












showed gradual reductions in tumor burden in which 3 even-
tually became tumor-free as evidenced by the disappearance in
BLS (Fig. 6A and B). Removal and dissection of tumor-free
bladders were devoid of GFP signal upon inspection by fluo-
rescence microscopy to further suggest tumor disappearance
(Fig. S5). In one of the tumor-free animals, a white area of
scarred tissue with negative GFP signal was found in the
bladder wall suggesting regression of an established tumor
(Fig. S5). Similar observations have been noted following
regression of prostate xenograft tumors treated with dsP21-
322-20F formulated into lipidoid-based nanoparticles (22).
Histologic evaluation revealed in some instances that ortho-
topic tumor from control groups invaded into the bladder
detrosalmuscle layer (Fig. S6A). In addition, kidneymetastases
were found in 2 of 9, 1 of 10, and 3 of 10 mice within the PBS,

LNP-dsCon-20F and LNP-dsP21-322-20F treatment groups,
respectively (Fig. S6B). No metastases in other organs were
noted.

IHC analysis of harvested mouse bladders revealed strong
nuclear staining for p21 in LNP-dsP21-322-20F-treated tumors
as compared with PBS and LNP-dsCon-20F control tissue (Fig.
7A). Detection of cleaved caspase 3 also revealed increased
activation in LNP-dsP21-322-20F-treated tumors indicative of
apoptosis (Fig. 7A). Hematoxylin and eosin (H&E) staining and
Ki67 detection were used to identify orthotopic tumor in the
tissue slides (Fig. 7A). Increased levels of p21 protein were also
evaluated by immunoblot analysis in protein extracts prepared
from total homogenized tissue (Fig. 7B). Densitometry analysis
measured �3.3- to 5.2-fold increase in p21 levels within LNP-
dsP21-322-20F-treated tissue (Fig. 7C). These results confirm in

Figure 4. Urine stability and
intracellular uptake of LNP-dsP21-
322-20F. A, equal quantities of
dsP21-322, dsP21-322-20F, and
LNP-dsP21-322-20F were incubated
in mouse or human urine for the
indicated lengths of time. Duplex
stability was visualized on an
agarose gel. B, T24-P cells were
treated with LNP-formulated dsP21-
322-20F-FITC (0.3 mg/mL) for 24
hours. Cells were subsequently
fixed, counterstained with DAPI
(blue), and analyzed by fluorescent
microscopy to visualize intracellular
uptake of dsP21-322-20F-FITC in
vitro (green). C and D, one dose
(�33.5 mg) of LNP-formulated
dsP21-322-20F-FITC was instilled by
intravesical administration into the
bladder of normal mice and kept
indwelling for 2 hours. Bladders were
surgically removed at 2 hours (C) or 9
hours (D) following instillation for
cryosectioning. Tissue sectionswere
counterstained with DAPI and
visualized by fluorescent
microscopy. All imageswere taken at
equal exposure times.
Representative images of in vivo
dsP21-322-20F-FITC uptake (green)
and nuclear staining (DAPI, blue) in
bladder tissue are shown at 2 hours
(C) and 9 hours (D). Insets contain
enlarged images of fluorescent
staining.

Intravesical Delivery of Small Activating RNA

www.aacrjournals.org Cancer Res; 72(19) October 1, 2012 5075

on October 21, 2018. © 2012 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst August 6, 2012; DOI: 10.1158/0008-5472.CAN-12-1871 



Figure 6. Intravesical delivery of
LNP-dsP21-322-20F inhibits
orthotopic bladder tumor growth.
A, cancer growthwasmonitoredby
evaluating bladder tumor
bioluminescence over the lifespan
of each animal. Shown are BLI
images of a representative mouse
from each treatment group (PBS,
LNP-dsCon20F, or LNP-dsP21-
322-20F) at the indicated time
points (days). Note normalization of
BLS intensities at days 1 and 7
differed from days 14 to 49 in order
for tumor signals to fall within the
limits of scale. B, tumor
bioluminescence within each
mouse bladder is plotted over
animal lifespan for all treatment
groups. Note the general trend of
tumor bioluminescence in PBS and
LNP-dsCon-20F treatment groups
increases with time, whereas
bioluminescence in animals treated
with LNP-dsP21-322-20F
collectively remains flat.
Background signal generated by
ROIs in tumor-free animals of the
LNP-dsP21-322-20F group were
still plotted on the Y-axis
(Bioluminescence) to prevent line
termination and improper
interpretation as animal death.

Figure 5. Intravesical delivery of
LNP-dsP21-322-20F extends
survival of mice with orthotopic
human bladder cancer. A,
schematic diagram of study design
and dosing schedule. Treatments
began 4 days postimplantation for
14 total doses every 3 days (solid
arrowheads). BLI of mouse
bladders was done weekly (open
arrowheads). B, mouse survival in
the days following tumor
implantation was monitored in
PBS, LNP-dsCon-20F, and LNP-
dsP21-322-20F treatment groups.
Data are plotted as Kaplan–Meier
cumulative survival curves.
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vivo activation of p21 expression in orthotopic tumors by
intravesical administration of LNP-dsP21-322-20F.

