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BRAF-V600E (1799T > A) is one of the most frequently
reported driver mutations in multiple types of cancers, and
patients with such mutations could benefit from selectively
inactivating the mutant allele. Near this mutation site, there
are two TTTN and one NGG protospacer-adjacent motifs
(PAMs) for Cpfl and Cas9 CRISPR nucleases, respectively.
The 1799T > A substitution also leads to the occurrence of a
novel NGNG PAM for the EQR variant of Cas9. We examined
the editing efficacy and selectivity of Cpfl, Cas9, and EQR
variant to this mutation site. Only Cpfl demonstrated robust
activity to induce specific disruption of only mutant BRAF,
not wild-type sequence. Cas9 recognized and cut both normal
and mutant alleles, and no obvious gene editing events were
observed using EQR variant. Our results support the potential
applicability of Cpfl in precision medicine through highly spe-
cific inactivation of many other gain-of-function mutations.

INTRODUCTION

Genetic mutations are a hallmark of cancer development." Over the
past decade, selective disruption or inhibition of the oncoproteins
using small molecules and antibodies has been a mainstay of anti-
tumor drug development effort, resulting in a handful of approved
cancer therapies.>” However, a major problem in clinical practice is
that cancer cells can also quickly develop resistance to these targeted
agents, leading to cancer recurrence and treatment failure.* ® More-
over, for most of the mutated oncoproteins, such as Ras and B-cate-
nin, it is difficult to design or screen a specific inhibitor.

In the past 3 years, one of the most powerful biotechnologies has been
CRISPR/Cas9. It has become one of the most popular ways to
perform targeted genetic manipulation. S. pyogenes Cas9 has been
shown to be able to tolerate a variable number of mismatches between
guide RNA (gRNA) and target DNA, especially the protospacer-
adjacent motif (PAM)-distal regions.”” Hence, several strategies,
including Fokl-dCas9, truncated gRNAs, and engineered Cas9,
have been used to diminish the off-target effects of Cas9.'""”'> On
the other hand, mismatches in the PAM sequence are less toler-
ated.””” This feature has also been used to specifically recognize and
disrupt genome mutants, which coincidently lead to the occurrence
of a novel PAM sequence.'*'® Several engineered Cas9 variants use
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different PAM sequences. For example, SpCas9 with VRER mutation
recognizes NGCG PAM sequence, SpCas9 with EQR mutation uses
NGAG as PAM sequence, and the PAM sequences of SpCas9 VQR
variant are NGAN or NGNG.'” However, few studies have used these
variants for genetic manipulation, and their activities and specificities
need further validation.

Cpfl nucleases have recently been identified as RNA-guided type V
class I CRISPR-Cas systems.'™'? Different from the guanosine-rich
sequences recognized by Cas9, the PAM sequences of Cpfl are
thymidine-rich DNA sequences and are expected to broaden the
scope of CRISPR genome editing target sites. More important, it
has been recently shown that Cpfl is highly specific, with substantial
fewer off-target cleavage sites compared with Cas9. It could tolerate
single or double mismatches in the 3’ PAM-distal region, but the
bases in the 5" PAM-proximal region are highly sensitive to single
or double substitutions. The off-target effects are almost undetect-
able using targeted deep sequencing analyses.””*' Thus Cpfl can
be exploited to achieve precise gene modifications and genome
editing.

BRAF-V600E is one of the most frequently reported driver mutations
in multiple types of cancers.”* It has been reported to be present in
all patients with hairy cell leukemia,”® 95% of those with papillary
craniopharyngioma,” about 45% of those with papillary thyroid

5

cancer,”> and >50% of those with melanoma.’® Several selective
ATP-competitive small-molecule BRAF inhibitors, such as vemura-
fenib and dabrafenib, have been approval for the treatment of meta-
static and unresectable BRAF-mutated melanomas.’”*® However,

