest levels of Ago2
among the three cell lines used in our studies. UM-11B showed moderate rapid tumor death
response, and also expressed the second-highest levels of Ago2. The rapid form of tumor
death response was minimal in the SCC-15 model, which had the lowest Ago2 levels.

Remarkably, our data demonstrate the ability of s50-TBG-RNAI-CK2 to target metastatic
spleen and elicit a response by shutting down CK2 expression. Although an approximate 2-
fold reduction in CK2a transcript was observed with the sense-RNAi-CK2 control in the
splenic metastases, little change in the cytosolic or nuclear CK2aa” protein levels was
observed. An analysis of sense-RNAIi-CK2 sequence by Biobridge indicated it could act as
an anti-CK2q but not anti-CK2a” sequence. In contrast, the bi-specific RNAI-CK2 reduced
the transcripts and protein levels in all cellular compartments and for both subunits by at
least 65%. As the sense-RNAI-CK2 provided no survival advantage, these results support
the importance of targeting both kinase subunits of the enzyme to achieve effective cancer
cell killing. Furthermore, it is particularly noteworthy that the efficacy of the TBG-RNAI-
CK2 treatment was observed regardless of cellular p53 mutational status or of EGFR
expression. Together, these results indicate that s50-TBG encapsulated RNAIi-CK2 is
delivered specifically to primary and metastatic tumors in a wide range of HNSCCs; is
effective in downregulating CK2; and achieves significant tumor-free survival following
only a two dose therapy regimen.

In summary, we have demonstrated that s50-TBG nanocapsules carrying RNAi-CK2
administered for brief periods of time at relatively low doses target cancer cells specifically
in both primary and metastatic tumors without affecting the normal cells, thereby serving as
an effective therapeutic for several xenograft HNSCC tumor models, and resulting in
significant post-treatment survival of the tumor bearing mice. This suggests that the
combined impacts of targeting CK2 with the nanocapsule’s ability to affect metastases fulfill
an important deficit in current nanoparticle drug strategies (50).
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Figure 1.
s50-TBG nanoencapsulated RNAI targets both a and o subunits of CK2 in HNCC lines in

vitro. A, sequence and chemical modifications of the OGN. DNA residues are uppercase and
italics indicating phosphorothioate linkages; RNA residues are lowercase with italics
indicating 2"-O-methyl modified RNA residues. The single base mismatch between the
OGN used and the CK2a” subunit mRNA is shown in grey. The 3" overhanging bases of the
siRNA and the 3" propyl modifications of the single-stranded OGN are indicated by TT and
Pr, respectively. B, immunoblot showing the effect on CK2a and a” subunits 72 h after
addition of 15 uM s50-TBG nanocapsules containing RNAi-CK2 with 6 RNA residues
(RNAI-CK2), siCK2, RNAI-CK2 with 12 RNA residues (RNAI-CK2-12R), sugar (s50
control), phosphorothioate antisense (AS-CK2), or siRNA targeting red fluorescent protein
(siRFP). CK2 purified from rat liver was used as a positive control. Lactate dehydrogenase
(LDH) was used as a loading control. C, growth inhibition of human HNSCC lines was
determined by [3H]-thymidine incorporation 48 h after treatment with 20 uM s50-TBG-
RNAI-CK2 vs s50-TBG-sugar. Mean + SE are shown. *p<0.002 D, mRNA levels of CK2a
and CK2a~ were determined by SYBR green quantitative RT-PCR 24 h after treatment with
20 M s50-TBG-RNAI-CK2 (black bars) or the CK2 sense-RNAi control (white bars).
Levels were normalized using GAPDH transcript and are expressed relative to 20 pM s50-
TBG-sugar treated cells. Mean + SE are shown. *p<0.05.
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Figure 2.
Uptake of the s50-TBG nanocapsule is mediated via caveolae/lipid raft pathway. A, SCC-15

cells were first treated with 2 pg/ml filipin to disrupt caveolae (middle panels), then with 1
pg/ml s50-TBG-RNAIi-CK2 (left panels) or 5 pg/ml FITC-labeled RNAI-CK2-PEI
polyplexes (right, top and middle). Nanocapsules (red) were indirectly detected by
fluorescent anti-sheep 1gG (left, top and middle). RNAi-CK2-PEI polyplexes were directly
visualized via the FITC-label (right). No-primary antibody control is shown at bottom left
and untreated control at bottom right. Original magnification, 40,000x. B, transmission
electron micrograph of nanocapsules in surface caveolae of SCC-15 cells grown on
TNC:FN1 and treated with 20 uM s50-TBG-siCK2. Original magnification, 45,000%. C,
membrane-associated caveolin-1 expression is upregulated in HNSCC lines grown on
TNC:FN1 coated nanofibers versus standard tissue culture (TC) plasticware. Mean + SE are
shown. *p<0.0001.
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Figure 3.
s50-TBG nanoencapsulation enhances Ago2 expression and loading of single-stranded

