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► HPV16 genomic sequences have potential for targeting therapeutic gene expression to cervical lesions.
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Objective. This study aims to test the hypothesis that targeted nanoparticle delivery of DNA encoding
HPV16-regulated diphtheria toxin (DT-A) will result in the death of HPV16-infected cells.

Materials and methods. Plasmid constructs containing a HPV16 Long Control Region (LCR) DNA sequence
upstream of DT-A or luciferase reporter (Luc) DNA sequences were used to formulate poly(β-amino ester)
nanoparticles. The effect on tumor growth of HPV/DT-A-nanoparticle injection directly into HPV16+ CaSki
human cervical cancer cell-derived xenografts in mice was determined. To evaluate the ability of the
HPV16 LCR regulatory sequence to activate gene expression specifically in HPV16-infected cells, mice
underwent bioluminescent optical imaging following intraperitoneal injection of HPV/Luc-nanoparticles.
The use of Lutrol F127, a thermal-sensitive gel, to target delivery of nanoparticles and subsequent gene ex-
pression to cervical epithelial cells was evaluated in ex vivo cultures of mouse cervix and following

intravaginal delivery of nanoparticle/gel in mice, as well as in ex vivo cultures of surgical LEEP samples.

Results. The selected HPV16 LCR regulatory sequence activates gene expression in both HPV16-infected
cells and non-infected cells. However, in the cervix, it is specifically active in epithelial cells. Following expo-
sure of cervical cells to HPV/DT-A-nanoparticles mixed with Lutrol F127 gel, DT-A is expressed and cells die.

Conclusions. An HPV16 DNA sequence that targets gene expression specifically to HPV16-infected cells re-
mains to be discovered. Topical application of a Lutrol F127 thermal gel/nanoparticle mix is illustrative of
how to restrict exposure of cells to therapeutic nanoparticles, thereby allowing for targeted DNA delivery
to cervical pre-cancerous lesions.
© 2012 Elsevier Inc. All rights reserved.
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Introduction

Cervical cancer is the third most common malignancy affecting
women worldwide and responsible for a quarter of a million deaths
each year, primarily in developing countries [1]. While improved
screening tests and vaccines have significantly reduced the incidence
of cervical cancer in the United States, cervical dysplasia, often the
precursor to invasive malignancy, remains a common clinical chal-
lenge, particularly in younger women.

Excisional surgical procedures including cold-knife conization and
loop electrosurgical excision procedure (LEEP) are the standard treat-
ments for high-grade precancerous lesions [cervical intraepithelial
neoplasia 2 and 3 (CIN2+)]. Up to 500,000 of these procedures are
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performed each year in the United States. These treatments usually
have minimal short-term complications including cramping and bleed-
ing. There are, however, more serious associated risks of reproductive
complications including preterm delivery, increased rate of cesarean
sections, premature rupture of membranes, and infection [2,3]. In addi-
tion, these procedures require trained practitioners with appropriate
surgical skills, a requirement that restricts their use in developing coun-
trieswhere they are especially needed. Gynecological care would great-
ly benefit from an effective, simply-administered, noninvasive therapy
for high-grade pre-neoplastic cervical lesions.

To address this need, we have considered the now well-established
role that infection with any one of the 13 genotypes of the human pap-
illoma virus (HPV) plays as the inciting event in nearly all cases of cer-
vical cancer [4]. HPV16 infection causes over half the cases of cervical
cancer worldwide (54.6%), while HPV18 infection causes 15.8%. The
HPV circular genome of ~8 kb is functionally divided into 3 regions —
the early, late, and long control regions. The early and late regions en-
code viral proteins (E1, E2, E8^E2, E4, E6, E7 and L1–L2), while the
LCR, consisting of 850 base pairs between the L1 and E6 genes, contains
binding sites for multiple transcription factors and other proteins that
define enhancer and silencer sequences, as well as the early p97 pro-
moter that regulates expression of the major transforming proteins,
E6 and E7 [5]. Prototypical and variant control sequences, such as
those within the HPV16 LCR, have evolved to efficiently support
a complex program of early gene expression that supports the es-
tablishment of HPV infection and its persistence in epithelial cells
[6].

