Biochemical and Biophysical Research Communications 450 (2014) 1422-1426

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

In vitro and in vivo growth suppression of human papillomavirus
16-positive cervical cancer cells by CRISPR/Cas9

@ CrossMark

Shuai Zhen *>“4*! Ling Hua“', Y. Takahashi ¢, S. Narita, Yun-Hui Liu¢, Yan Li®

2 Baoji Maternal and Child Health Hospital, 2 Xinjian Road East, WeiBin District, Baoji City, 721000, Shanxi Province, PR China

b Xijing Hospital, Fourth Military Medical University, Xi'an, PR China

€ Department of Pharmacology and Toxicology, Beijing Institute of Radiation Medicine, Beijing 100850, PR China

dKyoto University, Kyoto 606-8507, Japan

€ Baoji Hospital of Traditional Chinese Medicine, No 43, BaoFu Road, Baoji City, Shanxi Province, PR China

ARTICLE INFO ABSTRACT

Article history:

Deregulated expression of high-risk human papillomavirus oncogenes (E6 and E7) is a pivotal event for
pathogenesis and progression in cervical cancer. Both viral oncogenes are therefore regarded as ideal
therapeutic targets. In the hope of developing a gene-specific therapy for HPV-related cancer, we estab-
lished CRISPR/Cas9 targeting promoter of HPV 16 E6/E7 and targeting E6, E7 transcript, transduced the
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Keyword: CRISPR/Cas9 into cervical HPV-16-positive cell line SiHa. The results showed that CRISPR/Cas9 targeting
HPV16 promoter, as well as targeting E6 and E7 resulted in accumulation of p53 and p21 protein, and conse-
ES quently remarkably reduced the abilities of proliferation of cervical cancer cells in vitro. Then we inocu-
CRISPR/Cas9 lated subcutaneously cells into nude mice to establish the transplanted tumor animal models, and found

dramatically inhibited tumorigenesis and growth of mice incubated by cells with CRISPR/Cas9 targeting
(promoter+E6+E7)-transcript. Our results may provide evidence for application of CRISPR/Cas9 targeting
HR-HPV key oncogenes, as a new treatment strategy, in cervical and other HPV-associated cancer
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therapy.
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1. Introduction

Cervical cancer is the second most common type of malignancy
among women worldwide and a leading cause of mortality among
females in developing countries. It affects nearly half a million
women each year, claiming a quarter of a million lives [1,2].
According to several epidemiological and biological studies, human
papilloma viruses (HPV) infection is the dominant etiological event
in CC development [3], HPV DNA can be detected in more than 95%
of cervical cancer and intraepithelial neoplasia biopsies [4], dem-
onstrating the strong association of this cancer with HPV infection.

Human papillomaviruses (HPVs) are small DNA viruses with a
genome of approximately 8 kb. A small subgroup, types 16, 18,
31, 33, and 45, has been designated high-risk HPVs and found to
be associated with more that 90% of cervical cancers [5], of which
HPV16 accounts for approximately 50% [6]. The oncogenic function
of HPVs has been primarily attributed to E6 and E7, which are
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essential for malignant transformation and pivotal for mainte-
nance of the malignant phenotype of cervical cancer [7,8]. They
are selectively expressed in HPV-related cancer cells to inactively
tumor suppressor proteins such as P53 and pRb, leading to cell
cycle disorder, telomerase activation, and cell immortalization.
E6 is able to induce the degradation of p53, thereby inhibiting
p53-dependent signaling, and contributing to tumorigenesis
[9,10]. In the case of E7, deregulation of the host cell cycle seems
to be a major function of the oncoprotein. It is associated with
the retinoblastoma family of proteins: pRb [11,12], p107, and
p130 [13,14]), as well as cyclin-dependent kinase inhibitors of
p21 [15,16] and p27 [17], and prevents G1 arrest in response to a
variety of antiproliferative signals, such as growth factor with-
drawal, loss of cell adhesion, and DNA damage [18]. Because of
the strong relationship between the expression of this group of
HPV oncogenes and cervical cancer carcinogenesis, development
of novel approaches directed against these oncogenes may provide
a novel block therapy for cervical cancer.

