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Abstract

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats) mediated genome
editing is a powerful approach for loss of function studies. Here we report that lentiviral
CRISPR/Cas9 vectors are highly efficient in introducing mutations in the precursor miRNA
sequence, thus leading to the loss of miRNA expression and function. We constructed four
different lentiviral CRISPR/Cas9 vectors that target different regions of the precursor miR-21
sequence and found that these lentiviral CRISPR/Cas9 miR-21 gRNA vectors induced mutations in
the precursor sequences as shown by DNA surveyor mutation assay and Sanger sequencing. Two
miR-21 lentiviral CRISPR/Cas9 gRNA vectors were selected to probe miR-21 function in ovarian
cancer SKOV3 and OVCAR3 cell lines. Our data demonstrate that disruption of pre-miR-21
sequences leads to reduced cell proliferation, migration and invasion. Moreover,
CRISPR/Cas9-mediated miR-21 gene editing sensitizes both SKOV3 and OVCAR3 cells to
chemotherapeutic drug treatment. Disruption of miR-21 leads to the inhibition of epithelial to
mesenchymal transition (EMT) in both SKOV3 and OVCAR3 cells as evidenced by the
upregulation of epithelial cell marker E-cadherin and downregulation of mesenchymal marker
genes, vimentin and Snai2. The miR-21 target genes PDCD4 and SPRY2 were upregulated in cells
transduced with miR-21gRNAs compared to controls. Our study indicates that lentiviral
CRISPR/Cas9-mediated miRNA gene editing is an effective approach to address miRNA function,
and disruption of miR-21 inhibits EMT in ovarian cancer cells.
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Introduction

MicroRNAs (miRNAs) are a class of non-coding
endogenous small RNAs that negatively regulate
gene expression at the post-transcriptional level.
miRNA genes are transcribed into primary miRNAs
by RNA polymerase II in the nucleus and then
processed into precursor miRNAs (pre-miRNAs) by

the microprocessor complex composed of the RNAase
III enzyme Drosha and double-stranded RNA binding
protein DGCR8. Mature miRNA is processed in the
cytoplasm by RNA induced silencing complex (RISC),
which includes RNAase III enzyme Dicer, Ago2, and
other RNA binding proteins. miRNAs function by

http://lwww.jcancer.org



Journal of Cancer 2017, Vol. 8

58

binding 3" untranslated region (3"UTR) of their target
genes through complementarity in their seed
sequences [1]. Dysregulation of miRNA expression is
associated with various human diseases, including
cancer and cardiovascular diseases [2, 3].

Gain and loss of function approaches have been
utilized to study the roles of miRNAs in vitro and in
vivo. The gain of function approach can be easily
attained by overexpressing primary miRNAs using
plasmid and viral vectors or introducing miRNA
mimics. Several loss of function approaches have been
used to silence miRNA expression, including plasmid
or viral vector based antagomiRNA, miRNAoff and
decoymiRNA, or synthesized antisense miRNA
inhibitors. miRNA expression is partially silenced
using these methods. However, CRISPR/Cas9 is a
novel approach for loss of function studies by
disrupting miRNA genes through introducing
mutations in pre-miRNA sequences and disrupting
miRNA expression. To test whether lentiviral
CRISPR/Cas9 vector could disrupt miRNA
expression, we selected miR-21 for further
investigation in ovarian cancer, since it is one of the
most consistently upregulated miRNAs in cancer, and
contributes to tumor metastasis and chemoresistance.
However, how miR-21 contributes to tumor
metastasis and chemoresistance in ovarian cancer is
still not well-understood. Epithelial to mesenchymal
transition (EMT) is associated with tumor metastasis
and chemoresistance. Ovarian cancer metastasis is
different from other cancers due to tumor spreading
through peritoneal fluid and directly invading
adjacent organs through routes other than the blood
[4]. The role of EMT in ovarian cancer metastasis and
chemoresistance has been recently recognized [5-7],
and is associated with poor patient survival in ovarian
cancer [6, 8, 9]. To determine whether miR-21
contributes to EMT in ovarian cancer cells, miR-21
expression was disrupted by transducing ovarian
SKOV3 and OVCAR3 cancer cells with four different
miR-21 gRNA lentiviral CRISPR/Cas9 vectors that
target different regions of the pre-miRNA sequence.
We found that all gRNAs can efficiently introduce
mutations in the targeted sequences. We further
showed that loss of miR-21 leads to inhibition of cell
proliferation, migration, invasion and sensitizes cells
to chemotherapy drug treatment. Furthermore, for the
first time we showed that miR-21 loss leads to EMT
inhibition in ovarian cancer cells.