In prior work, we have established a strong foundation for the use
of gene promoters that are highly active in tumor cells to target diph-
theria toxin (DT-A) expression to these cells [7–9]. In these studies,
polymeric nanoparticle delivery of transcriptionally-regulated DT-A
DNA to prostate and ovarian tumor cells resulted in targeted death
of tumor cells and minimal non-specific toxicity. Now, in this study,
we set out to target DT-A expression to HPV16-infected cells, but
not to HPV16-non-infected cells, using a DNA sequence from the
HPV16 LCR to regulate DT-A expression. The selected sequence failed
to restrict gene expression to HPV16-infected cells, but it did target
toxin production specifically to epithelial cells. We show in further
studies that use of a copolymer with thermoreversible properties,
Lutrol F127, in combination with HPV16/DT-A DNA-nanoparticles, al-
lows for delivery of the nanoparticles to the tissue overlaid by the
thermo-induced gel-nanoparticle mix, and consequently yields ex-
pression of the toxin in the underlying targeted cells.

Materials and methods

Plasmid constructions

pRG4X/Luc
pRG4X/CAT (6) was digested with SacI and HindIII to remove the

CAT sequence. A DT-A fragment, obtained from pGL4/HE4/DT-A plas-
mid [7] by digestion with BglII and XbaI, was ligated to (NheI and
BglII)-digested pGL4/Luc2.0. Following ligation, the new pGL4/DT-A
construct was cut with SacI and HindIII in order to obtain the DT-A frag-
ment. This 1300 bp fragment was then ligated with the RG4X to make
RG4X/DT-A.

pRG4X/DT-A
RG4X/CAT was digested with SacI and HindIII to remove the CAT

sequence. A DT-A fragment, obtained from pGL4/HE4/DT-A plasmid
[7] by digestion with BglII and XbaI, was ligated to (NheI and
BglII)-digested pGL4/Luc2.0. Following ligation, the new pGL4/DT-A
construct was cut with SacI and HindIII in order to obtain the DT-A
fragment. This 1300 bp fragment was then ligated with the RG4X to
make RG4X/DT-A.
pRG4X/XX
pRG4X/CAT was digested with HindIII and SacI to remove the CAT

sequence. Mung bean nuclease was used to blunt the cut ends that
were then ligated to obtain pRG4X/XX (i.e., no coding sequence).
pRG4X/GFP
pEGFP-1 was digested with AflII (4.2 kb), cut ends were blunted,

and then the 4.2 kb fragment was digested with HindIII to yield a
3.2 kb fragment and 1 kb EGFP fragment. pRG4X/XX was digested
with SacI, cut ends were blunted, and then the 4.6 kb fragment was
digested with HindIII to yield 1.6 kb and 3.0 kb fragments. The
3.0 kb fragment was ligated to the 1 kb EGFP fragment.
Cells

CaSki, SiHa, HeLa, and HepG2 cells were purchased from the
American Type Culture Collection (ATCC). CaSki cells were grown in
RPMI-1640+10% FBS; the other cell lines were grown in ATCC-
formulated Eagle's Minimum Essential Medium+10% FBS. Cells were
transfected with Lipofectamine 2000 (Invitrogen) according to the
manufacturer's directions.
Nanoparticle formulation

Complexation of DNA with C32-117 poly(β-amino ester) polymer
to generate nanoparticles was performed as previously described
[10]. DNA was prepared using the Endofree Plasmid Kit (Qiagen).
Lutrol F127/nanoparticle mix

90 μl 40% Lutrol F127 (Sigma) in OptiMEM (LifeTechnologies) was
mixed well with chilled 120 μl nanoparticles prepared with 100 μg
DNA. A pre-chilled syringe with a 18G 11/2 blunt needle was filled
with the total volume of 210 μl and used to inject the mix into the va-
gina of host mouse.
Mouse experiments

All experiments using mice were approved by the Lankenau Insti-
tutional Animal Care and Use Committee (IACUC).
Xenografts
To generate xenografts, eight-week old female athymic nude-Foxn1nu/

Foxn1+ (nude) mice (Harlan) were first anesthetized with Avertin
(500 mg/kg, i.p.), and then injected subcutaneously in each flank with
2×106 HPV16+ CaSki cells suspended in 100 μl PBS containing 20%
Matrigel using 30G needles. When a tumor volume of ~150 mm3

was identified, tumors were injected with RG4X/DT-A or RG4X/XX
nanoparticles (50 μg DNA/injection in 60 μl volume), or buffer only
(n=5–8/treatment group). Mice were weighed and calipers were
used to measure tumor dimensions prior to each injection. Tumor
volume was calculated using the formula (length×width2×0.52).
Intraperitoneal injection
120 μl DNA nanoparticles (100 μg) was injected intraperitoneally

using a 28G 1/2 insulin needle. 6 h and 24 h post-injection with lucif-
erase DNA/nanoparticles, mice were optically imaged using IVIS 100
series Bioluminescence Imaging System (Caliper Life Science), using
5 minute integration time as previously described [9]. After the 24 h
whole body image was obtained, mice were euthanized and ex vivo
imaging performed.
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Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL)