the efficacy of BRAF inhibitors is limited to a subset of patients
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Figure 1. gRNA Design for Cpf1, Cas9, and Cas9-EQR Systems and Dual-Fluorescence Reporter Plasmids for Evaluation of Editing Efficacy and Selectivity
(A) Design of single-guide RNAs (sgRNAs) for Cpf1, Cas9, and Cas9-EQR systems targeting mutant BRAF allele, with a hypothesis that they cannot bind and cleave wild-type
BRAF allele. Two gRNAs (QRNA-1 and gRNA-2) were designed for both AsCpf1 and LbCpf1. gRNA-3 was used for spCas9. Mutant BRAF forms a PAM of spCas9 EQR
variant, which is absent from the wild-type BRAF, and thus gRNA-4 was designed for Cas9-EQR. (B) Schematic illustration of the GFP-RFP reporter plasmids for evaluation of
the editing efficacy and selectivity. The reporter vector contains a CMV promoter and sequences encoding EGFP and RFP, which are separated by multiple cloning sites.
gRNA binding regions and PAM motifs were inserted between EcoRI and Xhol sites, and this insertion caused RFP coding region to be shifted out of frame. Target cleavage
and subsequent non-homologous end-joining repair can lead to sequence indels/frameshifts and bring the downstream RFP back in frame.

with BRAF-mutated metastatic melanoma, despite the abundance of
BRAF mutations identified in thyroid, colorectal, glioblastoma, and
non-small-cell lung cancers.”> Moreover, drug resistance and cancer

. : o . 29-31
relapse remain major problems in clinical practice.

The purpose of the present study was therefore to ascertain the spec-
ificity and effectiveness of Cpfl in targeted disruption of BRAF
V600E, a well-known gain-of-function mutation.

RESULTS

gRNA Design for Cpf1, Cas9, and Cas9-EQR

As shown in Figure 1A, near the BRAF mutation site (1799T > A),
there are two PAM sequences (PAM1 and PAM2) of Cpfl, one
PAM sequence of SpCas9, and a novel PAM (PAM4) of SpCas9-

EQR variant. Thus, we designed four gRNAs with the aim of
comparing the editing efficacy and selectivity of these nucleases.

Evaluation of the Editing Efficacy and Selectivity of Cpf1, Cas9,
and Cas9-EQR Using a Dual-Fluorescence Reporter System and
Sanger Sequencing

To facilitate the quantification and comparison of these nucleases,
we first constructed a dual-fluorescence reporter system contain-
ing a cytomegalovirus (CMV) promoter and sequences encoding
EGFP and RFP, which are separated by multiple cloning sites
(Figure 1B). Sequences bearing BRAF 1799T > A mutation or the
corresponding wild-type (WT) sequences were cloned into the re-
porter construct. After transfection in HEK293T cells, dual fluores-
cence can be observed in GFP-vehicle-RFP control group, whereas
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(A) Transient transfection of GFP-vehicle-RFP control, GFP-WT-RFP reporter, and GFP-Mut-RFP reporter in HEK293T cells for 48 hr. (B-E) Evaluation of the editing efficacy
and selectivity of the indicated CRISPR systems. All gRNAs were designed for targeting mutant BRAF allele. HEK293T cells constitutively expressing AsCpf1, LbCpf1, Cas9,
or Cas9-EQR were established respectively by lentiviral transduction and puromycin selection. Images were acquired 60 hr after co-transfection with indicated GFP-RFP
reporter vectors and gRNAs. (F) Statistical analysis of editing efficiency and selectivity by FACS. Error bars represent SD from experiments performed in triplicates. One-way
ANOVA: *p < 0.05, **p < 0.01. WT, wild-type; Mut, mutant. The scale bar represents 200 pm.

both GFP-WT-RFP and GFP-Mut-RFP groups show no fluores-
cence of RFP. After co-transfection of these reporter constructs
with gRNAs in HEK293T cells, both AsCpfl and LbCpfl show
robust cleavage activities only in mutant sequence, while Cas9
system cut not only mutant but also the WT allele, and no cleav-
age events were observed in Cas9-EQR group (Figures 2B-2E).
Fluorescence-activated cell sorting (FACS) analysis indicated that
AsCpfl-gRNA-1 possessed the highest activities in cleavage of
mutant allele (Figure 2F). Of the two gRNAs (gRNA-1 and
gRNA-2) for Cpfl, only gRNAI showed robust activities, whereas
the efficiency of AsCpfl-gRNA-2 was very weak, and no activity
was detected using LbCpfl-gRNA-2 (data not shown). On the
other hand, to exclude other unexpected reasons with respect to
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the failure of EQR variant, we also performed co-transfection of
three plasmids (Cpfl/Cas9/Cas9-EQR + gRNAs + reporters) in
normal HEK293T cells, and the results were almost the same as
with the above co-transfection of two plasmids in nuclease stable
cells (data not shown).