Materials and Methods

Cell culture- The ovarian cancer cell lines SKOV3
and OVCAR3 were obtained from ATCC and
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS (Hyclone;

Logan, UT), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen; Carlsbad, CA). HEK293 FT
cells were cultured in DMEM supplemented with 10%
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 1%
glutamine, 1% nonessential amino acids, and
geneticin at a final concentration of 1 pg/ml.
Lentiviral wvector production- The lentiviral
CRISPR/Cas9 mediated miR-21 gene editing vectors
were constructed by annealing four gRNA
oligonucleotide pairs and subcloning them in the
Bsmll sites of lentiviral vector pLenti CRISPR V2. A
control vector was constructed by inserting EGFP
gRNA sequences into pLenti CRISPR V2 lentiviral
vector. All gRNA sequences were selected from the
Human GeCKOv2 CRISPR knockout pooled library
[10] and primers for detecting miR-21 mutations in
surveyor mutation assay are listed in Table 1.
Lentivirus were produced by packaging in 293FT cells
as we published previously [11]. Stable cell lines were
generated by transducing the SKOV3 and OVCAR3
cells with the lentiviral CRISPR/Cas9 miR-21 gene
editing vectors and selected with 5 pg/ml puromycin.

Table 1: gRNA and primer sequences.

gRNAs/Primers Sequences

EGFP gRNA GGGCGAGGAGCTGTTCACCG
miR-21 gRNA1 CTCATGGCAACACCAGTCGA
miR-21 gRNA2 GTCTGATAAGCTACCCGACA
miR-21 gRNA3 ATGTCAGACAGCCCATCGAC
miR-21 gRNA4 ATGTTGACTGTTGAATCTCA

miR-21 Forward
miR-21 Reverse

GGGGATTTCTTGGTTTGTGAA
ATACAGCTAGAAAAGTCCCTGAAAA

Surveyor mutation assay- Genomic DNA was
extracted from ovarian OVCAR3 cancer cells
transduced with miR-21 lentiviral CRISPR/Cas9 and
control vectors. PCR was performed by amplifying
the mutated region using primers pri-miR-21F and
pri-miR-21R as listed in Table 1. PCR product was
denatured and reannealed using the PCR program:
95°C denature for 5min, ramp down to 85°C at -2°C/s
and then ramp down to 25°C at -0.1°C/s; hold at 4°C.
Afterwards, 10 units of T7 endonuclease I was added,
incubated at 37°C for 30 min, and the reaction was
stopped by adding 2 ul of 0.25M EDTA and then
visualized on a 1.2% agarose gel.

PolyA  tailing real time (RT)-PCR- miR-21
expression was detected in ovarian cancer SKOV3 and
OVCARS cells by polyA tailing real time RT-PCR as
we published previously [11]. Briefly, total RNA was
extracted from lentiviral CRISPR/Cas9 vector
transduced ovarian cancer cells. Following genomic
DNA digestion with DNAase, polyA tail was added
to total RNA with polyA polymerase and then
RT-PCR was performed. Human noncoding RNA U6
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was used as a normalization control for the miR-21
expression using the formula: 2 Ct (miR-21-U6). Primers for
detecting mature miR-21 and human U6 noncoding
RNA as internal control were listed in our previous
publication [11].

MTT assay- SKOV3 or OVCAR3 Cells (8000 per
well) transduced with lentiviral CRISP/Cas9 for
miR-21 editing and control vectors were plated into
96-well plates and cultured for different time points.
Thereafter, 10 pl of MTT reagent was added to each
well and incubated for ~4 h and then terminated by
adding 100 pl detergent reagent to incubate at 22°C in
the dark for 2 h. Cell proliferation was assessed by
measuring the absorbance at 570 nm wavelength.