Apoptotic cells were identified by TUNEL assay using an In Situ
Detection Kit (Roche Boehringer Mannheim) as previously described
[8].
LEEP and hysterectomy specimens

Specimens for this study were obtained from consenting patients.
The surgeon sterilely excised a 1–2 mm3 piece from LEEP specimens,
being careful not to disturb the margins of the specimen. All proce-
dures for specimen procurement were approved by the Main Line
Hospitals Institutional Review Board.
HPV16 PCR genotyping

DNA was isolated from surgical specimens using a DNeasy Blood
and Tissue Kit (Qiagen). HPV16 status was assayed by PCR using the
following primers: 5′-AAGGCCAACTAAATGTCAC-3′ (forward prim-
er) and 5′-CTGCTTTTATACAACCGG-3′ (reverse primer). PCR reac-
tion mixes contained 100 ng genomic DNA, 1× GoTaq buffer, 3 mM
MgCl2, 200 μM dNTP, 0.4 μM of each primer, and 0.125 U GoTaq po-
lymerase. Reactions were run for 40 PCR cycles (95 °C for 30 s, 55 °C
for 60 s, 72 °C for 60 s).
Fig. 1. Top: Map of transcription factor binding sites in the HPV16 LCR. Bottom: DNA cons
Results

DNA constructs

Based on previous characterization of a proximal enhancer 63 base
pair sequence (7656–7719) in the HPV16 LCR, the RG element, and its
established preferential function in human keratinocytes of genital
skin and mucosa [6,11], we chose to test this sequence for its potential
to target DT-A expression specifically to HPV16-infected cells (Fig. 1).
In addition to binding motifs recognizing the ubiquitously expressed
transcription factors NF-1 and AP-1, the RG element contains TEF1
and AP-2 transcription factor binding sites as well as the cytokeratin el-
ement that contributes to epithelial cell preference. In this study, we
used four DNA constructs that each contains 4 head-to-tail tandem re-
peats of the RG element and an enhancer-negative SV40 promoter up-
stream of either green fluorescent protein (GFP), luciferase (Luc), or
the diphtheria toxin A chain (DT-A), as well as a control construct that
has no coding sequence (Fig. 1). In prior work, 4 tandem repeats of RG
yielded significantly higher expression of CAT than a single copy in
spontaneously immortalized human keratinocytes [6].

RG4X-regulated DT-A suppresses protein synthesis and cervical tumor
growth

DT-A toxin inhibits protein synthesis by catalyzing the ADP-
ribosylation of EF2 elongation factor [12]. To assess how effectively
HPV16 RG element-regulated DT-A expression suppresses protein
tructs used in this study. Each contains 4 tandem repeats of the RG region of the LCR.
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synthesis, we co-transfected HPV16+ CaSki and SiHa human cervi-
cal cancer cells with pRG4X/DT-A and pCAG/Luc, and measured lu-
ciferase activity 24 h later. Following co-transfection with RG4X/
DT-A+CAG/Luc plasmids, we observed a >90% inhibition of lucif-
erase activity in these cells compared to activity following trans-
fection with CAG/Luc alone (Fig. 2A). Less inhibition of luciferase
activity was observed following co-transfection of HPV16− cell
lines, HeLa and HepG2 (84% and 15%, respectively).

To evaluate whether nanoparticle delivery of RG4X/DT-A DNA sup-
presses the growth of HPV16+ cells, subcutaneous xenografts of CaSki
human cervical cancer cells in nude mice were injected intratumorally
with RG4X/DT-A nanoparticles biweekly for fourweeks (n=8). Control
mice were injected with RG4X/XX nanoparticles (i.e., no protein coding
DNA; n=5) or buffer only (n=7). Tumor volumes were measured
prior to each injection and 4 days after the last injection prior to sacri-
fice. The growth rate of tumors injected with RG4X/DT-A nanoparticles
was slower than that of tumors in both control groups (Fig. 2B), al-
though the difference was not statistically significant (DT vs buffer,
p=0.12; DT vs XX, p=0.27).