Clustered regularly interspaced short palindromic repeats
CRISPR-associated (Cas9) is a recently discovered, site-specific gen-
ome editing system that is part of the CRISPR-Cas bacterial
acquired immune system, which cleaves foreign DNA [19,20].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.07.014&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.07.014
mailto:usa_2002@163.com
mailto:shuaizhen84@hotmail.com
http://dx.doi.org/10.1016/j.bbrc.2014.07.014
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

S. Zhen et al./Biochemical and Biophysical Research Communications 450 (2014) 1422-1426 1423

And the CRISPR/Cas9 system requires the design of only a single
guide sequence that matches the DNA targeted for cleavage. Since
the first report of the use of CRISPR/Cas9 for genome editing in
human cells in 2013 [21-23], this technology has been used
in vivo in human cells and other organisms. Molecular-targeting
therapy with Cas9 is expected to prevent the development for dis-
ease caused by foreign genes, such as human immunodeficiency
virus (HIV) infection, by inhibiting expression of genes [24]. And
Fujii et al. [25] indicate the availability of CRISPR/Cas9 system for
the large-scale deletion and imply the system is highly efficient
for genome modification. Therefore, strategies for achieving spe-
cific and selective CRISPR/Cas9 to abrogate E6 and E7 function
may be a rational therapeutic approach for treating HPV-positive
cervical cancers.

In the hope of applying CRISPR/Cas9 as therapy for HPV-related
cancer, in this study, we have designed a CRISPR/Cas9 system that
targets E6 and E7. We have shown that a CRISPR/Cas9 system can
effectively, specifically and stable suppress HPV-16 E6 and E7
expression in vitro and in vivo, and also demonstrated that the cer-
vical tumor growth could be inhibited for mouse by CRISPR/Cas9
treatment.

2. Materials and methods
2.1. gRNA expression plasmids

gRNA expression plasmids were constructed according to man-
ufacturer’s protocol [26,27]. Briefly, to prepare a 100-bp dsDNA
insert fragment containing the target sequence (20 bp) and a pro-
tospacer-adjacent motif (PAM) sequence, we used a set of oligonu-
cleotides and generated the fragment using T4 PNK (NEB; Ipswich,
MA, USA). The dsDNA fragment was purified and inserted into the
Bbsl site of a gRNA cloning vector with T4 DNA ligase (NEB).
Detailed BLAST searching of human and murine genomes was car-
ried out to identify potential off target binding of HPV gRNAs. Ten
sets of oligonucleotides (Table 1) were designed. All oligonucleo-
tides were synthesized and purified by Sangon Biotech Co. (Shang-
hai, China).

2.2. Cell culture and transfection

The human cervical carcinoma cell lines SiHa and C33-A were
selected. Siha cells contain a single copy of HPV16 integrated in
the chromosome and express the E6 and E7 oncogenes [28],
whereas C33-A cells were negative for HPV. Cells were maintained
in Dulbecco’s modified Eagle’s minimal essential medium (DMEM),
supplemented with 100 ml/I fetal calf serum (Hyclone, Logan, UT,

Table 1
The sequences and location of gRNA targeting HPV16 E6 and E7.

Name Genomic target Target location

HPV1 CACCGACTAAGGGCGTAACCGAAAT 23
AAACATTTCGGTTA CGCCCTTAGT

HPV2 CACCGGTTTCGGTTCAACCGATTT 36
AAACAAATCGGTTG AACCGAAACC

HPV3 CACCGACTTTCTGGGTCGCTCCTGT E6(115)
AAACACAGGAGCGA CCCAGAAAGT

HPV4 CACCGCAACAGTTACTGCGACGTG E6(205)
AAACCACGTCGCAG TAACTGTTGC

HPV5 CACCGCTAATTAACAAATCACACAA E6(386)
AAACTTGTGTGATT TGTTAATTAG

HPV6 CACCGTCCGGTTCTGCTTGTCCAGC E7(682)
AAACGCTGGACAAG CAGAACCGGA

HPV7 CACCGACACGTAGACATTCGTACTT E7(777-)

AAACAAGTACGAAT GTCTACGTGT

Sequence design of HPV-16-CRISPR/Cas9.

