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Abstract
CRISPR/Cas9 is an enabling RNA-guided technology for genome targeting and engineer-

ing. An acute DNA binding constraint of the Cas9 protein is the Protospacer Adjacent Motif

(PAM). Here we demonstrate that the PAM requirement can be exploited to specifically tar-

get single-nucleotide heterozygous mutations while exerting no aberrant effects on the wild-

type alleles. Specifically, we target the heterozygous G13A activating mutation of KRAS in

colorectal cancer cells and we show reversal of drug resistance to a MEK small-molecule

inhibitor. Our study introduces a new paradigm in genome editing and therapeutic targeting

via the use of gRNA to guide Cas9 to a desired protospacer adjacent motif.

Introduction
The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) system, an immune
system analog found in archaea and prokaryotes, allows a single guide RNA to direct a protein
with combined helicase and nuclease activity to the DNA. CRISPR has revolutionized our abil-
ity to probe and edit the genome [1–7]. The CRISPR/Cas9 function relies on two fundamental
components: (a) a guide RNA (gRNA) and (b) an endonuclease, such as the CRISPR associated
(Cas) nuclease Cas9 derived from Streptococcus pyogenes. As illustrated in Fig 1A, upon base-
pairing between the gRNA sequence and the target sequence in the genomic DNA, the
Cas9-gRNA complex induces double strand break (DSB).

An often de-emphasized property of the CRISPRmechanism is that the Cas9 protein has a
highly specific DNA binding constraint. In order for Cas9 to bind to DNA, the target sequence in
the genomic DNAmust be immediately followed by the correct Protospacer Adjacent Motif
(PAM) sequence: 5’-NGG-3’ (Fig 1A, highlighted in green). While the Cas9-gRNA does allow for
mismatches in the target sequence for a given gRNA [8], the vast majority of mutations in the PAM
will fully abolish its binding and thereby desired function [9, 10]. We argue that this seemingly
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restrictive, binary binding property of Cas9 may facilitate a transformative approach in genome
editing and targeting applications. Specifically, it points to the intriguing option of utilizing the
gRNA in order to guide Cas9 to a desired protospacer adjacent mutated motif; in other words, a
PAM sequence that has been formed as a result of a mutation in a wild-type allele (Fig 1B).

Here we demonstrate that we can exploit the PAM constraint in order to target and disrupt
heterozygous single-nucleotide mutations in certain autosomal dominant (AD) disorders,
while leaving the wild-type allele intact (Fig 1B and S1 Fig). As a proof of concept, we focus on
single-nucleotide mutations in the human KRAS gene [11], which were demonstrated to be the
underlying mechanism for acquired drug resistance to the MEK signaling inhibitor AZD6244
[12]. More specifically, the p.G13A (13th codon of KRAS gene mutated from GGC to GCC)
mutation generates a PAM sequence (5’-CGG-3’) on the antisense strand, which enables the
efficient targeting of the corresponding Cas9-gRNA complex (the CRISPR target sequence:
5’-CGTCAAGGCACTCTTGCCTA-3’).

Results
To confirm the hypothesis that we can exploit the Cas9 PAMDNA binding constraint, we first
engineered plasmids that carry targets that emulate the KRAS p.G13A mutants (S2 Fig and S1
Text). More specifically, as illustrated in Fig 1C, we engineered plasmids that harbor a

Fig 1. Protospacer Adjacent Mutated Motif-mediated targeting. (a) The gRNA-Cas9 complex targets DNA through complementarity with the gRNA
sequence. Red color is the DNA binding domain. Green color is the PAM. (b) Example of the PAM constraint function for a random target sequence. (c)
Schematic illustration of the fluorescence reporter plasmid. The variable regions, which correspond to either KRAS wild-type or p.G13Amutant alleles, were
shown in the box and cloned after the mKate start codon. (d) Flow cytometry and fluorescence microcopy results for the normalized mKate expression. Both
assays demonstrated that CRISPR specifically silenced the mKate carrying the KRAS p.G13Amutant sequence.

doi:10.1371/journal.pone.0144970.g001
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constitutive promoter (CMV) that controls CFP and an inducible promoter (TRE) that con-
trols mKate. After the mKate start codon, in a variable target region, we introduced the p.G13A
mutant and wild-type sequence. HEK293 cells with a stably integrated rtTA gene (it activates
the TRE promoter in the presence of doxycycline), were transfected with 500ng of a plasmid
that produces Cas9, 500ng of plasmid that produces the gRNA, and 100ng of either plasmid
with the target regions. 24 hours later 1 μg/mL of doxycycline was added, and 48 hours post
transfection cells were harvested for flow cytometry and fluorescence microscopy (Fig 1D).
The results show that CRISPR completely silenced the mKate carrying the mutant sequence
while the wild-type remained virtually unaffected.

