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ABSTRACT

High-risk human papillomaviruses (HPVs), including HPV-16 and HPV-18, are the causative agents of cervical carcinomas and
are linked to several other tumors of the anogenital and oropharyngeal regions. The majority of HPV-induced tumors contain
integrated copies of the normally episomal HPV genome that invariably retain intact forms of the two HPV oncogenes E6 and
E7. E6 induces degradation of the cellular tumor suppressor p53, while E7 destabilizes the retinoblastoma (Rb) protein. Previous
work has shown that loss of E6 function in cervical cancer cells induces p53 expression as well as downstream effectors that in-
duce apoptosis and cell cycle arrest. Similarly, loss of E7 allows increased Rb expression, leading to cell cycle arrest and senes-
cence. Here, we demonstrate that expression of a bacterial Cas9 RNA-guided endonuclease, together with single guide RNAs
(sgRNAs) specific for E6 or E7, is able to induce cleavage of the HPV genome, resulting in the introduction of inactivating dele-
tion and insertion mutations into the E6 or E7 gene. This results in the induction of p53 or Rb, leading to cell cycle arrest and
eventual cell death. Both HPV-16- and HPV-18-transformed cells were found to be responsive to targeted HPV genome-specific
DNA cleavage. These data provide a proof of principle for the idea that vector-delivered Cas9/sgRNA combinations could repre-
sent effective treatment modalities for HPV-induced cancers.

IMPORTANCE

Human papillomaviruses (HPVs) are the causative agents of almost all cervical carcinomas and many other tumors, including
many head and neck cancers. In these cancer cells, the HPV DNA genome is integrated into the cellular genome, where it ex-
presses high levels of two viral oncogenes, called E6 and E7, that are required for cancer cell growth and viability. Here, we dem-
onstrate that the recently described bacterial CRISPR/Cas RNA-guided endonuclease can be reprogrammed to target and destroy
the E6 or E7 gene in cervical carcinoma cells transformed by HPV, resulting in cell cycle arrest, leading to cancer cell death. We
propose that viral vectors designed to deliver E6- and/or E7-specific CRISPR/Cas to tumor cells could represent a novel and
highly effective tool to treat and eliminate HPV-induced cancers.

Cervical carcinomas arise as a result of infection by human
papillomavirus (HPV), most commonly high-risk HPV sero-

type HPV-16 or HPV-18 (1–4). Tumorigenesis results primarily
from the deregulated expression of two viral oncoproteins,
termed E6 and E7, which induce the degradation of the host cell
tumor suppressors p53 and retinoblastoma (Rb) protein, respec-
tively (2–7). This suggests that inactivation of either E6 or E7
expression in cervical carcinoma cells should result in the induc-
tion of p53 or Rb, respectively, as these proteins normally remain
fully intact in cervical carcinoma cells. In fact, repression of E6
expression not only induces p53 but also upregulates the down-
stream effectors of p53 function, including proapoptotic proteins
and the cyclin-dependent kinase inhibitor p21, resulting in cell
cycle arrest, senescence, and apoptosis (5, 6, 8, 9). Similarly, inhi-
bition of E7 expression induces the expression of Rb and the for-
mation of Rb/E2F complexes, which again leads to cell cycle arrest
and senescence (5, 8, 9). Therefore, agents that can repress E6
and/or E7 expression in HPV-induced cervical carcinomas, as well
as other HPV-induced cancers such as head and neck tumors,
represent a potential treatment for these types of cancer in hu-
mans.

Previous research investigating methods to selectively block
the expression of HPV E6 and/or E7 in cervical carcinoma cells in

culture has demonstrated effective repression by ectopic expres-
sion of the HPV or bovine papillomavirus E2 protein, which
blocks E6 and E7 mRNA transcription (5, 10–12), and by RNA
interference directed against the mRNA encoding E6 or E7 (8, 13).
However, both of these approaches have technical difficulties that
have so far made them unsuitable for use in a clinical setting,
including the fact that both approaches leave the HPV E6 and E7
genes intact, thus potentially allowing escape from repression. An
alternative approach to the treatment of HPV-induced cancers
would be to permanently inactivate the viral E6 and/or E7 gene by
targeted mutagenesis, which is predicted to result in the death of
HPV-transformed cells. This goal has now become feasible with
the rapid development of bacterially derived RNA-guided DNA
endonucleases (RGNs) derived from the type II bacterial CRISPR
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(clustered regulatory interspaced short palindromic repeats)/Cas
system of adaptive antiviral immunity (14).