USA), 100 pg/ml streptomycin, and 100 IU/ml penicillin at 37 °C
in a humidified atmosphere containing 5%CO,.

The SiHa cells were seeded into 6-well plates and grown until
60-80% confluency, after which they were transfected with 1 pg
of hCas9 expression vector (Plasmid 41815: hCas9 Addgene; Cam-
bridge, MA, USA) and 1 pg of gRNA expression vector using Lipo-
fectamine2000 (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. Two days after transfection, the cells
were harvested.

2.3. Analysis of E6 and E7 mRNA levels by real-time quantitative RT-
PCR

The SiHa cells were seed in 6-well plates. For the quantitative
real-time RT-PCR, SiHa cells which were transfected CRISPR/Cas9
as described previously. Total RNA was extracted with Trizol
reagent (invitrogen), the mRNA expression of E6 and E7 was deter-
mined by RT-PCR, similar to previous descriptions [29]. GAPDH
was used as an internal reference. The PCR primers were E6 for-
ward. 5-AATGTTTCAGGACCCACAGG-3'; and reverse, 5'-TCAGGA-
CACAGTGGCTTTTG-3’; E7 forward, 5'-ATGCATGGA GATACACCTA
CATTGC-3'; and reverse. 5'-ACAATTCCTA GTGTGCCCAT TAACA-3'.

2.4. Detection of p53 and p21 protein expression

Protein extracts for stably transduced SiHa cells were prepared,
Western blotting was performed as described previously [30]. Pri-
mary antibodies used were mouse monoclonal anti-p53 (Stata
Cruz Biotechnologies), goat polyclonal anti-p21 (Santa Cruz Bio-
technologies). The GAPDH (Santa Cruz Biotechnologies) was used
as internal control for protein loading and analysis.

2.5. In vitro cell viability assay

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide] (Sigma-Aldrich, MO, USA) colorimetric assay was
used to validate the cell growth. SiHa cells, 15,000 per well, were
seeded in 96-well plates on the day prior to transfection. Groups
of replicates included cells that were untransfected, mock transfec-
ted (CRISPR+Cas9+gRNA empty vector), or transfected with
CRISPR+Cas9+gRNA. Cell viability was assessed 3 days after trans-
fection by adding 20 pl of MTT (5 mg/ml) to each well, and incu-
bating at 37 °C for 1 h. Metabolism of the MTT to form the blue
formazan was determined by measuring the ratio of optical density
at a wavelength of 570 nm, to the background at 690 nm. These
CRISPR/Cas9 systems were also transfected into the non-HPV-
infected cells to test their specific.

2.6. Mouse tumor model studies

To investigate the effects of CRISPR+Cas9+ (gRNA targeting the
promoter, E6 transcript and E7 transcript) on the tumorigenicity
of xenograft, and the influence on survival of tumor-burdened ani-
mals, twenty female BALB/C nude mice, aged 4-6 weeks, were pur-
chased from the center of experimental animal, the Academy of
Military Medical Science (Beijing, China) and were caged individu-
ally under specific-pathogen free (SPF) conditions.. SiHa cells were
infected with CRISPR/Cas9 as described above and harvested
2 days post-infection. The cells were washed with PBS, counted
and resuspended in PBS at 2 x 107/ml. Female mice were injected
with 0.1 ml cell suspension subcutaneously to the neck scruff and
tumor growth was monitored. Five groups were included in the
experiments: the gRNA targeting promoter; E6 transcript; E7 tran-
script or combined (promoter+E6+E7) transcript targeting CRISPR/
Cas9 were applied to the experimental, gRNA empty and hCas9
plasmids was used as negative control. Tumor volume was contin-
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uous blindly measured by periodic caliper every 4 days. The tumor
volume was calculated according to the formula volume =
(length x width?)/2. Tumor growth was observed in 100% of the
mice after 10 weeks. At the end of the experiment, the mice were
killed according to UKCCCR guidelines, and each tumor was then
excised and weighted.

2.7. Data analysis

The data with mean and SD as presented here were prepared
using GraphPad Prism software (version 5.0). Comparisons of treat-
ment outcome were tested for statistical difference by the paired t
test. All experiments were performed at least three times. A differ-
ence was considered significant when P < 0.05.