RG4X activity is not restricted to HPV16+ cells

To determine whether the RG4X element was specifically active in
HPV16-infected cells, we injected mice intraperitoneally with RG4X/
Luc-nanoparticles and optically imaged the mice 24 h later. Biolumi-
nescence was observed in multiple organs, indicating that the RG4X
element was active in non-HPV16 infected cells (Fig. 3).

To further examine RG4X specificity, we obtained normal-appearing
cervical tissue from eight women that had undergone hysterectomies
for reasons unrelated to cancer. Using HPV16-specific oligonucleotides
for PCR amplification of DNA isolated from a piece of each specimen,
we determined that all specimens were HPV16 negative. The balance
of each specimen was incubated with RG4X/Luc nanoparticles and
then optically imaged. Bioluminescence was detected in 5 of the
8 HPV− specimens. Luciferase expression was also observed in HPV−

human lung cancer A549 cells following transfected with RG4X/Luc
DNA, providing further evidence for the non-specific activity of the
RG4X element (data not shown). In sum, these data clearly indicate
that the RG4X sequence lacks specificity and is active in both
HPV16-infected and non-infected cells.

Gene expression following exposure of cervical cells to DNA nanoparticle/
Lutrol F127

As an alternative to targeting gene expression to HPV16 infected
cervical cells through RG4X transcriptional regulation, we considered
Fig. 2. RG4X-regulated DT-A suppresses protein synthesis and cervical tumor growth. A. Lu
and control co-transfections, or no DNA. Activity is normalized to the activity of cells trans
were injected twice a week for 3 weeks with RG4X/DT- or with RG4X/XX-nanoparticles, or
targeting nanoparticle delivery of DNA to infected cells. Lutrol F127
(also known as Pluronic® F127 and Poloxamer 407) is a hydrophilic ther-
mal sensitive triblock copolymer surfactant that has previously been used
in the direct production of solid lipid and polylactic-co-glycolic acid
(PLGA) nanoparticles for drug delivery [13,14], and combined with
Poloxamer 181 for gene transfer and expression of plasmid DNA to skel-
etal muscle [15]. The phase transition of Lutrol F127 from an aqueous so-
lution to a gel that occurs as temperature increases to 15 °C to 25 °C,
dependent on polymer concentration and co-formulation components,
makes it an attractive vehicle with which to mix with nanoparticles at
cold temperature and then deliver to a defined area at physiological tem-
perature (37 °C) where the mixture gels [16].

We tested a mix of DNA nanoparticles and Lutrol F127 for ability
to deliver and express DNA when the mix was applied to cervical
cells in ex vivo and in vivo assays. Luciferase was expressed in cervi-
cal tissue following incubation of resected mouse cervix with RG4X/
Luc nanoparticles in Lutrol F127 and following intravaginal adminis-
tration of themix inmice (Figs. 4A and B). RG4X-regulated luciferase
expression was comparable to luciferase expression driven by a CAG
regulatory sequence, a robust, constitutively active sequence with
no apparent tissue restriction, consisting of the CMV IE enhancer
and the chicken β-actin gene promoter [17]. Following intravaginal
administration in mice of a mix of RG4X/GFP nanoparticles with
Lutrol F127, immunostained sections of fixed, resected cervical tis-
sue showed GFP protein present in cervical epithelial cells, but not
in underlying stromal mucosa (Fig. 4C, top row). Consistent with
this observation, following intravaginal delivery of RG4X/DT-A
nanoparticles suspended in Lutrol F127, mouse cervical epithelial
cells underwent apoptosis as a consequence of DT-A expression as
demonstrated by TUNEL assay of sectioned cervical tissue harvested
24 h after administration of the nanoparticle/gel mix (Fig. 4C, bot-
tom row).
Gene expression following exposure of LEEP surgical specimens to DNA
nanoparticle/Lutrol F127

To determine whether nanoparticles in Lutrol F127 gel can deliv-
er DNA to HPV-infected cervical cells, and whether the DNA can be
expressed, pieces of surgical LEEP specimens were overlaid with
nanoparticles suspended in gel and incubated for 24 h. Following in-
cubation, specimens were optically imaged. Specimens treated with
either RG4X/Luc and CAG/Luc nanoparticles emitted biolumines-
cence, while control specimens treated with pGL4 nanoparticles
did not (Fig. 4D). The observed bioluminescence is the result of ex-
pression of nanoparticle-delivered DNA encoding luciferase.
ciferase activity in CaSki cells 24 h after co-transfection with (RG4X/DT-A+CAG/Luc)
fected with (CAG/Luc+pMECA). B. Fold increase in CaSki xenograft volumes. Tumors
with PBS buffer.