Cell migration assay -The cell migration assay was
performed using a modified transwell chamber (BD
Falcon™, San Jose, CA). These chambers were
inserted into 24-well cell culture plates. SKOV3 or
OVCAR3 Cells transduced with lentiviral miR-21
gRNA and control vectors (3 x 104 in 300 pl
serum-free DMEM were added to the upper chamber.
10% DMEM (serving as the chemoattractant) was
added into the lower chamber of each well and
incubated for 24 hr. The medium and non-migrated
cells in the upper chamber were removed, while the
migrated cells in the lower side of the membranes
were fixed with methanol and stained with crystal
violet. Pictures were taken at 10X magnification, and
cell number from at least three different fields were
counted.

Cell invasion assay- SKOV3 and OVCARS3 (5 x 107)
cells transduced with lentiviral miR-21 gRNA and
control vectors were seeded in serum-free DMEM
onto inserts precoated with Matrigel (BD BioCoat™
using 24-well Tumor Invasion System (BD
BioSciences, San Jose, CA). DMEM containing 10%
FBS was added to the bottom chamber of the invasion
system as the chemoattractant. The transwell inserts
were stained for 5 mins with hematoxylin and eosin
following methanol fixation for 20 mins following
overnight incubation. Pictures were taken at 10X
magnification. Invaded cells were counted at least in
three different fields.

Immunofluorescent staining- To detect EMT
marker gene expression, SKOV3 cells transduced with
lentiviral miR-21 gRNA and control vectors were
fixed onto glass slides for 10 min using 4% PFA,
washed three times with 0.1% Tween-20 in PBS
(PBST), and incubated with blocking buffer (5%
normal goat serum, 3% bovine serum albumin, and
0.1% Triton-X100 in PBS) for 1 hr. The slides were
incubated overnight with primary antibodies to
E-cadherin and vimentin (1:200 dilution, Cell
Signaling, Danvers, MA). After rinsing three times for
5 min with PBST, Alexa 488 or 594 conjugated goat

anti-rabbit or mouse (1:200 dilution, Life
Technologies) antibodies were added for 1 hr at room
temperature. Cell nuclei were counterstained with
DAPI (Vector Laboratories, Inc.; Burlingame, CA).
Images were captured on a Zeiss LSM700 laser
scanning confocal microscope.

Cell apoptosis- Stable SKOV3 and OVCARS3 cancer
cell lines established with lentiviral miR-21 gRNA and
control vectors were treated with the chemotherapy
drug paclitaxel at different doses for 24 hrs. Apoptosis
was measured by using a caspase3/7 activity assay kit
(Promega). Cell apoptosis was also detected in SKOV3
cells transduced with lentiviral CRISPR/Cas9
mediated miR-21 gRNAs and control vectors using
immunofluorescent staining with active-caspase 3
antibody. Cell nuclei were counterstained with
propidium iodide.

Western blot- Ovarian cancer cells were collected
in RIPA buffer (Thermo Scientific; Rockford, IL)
containing 1% Halt Proteinase Inhibitor Cocktail
(Thermo Scientific; Rockford, IL). An equal amount of
protein (40 ug/lane) was loaded onto 10% SDS-PAGE
gels and transferred onto nitrocellulose membranes.
The membranes were blocked with 5% non-fat milk
for 1 hr and incubated with primary antibodies
against PDCD4 (Cell Signaling), GAPDH (Sigma; St.
Louis, MO), vimentin, E-cadherin, or snail2 (Cell

Signaling).
Statistical analysis- Significant differences were
determined from at least two independent

experiments performed in triplicate and presented as
means = S.D. using Student’s t-test. p < 0.05 was
considered significant.