3. Results
3.1. Inhibition of E6 and E7 expression by CRISPR/Cas9

SiHa cells were used to examine the effects of E6 or E7 gene
knockdown by CRISPR/Cas9. A total of ten gRNA were designed
and their effects on E6 and E7 gene expression were determined
by RT-PCR analysis after transfection of each specific CRISPR/Cas9
into cells. As shown in Fig 1, levels E6 and E7 expression in SiHa
cells transduced by the CRISPR+Cas9+promoter-1 were reduced
by 94% and 91%, compared to the blank, at 48 h. The CRISPR+-
Cas9+E6-4 showed effective knockdown of HPV16-E6 gene expres-
sion 93% of blank levels, at 48 h. Similarly, the CRISPR+Cas9+E7-6
showed effective knockdown of HPV16-E7 gene expression: 94%
of blank levels. Therefore, we obtained at least on effective gRNA
for each viral oncogene in each type of HPV.

3.2. Induction of p53 and p21 by E6 and E7 targeting CRISPR/Cas9

Two days after infection, SiHa cells infected with CRISPR/Cas9
became more granular, compared to controls (data not shown).
We examined the downregulation of E6 or E7 protein expression
in the CRISPR/Cas9-transfected cells by analyzing the expression
of p53 or P21, since there is no high affinity anti-E6 or anti-E7 anti-
body capable of detecting low E6 or E7 expression presently avail-
able. As shown in Fig 2, levels of p53 and p21 proteins were
increased in SiHa cells transduced by the CRISPR+Cas9+pro-
moter-1 and the CRISPR+Cas9+E6-4, compared to the control,
when transfected with gRNA empty and hCas9 plasmids. Similarly,
by the CRISPR+Cas9+promoter-1 and the CRISPR+Cas9+E7-6, levels
of p21 proteins were also up-regulated in SiHa cells. The results
were comparable to the RT-PCR.

1404
120
100+

Relative expression of E6 (%)
-
o

S. Zhen et al./Biochemical and Biophysical Research Communications 450 (2014) 1422-1426

HPV-7 HPV-6 HPV-5 HPV-4 HPV-3 HPV-2Z HPV-1 Control Blank
— —

[321 —

p33
GAPDH ™ e s s S . —

Fig. 2. Effects of the designed CRISPR/Cas9 on E6, E7 related protein expression in
SiHa cells, compared with relevant scramble CRISPR/Cas9.
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Fig. 3. Effects of the HPV 16 promoter, E6 transcript and E7 transcript targeting
CRISPR/Cas9 on cellular proliferation.

3.3. The proliferation of cells transduced by the promoter-targeting
and E6/E7-transcript targeting CRISPR/Cas9

HPV16+ (SiHa) and HPV16— (C33-A) cancer cells were transfec-
ted with the three CRISPR/Cas9 systems (Promoter-targeting-1;
E6-transcript-4; E7-transcript-6) and analyzed for cell viability.
As shown in Fig 3, three tested CRISPR/Cas9 systems showed
strong growth suppression toward SiHa cells, while they had min-
imal effect on C33-A cells growth. The results suggested that these
CRISPR/Cas9 systems have a strong specific growth inhibition
characteristic.

3.4. Inhibition of tumor growth in mice by CRISPR/Cas9

We transfected SiHa cells with the Control (CRISPR+Cas9+gRNA
empty), CRISPR+Cas9+promoter-1; CRISPR+Cas9+E6-4; CRISPR+-
Cas9+E7-6 and CRISPR+Cas9+ (promoter-1 +E6-4 +E7-6), cultured
them for 2 days, and subcutaneously inoculated them into BALB/
C nude mice at 2 x 107cells. As shown in Fig 4, tumor formation
of CRISPR+Cas9+ (promoter-1 +E6-4 +E7-6)-treated cells was
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Fig. 1. Knockdown of HPV16-E6 or -E7 gene expression by transfection of CRISPR/Cas9 (Control: gRNA empty vector).
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Fig. 4. Suppression of in vivo growth of SiHa cells in BALB/c nude mice by CRISPR/
Cas9. (A) In vivo tumor growth curves of CRISPR/Cas9 systems-treated SiHa cells.
The mean tumor volumes+SD (bars) are shown at the times that tumor
measurements were made (n=6). (B) Tumor weight 10 weeks after inoculation.
All tumors were excised and weighted.