Sequence-specific disruption of Cpfl was further validated by Sanger
sequencing (Figure 3). As shown, obvious overlapping peaks were
observed downstream of the cleavage sites only in EGFP-Mut-RFP/
Cpfl groups (Figures 3B and 3D), not in EGFP-WT-RFP/Cpfl
groups (Figures 3A and 3C). Consistent with the observation in
dual-fluorescence transfection, mixed peaks were observed not only
in the EGFP-Mut-RFP/Cas9 group (Figure 3F) but also in the
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Figure 3. Representative Sequencing Results of Corresponding DNA Samples in HEK293T Cells

Sixty hours after co-transfection as described above, genome DNA was extracted and subjected to PCR amplification. PCR products were sequenced directly. All gRNAs
were designed for targeting mutant BRAF allele as indicated. (A, C, and E) Sequencing results of gene editing of wild-type allele. (B, D, and F) Results of mutant allele. Regions
with continuous overlapping peaks, caused by cleavage and subsequent non-homologous end-joining repair, are indicated with dashed boxes. Alignment to the mutant

BRAF regions inserted in EGFP-Mut-RFP reporter is shown in (F).

EGFP-WT-RFP/Cas9 group (Figure 3E), indicating that Cas9 is
tolerant to this single-point mismatch, and as predicted, no change
was observed in Cas9-EQR groups. It is notable that although dual-
fluorescence transfection and FACS analysis indicated that Cpfl
systems were more powerful, from the sequencing results, Cas9 sys-
tem caused more dramatic sequence changes compared with Cpfl
systems.

Cpf1 Systems Can Efficiently Target and Disrupt Endogenous
Mutant BRAF in A375 Cells

On the basis of the aforementioned results, we further tested the
genome editing efficacy and selectivity of Cpfl systems in A375 cells,
a melanoma cell line with a homozygous BRAF V600E mutation.
First, A375 cells constitutively expressing AsCpfl or LbCpfl were es-
tablished respectively by lentiviral transduction and puromycin selec-

tion. Then we constructed lentiviral vectors for gRNAs expressing
and fluorescently labeling (Figure 4A). Figure 4B shows highly effi-
cient transduction of A375 Cpfl stable cells with mCherry-gRNA-1
lentiviral vectors. Morphological changes, characterized by shrinkage
and formation of cytoplasmic blebs, could be observed only in lenti-
mCherry-gRNA-1 groups 3 days following transduction (data not
shown). Significant cell death was observed in lenti-mCherry-
gRNA-1 groups 7 days after transductions compared with vehicle
control groups, and no obvious difference were observed in cell
viability between the AsCpfl and LbCpfl groups (Figures 4C and
4D). We also used scramble gRNA and a gRNA targeting EGFP as
negative controls, and no significant effects on cell viability were
observed (data not shown). The expression of BRAF and pERK1/2
decreased dramatically following Cpfl-gRNAs treatment for 72 hr
(Figure 4E). Targeted genome editing was further validated by Sanger
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Figure 4. Evaluation of Editing Efficacy and Selectivity in Cpf1-gRNA-Treated A375, a Melanoma Cell Line with a Homozygous BRAF V600E Mutation

(A) Schematic illustration of the lentiviral vectors used for gRNA expressing and fluorescently labeling. (B) Highly efficient transduction of A375 stable cells with indicated
lentiviral vectors. Images were acquired on day 2 following transduction. (C) Cpf1 stable cells were transducted with vehicle or gRNA-expression lentiviral vectors. Images
were acquired on day 7 following transduction. A375 cells constitutively expressing AsCpf1 or LbCpf1 were established respectively by lentiviral transduction and puromycin
selection. (D) Statistical analysis of cell viability by trypan blue exclusion test. Error bars represent SD from experiments performed in triplicate. One-way ANOVA analysis: NS,
not significant; **p < 0.01. (E) Expression status of BRAF, ERK1/2, and pERK1/2 in A375 stable cells following Cpf1-gRNA treatment for 72 hr by western blotting. AsCpf1
positive stable A375 cells transducted with lenti-mCherry-vehicle were set as control group. GAPDH serves as a loading control. AsgRNA, gRNA for AsCpf1; LbgRNA, gRNA
for LbCpf1. The scale bar represents 100 um.