Type II CRISPR/Cas systems rely on a single effector protein,
called Cas9, that is normally guided to a specific DNA sequence,
generally of bacteriophage origin, by two small RNA molecules
called the tracrRNA and the crRNA (14, 15). The demonstration
that the tracrRNA and the crRNA could be combined into a single
guide RNA (sgRNA) (16, 17) represented a major breakthrough in
the development of CRISPR/Cas systems into effective gene edit-
ing tools. To this point, most research has focused on the Cas9
protein from Streptococcus pyogenes, which uses a 20-nucleotide
(nt) guide sequence flanked at the 3= end by a so-called proto-
spacer-adjacent motif (PAM), with the sequence 5=-NGG-3=, that
is an invariant part of the DNA target but is not present in the
sgRNA (14–17). Using transfection or lentiviral transduction, it is
possible to induce the cleavage of specific sequences in the human
genome by the expression of S. pyogenes Cas9 and an sgRNA mol-
ecule transcribed by an RNA polymerase III promoter (16, 17).
Gene inactivation using this system is highly efficient, and S. pyo-
genes Cas9 has in fact been used for high-throughput genetic
screens in human cells in culture (18–20) as well as for the gener-
ation of multigene knockouts in mice (21).

We therefore reasoned that the S. pyogenes Cas9 protein, in
combination with sgRNAs designed to selectively target and inac-
tivate the HPV E6 or E7 gene, might represent a powerful way to
permanently inactivate these viral oncogenes in cervical carci-
noma cells and induce their subsequent death. This would provide
a proof of principle for the idea that inactivation of HPV E6 and E7
by viral vector-delivered S. pyogenes Cas9/sgRNA combinations
has significant clinical potential in the treatment of HPV-induced
cancers in vivo. Here, we demonstrate that S. pyogenes Cas9/
sgRNA combinations are indeed able to efficiently mutationally
inactivate HPV E6 and E7 protein function in both HPV-16- and
HPV-18-transformed cervical carcinoma cells, resulting in cell cy-
cle arrest and tumor cell death.

MATERIALS AND METHODS
CRISPR/Cas9 constructs and sgRNA design. Two pairs of sgRNAs were
designed by using the ZiFit Web application (http://zifit.partners.org/) to
target the amino-terminal regions of the HPV-18 E6 and E7 open reading
frames (ORFs). RGNs were constructed by cloning HPV-specific sgRNAs
into the px330 vector (Addgene) expressing S. pyogenes Cas9 (16). sgRNAs
were also cloned into the px458 vector, an alternative version of px330
containing a gfp marker useful for flow cytometric analysis (22). RGN
function was tested by generating a vector containing either HPV-18 E6-
or E7-derived viral DNA targets inserted in frame between an HIV-1 rev
gene fragment encoding amino acids 1 to 59 of Rev (23) and a 3= gfp
indicator gene. Following cotransfection of the reporter plasmid with a S.
pyogenes Cas9/sgRNA expression construct, function was determined by
detecting the specific loss of Rev and green fluorescent protein (GFP)
expression by Western blotting and flow cytometry, respectively. HPV-
16-specific sgRNAs targeting the HPV-16 E6 and E7 ORFs integrated into
the SiHa cell line were designed and tested by using a similar approach.
The following gene-specific sgRNA sequences were used and constructed,
as outlined previously (16): HPV-18 E6t1 (GGCGCTTTGAGGATCCAA
CA), HPV-18 E6t2 (GAAGCTACCTGATCTGTGCA), HPV-18 E7t1 (G
GAGCAATTAAGCGACTCAG), HPV-18 E7t2 (GAAGAAAACGATGAA
ATAGA), HPV-16 E6t1 (GCAACAGTTACTGCGACGTG), and HPV-16
E7t1 (GCCAGCTGGACAAGCAGAAC) (nucleotides in boldface type in-
dicate mismatched 5= G residues required for transcription initiation
from a U6 promoter).

Cell culture. HeLa, 293T, and SiHa cells were grown in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mM antibiotic-antimycotic (Gibco Cell Culture), and 50
�g/ml gentamicin (LifeTechnologies) at 37°C.

Reporter assays. Reporter assays with 293T cells were performed by
using the calcium phosphate transfection method. 293T cells were plated
at �1.25 � 105 cells per well in 12-well plates and transfected with a 4:1
ratio of the RGN expression plasmid to the indicator plasmid. 293T cells
were then assayed by Western blotting to detect Rev expression and by
flow cytometry to determine the positive fraction and mean fluorescence
intensity (MFI) of enhanced GFP (eGFP)-positive cells at 3 days post-
transfection.