slower than that of control treated cells. From 21 to 45 days after
inoculation, tumors were palpable in all mice (n = 6). In a separate
experiment, we carefully observed mice for a longer period and
found that palpable tumors had formed in all tested mice 10 weeks
after inoculation. After euthanasia, we excised and weighed the
tumors (Fig 4). Tumor weights in mice inoculated with SiHa cells
treated with combined (promoter+E6+E7) transcript targeting
CRISPR/Cas9 were significantly lower than those from those mice
treated with control (P <0.001).

4. Discussion

Cervical cancer is the second most common cancer in women
worldwide though well organized screening has been expanded,
and the majority of cases are caused by high-risk types of human
papillomavirus, which possess the E6 and E7 oncogenes. Studies
have demonstrated that the expression of these oncogenes is indis-
pensable for tumor development and maintenance of malignant
phenotypes [31]. Clinical data show that the prognosis of cervical
cancer patients remains unoptimistic up to data, with a 5-year sur-
vival rate of 9.3-65.8% in those with advanced stage diseases [32],
despite the progress of surgery, radiation, and chemotherapy. The
development of novel and effective therapy for cervical cancer is
still urgently needed.

Targeted genome engineering has been instrumental for the
study of biological processes, and its holds great promise for the
treatment of disease [33]. Over the last decade, novel genome-edit-
ing methods that utilize artificial nucleases, such as zinc finger
nucleases (ZENs) and transcription activator like-effector nucleases
(TALENSs), have been developed [24]. However, ZFNs or TALENs
remain somewhat difficult and time-consuming to design, develop,

and empirically test in a cellular context [34]. Recently, the clus-
tered, regularly interspaced, short palindromic repeat (CRISPR)-
CRISPR-associated (Cas) systems have been developed, Unlike the
ZFNs and TALENs, the CRISPR/Cas system offers a few advantages.
For example, the system is its amenability to multiplexing allowing
for the simultaneous generation of up to five mutations for a single
transfection event [35]. In our study, we have indicated the avail-
ability of CRISPR/Cas9 system for the large-scale deletion and
imply that the system can contribute largely to genomics studies.

It is known that overexpression of HR-HPV E6 and E7 oncogene
is essential for malignant transformation and the maintenance of
the malignant phenotype of cervical cancer cells. In the present
study, we designed several CRISPR/Cas9 against the E6 or E7 viral
oncogenes in HPV-16 cells and found three of them effectively
inhibit the expression of E6 or E7 in the HPV-infected cervical can-
cer cells (SiHa cells). Transfected of CRISPR/Cas9 caused significant
suppression of cell growth in HPV-positive cells, whereas they had
no effect in HPV-negative cells, demonstrating the effectiveness
and specificity of these CRISPR/Cas9 systems. As well-character-
ized targets, p53 and p21 protein as directly inactivated by E6
and E7 respectively, lead to a series of signaling pathway dysfunc-
tion. Additionally, recent studies showed that the alteration of
additional pathways was equally important for malignant transfor-
mation and maintenance in cervical cancer [36-38]. In our exper-
iments, to assess whether the CRISPR/Cas9 we designed blocked
the E6-p53 pathway or the E7-p21 pathway, we used Western blot
analysis to investigate the expression levels of p53 protein, the tar-
get of E6, and of p21 protein, the target of E7. In vivo, the designed
CRISPR/Cas9 could promote xenograft retardation, and even results
in complete loss of tumor growth in tumor-burdened animal mod-
els. Thus, both viral proteins, E6 and E7, are believed as therapeutic
targets in blocking cervical cancer progress through proliferation
inhibition and death inducement of tumor cells.