Results

Lentiviral CRISPR/Cas9 is highly efficient in
introducing mutations in the precursor miR-21
sequences

To test whether lentiviral CRISPR/Cas9 vector
efficiently disrupts miRNA function, we transduced
ovarian cancer OVCAR3 cells with four different
miR-21 and control CRISPR/Cas9 lentiviral vectors.
Mature miR-21 and all four miR-21 gRNA sequences
are indicated in the pre-miR-21 hairpin structure
(Fig.1A, B) with miR-21 gRNA1, 2 and 3 targeting the
stem of hairpin, while gRNA4 targeting the hairpin
loop. Following puromycin selection, we extracted
genomic DNA and performed surveyor mutation
assay. Compared to control cells, all four lentiviral
CRISPR miR-21 gRNA vectors induced mutations in
the targeted region (Fig.1C). gRNA targeted region
was amplified by PCR and cloned into PCR2.1 vector
for sequencing. We found that lentiviral miR-21
CRISPR/Cas9 vector induced mutations, including
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several base pair deletions and insertions. Sequences
from three individual clones from lentiviral
CRISPR/Cas9 miR-21 gRNAI1 transduced cells are
shown in Fig.1D. miR-21 expression was detected
with quantitative real-time RT-PCR as we published
previously [11] and was significantly reduced with all
four gRNA transduced cells compared to control
(Fig.1E). The miR-21 target gene PDCD4 was
upregulated in ovarian cancer SKOV3 and OVCAR3
cells transduced with all of miR-21 gRNAs compared
to control (Fig.1F). Our data demonstrated that
lentiviral CRISPR/Cas9 is highly effective in
abrogating miR-21 expression by introducing
mutations in pre-miRNA hairpin sequences in
ovarian cancer cells.

Lentiviral CRISPR/Cas9 mediated miR-21 gene
editing leads to the inhibition of cell
proliferation, migration and invasion in ovarian
cancer cells

To examine whether lentiviral CRISPR/Cas9
mediated miR-21 gene editing abrogates the

oncogenic activity of miR-21 in ovarian cancer cells,
we further characterized SKOV3 and OVCARS3 stable
cell lines transduced with two miR-21 gRNA lentiviral
vectors pLentiCRISPR miR-21gRNA2 and gRNA3.
Cell proliferation was determined by MTT assays in
SKOV3 and OVCARS3 cells transduced with lentiviral
miR-21 gRNAs and control vectors. Loss of miR-21
significantly reduced cell proliferation at all four time
points (24, 48, 72 and 96 hr) compared to control
transduced cells in both ovarian SKOV3 (Fig.2A) and
OVCAR3 cancer cells (Fig.2B). Cell migration
determined wusing transwell plates showed a
significant reduction in cell migration in both SKOV3
(Fig.2C) and OVCARS3 (Fig.2D) cells transduced with
miR-21 gRNA2 and gRNA3 compared to controls.
Cell invasion assessed using matrigel coated
transwells also showed a significant reduction in
invasiveness of both SKOV3 (Fig.2E) and OVCAR3
cells transduced with miR-21gRNA2 and gRNA3
compared to control transduced cells (Fig. 2F).
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Figure 1. Lentiviral CRISPR/Cas9 miR-21vector introduced mutations in the pre-miR-21 sequences. A. miR-21 pre-miRNA hairpin structure. Mature miR-21
sequences were highlighted. B. miR-21 gRNA sequences and locations in the pre-miR-21 hairpin were indicated. C. DNA surveyor mutation assay was performed to examine
the mutations induced by lentiviral CRISPR/Cas9. There are three bands in gRNAI, 2, 3 and 4 including two small products cleaved by T7 endonuclease | and one uncleaved large
product. In control cells, only one uncleaved band presented. D. Lentiviral CRISPR/Cas9 vector induced mutations were sequenced. E. miR-21 expression in both SKOV3 and
OVCAR3 cells transduced with miR-21 different gRNA and control lentiviral vectors was examined by polyA tailing real time RT-PCR(***p<0.001). F. PDCD4 expression in both
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Figure 2. Lentiviral CRISPR/Cas9 mediated miR-21 gene editing leads to reduced cell survival, migration and invasion. A, B. Cell proliferation was examined in
SKOV3 and OVCARS3 cells transduced with miR-21gRNA2, gRNA3 and control lentiviral vectors using MTT assay (*p<0.05). C, D. Migration of SKOV3 and OVCARS3 cells
transduced with lentiviral CRISPR/Cas9 miR-21 gRNA2, gRNA3 and control vectors. Cells were stained using Crystal Violet and imaged by microscopy, respectively (**p<0.01).
E,F. Invaded SKOV3 and OVCARS3 cells transduced with miR-21 gRNA2, gRNA3 and control lentiviral vectors were stained with hematoxylin/eosin and imaged by microscopy

(p<0.01).