Discussion
We previously showed that dsP21-322 possesses in vitro

antigrowth activity in T24 and J82 bladder cancer cell lines
(27). In the present study, we implement a chemically-modified

variant of dsP21-322 (dsP21-322-20F) with improved nuclease
resistance and reduced immunostimulatory activity to
improve its pharmaceutical properties for in vivo application
(22). In addition, we use a clinically relevant LNP delivery
system currently being implemented for RNAi-based therapies
to achieve intracellular uptake of dsP21-322-20F in target
tissue. Intravesical administration of LNP-formulated dsP21-
322-20F (LNP-dsP21-322-20F) into murine bladders with

Figure 7. LNP-dsP21-322-20F
induces p21 in orthotopic bladder
tumors. A, representative H&E
immunohistochemical staining of
Ki67, p21, and cleaved caspase-3 in
tissue slides prepared from PBS,
LNP-dsCon-20F, and LNP-dsP21-
322-20F-treated murine bladders.
H&E staining and Ki67 detection
were carriedout to identify orthotopic
tumors. Insets are enlarged images
of tumor cells. Note nuclear staining
for p21 and Ki67. B, whole bladder
tissue was homogenized and p21
induction was confirmed by
immunoblot analysis. Detection of
GFP served as a loading control.
Samples of LNP-dsP21-322-20F
treatments are from 3 separate
bladders.C, relative expression of
p21 was quantified by densitometry
analysis of the immunoblot in B. The
amounts of p21 protein were
normalized to GFP levels.
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orthotopic cancer inhibited tumor growth and extended ani-
mal survival. Our results provide proof-of-principle that tar-
geted gene induction via RNAa in conjunction with current
delivery platforms may represent a novel approach to treat
bladder cancer.

Two previous studies in mice have reported the antitumor
effects of siRNA delivered intravesically by targeting PLK1 and
survivin (33, 34). Because these studies used only a limited
number of animals, tumor burden served as the primary
end point. To assess treatment efficacy, we opted to use animal
survival as the primary end point, whereas monitoring tumor
response by BLS throughout the study. To achieve sufficient
statistical power, we used a large population containing 29
animals with established orthotopic bladder tumors (9 to 10
mice/group). In fact, this study currently represents the largest
cohort of animals ever used to evaluate small RNA-based
therapeutics in an orthotopic bladder cancer model. We
observed that intravesical delivery of LNP-dsP21-322-20F
caused regression/disappearance of tumors in 40% of the
treated mice and significantly prolonged animal survival com-
pared with control groups. As such, LNP-dsP21-322-20F may
represent a putative intravesical drug for treating bladder
cancer and controlling recurrence.

KU-7 cells have been used to establish orthotopic bladder
tumors in immunocompromised mice (26, 35). A previous
study indicated that KU-7 tumors are confined to the lamina
propria within 4 weeks (35); however, we observed muscle
invasion at longer periods of observation (�4 weeks). In some
instances, metastases were found in the kidney, which most
likely resulted from retrogrademigration of the instilled tumor
cells. Such metastases also seemed to evade treatment deliv-
ered locally to the bladder. In our hands, KU-7 cells not only
modeled superficial bladder cancer, but also recapitulated
muscle-invasive and metastatic disease.

The target site of dsP21-322 is not shared between mouse
and human due to poor conservation of p21 promoter
sequence (36). As such, it is currently unknown whether p21
induction by dsP21-322-20F poses adverse effects to the normal
bladder epithelium in humans. RNAa is a bias mechanism of
gene overexpression in which some cell lines/types can be
resistant to saRNA treatment. In some cases, highly down-
regulated genes are more sensitive to gene activation. Because
p21 is associated with reduced expression in bladder cancer
(20, 21), it may possess an innate susceptibility to RNAa;
whereas normal bladder cells may be more resilient to p21
induction by dsP21-322-20F. In this regard, LNP-dsP21-322-20F
may possess an inherent bias toward disease tissue. Nonethe-
less, further evaluation of dsP21-322-20F needs to be done to
identify its effects on normal tissue health.

Intravesical administration of small RNA drugs has the
advantage of bringing high concentrations of drug into direct
contact with diseased tissuewithout the side effects associated
with systemic drug administration. The dosing schedule used
in our study mirrors current treatment regimens for intrave-
sical immunotherapy Bacillus Calmette-Guerin (BCG), which
is used to treat superficial and recurrent bladder cancer in
humans. Furthermore, we used a clinically relevant unilamellar
LNP to improve the bioavailability of dsP21-322-20F. LNP-for-
mulation drastically enhanced dsP21-322-20F stability in urine
and capacity to penetrate the protective glycosaminoglycan
(GAG) layer of the bladder delivering duplex to the underlying
urothelial cells. In summary, we show that LNP-dsP21-322-20F
has antitumor activity in an orthotopicmodel of bladder cancer
by elevating p21 levels in vivo. Our results provide preclinical
proof-of-concept that DLin-KC2-DMA-based nanoparticles
have application in delivering RNA duplexes to facilitate RNAa
in vivo, as well as define a candidate RNAa-based drug for the
treatment of regional bladder cancer that may have clinical
relevance as an adjuvant therapy after TUR.
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