image of Fig.�2


Fig. 3. Optical images of (A) whole carcasses and (B) individual resected organs 24 h after intraperitoneal injection of C57BL/6J mice with RG4X/Luc nanoparticles.
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Discussion

It is now recognized that infection with human papilloma virus
(HPV) is the inciting event for all cervical cancer and a significant
portion of head and neck cancers [18,19]. Together, infection with
HPV16 and HPV18 accounts for approximately 70% of cervical can-
cers. The association of HPV16 infection with ~50% of cervical cancer
cases led us to test a DNA sequence of the HPV16 LCR for its ability to
Fig. 4. DNA expression following ex vivo and in vivo exposure of cervical cells and tissue to
overlay of 117-nanoparticles+/−gel onto mouse cervical tissue. B. Bioluminescence 24 h a
(left) and images of resected horn/cervix/vagina and cervix/vagina without horn from the s
of gel mixed with 117-RG4X/EGFP (left) or 117-pGL4 control nanoparticles (right) and immu
nick end labeling (TUNEL) of sections of mouse cervix 24 h after intravaginal injection of g
cervical canal; STR, stroma. D. Bioluminescence of HPV16+ LEEP sample 24 h after ex vivo i
activate diphtheria toxin (DT-A) suicide gene expression in HPV16-
infected cells, but not in non-infected cells. Protein synthesis is
inhibited in cells that produce DT-A toxin due to catalysis of ADP-
ribosylation of the EF2 translational elongation factor [12]. In the ab-
sence of the B chain that is present in the native DT protein, if DT-A
produced by a cell were to be secreted, it could not be taken up by neigh-
boring cells, thus avoiding non-specific expression and diphtheria-
associated pathology.
DNA nanoparticles suspended in Lutrol F127 gel. A. Bioluminescence 24 h after ex vivo
fter intravaginal injection of 117-RG4X/Luc+gel (100 μg DNA). Whole mouse images
ame mice (right). C. Top row: Sections of mouse cervix 24 h after intravaginal injection
nostained for GFP. Bottom row: Terminal deoxynucleotidyl transferase mediated dUTP
el mixed with of 117-RG4X/DT-A (left) or 117-pGL4 control nanoparticles (right). CC,
ncubation with overlaid Lutrol gel/DNA nanoparticles.

image of Fig.�3
image of Fig.�4
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One way to target DNA-based nanotherapies to specific cells is to
use gene promoters that activate gene expression in a subset of
cells, but not in others. Previous work suggested that a 63 bp LCR
DNA sequence, RG, might have the desired specificity for activating
DT-A gene expression specifically in HPV16-infected cells and that
four tandem repeats of this sequence would enhance expression
above that obtained using one copy [6]. However, when we injected
RG4X/Luc nanoparticles into the peritoneal space of mice and then
assessed luciferase expression 24 h later by optical imaging, we ob-
served bioluminescence in multiple organs. The fact that RG was active
in non-HPV infected mouse cells and failed to retain species specificity,
a hallmark of HPV16 infection, indicates that RG lacks the ability to tar-
get gene activity specifically to HPV-infected cells. Interestingly, the
cytokeratin element in the RG sequence retained its ability to restrict
gene activation to epithelial cells in the cervix. Future studies will test
the targeting ability of other HPV16 regulatory sequences.

A second way to achieve specificity of nanotherapeutics is to limit
the exposure of cells to nanoparticles, thus restricting DNA delivery. In
this report, we treatedmouse cervical tissue and HPV16+ precancerous
LEEP specimens with DNA-nanoparticles suspended in Lutrol F127
thermo-sensitive gel. The results of these proof-of-principal experi-
ments demonstrate that nanoparticle delivery and expression of
DNA occur in cells that are in contact with the gel. The ability of
Lutrol gel to adhere specifically to precancerous foci on the cervix
for any length of time, however, is questionable. We are currently
testing other delivery vehicles that may have better mucosal adher-
ence properties.