Surveyor assays and mutagenesis spectra. HeLa cells were plated at
2.5 � 105 cells per well in 6-well plates and transfected by using Fugene6
with a 3-to-1 ratio of the RGN expression vector to pL/CMV/eGFP
(pLCE) (24), which expresses eGFP, to determine transfection efficiency.
Genomic DNA was extracted at 48 h posttransfection by using a DNeasy
kit (Qiagen) according to the manufacturer’s protocol. The genomic re-
gion surrounding the viral target sites was PCR amplified by using the
GoTaq cocktail (catalog no. 9PIM300; Promega) and then purified. PCR
products were then denatured and reannealed to enable DNA heterodu-
plex formation as follows: 95°C for 10 min, 95°C to 85°C with ramping at
�1°C/s, 85°C to 25°C with ramping at �0.25°C/s, and a hold at 25°C for
1 min. After reannealing, products were treated with Surveyor nuclease
and Surveyor enhancer S (Transgenomics) according to the manufactur-
er’s protocol and analyzed on a 2% agarose gel. To determine the sequence
spectra of the mutations introduced by HPV-18 E6- and E7-specific
sgRNAs, we designed primers with unique restriction enzyme sites that
bound sequences flanking the predicted RGN cleavage locations. The mu-
tagenized HeLa genomic DNA was PCR amplified 48 h after transfection,
cloned, sequenced, and aligned to the HeLa genome.

Western blots. Phenotypic analysis of RGNs in HeLa cells was per-
formed by using the Fugene6 transfection reagent according to the man-
ufacturer’s protocol. Cells were plated at 2.5 � 105 cells per well in 6-well
plates and transfected with a 3-to-1 ratio of the RGN expression vector to
pLCE (a GFP-expressing plasmid included to determine transfection ef-
ficiency). SiHa cells were transfected with HPV-16-specific RGN expres-
sion vectors by using Lipofectamine3000 (Clontech) according to the
manufacturer’s protocol. Cells were then harvested and lysed in SDS–�-
mercaptoethanol protein lysis buffer at 48 h posttransfection. Lysates
were subjected to electrophoresis on 4 to 20% SDS-polyacrylamide gels
(Bio-Rad) and transferred onto nitrocellulose membranes. The mem-
branes were then probed in 5% milk–PBS-T (phosphate-buffered saline,
0.1% Tween 20, 0.5% bovine serum albumin) with the following antibod-
ies: anti-Flag (catalog no. F1804; Sigma), a rabbit Rev polyclonal antise-
rum (23), anti-�-actin (catalog no. SC-47778; Santa Cruz), anti-p53 (cat-
alog no. SC-126; Santa Cruz), anti-p21 (catalog no. SC-397; Santa Cruz),
and anti-Rb (catalog no. 554136; BD Pharmingen). The membranes were
washed in PBS-T, incubated with a species-specific secondary antibody,
and then washed again in PBS-T. The membranes were incubated with a
Western Bright Sirius Western blot detection kit (Advansta), and signals
were captured by using GeneSnap and quantified by using GeneTools
(Syngene). In order to determine the specificity of RGN cleavage, we gen-
erated a pcDNA3 construct expressing an E6 mutant harboring synony-
mous mutations in the Cas9 “seed” region. These experiments were con-
ducted by transfecting HeLa cells in 6-well plates at 30 to 40% confluence
with a 3-to-1 ratio of an RGN expression vector to a mutant E6 expression
plasmid with Fugene6. Western blots were conducted in triplicate at 48 h
posttransfection, as previously described (23).

Growth inhibition and cell cycle analysis. To determine growth ef-
fects of RGNs, HeLa cells were plated into 12-well plates at 105 cells per
well and transfected with 750 ng of an HPV-18-specific RGN expression
vector in triplicate. Flow cytometric analysis measuring the percentage of
eGFP-positive cells by using FACSCanto software was performed at 48,
72, and 96 h posttransfection. Data were normalized to data for a px458-
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transfected culture. To examine cell cycle progression, 106 HeLa cells were
plated into 6-cm plates and cotransfected with HPV-18 E6- or E7-specific
RGN expression vectors and an eGFP expression plasmid, at a 3-to-1
ratio, by using Fugene6. Exponentially growing cells were treated at 48 h
posttransfection with 10 �g/ml 5-bromodeoxyuridine (BrdU; Calbi-
ochem) for 1 h. Cells were then trypsinized, washed with PBS, and fixed
with 2% paraformaldehyde for 1 h at 25°C. Cells were washed with PBS
and permeabilized with 70% ethanol overnight at 4°C. After washing with
PBS, DNA was denatured by treating the cells with 2 M HCl for 30 min at
25°C and then washing the cells twice with PBS-T. Cells were resuspended
in 100 �l PBS-T and 2.5 �l Alexa Fluor 647 anti-BrdU antibody (catalog
no. 560209; BD Biosciences) for 20 min at 25°C. Cells were washed once
with PBS and resuspended in 200 �l propidium iodide (PI)-RNase stain-
ing buffer (BD Biosciences). Cells were then analyzed by flow cytometry
using a BD FACSCanto II instrument and FlowJo software. Separate flow
plots comparing BrdU and PI staining were generated to compare trans-
fected (GFP-positive) and nontransfected (GFP-negative) HeLa cells.