This is the first report of inhibition of tumor growth derived
from cervical cancer cells with a mixture of CRISPR/Cas9 targeting
HPV gene. In this study, we have demonstrated that the CRISPR/
Cas9 specific to HPV16 oncogenes including targeting the E6-,
E7-transcript could effectively, specifically and stably suppress tar-
geted oncogene E6 and E7 expression in cervical cancer and inhibit
the cancer cell growth. Using a tumor transplant model, we dem-
onstrated that the designed CRISPR/Cas9 could partially or com-
pletely inhibit tumor growth and, furthermore, we observed the
tumor growth in tumor burdened mice inoculated by the com-
bined (promoter+E6+E7) transcript targeting CRISPR/Cas9 was
much smaller than the gRNA empty vector, demonstrating multi-
ple guide sequences can be encoded into a single CRISPR array to
enable simultaneous editing of several sites within the mammalian
genome. Consistent with our in vitro and in vivo results, we found
that knockdown of HPV E6 or E7 expression by CRISPR/Cas9 has
potent anti-tumor effects, as measured by significant suppression
of xenograft tumor growth. As the E6 and E7 HPV oncogenes share
no sequence homology to human genes, knocking down of these
oncogenes may be a highly effective molecular therapy for cervical
cancer. These results encourage further investigation of CRISPR/
Cas9 is a potential treatment for cervical cancer.

Taken together, CRISPR/Cas9 specific to HPV16 oncogenes
including targeting the EG6-, E7-transcript effectively knocks
down E6 and E7 expression, along with accumulation of p53
and p21 protein, and results in remarkably reduced abilities of
proliferation of cervical cancer cells in vitro. Consequently,
tumorigenesis and growth of transplanted tumors in mouse
models were effectively suppressed and survival of tumor bur-
dened mice was prolonged. Our finding may provide important
evidences for application of CRISPR/Cas9 targeting HR-HPV key
oncogenes, as a new treatment strategy, in cervical and other
HPV-associated cancer therapy.



1426 S. Zhen et al./Biochemical and Biophysical Research Communications 450 (2014) 1422-1426

Conflict of interest
The authors declare no conflicts of interest.
Acknowledgment

We thank Sakamoto H, (Harvard-MIT Division of Health Sci-
ences and Technology, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA) for the excellent technical assistance.

References

[1] J. Doorbar, Molecular biology of human papillomavirus infection and cervical
cancer, Clin. Sci. 110 (2006) 525-541.

[2] S. Goldie, A public health approach to cervical cancer control: considerations of
screening and vaccination strategies, Int. ]. Gynecol. Obstet. 94 (2006) 95-105.

[3] Shuai Zhen, Chen-Ming Hu, Li-Hong Bian, Glutathione S-transferase
polymorphism interactions with smoking status and HPV infection in
cervical cancer risk: an evidence-based meta-analysis, PLOS ONE 8 (12)
(2013) e83497. doi: 10.1371.

[4] K. Munger, A. Baldwin, K. Edwards, H. Hayakawa, C. Nguyen, M. Owens,
Mechanisms of human papillomavirus induced oncogenesis, J. Virol. 78 (2004)
11451-11460.

[5] E.M. de Williers, Heterogeneity of the human papillomavirus group, J. Virol. 63
(1989) 4898-4903.

[6] F.X. Bosch, M.M. Manos, N. Mufioz, M. Sherman, A.M. Jansen, ]. Peto, et al.,
Prevalence of human papillomavirus in cervical cancer: a worldwide
perspective. International Biological Study on Cervical Cancer (IBSCC) Study
Group, ]. Natl. Cancer Inst. 87 (1995) 796-802.

[7] H. zur Hausen, Papillomaviruses and cancer: from basic studies to clinical
application, Nat. Rev. Cancer 2 (2002) 342-350.

[8] A. Nishimura, T. Nakahara, T. Ueno, K. Sasaki, S. Yoshida, S. Kyo, et al.,
Requirement of E7 oncoprotein for viability of HeLa cells, Microbes Infect. 8
(2006) 984-993.

[9] B.A. Werness, AJ. Levine, P.M. Howley, Association of human papillomavirus
types 16 and 18 E6 proteins with p53, Science 248 (1990) 76-79.

[10] M. Scheffner, J.M. Huibregtse, R.D. Vierstra, P.M. Howley, The HPV-16 E6 and
E6-AP complex functions as a ubiquitin-protein ligase in the ubiquitination of
p53, Cell 75 (1993) 495-505.

[11] K. Munger, B.A. Werness, N. Dyson, W.C. Phelps, E. Harlow, P.M. Howley,
Complex formation of human papillomavirus E7 proteins with the
retinoblastoma tumor suppressor gene product, EMBO ]. 8 (1989) 4099-4105.