Lentiviral CRISPR/Cas9 mediated miR-21 gene
editing sensitizes cell response to
chemotherapy drug treatment

We previously found that high miR-21
expression contributes to the chemoresistance of
various cancer cells [12]. To examine whether
lentiviral CRISPR/Cas9 mediated miR-21 gene
editing sensitizes ovarian cancer cells to the response
of chemotherapy drugs, we treated both ovarian
SKOV3 and OVCARS3 cancer cells transduced with
lentiviral miR-21 gRNA2 and gRNA3 vectors at
different doses of the chemotherapy drug, paclitaxel.
Disrupting miR-21 expression in ovarian SKOV3 or
OVCARS cancer cells transduced with both lentiviral
miR-21 gRNA2 and gRNA3 vectors not only
significantly induced basal cell apoptosis, but also
sensitized cells to the induction of apoptosis is
response to chemotherapy drug treatment (Fig.3A, B).
We also performed immunofluorescent staining to
examine apoptosis in SKOV3 cells transduced with
lentiviral miR-21 gRNAs and control vectors using
active-caspase3 antibody, which consistently showed
that miR-21 loss sensitized cells to their response to
the chemotherapy drug paclitaxel at different doses
(Fig.3C, D, E, and F). Our data indicate that disruption
of miR-21 expression enhanced the efficacy of

chemotherapy drug treatment in ovarian cancer cells.

Lentiviral CRISPR/Cas9 mediated miR-21 gene
editing leads to the inhibition of EMT in
ovarian cancer cells

Whether miR-21 contributes to EMT in ovarian
cancer is unknown. Therefore, we analyzed the
expression of EMT-associated marker genes,
including E-cadherin, Vimentin and Snai2, in both
SKOV3 and OVCARS3 cells transduced with miR-21
gRNA2 and gRNA3 lentiviral vectors. Compared to
control cells, disruption of miR-21 results in
upregulation of E-cadherin expression and
downregulation of Snai2 and Vimentin in both
SKOV3 and OVCAR3 cells. Furthermore, expression
of the well-known miR-21 target gene PDCD4 was
upregulated in both SKOV3 and OVCAR3 cells
transduced with lentiviral miR-21 gRNAs compared
to controls (Fig.4A, B). In addition, we also performed
immunostaining for the EMT markers, E-cadherin
and vimentin, in SKOV3 cells transduced with miR-21
gRNAs and control lentiviral vectors. E-cadherin was
upregulated whereas vimentin was downregulated in
SKOV3 transduced with miR-21 gRNA vectors
comparted to control cells (Fig.4C). We also found
that SPRY2 is a target gene of miR-21 in ovarian
cancer, which was upregulated in SKOV3 cells
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transduced with miR-21gRNA2 and 3 lentiviral
vectors compared to control cells. The
phosphorylation of ERK1/2, which is downstream of
cellular survival signaling, was attenuated in SKOV3
cells transduced with lentiviral miR-21 gRNAs
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compared to control cells (Fig.4D). Taken together
these data show that lentiviral CRISPR/Cas9
mediated miR-21 gene editing leads to inhibition of
EMT in ovarian cancer cells.
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Figure 3. Lentiviral CRISPR/Cas9 mediated miR-21 gene editing sensitized ovarian cancer cells to chemotherapy drug treatment. A, B. Cell apoptosis
induced by the chemotherapy drug paclitaxel was examined in SKOV3 and OVCAR3 transduced with miR-21 gRNA2, gRNA3 and control lentiviral vectors by measuring
Caspase3/7 activity (*p<0.05,p<0.001). C, D, E. Apoptosis in SKOV3 cells transduced with control, gRNA2 and 3 lentiviral vectors was detected by immunofluorescence
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Discussion