Cell survival assay. To measure HeLa cell transduction efficiency, we
employed the lentiviral LCE eGFP expression vector (24). This allowed us
to determine that 89.3% of the HeLa cells in culture were transduced,
consistent with an initial multiplicity of infection (MOI) of �2.2. The S.
pyogenes Cas9/sgRNA-expressing lentiviral vectors used were based on
lentiCRISPR (20), with the appropriate sgRNAs inserted 3= to a U6 pro-
moter. HeLa cells (5 � 104) were transduced with these lentiviral vectors,
and fresh medium was added 24 h after infection. The cells were then
cultivated for 10 days, and cell numbers were quantified at 2-day intervals.

In a second experiment, HeLa cells were again transduced with lenti-
CRISPR-based vectors expressing S. pyogenes Cas9 and a nonspecific
sgRNA, E6 sgRNA1 or E7 sgRNA1, or with LCE. In the second experi-
ment, we used a higher predicted MOI of �37, which should result in the
infection of essentially every cell. After cultivation for 10 days, the cells
were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). MTT was eluted from cells with isopropanol containing
0.04 M HCl, and the absorbance at 590 nm was determined by using a
Fluostar Omega instrument (BMG Labtech) with a reference filter of 620
nm. Survival was calculated relative to the survival of mock-infected cells.

RESULTS

To target the integrated genomic copies of HPV-18 present in
HeLa cells for DNA cleavage, we designed sgRNAs complemen-
tary to nucleotides 5 to 24 and 36 to 55 of the HPV-18 E6 open
reading frame (ORF) and nucleotides 84 to 103 and 106 to 125 of
the HPV-18 E7 ORF. These sgRNAs were expressed under the
control of a U6 RNA polymerase III promoter present in the
px330 expression vector, which also expresses the S. pyogenes Cas9
protein (16). To assess the functionality of these sgRNAs, we
cloned cognate HPV-18 E6- or E7-derived target sequences in
frame between an amino-terminal region encoding the first 59
amino acids of the HIV-1 Rev protein (23) and a carboxy-terminal
gfp indicator gene (Fig. 1A). If an sgRNA is indeed functional, it
should inhibit the expression of the predicted Rev-target-GFP fu-
sion protein determined by either GFP fluorescence or Western
blot analysis using a Rev-specific polyclonal antiserum. Indeed, as
shown in Fig. 1B, both E6-specific sgRNAs greatly reduced both
the number of GFP-positive cells, when the RGN expression vec-
tor was cotransfected into 293T cells along with the indicator vec-
tor, as well as the average mean fluorescence intensity (MFI) of the
remaining GFP-positive cells. Similarly, both E7-specific sgRNAs
dramatically inhibited GFP expression from their cognate indica-
tor plasmids in cotransfected cells (Fig. 1C). Furthermore, analysis
of Rev-target-GFP fusion protein expression in these same
cotransfected 293T cells by Western blotting (Fig. 1D) revealed an
almost total loss of indicator protein expression. We therefore

concluded that all four HPV-18 E6- or E7-specific sgRNAs can
effectively silence the expression of a cognate target gene.

We next asked if we could inactivate the endogenous HPV-18
E6 and E7 genes integrated into the HeLa cell genome. As all four
sgRNAs appeared to function equivalently, we focused our subse-
quent research on E6 sgRNA1 and E7 sgRNA1. To confirm that
these sgRNAs were indeed inducing the expected DNA cleavage,
we used the Surveyor assay to determine if we could detect RGN-
induced indels at the predicted Cas9 cleavage site. For this pur-
pose, we transfected HeLa cells with a px330-based vector encod-
ing S. pyogenes Cas9 (16) and an E6- or E7-specific sgRNA. At 48 h
posttransfection, we isolated HeLa cell genomic DNA and PCR
amplified the regions of the HPV-18 genome containing either the
E6 or E7 target site for Cas9. The resultant PCR fragment was then
isolated, denatured, and reannealed to produce a population of
DNA heteroduplexes that were digested by using Surveyor nu-
clease, which is predicted to cleave at any sites of Cas9-induced
mutagenesis. As shown in Fig. 2A, we indeed readily detected the