We next explored whether the protospacer adjacent mutated motif -targeting approach can
be adopted against endogenous genes. In particular we focused on KRAS p.G13A mutations.
We first used CRISPR-based genome editing [13, 14] to generate a KRAS p.G13A mutant colo-
rectal adenocarcinoma (SW48) stable cell line. Briefly, for the donor plasmid (S3 Fig and S1
Text), the left arm (~900bp) covers the DNA sequence immediately upstream of the expected
cleavage region plus the first 10nts of the CRISPR target site (5’-AGTTATCTGAAATGTACC
TT-3’), while the right arm (~900bp) covers the sequence downstream of the cleavage region
plus the next 10nts of the target site. The target sequence was divided to avoid the cleavage of the
donor plasmid during transfection. The left arm includes exon 2 of the KRAS gene, where the
13th codon is located, and a GGC to GCC point mutation was introduced at that location in the
donor plasmid using site-directed mutagenesis. Between the two arms, a FRT site-flanked puro-
mycin resistance gene cassette was inserted. Upon Cas9-gRNA treatment, the p.G13A missense
mutation was introduced through the homologous recombination mechanism under 2 μg/mL
puromycin selection. To remove the puromycin resistance gene cassette, the positive clones were
further transfected with plasmids expressing the hygromycin resistance gene and the FLP recom-
binase, followed by the selection of hygromycin B (150 μg/mL for 3 days). Subsequently, mono-
clonal stable cell lines were established using the limiting dilution method. We note that upon
the removal of the puromycin resistance gene cassette, a “scar” sequence (the FRT site) of
approximately 170 bp was left within the intron 3 of the KRAS gene.

The genomic DNA or mRNA were then prepared from a monoclonal (modified to G13A)
SW48 cell line, and subsequently were used as the PCR or RT-PCR templates to isolate the
cDNAs harboring the 13th codon of the KRAS gene. More specifically, primers P1 and P2 were
used to amplify the genomic DNA fragment, and the 906 bp product was sequenced using P3
(S1 Table). Similarly, primers P4 and P5 were used to amplify the RT-PCR cDNA fragment,
and the 222 bp product was sequenced using P2. As shown in Fig 2B (extended sequencing
results at S4–S7 Figs), Sanger sequencing returned overlapping peaks of G and C at nucleotide
position 38 (the nucleotide A of the ATG start codon of human KRAS gene was designated as
position 1), indicating that it is a heterozygous clone (thereafter named as HT). In comparison,
only the G peaks were observed in the wild-type (named as WT) samples (Fig 2A, and S4–S7
Figs for extended sequencing results).

We subsequently performed the drug sensitivity assay and observed that compared to its
parental wild-type SW48 cells, the G13A stable cell line has increased resistance to the MEK
inhibitor AZD6244 (S8 Fig). Specifically, under the treatment of 5 μMAZD6244, the relative
cell viability (%) for WT cells were 35.9±1.1, while for HT cells 58.8±1.3.

We then introduced the Cas9 and G13A-targeting gRNA transcripts (S2 Fig and S1 Text)
into the WT and HT SW48 cells using lentiviral delivery. Specifically, we used the lenti-
CRISPRv2 vector, which co-expresses a mammalian codon-optimized Cas9 nuclease along
with a gRNA transcript [15]. 48 hours after transduction, the cells were selected using 2 μg/mL
puromycin for 2 weeks. The resulting polyclonal SW48 cells were named as WT-Cas9 and
HT-Cas9 cells, respectively.
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Subsequently, the genomic DNA or mRNA were again prepared and used as the PCR or
RT-PCR templates to determine the status at the 13th codon. As shown in Fig 3A (extended
sequencing in S9–S12 Figs) and Fig 2A, the genomic DNA and mRNA profiles between WT
andWT-Cas9 cells were the same, indicating no detectable editing events on the KRAS wild-
type allele by the G13A-targeting CRISPR complex. In contrast, while the heterozygous cells
have overlapping peaks of G and C at the 13th codon, the HT-Cas9 cells returned strictly G sig-
nals (Fig 2B and Fig 3B).