454 Molecular Therapy: Nucleic Acids Vol. 8 September 2017



www.moleculartherapy.org

sequencing (Figure 5). As shown, obvious overlapping peaks were
observed downstream of the cleavage sites only in lenti-mCherry-
gRNA-1/Cpfl groups, not in vehicle control groups 72 hr following
treatment (Figures 5A-5D). When the PCR products were subjected
to TA cloning and sequencing 7 days after transduction, the majority
of the mutations observed were small deletions (Figures 5E-5]). Of
the five predicted potential off-target sites, no gene editing effects
were detected by targeted sequencing in both AsCpfl and LbCpfl
groups (Table S1).

DISCUSSION

Over the past decade, high-throughput next-generation sequencing
has successfully identified a large number of somatic tumor-driver
mutations and numerous SNPs associated with human diseases.”>**
The CRISPR/Cas9 system has been investigated in an allele-specific
manner, demonstrating its potential for treating dominant hereditary
conditions and even cancers.'*”'** Several initial studies have shown
that the 10-12 bp closest to the PAM, called the “seed sequence,”
determine Cas9 specificity and are generally more important than
the rest of the gRNA sequences.35‘36 However, more recent studies
have revealed an unexpected complexity of Cas9-gRNA interaction
and cleavage beyond the simple paradigm of site determination
on the basis of the “seed” and PAM sequence.” >"*° It has been
shown that most bases within the 20 bp target site provide varying de-
grees of specificity, and large variations were observed across target
sites and cell types regarding the importance of base pairing at each
position.””** In the present study, as shown in Figure 1A, the
1799T > A substitution is located at a site 11 bp upstream of the
PAM of Cas9 gRNA, 13 bp away from the PAM of Cpfl gRNA-1,
and 1 bp near the PAM of Cpfl gRNA-2. As a result, while Cas9-
gRNA-3 recognized and cut both normal and mutant allele, limited
cleavage activity was observed with Cpfl-gRNA-2, and only Cpfl-
gRNA-1 demonstrated robust activity to induce specific disruption
of only mutant BRAF. Moreover, no gene editing effects were detected
in the five predicted potential off-target sites by targeted sequencing
both in AsCpfl and in LbCpf1 groups. To further understand the gen-
eral specificity of Cpfl, additional studies are needed to examine its
specific recognition of more SNP loci.

Although the Cas9 system has been shown to tolerate a variable
number of mismatches between gRNA and target DNA, it is sensitive
to changes in PAM.”**>°° The BRAF 1799T > A point mutation gen-
erates a new PAM sequence of EQR variants of Cas9. Surprisingly, we
failed to detect editing events in mutant allele using EQR variant of
Cas9. To target a gene using the CRISPR system, we can design a
handful of gRNAs and screen out the best candidate. To target a single
point mutation, we often have limited choice in designing gRNA. In
fact, of the two gRNAs of Cpfl we designed for targeting V600E mu-
tation, only gRNA-1 could efficiently perform genome editing. Thus,
it is possible that EQR variant has very low or no activity in this locus
using the present gRNA.

The repair mechanism after Cpfl-mediated DNA cleavage is limited.
In the present study, although dual-fluorescence transfection and

FACS analysis indicated that Cpfl systems were more powerful,
sequencing results showed that the Cas9 system caused more dra-
matic sequence changes compared with Cpfl systems. It has been
reported that LbCpfl, AsCpfl, and Cas9 induced different mutation
signatures. Cpfl rarely induced insertions, and consequently, in-
frame mutations caused by deletions were more likely to be induced
by Cpfl than by Cas9.°”*' Consistent with these findings, we also
found that the majority of the mutations induced by Cpfl were small
deletions. On the other hand, although significant growth inhibition
and cell death were observed, some clones survived and kept on
proliferating after treatment. It is therefore likely that some WT
clones or clones with 3, 6, or 9 nt or other triple-nucleotide combina-
tion deletions may survive and maintain the oncogenic phenotype.
Thus, for future application of Cpfl in gene disruption, in addition
to off-target cleavage, strategies should emphasize improving out-
of-frame editing efficiency. A comprehensive understanding of the
cleavage and repair mechanisms of Cpfl will help us use this nuclease
more effectively.