FIG 1 S. pyogenes Cas9 HPV-18-specific sgRNA screening. Two sgRNAs were
designed to target the amino terminus of the HPV-18 E6 or E7 protein and
screened to identify the most effective candidate. (A) Schematic depicting the
fusion protein-based reporter assay, which includes an amino-terminal HIV-1
Rev fragment that acts as an epitope tag, an in-frame HPV-18-derived target
sequence, and a carboxy-terminal eGFP ORF (described in detail in Materials
and Methods). (B) Graph showing eGFP expression data for 293T cells
cotransfected with plasmids expressing the Flag-tagged S. pyogenes Cas9 pro-
tein and sgRNAs specific for the HPV-18 E6 gene, or a control construct, and
their cognate indicator plasmids. Transfected cells were processed for flow
cytometry at 72 h. The number of GFP-positive cells and the mean fluores-
cence intensity (MFI) of these cells are indicated. Averages and standard devi-
ations of data from three independent experiments are indicated. (C) Similar
to panel B but with two HPV-18 E7-specific sgRNAs. (D) Western blot using
an HIV-1 Rev-specific antiserum to detect expression of the Rev-GFP indica-
tor fusion protein, thus demonstrating sgRNA efficacy and specificity.
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presence of indels in both the HPV-18 E6 and E7 genes at the
predicted Cas9 target site. To further characterize these muta-
tions, we cloned the same PCR fragments derived from the
HPV-18 E6 or E7 gene and then performed DNA sequencing
across the predicted cleavage site located 3 bp 5= to the Cas9 PAM
sequence (17). Analysis of the HPV-18 E6 gene gave 234 DNA
sequence reads, of which 19 bore an assortment of different dele-
tion mutations and 34 contained the same insertion mutation of a
single “A” residue located 3 bp 5= to the S. pyogenes Cas9 PAM
motif (Fig. 2B). The remaining 181 samples analyzed contained
the wild-type E6 sequence. Similarly, in the case of the HPV-18 E7
gene, we recovered 232 DNA sequences, of which 6 represent de-
letion mutations adjacent to the predicted S. pyogenes Cas9 cleav-
age site and 46 represent insertions of 1 or 2 bp, again at a site 3 bp
5= to the PAM motif, with by far the most common being a single
“T” nucleotide insertion (Fig. 2C). Interestingly, we also recov-
ered one sequence containing a large insertion mutation that in-
troduced a sequence derived from human chromosome 8 (Fig.
2C). Therefore, for both the HPV-18 E6 and E7 genes, we were
able to recover multiple mutations at the predicted E6 or E7 RGN
cleavage site, almost all of which are predicted to disrupt the E6 or
E7 ORF.

Both E6 and E7 expressions are known to be required for HeLa
cell growth and survival (4–8), and we therefore next asked if
targeting E6 and E7 with an RGN would indeed inactivate E6 and
E7 function. As noted above, the HPV E6 protein functions to
repress the expression of the host p53 tumor suppressor so that a
loss of E6 function is expected to result in the activation of not
only p53 expression but also downstream effectors of p53, includ-
ing the cyclin-dependent kinase inhibitor p21 (2, 3, 5, 7). As
shown in Fig. 3A, we indeed observed the specific induction of
both p53 and p21 expression in cells expressing the E6 sgRNA but
not in control cells or in cells expressing the E7 sgRNA.

The HPV-18 E7 protein functions to repress the function of the

host cell retinoblastoma (Rb) protein by binding to the hypophos-
phorylated form of Rb, thereby inducing Rb degradation and pre-
venting the formation of Rb/E2F complexes that would block cell
cycle progression (2–5). As shown in Fig. 3B, we did detect an
increase in Rb expression that was, however, fairly modest (1.4-
fold � 0.03-fold) when normalized to the expression of the �-ac-
tin internal control. We note, however, that disruption of E7 ex-
pression results in cell cycle arrest (see below) so that cells bearing
a disrupted E7 gene are expected to be selectively lost from the
transfected culture. Indeed, we observed that expression of the
Flag-tagged S. pyogenes Cas9 protein was specifically reduced in
cells expressing an sgRNA specific for either E6 or E7 (Fig. 3B). If
this decrease is taken into account, the increase in the Rb expres-
sion level is a more substantial 5.54-fold � 1.42-fold over that of
the control, which is statistically significant (P � 0.011).

It could be argued that the activation of p53 in HeLa cells
expressing S. pyogenes Cas9 and E6-specific sgRNA1 is a nonspe-
cific effect resulting from an off-target effect, such as promiscuous
DNA damage. However, analysis of potential target sites in the
human genome for E6 sgRNA1, by a BLAST search of the NCBI
human genome database, failed to identify any targets with perfect
complementarity to the 13-nt E6 sgRNA1 seed sequence in com-
bination with the S. pyogenes Cas9 PAM 5=-NGG-3= (data not
shown). We did identify a single perfect human genome target site
for E7 sgRNA1 located at nucleotide position 164032096 on the
long arm of chromosome 2 that is not believed to be transcribed.
In addition, we detected a number of potential target sites for E6
sgRNA1 and E7 sgRNA1 that differed from a perfect target site at
a single base pair and therefore might also represent potential
off-target cleavage sites in the human genome.