We note that in prior preclinical studies of DT-A nanotherapy in
mousemodels of prostate and ovarian cancer, there has been no evidence
of adverse physiological effects, including an immune response, to long-
term treatment with poly(β-amino ester)-formulated nanoparticles
[7,9]. Thus, multiple administrations of DT-A nanotherapy to cervical le-
sions may be possible if needed. In the 2–10% of cases where recurrent
CIN3 develops following surgical procedures despite attainment of nega-
tive margins, DT-A nanotherapy could also be considered as a preferred
follow-up treatment over further surgery [20].

We observed a reduction in the rate of tumor growth of xenografts in
mice treated with RG4X/DT-A nanoparticles as compared to control-
treated tumors. This therapeutic response suggests the utility of DT-
A nanotherapy for the treatment of pre-invasive and early invasive
cervical cancer, perhaps by direct injection of nanoparticles to the
tumors.

Despite the development of two prophylactic HPV vaccines, Gardasil
and Cervarix, HPV infection leading to cervical cancer remains a huge
global problem and is expected to remain so for many years. Approxi-
mately 500,000 cases of cervical cancer worldwide are diagnosed each
year, with around 270,000 deaths, of which 85% occur in developing
countries [21]. Financing a vaccine, distributing it, and treating the pri-
mary target population of preadolescent girls, particularly in these
countries, represent some of themajor challenges facing the healthcare
community. Together with improved screening for HPV, a topically ap-
plied nanotherapy for precancerous lesions would provide a practical
and cost-effective alternative to surgery in those countries that can
least afford it, and stem the cancer death rate of women around the
world.

Finally, in addition to the causative role that HPV infection plays in
cervical cancer, HPV infections are commonly associated with other
pathogenic conditions affecting skin and mucosa. Some conditions,
e.g., warts on the hands and feet, are benign and easily treatable,
while other HPV infections, primarily those that are sexually transmit-
ted, are associated with more serious conditions including anal, naso-
pharyngeal, oral, and penile cancer. The incidence of oropharyngeal
cancers caused by HPV16 infection, in particular, has increased signifi-
cantly in the United States in recent years and is expected to surpass
the incidence of cervical cancer by 2020 [22]. Current treatments for
oropharyngeal cancers include surgery, radiation, and chemotherapy
asmonotherapies or in combination, and are often associatedwith severe
side effects. Further refinement of the DNA nanotherapy we describe for
cervical HPV lesions may offer an alternative, more palliative, and effec-
tive treatment for oral/throat cancers as well.

Conflict of interest statement

This paper has not been published elsewhere and all authors have contributed sub-
stantially to its contents. Furthermore, there are no financial relationships, and/or con-
flict of interest between the authors and the subject of this manuscript.

Acknowledgments

We thank Almed Eltoukhy for excellent technical assistance.
This work was funded, in part, by the Sharpe-Strumia Foundation
of the Bryn Mawr Hospital and the Pennsylvania Breast Cancer
Coalition.

References

[1] Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics.
CA Cancer J Clin 2011;61:69–90.

[2] ArbynM, KyrgiouM, Simoens C, Raifu AO, Koliopoulos G,Martin-Hirsch P, et al. Peri-
natal mortality and other severe adverse pregnancy outcomes associatedwith treat-
ment of cervical intraepithelial neoplasia: meta-analysis. BMJ 2008;337:a1284.

[3] Sadler L, Wang W, Exeter M, Whittaker J, McCowan L. Treatment for cervical
intraepithelial neoplasia and risk of preterm delivery. JAMA 2004;291:2100–6.

[4] Schiffman M, Wentzensen N, Wacholder S, Kinney W, Gage JC, Castle PE. Human
papillomavirus testing in the prevention of cervical cancer. J Natl Cancer Inst
2011;103:368–83.

[5] Doorbar J. Molecular biology of human papillomavirus infection and cervical can-
cer. Clin Sci 2006;110:525–41.

[6] Ishiji T, Lace MJ, Parkkinen S, Anderson RD, Haugen TH, Cripe TP, et al. Transcrip-
tional enhancer factor (TEF)-1 and its cell-specific co-activator activate human
papillomavirus-16 E6 and E7 oncogene transcription in keratinocytes and cervical
carcinoma cells. EMBO J 1992;11:2271–81.

[7] Huang Y-H, Zugates GT, Peng W, Holtz D, Dunton C, Green JJ, et al.
Nanoparticle-delivered suicide gene therapy effectively reduces ovarian
tumor burden in mice. Cancer Res 2009;69:6184–91.