Although CRISPR-Cas9 systems are widely used for genome editing,
the range of sequences Cas9 can recognize is constrained by the need
for a specific PAM. It can therefore be challenging to perform allele-
specific alterations without a NGG PAM. LbCpfl and AsCpfl recog-
nize and cleave target DNA sequences composed of the TTTN PAM
sequence. Thus Cpfl-family proteins expand the targeting range of
RNA-guided allele-specific genome editing.

Together, our results support the potential applicability of Cpfl in the
specific inactivation of gain-of-function mutations. Further studies
are needed to understand the repairing mechanism after cleavage
and to address its limitation of the requirement of a TTTN PAM.

MATERIALS AND METHODS

Plasmids and Vector Construction

pcDNA3.1-hAsCpfl, pcDNA3.1-hLbCpfl, Crispr V2, VQR, and
EQR Cas9 variants were acquired from Addgene (69982, 69988,
52961, 65771, and 65772, respectively). The open-reading frames of
hAsCpfl, hLbCpfl, and mCherry were cloned into Xbal/BamHI sites
of lentiCRISPR V2 vector, forming pLenti-hAsCpf1, pLenti-hLbCpfl,
and pLenti-mCherry, respectively. The open-reading frames of
VQR and EQR Cas9 variants were added to an SV40 nuclear locali-
zation sequence in their C termini by PCR and subsequently
cloned into Xbal/BamHI sites of lentiCRISPR V2 vector, forming
pLenti-VQR and pLenti-EQR, respectively. Oligonucleotide duplexes
corresponding to spacer sequences were annealed and ligated into
BbsI-digested phU6-gRNA (Addgene 53188) or BsmBI-digested
pLenti-mCherry for gRNA expression of hAsCpfl, hLbCpf1, SpCas9,
and Cas9 variants. The GFP-RFP reporter plasmids were con-
structed on the basis of the parental pEGFP-C1 vector. RFP was
amplified from PDsRed-N1 and ligated into the Kpnl/BamHI site
of pEGFP-CI. Double-stranded oligonucleotides, containing BRAF
c.1799T > A-derived WT and mutant target sites, were ligated be-
tween EGFP and RFP sequences, exploiting vector-derived Xhol
and EcoRI sites. All the oligonucleotides for vector construction,
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Figure 5. Mutant Sequences Induced at the Cpf1-gRNA-1 Target Site in A375 Cells
Genome DNA was extracted after lentiviral transduction of A375 stable cells as described above. AllgRNAs were designed for targeting mutant BRAF allele as indicated. Data
are representative of three independent experiments. Mutant sequence induced by AsCpf1-gRNA-1 and LbCpf1-gRNA-1 are shown on the left and right, respectively. (A-D)
PCR products harboring target region were sequenced directly 72 hr after transduction. Regions with continuous overlapping peaks, caused by cleavage and subsequent
non-homologous end-joining repair, are indicated with dashed boxes. (E-J) PCR products harboring target region were subjected to TA cloning 7 days after transduction. In
total, 60 clones from three independent samples (20 clones per independent sample) were analyzed by sequencing. (E and F) Representative mutant sequences are shown.
The deleted bases are marked with dashes, and the inserted or substituted bases are shown in red. Mutation types and the occurrence of each sequence are indicated to the
left of the alignment. Unmodified reads are marked as “WT.” (G and H) Size distribution of deletions identified at the target site. (I and J) Mutation profiling of the sequenced

clones.
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PCR amplification, and sequencing are provided in the Supplemental
Information.

Cell Culture, Lentivirus Production, and Transfection Conditions
HEK293T and A375 cell lines were purchased from ATCC and main-
tained at 37°C, saturated humidity, and 5% CO, in high-glucose
DMEM supplemented with 10% heat-inactivated fetal bovine serum
and antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin).
Mycoplasma testing was performed every 3 months.