Off-target genomic DNA damage would be predicted to acti-
vate p53, and we were particularly interested in demonstrating
that the activation of p53 by E6 sgRNA1 resulted exclusively from
cleavage of the HPV E6 gene. We therefore generated a mutant

FIG 2 HPV-18 E6- and E7-specific S. pyogenes Cas9 sgRNAs induce mutagenesis at the predicted cleavage site in the HPV genome. (A) E6 and E7 sgRNA and
S. pyogenes Cas9 expression constructs were transfected, and the Surveyor assay was performed. The predicted size of the Surveyor cleavage product is indicated
by an arrow. DNA markers (left lane) are indicated in base pairs. WT, wild type. (B) Alignment of the DNA sequence of the targeted region of the HPV-18 E6 gene
isolated from HeLa cells expressing an E6-specific RGN. The sgRNA target and PAM for the HPV-18 E6 locus are indicated. (C) Similar to panel B but with the
HPV-18 E7 gene.
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form of the HPV-18 E6 gene in which we introduced mutations
that would be predicted to block sgRNA cleavage but that did not
alter the underlying E6 amino acid sequence (Fig. 3C). As shown
in Fig. 3D, cotransfection of an expression vector encoding this
variant form of E6 entirely blocked the activation of p53 expres-
sion by the E6-specific RGN, which strongly suggests that p53
induction in the presence of E6 sgRNA1 indeed reflects the selec-
tive loss of E6 expression.

Previous work has shown that the loss of either E6 or E7 func-
tion in HeLa cells, and in other HPV-transformed cells, results in
senescence, cell cycle arrest, and, in the case of E6 repression, also
apoptosis (2, 3, 5). To test whether RGNs specific for E6 or E7
would exert the predicted phenotypic effect, we analyzed growth
in culture of cells expressing S. pyogenes Cas9 and either E6
sgRNA1 or E7 sgRNA1 compared to that of cells expressing a
control sgRNA. As shown in Fig. 4A, while the control cells con-
tinued to replicate, the number of HeLa cells expressing the E6- or
E7-specific sgRNA strongly decreased over time. We next ana-
lyzed the cell cycle progression of control cells relative to that of E6
sgRNA1- or E7 sgRNA-expressing cells by culturing the cells in the
presence of BrdU, which is incorporated into newly synthesized
DNA, and then staining the cells with propidium iodide (PI),
which allows measurement of the total DNA level per cell. As
shown by flow cytometry (Fig. 4C), the control culture showed
57% of cells in G1, 34% in S phase, and 9.9% in G2. In contrast, the
culture expressing E6 sgRNA1 showed 77% of cells in G1, 17% in
S phase, and 6.0% in G2, while the culture expressing E7 sgRNA1
showed 79% of cells in G1, 15% in S phase, and 6.6% in G2. A bar
graph summarizing data derived from four separate BrdU-PI la-
beling experiments, shown in Fig. 4B, confirms that both the E6-
and E7-specific sgRNAs induce cell cycle arrest in G1 while

strongly reducing the number of cells in S phase or entering G2, as
expected for inhibitors of E6 or E7 expression (2, 3, 5, 6).

As noted above, repression of E6 or E7 expression in cervical
carcinoma cells is predicted to induce not only cell cycle arrest, as
reproduced here in Fig. 4, but also senescence and/or apoptosis (2,
3, 5, 6, 8). Therefore, it is expected that the expression of Cas9/
sgRNA combinations specific for E6 or E7 would initially inhibit
cell growth, followed by induction of cell death. To validate this
prediction, we transduced HeLa cells with lentiviral vectors en-
coding Cas9 and either a control or E6- or E7-specific sgRNA, with
a similar lentiviral vector encoding GFP, or mock transduced the
cells. Using fluorescence-activated cell sorting, we observed that
89.3% of the cells transduced with the GFP-expressing lentivirus
were GFP positive, consistent with an initial MOI of �2.2. We
then counted the cells in culture at 2-day intervals for 10 days (Fig.
5A). The cultures transduced with Cas9/sgRNA combinations
specific for HPV-18 E6 or E7 had �10-fold fewer cells than the
control cultures at all time points, thus suggesting that the grow-
ing cells were likely derived from �10% of the initial culture that
was not transduced.

To determine if expression of Cas9/sgRNA combinations spe-
cific for HPV-18 E6 or E7 would indeed induce HeLa cell death,
we repeated the above-described transduction experiment using a
higher titer of the lentiviral vector (MOI of �37) that is predicted
to transduce almost every HeLa cell in the culture. After 10 days in
culture, the cells were stained with MTT, and the percentage of
viable cells was determined (Fig. 5B). Surprisingly, in this experi-
ment, the control lentiviral vectors resulted in an �2-fold de-
crease in cell viability that was clearly not due to S. pyogenes Cas9
expression, as the same effect was observed with the GFP-express-
ing lentiviral vector. In contrast, both the E6- and E7-specific