[8] Peng W, Anderson DG, Bao Y, Padera Jr RF, Langer R, Sawicki JA. Nanoparticulate
delivery of suicide DNA to murine prostate and prostate tumors. Prostate
2007;67:855–62.

[9] Peng W, Chen J, Huang Y-H, Sawicki JA. Tightly-regulated suicide gene expression
kills PSA-expressing prostate tumor cells. Gene Ther 2005;12:1573–80.

[10] Anderson DG, Peng W, Akinc A, Hossain N, Kohn A, Padera R, et al. A polymer
library approach to suicide gene therapy for cancer. Proc Natl Acad Sci U S A
2004;101:16028–33.

[11] Cripe TP, Haugen TH, Turk JP, Tabatabai F, Schmid III P, Durst M, et al. Transcrip-
tional regulation of the human papillomavirus-16 E6-E7 promoter by a
keratinocyte-dependent enhancer, and by viral E2 trans-activation and repres-
sor gene products: implication for cervical carcinogenesis. EMBO J 1987;6:
3745–53.

[12] Maxwell IH, Maxwell F, Glode LM. Regulated expression of a diphtheria toxin
A-chain gene transfected into human cells: possible strategy for inducing cancer
cell suicide. Cancer Res 1986;46:4660–4.

[13] Barichello JM, Morishita M, Takayama K, Nagai T. Absorption of insulin from
pluronic F-127 gels following subcutaneous administration in rats. Int J Pharm
1999;184:189–98.

[14] Müller RH, Maassen S, Weyhers H, Mehnert W. Phagocytic uptake and cytotoxic-
ity of solid lipid nanoparticles (SLN) sterically stabilized with poloxamine 908 and
poloxamer 407. J Drug Target 1996;4:161–70.

[15] Lemieux P, Guerin N, Paradis G, Proulx R, Chistyakova L, Kabanov A, et al. A com-
bination of poloxamers increases gene expression of plasmid DNA in skeletal
muscle. Gene Ther 2000;7:986–91.

[16] Dumortier G, Grossiord JL, Agnely F, Chaumeil JC. A review of poloxamer 407
pharmaceutical and pharmacological characteristics. Pharm Res 2006;23:
2709–28.

[17] Niwa H, Yamamura K, Miyazaki J. Efficient selection for high-expression transfectants
with a novel eukaryotic vector. Gene 1991;108:193–200.

[18] Gillison ML, Lowey DR. A causal role for human papillomavirus in head and neck
cancer. Lancet 2004;363:1488–9.

[19] Psyrri A, Dimaio D. Human papillomavirus in cervical and head-and-neck cancer.
Nat Clin Pract Oncol 2008;5:24–31.

[20] Gök M, Coupé VMH, Berkhof J, Verheijen RHM, Helmerhorst TJM, Hogewoning
CJA, et al. HPV16 and increased risk of recurrence after treatment for CIN. Gynecol
Oncol 2007;104:273–5.

[21] Kitchener HC, Hoskins W, Small Jr W, Thomas GM, Trimble EL. The development
of priority cervical cancer trials. A Gynecologic Cancer InterGroup report. Int J
Gynecol Cancer 2010;20:1092–100.

[22] Chaturvedi AK, Engels EA, Pfeiffer RM, Hernandez BY, XiaoW, Kim E, et al. Human pap-
illomavirus and rising oropharyngeal cancer incidence in the United States. J Clin Oncol
2011;29:4294–301.


	DNA nanotherapy for pre-neoplastic cervical lesions
	Introduction
	Materials and methods
	Plasmid constructions
	pRG4X/Luc
	pRG4X/DT-A
	pRG4X/XX
	pRG4X/GFP

	Cells
	Nanoparticle formulation
	Lutrol F127/nanoparticle mix
	Mouse experiments
	Xenografts
	Intraperitoneal injection

	Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL)
	LEEP and hysterectomy specimens
	HPV16 PCR genotyping

	Results
	DNA constructs
	RG4X-regulated DT-A suppresses protein synthesis and cervical tumor growth
	RG4X activity is not restricted to HPV16+ cells
	Gene expression following exposure of cervical cells to DNA nanoparticle/Lutrol F127
	Gene expression following exposure of LEEP surgical specimens to DNA nanoparticle/Lutrol F127

	Discussion
	Conflict of interest statement
	Acknowledgments
	References