Fig 2. CRISPR/Cas9-mediated generation of a heterozygous KRASG13A/+ stable SW48 cell line.Genomic DNA or mRNA were prepared from the
KRAS wild type (WT) or G13A/+ SW48 (HT) cells and were used as PCR templates to isolate the cDNA fragments harboring the 13th codon of the KRAS
gene. (a) The Sanger sequencing results of the genomic DNA or mRNA samples from SW48WT cells. (b) The Sanger sequencing results of the genomic
DNA or mRNA samples from SW48 HT cells.

doi:10.1371/journal.pone.0144970.g002

Fig 3. Protospacer Adjacent Mutated Motif-mediated targeting of the KRAS p.G13Amutation in colorectal cancer cells.Genomic DNA or mRNA
were prepared from the KRASWT-Cas9 or HT-Cas9 cells and were used as PCR templates to isolate the cDNA fragments harboring the 13th codon of the
KRAS gene. (a) The Sanger sequencing results of the genomic DNA or mRNA samples from SW48WT-Cas9 cells. (b) The Sanger sequencing results of the
genomic DNA or mRNA samples from SW48 HT-Cas9 cells. (c) The drug response curves of the KRAS HT, WT-Cas9 and HT-Cas9 SW48 cells to the MEK
inhibitor AZD6244. TheWT-Cas9 and HT-Cas9 cell lines show the same AZD6244 sensitivity.

doi:10.1371/journal.pone.0144970.g003
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These results confirm our hypothesis that the CRISPR complex would specifically target the
G13A mutant allele. Furthermore, in the HT-Cas9 cells we observe increased noise signal in
the genomic DNA profile which is presumably due to the non-homologous end joining
(NHEJ) events. These include insertions at the DNA double-strand breaks or deletions after
the 13th codon (S11 Fig). Importantly, these edits do not yield functional mRNAs (Fig 3B).

We subjected the two polyclonal cell lines (WT-Cas9 and HT-Cas9) to the AZD6244 sensi-
tivity assay. We observe that the Cas9-treated wild-type and heterozygous cells have similar drug
sensitivity (Fig 3C), thus a reversal in the MEK resistance due to the gain-of-function KRAS
mutation (S8 Fig). Specifically, under the treatment of 5μMAZD6244, the relative cell viability
(%) for WT-Cas9 cells were 30.4±0.2, while for HT-Cas9 cells 29.8±1.7, indicating that the
increased resistance to the MEK inhibitor AZD6244 of the heterozygous cells is corrected by spe-
cifically targeting the activating G13Amutation. We also observed that compared to the wild-
type SW48 cells, the Cas9 expression mildly reduced the overall cell viability (S8 Fig).

Here we demonstrated that the CRISPR/Cas9 system can efficiently target gain-of-function
point mutations by exploiting the PAM constraint. We note that an alternative genome editing
tool, the Transcription Activator-Like Effector Nucleases (TALENs) [16–18], has a comparable
DNA binding constraint. More specifically, the 5’-most base of the DNA target sequence
bound by the TALEN (termed as the N0 base) should be a thymine (T) [19], which renders the
technology suitable for a wide range of target mutations. We show as an example (S13 and S14
Figs), that the p.D12G mutation of human KRAS gene results in a T nucleotide in the mutant
allele, which can be targeted efficiently by engineered TALENs.

Discussion
Constraining the CRISPR/Cas activity to a single allele was described recently using a single-
nucleotide polymorphism (SNP) difference within the target sequence [20]. Here, we demon-
strate an alternative approach in genome editing and therapeutic targeting via the use of gRNA
to guide the Cas9 to desired protospacer adjacent motifs. The advantage of targeting the PAM
sequence is that it may enhance the single-allelic targeting specificity. For its use in therapeutic
applications, there are several autosomal dominant somatic mutations that can be targeted. We
emphasize that such mutations have been detected in a broad range of disorders beyond can-
cer. As an example, the CRISPR/Cas9 complex was recently shown to efficiently target both in
vitro and in vivo KRT12mutant allele containing a PAMmotif [21].

A current limitation of our approach is that the candidate mutations should result in the
specific Cas9 PAM sequence (5’-NGG-3’). Nevertheless, considering the diversity of Cas pro-
teins [22–24] and the active protein engineering efforts to modify them [25, 26] we expect that
a broad range of PAM options will be available before long. Recently, Streptococcus pyogenes
Cas9 derivatives were shown to recognize alternative PAM sequences with comparable editing
efficiency and more stringent PAM-binding specificities than their wild-type counterpart [27].

Materials and Methods

Cell culture and transient transfection
The HEK293 cells were acquired from the American Type Culture Collection (ATCC, catalog
number: CRL-1573). The wild type SW48 cells were purchased from Horizon Discovery (cata-
log number: HD 103–011). Both cell lines were maintained at 37°C, 100% humidity and 5%
CO2. The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, cata-
log number: 11965–1181) supplemented with 10% Fetal Bovine Serum (FBS, Invitrogen, cata-
log number: 26140), 0.1 mMMEM non-essential amino acids (Invitrogen, catalog number:
11140–050), and 0.045 units/mL of Penicillin and 0.045 units/mL of Streptomycin (Penicillin-
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Streptomycin liquid, Invitrogen, catalog number: 15140). To pass the cells, the adherent culture
was first washed with PBS (Dulbecco’s Phosphate Buffered Saline, Mediatech, catalog number:
21-030-CM), then trypsinized with Trypsin-EDTA (0.25% Trypsin with EDTAX4Na, Invitro-
gen, catalog number: 25200) and finally diluted in fresh medium.