FIG 3 HPV-18 E6- and E7-specific RGNs induce tumor suppressor gene expression in HeLa cells. HeLa cells were transfected with an S. pyogenes Cas9 expression
vector and HPV-18-specific sgRNAs, as indicated, and were processed for Western blotting. These data are representative of data from 3 biological replicates. (A)
The lysate was probed for p53 and p21 expression, with endogenous �-actin being used as a loading control. The Cas9 protein was detected by an antibody specific
for the Flag epitope tag. (B) Similar to panel A except that the lysate was probed for Rb. (C) Sequence of a mutant E6 expression construct designed to be resistant
to cleavage by S. pyogenes Cas9 in the presence of E6 sgRNA1. The mutations are in lowercase type, and the PAM is underlined. (D) Expression of the
cleavage-resistant E6 gene shown in panel C reveals trans-complementation of p53 protein repression in the presence of S. pyogenes Cas9 and E6 sgRNA1. N.S.,
nonspecific.
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sgRNAs, in the presence of S. pyogenes Cas9, induced the almost
complete demise of the transduced HeLa cell culture. Therefore,
targeted disruption of HPV E6 or E7 has the potential to induce
the specific elimination of HPV-transformed cells.

All the work described thus far was done by using the HPV-18-

transformed cervical carcinoma cell line HeLa. To extend these
studies, we also analyzed the human SiHa cervical carcinoma cell
line, which is transformed by HPV-16 (25), using sgRNAs specific
for HPV-16 E6 and E7, which differ in sequence from HPV-18 E6
and E7. In this experiment, we therefore used E6 sgRNA1, which is

FIG 4 RGN-directed mutagenesis of either the E6 or E7 locus induces cell cycle arrest in G1. (A) S. pyogenes Cas9-mediated disruption of either the HPV-18 E6
or E7 gene results in the expected inhibition of HeLa cell growth. The number of GFP-positive cells transfected with vectors encoding S. pyogenes Cas9, a control
or HPV-specific sgRNA, and the gfp gene is shown. (B) Cell cycle analysis of HeLa cells expressing E6- or E7-specific RGNs using BrdU incorporation and PI
staining followed by fluorescence-activated cell sorter analysis. Results from four separate biological replicates of the transfected eGFP-positive HeLa cell
population are shown. (C) Representative flow cytometry plots are shown for the sgRNAs indicated. The percentage of GFP-positive HeLa cells in each phase of
the cell cycle was quantitated and is indicated. NS, nonspecific; APC, allophycocyanin.

FIG 5 Lentiviral vectors expressing S. pyogenes Cas9 and sgRNAs specific for the HPV-18 E6 and E7 genes induce the death of cervical carcinoma cells. HeLa cells
were transduced with a lentiviral vector expressing eGFP, to control for lentiviral toxicity (LCE), or a lentiviral vector expressing S. pyogenes Cas9 and a
nonspecific sgRNA or E6- or E7-specific sgRNAs. (A) HeLa cells were transduced with the lentiviral vector at an MOI of �2.2, resulting in transduction of �90%
of the cells in culture. Cell growth was then monitored over a 10-day period. Data from a representative experiment, derived from three similar independent
experiments, are presented. (B) HeLa cells were transduced with the lentiviral vector at an MOI of �37, which is predicted to transduce 	99% of the cells in
culture. The cells were then assayed for viability by MTT staining on day 10. Averages of data from two independent experiments normalized to values for a
mock-transduced culture are shown. N.S., nonspecific.
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specific for HPV-18 E6, as our “nonspecific” sgRNA. Targeting of
the HPV-16 gene in SiHa cells using the S. pyogenes Cas9 protein
and an HPV-16 E6-specific sgRNA resulted, as expected, in the
specific induction of the p53 effector protein p21 (Fig. 6A), as also
seen in HeLa cells after targeting of E6 (Fig. 3A). However, HPV-
18-specific E6 sgRNA1 failed to induce p21 expression, thus fur-
ther confirming that activation is due to E6 cleavage and is not due
to off-target DNA cleavage. Similarly, targeting of the HPV-16 E7
gene in SiHa cells resulted in a modest but significant enhance-
ment in the expression of the cell Rb protein (Fig. 6B), as also seen
in HeLa cells (Fig. 3B). Therefore, RGNs targeted to either E6 or
E7 are able to trigger the p53 or Rb pathway, respectively, in not
only HPV-18- but also HPV-16-transformed cervical carcinoma
cells.

DISCUSSION

High-risk HPVs, including HPV-16, HPV-18, and HPV-31, are
etiological agents of cervical carcinoma as well as several other
cancers of the anogenital and oropharyngeal regions (1–4). In
many HPV-induced carcinomas, the normally episomal HPV
DNA genome is integrated into the host cell DNA in a manner that
disrupts the viral E2 gene, which normally acts to repress E6 and
E7 expression, while leaving the viral E6 and E7 genes intact (5,
10–12). While expression of HPV E6 and E7 is not sufficient to
induce cell transformation, ample evidence indicates that the con-
tinued expression of E6 and E7 is required for the continued via-
bility and growth of HPV-transformed cancer cells (2–6, 8–10).
This requirement reflects the ability of E6 and E7 to serve as potent

inhibitors of cellular tumor suppressor pathways. In particular, E6
binds to, and induces the degradation of, the host cell tumor sup-
pressor p53, thus preventing the activation of downstream effec-
tors that induce cell cycle arrest and apoptosis. In contrast, E7
binds to and destabilizes the host cell Rb tumor suppressor, thus
preventing the formation of Rb/E2F complexes that block cell
cycle progression and induce senescence (2–5, 7).