[12] N. Dyson, P.M. Howley, K. Munger, E. Harlow, The human papilloma virus 16
E7 oncoprotein is able to bind to the retinoblastoma gene product, Science 343
(1989) 934-937.

[13] N. Dyson, P. Guida, K. Munger, E. Harlow, Homologous sequences in
adenovirus E1A and human papillomavirus E7 proteins mediate interaction
with the same set of cellular proteins, ]. Virol. 66 (1992) 6893-6902.

[14] R. Davies, R. Hicks, T. Crook, J. Morris, K. Vousden, Human papillomavirus type
16 E7 associates with a histone H1 kinase and with p107 through sequences
necessary for transformation, J. Virol. 67 (1993) 2521-2528.

[15] J.O. Funk, S. Waga, ].B. Harry, E. Espling, B. Stillman, D.A. Galloway, Inhibition
of CDK activity and PCNA-dependent DNA replication by p21 is blocked by
interaction with the HPV-16 E7 oncoprotein, Genes Dev. 11 (1997) 2090-2100.

[16] D.L. Jones, R.M. Alani, K. Munger, The human papillomavirus E7 oncoprotein
can uncouple cellular differentiation and proliferation in human keratinocytes
by abrogating p21-mediated inhibition of cdk2, Genes Dev. 11 (1997) 2101-
2111.

[17] K. Zerfass-Thome, W. Zwerschke, B. Mannhardt, R. Tindle, JW. Botz, P.
JansenDurr, Inactivation of the cdk inhibitor p27 by the human papillomavirus
type 16 E7 oncoprotein, Oncogene 13 (1996) 2323-2330.

[18] R.M. Alani, K. Munger, Human papillomaviruses and associated malignancies,
J. Clin. Oncol. 16 (1998) 330-337.

[19] P. Horvath, R. Barrangou, CRISPR/Cas, the immune system of bacteria and
archaea, Science 327 (2010) 167-170.

[20] H. Deveau, J.E. Garneau, S. Moineau, CRISPR/Cas system and its role in phage-
bacteria interactions, Annu. Rev. Microbiol. 64 (2010) 475-493.

[21] S.W. Cho, S. Kim, J.M. Kim, ].S. Kim, Targeted genome engineering in human
cells with the Cas9 RNA-guided endonuclease, Nat. Biotechnol. 31 (2013) 230-
232.

[22] P. Mali, I. Yang, K.M. Esvelt, J. Aach, M. Guell, RNA-guided human genome
engineering via Cas9, Science 339 (2013) 823-826.

[23] M. Jinek, A. East, A. Cheng, S. Lin, E. Ma, RNA-programmed genome engineering
in human cells, Elife 2 (2013) e00471.

[24] Hirotaka Ebina, Naoko Misawa, Yuka Kanemura, Yoshio Koyanagi, Harnessing
the CRISPR/Cas9 system to disrupt latent HIV-1 provirus, Sci. Rep. 3 (2013)
2510.

[25] Wataru Fujii, Kurenai Kawasaki, Koji Sugiura, Kunihiko Naito, Efficient
generation of large-scale genome-modified mice using gRNA and CAS9
endonuclease, Nucleic Acids Res. 41 (20) (2013) e187, http://dx.doi.org/
10.1093/nar/gkt772.

[26] P. Mali et al., RNA-guided human genome engineering via Cas9, Science 339
(2013) 823-826.

[27] C. Cain, S. Writer, CRISPR Genome Editing, SciBX, 2013. pp. 1-3.

[28] E. Schwarz et al., Structure and transcription of human papillomavirus
sequences in cervical carcinoma cells, Nature 314 (1985) 111-114.

[29] J.T.C. Chang, S.H. Chan, CY. Lin, T.Y. Lin, HM. Wang, C.T. Liao, et al.,
Differentially expressed genes in radioresistant nasopharyngeal cancer cells:
gp96 and GDF15, Mol. Cancer Ther. 6 (2007) 2271-2279.