chimeric RNAi molecules. A, SCC-15 cells plated on TNC:FN1 24 h after treatment with
200 nM TBG-FITC-RNAI-CK2, DOTAP complexed FITC-RNAI-CK2 or FITC-sip-gal, or
no treatment control (Control). FITC-labeled OGN are green and Ago2 proteins are red. B,
immunoblots showing the nuclear localization of Ago2 in SCC-15 cells plated on TNC:FN1
treated with 200 nM s50-TBG-FITC-RNAI-CK2 (RNAIi-CK2) or s50-TBG-FITC-sif-gal
(sip-gal); vehicle treated control (Vehicle); DOTAP complexed FITC-RNAIi-CK2 (DOTAP
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RNAI-CK2) or FITC-si-gal (DOTAP sip-gal). Quantitation of nuclear Ago2 normalized to
Sp-3 and relative to respective vehicle controls is shown (Mean + SE). *p<0.05. C, time
course of FITC-RNAI-CK2 interaction with Ago2 following treatment of SCC-15 cells
plated on TNC:FN1 with 200 nM s50-TBG-FITC-RNAI-CK2. FITC-labeled OGN (green),
Ago2 proteins (red), and co-localized Ago2:FITC-OGN (yellow) are shown in merged
images. D, immunoblot confirmation of nuclear Ago2 loading of FITC-RNAI-CK2 (RNAI-
CK2), FITC-anti-red fluorescent protein-RNAi (RNAIi-RFP) or FITC-siLaminin (siLam).
Nuclear or cytosolic lysates from SCC-15 cells grown on TNC:FN1 nanofiber scaffolds or
tissue culture plasticware were incubated with the different FITC-labeled OGN,
immunoprecipitated with anti-FITC antibodies, and subjected to immunoblot analysis using
anti-Ago2 antibody. Goat serum control (Control); SCC-15 nuclear lysates from TNC:FN1
nanofiber grown cells (Nuc-TNC:FN1); cytosolic extract from TNC:FN1 nanofiber grown
cells (Cyto-TNC:FNZ1); nuclear lysate from untreated tissue culture plastic grown SCC-15
cells (Nuc-TC).
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Figure 4.
Biodistribution and acute efficacy of s50-TBG nanocapsules in FaDu tumor xenograft mice.

A, biodistribution was determined in vivo 2 h after i.v. administration of s50-TBG
nanocapsules containing 1127-siRNA to nude mice bearing FaDu tumors (n=3) by neutron
activation analysis of the tissues. Levels of endogenous tissue iodine were measured in
FaDu tumor mice treated with s50-TBG-sugar (n=2). The results are expressed as % injected
dose (ID) per gram of tissue. B, acute effects in primary tumor after i.v. administration of 25
mg/kg s50-TBG-RNAI-CK2 in FaDu xenograft mice. Cryosections were labeled with anti-
CK2 (green) or anti-NFxB p65 p-Ser 529 (red). Nuclei (blue) were counterstained with
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bisbenzamide. C, immunoblot showing the inhibition of CK2 expression in FaDu xenograft
metastatic spleens 3 days after i.v. administration of 25 mg/kg s50-TBG-RNAI-CK2.
Densitometric analysis of the immunoblots is depicted. Nuclear CK2a (white) protein is
normalized to Sp-3; cytosolic CK2a (black) and keratin-14 (K-14, red) proteins are
normalized to LDH. End-point qRT-PCR analysis crossing the predicted cleavage site
targeted in the human CK2a (dark green) and CK2a” (light green) transcripts in the tumor
burdened FaDu spleens is also graphed. Transcript values were normalized to GAPDH and
the endogenous naive mouse spleen baseline transcript values for CK2a™ were subtracted.
The data shown are mean + SE from 5 animals per group. *P values are given under results.
D, confocal micrographs confirming the co-localization of K-14 and FaDu tumor and the
efficacy of s50-TBG-RNAI-CK2 in reducing spleen metastases. Single signals are K-14
(blue) and GFP (red). DNA was counterstained with Sytox Green. Merged signals are GFP
and Sytox Green (yellow), and K-14 and Sytox Green (cyan).
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Figure 5.

Days Post Enroliment

B3

C3

Tumor volume and survival in SCC-15, UM-11b and FaDu HNSCC xenograft tumor models
following treatment with s50-TBG-RNAI-CK2. A1-C1, mice (5-8 per group) were enrolled
when tumors were 3 to 4 mm diameter. s50-TBG-RNAIi-CK2 nanocapsule treatment was
administered by tail vein injection. The day of initial and repeated treatment (if given) is
indicated by arrows on the x-axis. Tumor size is presented as mean + S.D. Overall
comparisons of tumor volumes at 35 days: SCC-15 p=0.003; UM-11b p=0.172; FaDu
p<0.0001. A2-C2, survival was recorded during the more than six month study period.
Overall log-rank test: SCC-15 p=0.008; UM-11b p=0.340; FaDu p<0.0001. *, RNAIi-CK2
treatment groups that were significantly different from the vehicle, sense and sugar controls.
1, s50-TBG-RNAI-CK2 treatment groups that were significantly different from the vehicle
controls. A3-C3, confocal micrographs of Ago2 levels (red) in vehicle treated primary
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xenograft tumors. Nuclei are counterstained with bisbenzamide (blue). Co-localized nuclear
Ago2 and bishenzamide stained nuclei display as pink in the merged images.
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