The importance of both E6 and E7 for the continued growth
and viability of HPV-transformed cervical carcinoma cells has
been demonstrated previously by introduction of an intact HPV
or bovine papillomavirus E2 protein, which inhibits E6 and E7
transcription, into these cells or by using small interfering RNAs
specific for the E6 or E7 mRNA (5, 6, 8–13). Here, we extend those
previous studies by demonstrating that bacterial RNA-guided en-
donucleases of the CRISPR/Cas variety are able to efficiently
cleave and inactivate either the E6 or E7 gene in HPV-18- or HPV-
16-transformed cells in culture. As expected, inactivation of HPV
E6 expression induced the expression of not only p53 but also
downstream effectors, such as p21, while inactivation of the HPV
E7 gene resulted in enhanced Rb expression (Fig. 3 and 6). This in
turn initially induced cell cycle arrest followed by the eventual
death of essentially all of these HPV-transformed cells (Fig. 4 and
5). Although the precise mechanism of cell death induction re-
mains to be elucidated, it is conceivable that both the disruption of
E6 and E7 expression as well as the targeted induction of specific
DNA double-stranded breaks within the E6 and E7 genes by
CRISPR/Cas9 contribute to the killing of HPV-transformed cells.

While ectopic expression of the HPV E2 protein and of small
interfering RNAs specific for E6 or E7 both represent potential
approaches to the elimination of HPV-transformed cells (5, 6,
8–10, 13), neither strategy is able to permanently inactivate the E6
or E7 gene in a way that makes the death of the HPV-transformed
cell inevitable. In contrast, we hypothesized that the combination
of a Cas9 protein and an E6- or E7-specific sgRNA would be ca-
pable of permanently preventing E6 or E7 expression, thus poten-
tially clearing all HPV-transformed cells from the body. Here, we
present proof-of-concept experiments in support of this hypoth-
esis by using HPV-transformed cell lines and Cas9/sgRNA expres-
sion vectors delivered by transfection or lentiviral transduction.
However, we believe that the effective elimination of HPV-in-
duced cancers in vivo will require the development of vectors
based on adeno-associated virus (AAV) that deliver both a Cas9
and an sgRNA expression cassette(s). AAV vectors have been ap-
proved previously for gene therapy in humans, are able to grow to
extremely high titers, and have a low risk of insertional mutagen-
esis compared to lentiviral or retroviral vectors (26). Unfortu-
nately, they also have a smaller packaging capacity of only �4.6
kb, which renders them too small to deliver the S. pyogenes Cas9
gene and an sgRNA expression cassette. However, recent research
has identified a number of smaller Cas9 proteins, and one of these,
the Cas9 protein encoded by Neisseria meningitidis, is able to ef-
fectively cleave DNA targets in human cells in culture despite its
smaller size of �3.25 kb (27, 28). Moreover, a number of other
Cas9 genes in the �3.2-kb size range have been identified and
would also be able to fit into an AAV vector together with one or
two sgRNA expression cassettes.

We therefore believe that it will be possible to develop AAV-
based vectors that express Cas9/sgRNA combinations and that are
able to transduce HPV-transformed cells in vivo with high effi-
ciency. Expression of one or more sgRNAs specific for conserved

FIG 6 HPV-16 E6 and E7 RGNs rescue p21 and Rb expression in SiHa cells.
SiHa cells were transfected with an S. pyogenes Cas9 expression vector and the
HPV-16-specific sgRNA constructs indicated and processed for Western blot-
ting. These data are representative of data from 3 biological replicates. (A)
Lysate probed for the Flag-tagged Cas9 protein, the p53 effector protein p21,
and endogenous �-actin (B). Similar to panel A but with the lysate being
probed for Rb expression. The N.S. (nonspecific) sgRNA used as a control is E6
sgRNA1, which is specific for the HPV-18 E6 gene but is not predicted to
recognize the HPV-16 E6 gene.
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DNA regions found in the high-risk HPV variant present in these
transformed cells should then result in their selective elimination
without affecting normal cells located in the vicinity of the tumor.
Furthermore, dual-nickase approaches pioneered by others could
be employed to further reduce any potential off-target DNA cleav-
age and enhance the specificity and safety of this proposed future
therapy (22). Whether this approach will prove to be both effec-
tive and safe in vivo will clearly need to be addressed by future in
vivo experiments assessing the antitumor potential and safety of
HPV-specific AAV-based Cas9/sgRNA expression vectors.
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