[30] N. Sunaga, K. Miyajima, M. Suzuki, M. Sato, M.A. White, R.D. Ramirez, J.W.
Shay, A.F. Gazdar, ].D. Minna, Different roles for caveolin-1 in the development
of non-small cell lung cancer versus small cell lung cancer, Cancer Res. 64
(2004) 4277-4285.

[31] Mitsuo Yoshinouchi, Taketo Yamada, Masahiro Kizaki, Jin Fen, Takeyoshi
Koseki, Yasuo Ikeda, Tatsuji Nishihara, Kenji Yamato, In vitro and in vivo
growth suppression of human papillomavirus 16-positive cervical cancer cells
by E6 siRNA, Mol. Ther. 8 (5) (2003) 762-768.

[32] M.A. Quinn, ].L. Benedet, F. Odicino, P. Maisonneuve, U. Beller, W.T. Creasman,
A.P. Heintz, H.Y. Ngan, S. Pecorelli, Carcinoma of the cervix uteri. FIGO 26th
Annual Report on the results of treatment in Gynecological cancer, Gynaecol.
Obstet. 95 (2006) S43-S103.

[33] Ryan M. Walsh, Konrad Hochedlinger, A variant CRISPR-Cas9 system adds
versatility to genome engineering, PNAS 39 (2013) 110.

[34] A. Klug, The discovery of zinc and their applications in gene regulation and
genome manipulation, Annu. Rev. Biochem. 79 (2010) 213-231.

[35] H. Wang, H. Yang, C.S. Shivalila, M.M. Dawlaty, AW. Cheng, F. Zhang, R.
Jaenisch, One-step generation of mice carrying mutations in multiple genes by
CRISPR/Cas-mediated genome engineering, Cell 153 (4) (2013) 910-918.

[36] W. Gu, L. Putral, K. Hengst, N.A. Sauders, G. Leggatt, N.A. McMillan, Inhibition
of cervical cancer growth in vitro and in vivo with lentiviral-vector delivered
short hairpin RNA targeting human papillomavirus E6 and E7 oncogenes,
Cancer Gene Ther. 13 (2006) (2006) 1023-1032.

[37] J.T. Chang, T.F. Kuo, YJ. Chen, C.C. Chiu, Y.C. Lu, H.F. Li, CR. Shen, AJ. Cheng,
Highly potent and specific siRNAs against E6 or E7 genes of HPV 16- or HPV18-
infected cervical cancers, Cancer Gene Ther. 17 (2010) (2010) 827-836.

[38] W.L. Liu, N. Green, LW. Seymour, M. Stevenson, Paclitaxel combined with
siRNA targeting HPV16 oncogenes improves cytotoxicity for cervical
carcinoma, Cancer Gene Ther. 16 (2009) 764-775.


http://refhub.elsevier.com/S0006-291X(14)01228-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0120
http://dx.doi.org/10.1093/nar/gkt772
http://dx.doi.org/10.1093/nar/gkt772
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0140
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0140
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0145
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0145
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0145
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0150
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0150
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0150
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0150
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0155
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0155
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0155
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0155
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0160
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0160
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0160
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0160
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0165
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0165
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0170
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0170
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0175
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0175
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0175
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0180
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0180
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0180
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0180
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0185
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0185
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0185
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0190
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0190
http://refhub.elsevier.com/S0006-291X(14)01228-5/h0190

	In vitro and in vivo growth suppression of human papillomavirus	16-positive cervical cancer cells by CRISPR/Cas9
	1 Introduction
	2 Materials and methods
	2.1 gRNA expression plasmids
	2.2 Cell culture and transfection
	2.3 Analysis of E6 and E7 mRNA levels by real-time quantitative RT-PCR
	2.4 Detection of p53 and p21 protein expression
	2.5 In vitro cell viability assay
	2.6 Mouse tumor model studies
	2.7 Data analysis

	3 Results
	3.1 Inhibition of E6 and E7 expression by CRISPR/Cas9
	3.2 Induction of p53 and p21 by E6 and E7 targeting CRISPR/Cas9
	3.3 The proliferation of cells transduced by the promoter-targeting and E6/E7-transcript targeting CRISPR/Cas9
	3.4 Inhibition of tumor growth in mice by CRISPR/Cas9

	4 Discussion
	Conflict of interest
	Acknowledgment
	References