Lentiviral particles were produced in HEK293 cells in a 10 cm cell
culture dish at 80%-90% confluence. Cells were transfected with
1 pg of pMD2.G, 3 pg of psPAX2 (Addgene 12259 and 12260), and
4 pg of lentiviral vector using 30 pg PEI (Sigma-Aldrich) per dish.
Fresh medium was added 16 hr post-transfection, and viral-contain-
ing supernatant was collected 48 hr post-transfection, filtered through
0.45 um filters, and centrifuged for 2 hr at 20,000 x g and 4°C. The
virus pellets were resuspended in 100 pL serum-free DMEM and
stored in aliquots at —80°C. Lentiviral transduction was performed
in six-well plates at about 40%-60% confluence. Cells were trans-
duced with 20 pL concentrated viral supernatant in 2 mL total volume
supplemented with 8 pg/ml polybrene (Sigma). Cpfl, Cas9, or Cas9
variant expression stable cell lines (HEK293T and A375) were estab-
lished by puromycin selection, and these cells were used for subse-
quent gene editing experiments. For lentiviral vector-mediated gene
editing, Cpfl or Cas9 stable cell line A375 was infected with concen-
trated viral supernatant containing pLenti-mCherry-gRNAs as
described above. Transient plasmid transfection and gene editing
were performed in six-well plates at 70%-90% confluence with Lipo-
fectamine 3000 (Life Technologies) using 1.5 pug gRNA vectors and
1 pg GFP-RFP reporter per well according to the manufacturer’s
instructions. For Cpfl, Cas9, and Cas9 variants, three-plasmid co-
transfection in normal HEK293T with Lipofectamine 3000 was also
performed by using 1 g plasmids of Cas9 or Cas9 variants, 0.8 pg
gRNA vectors, and 0.7 pg GFP-RFP reporter per well.

Western Blotting

Total cellular proteins were extracted in RIPA buffer supple-
mented with protease inhibitor cocktail and sodium orthovanadate
(Sigma-Aldrich). Protein concentrations were determined by a
BCA (bicinchoninic acid) protein assay kit. Equal amounts of pro-
tein were resolved on 10% SDS-PAGE gel. After blocking with
5% skimmed milk, membrane was incubated with the following
primary antibodies at 4°C overnight: mouse monoclonal antibody
to BRAF (Zen BioScience, 1:2000, 200532-4E1), mouse monoclonal
antibody to MEK1 (Zen BioScience, 1:1,000, 200424), rabbit mono-
clonal antibody to ERK1/2 (Cell Signaling Technology, 1:1,000,
4695S), rabbit monoclonal antibody to pERK1/2 (Cell Signaling
Technology, 1:2,000, 4370S), and rabbit polyclonal antibody to
GADPH (BOSTER, 1:400, BA2913). The second antibody was pur-
chased from Beyotime Biotech and used at a dilution of 1:2,000.
Targeted protein bands were detected by enhanced chemilumi-
nescence (ECL) and digital imaging (Clinx Science Instruments,
Chemiscope 5300).

Cell Viability and FACS Analysis

Cell viability was assessed using the trypan blue cell viability assay.
7 days after transduction with lengti-mCherry or lenti-mCherry-
gRNA, Cpfl stable A375 cells were collected by trypsin digestion,
centrifugation, and trypan blue staining according to the manufac-
turer’s instruction (Sigma-Aldrich). Target-specific cleavage activity
was quantified by FACS assay of GFP™ cells within the populations
of RFP* cells using a BD FACSAria III system (Becton Dickinson).
Assays were performed in triplicate. One-way ANOVA was used
to determine statistical significance. A p value of less than 0.05 was
considered to indicate statistical significance.

DNA Isolation and Sequencing

DNA extraction from A375 or HEK293T cells was performed by us-
ing QuickExtract DNA Extraction Solution (Epicenter). Potential oft-
target loci were predicted using CasOFFinder (http://www.rgenome.
net/cas-offinder/). Primers flanking the BRAF target or potential
off-target loci are listed in the Supplemental Information. PCR prod-
ucts were sequenced directly or were subcloned using ZTOPO-TA
Zero Background Fast Cloning Kit (ZOMANBIO). DNA sequencing
was performed in TSINGKE biotech.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Materials and
Methods and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.omtn.2017.05.009.
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