The lentiviral CRISPR/Cas9 vector provides a
powerful approach for disrupting not only gene
expression, but also non-coding RNAs including
miRNA genes. A previous study showed that a
plasmid based CRISPR/Cas9 was efficient in
knocking down miRNAs [13]. In this study we
showed that lentiviral CRISPR/Cas9 vector is highly
effective in disrupting miRNA expression. Targeting
several different regions of pre-miR-21, including the
stem and hairpin loop, reduced miR-21 expression in
ovarian cancer cells as shown by our results with four
different gRNA sequences. We analyzed the newly
mutated sequences of pre-miR-21 by folding RNA
secondary structure and found that the mutated
sequences of pre-miR-21 are still capable of forming
secondary hairpin structures (Supplementary Figure
1). Interestingly, the new hairpin structure of miR-21
is relatively stable based on predicted energy
compared with wild-type miR-21 hairpin structure.
There are few base pair mismatches between 5" and 3’
stem of pre-miR-21 hairpin structure. However,
whether this newly formed hairpin leads to new
off-targets by generating some novel miRNAs will
require further investigation. Our data demonstrate
that miR-21 expression is significantly reduced,
although low residual miR-21 expression still
remains. This may reflect a small subpopulation of
untransduced cells that remain in the cell cultures.
The residual miR-21 expression can be depleted by
further selecting through subcloning. We also found
that the lentiviral CRISPR/Cas9 mediated gene
editing induced different mutations including
deletion and insertions in the pre-miRNA sequences
of miR-21. We selected two different miR-21 gRNAs
(gRNA2 and 3) that target the stem regions of
pre-miR-21 hairpin for functional studies in ovarian
cancer cells. However, disruption of miR-21
expression using two different gRNAs leads to similar
results, indicating that lentiviral CRISPR/Cas9
mediated miR-21 is fully functional by targeting
pre-miR-21 hairpin sequences.

We further verified the function of miR-21 in
both ovarian cancer SKOV3 and OVCAR3 cells by
characterizing stable cell lines transduced with
lentiviral CRISPR/Cas9 miR-21 gRNA2 and 3 vectors.
Consistent with the oncogenic properties of miR-21
reported in ovarian cancer [14, 15], CRISPR/Cas9
mediated miR-21gene editing leads to reduced cell
proliferation, migration and invasion in ovarian
cancer cells. Meanwhile, disruption of miR-21
expression enhanced the sensitivity of cells to the
apoptotic activity of the chemotherapy drug,
paclitaxel. Our study suggests that lentiviral

CRISPR/Cas9 is a highly effective method to assess
miRNA function.

In addition, our studies for the first time showed
that loss of miR-21 leads to the inhibition of EMT in
ovarian cancer cells. Our finding is consistent with
several other studies showing that miR-21 promotes
EMT in different cancers including breast cancer [16],
cholangiocarcinoma [17], prostate cancer [18], and
renal cancer [19]. Although it is unclear how miR-21
regulates EMT in ovarian cancer cells, it is possible
that miR-21 may directly or indirectly regulate EMT
through suppressing the expression of target genes or
downstream pathways of these genes. For example,
miR-21 was previously reported to target SPRY2 in
glioma and colon cancers [20-22]. We found that
miR-21 also targeted SPRY2 in ovarian cancer cells,
which was a negative regulator of ERK1/2 cell
survival pathway as shown in Figure 4D. Therefore,
disruption of miR-21 inhibited EMT at least by
targeting SPRY2 and subsequently attenuating
ERK1/2 pathway in ovarian cancer cells. Previous
studies showed that ERK1/2 is a positive regulator of
EMT in various human cancer [23, 24]. TGFp also
induces EMT in a variety of human cancers. SMAD?Y is
another target gene of miR-21 and is a negative
regulator of TGFp pathway, which may be an
additional pathway for miR-21 to promote EMT in
ovarian cancer cells.

In conclusion, our study showed that the use of
lentiviral CRISPR/Cas9 vectors is highly effective in
disrupting miRNA expression in ovarian cancer cells.
Introducing mutations in the pre-miRNA hairpin
sequences, including stem and hairpin loop,
disrupted miRNA expression using CRISPR/Cas9
system. We found that lentiviral CRISPR/Cas9 vector
mediated miR-21 gene editing inhibited cell
proliferation, migration and invasion. Furthermore,
we showed for the first time that disruption of miR-21
resulted in inhibition of EMT in ovarian cancer cells,
suggesting a novel role of miR-21 in contributing to
tumor metastasis and chemoresistance.

Supplementary Material

Supplementary figure 1.
http:/ /www jcancer.org/v08p0057s1.pdf
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