For transient transfection, ~300,000 cells in 1 mL of complete medium were plated into
each well of 12-well culture treated plastic plates (Griener Bio-One, catalog number: 665180)
and grown for 16–20 hours. All transfections were then performed using 1.75 μL of JetPRIME
(Polyplus Transfection) and 75 μL of JetPRIME buffer. The transfection mixture was then
applied to the cells and mixed with the medium by gentle shaking. When applicable, doxycy-
cline (Clontech, catalog number: 631311) was added after transfection.

Fluorescence microscopy
Microscopy was performed 48–72 hours post transfection. The live cells were grown on
12-well plates (Greiner Bio-One) in the complete medium. Cells were imaged using an Olym-
pus IX81 microscope in a Precision Control environmental chamber. The images were cap-
tured using a Hamamatsu ORCA-03 Cooled monochrome digital camera. The filter sets
(Chroma) are as follows: ET436/20x (excitation) and ET480/40 m (emission) for CFP, ET560/
40x (excitation) and ET630/75 m (emission) for mKate. Data collection and processing was
performed in the software package Slidebook 5.0. All images within a given experimental set
were collected with the same exposure times and underwent identical processing.

Flow cytometry
48–72 hours post transfection cells from each well of the 12-well plates were trypsinized with
0.1 mL 0.25% Trypsin-EDTA at 37°C for 3 min. Trypsin-EDTA was then neutralized by adding
0.9 mL of complete medium. The cell suspension was centrifuged at 1,000 rpm for 5 min and
after removal of supernatants, the cell pellets were re-suspended in 0.5 mL PBS buffer. The cells
were analyzed on a BD LSRFortessa flow analyzer. CFP was measured with a 445-nm laser and a
515/20 band-pass filter, and mKate with a 561-nm laser, 610 emission filter and 610/20 band-pass
filter. For data analysis, 100,000 events were collected. A FSC (forward scatter)/SSC (side scatter)
gate was generated using a un-transfected negative sample and applied to all cell samples. The
mKate and CFP readings from un-transfected HEK293 cells were set as baseline values and were
subtracted from all other experimental samples. The normalized mKate values (mKate/CFP) were
then collected and processed by FlowJo. All experiments were performed in triplicates.

Generation of SW48 G13A/+ monoclonal stable cell line
To generate the G13A/+ monoclonal stable cell lines, ~10 million of the human SW48 cells
were seeded onto a 10 cm petri dish. 16 hours later, the cells were transiently transfected with
3.3 μg of the donor plasmid, 3.3 μg of the U6-gRNA construct, and 3.3 μg of the PCMV-Cas9
plasmid using the JetPRIME reagent (Polyplus Transfection). 48 hours later, puromycin (Life
Technologies, catalog number: A1113803) was added at the final concentration of 2 μg/mL.
The selection lasted ~2 weeks, after which the surviving clones were pooled to generate the
polyclonal stable cells. To remove the puromycin resistance gene cassette, ~10 million of the
polyclonal cells were seeded onto a 10 cm petri dish, and after 16 hours were transfected with
5 μg of hygromycin resistance gene plasmid (unpublished data) and 5 μg of Flpase (unpub-
lished data) using the JetPRIME reagent. 48 hours later, the cells were treated with hygromycin
B (150 μg/mL, Life Technologies) for 3 days. The surviving cells were pooled to generate the
polyclonal stable cells, from which monoclonal stable cells were isolated using the limiting dilu-
tion method. Specifically, the isolated clones were selected using cloning cylinders (Corning,
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catalog number: 22877–256) and further expanded and maintained in the complete growth
medium containing 2 μg/mL of puromycin.

Profiling the KRAS G13A mutations in SW48 cells
To profile the KRAS G13A mutations using the genomic DNA samples, the total genomic
DNA was isolated from SW48 cells using the DNeasy Blood&Tissue Kit (Qiagen). Subse-
quently, the cDNA fragments harboring the 13th codon of the KRAS gene were PCR amplified
by using ~50 ng of the genomic DNA and primers P1 and P2. The PCR conditions were: first
one cycle of 30 s at 95°C, followed by 30 cycles of 10 s at 95°C, 30 s at 58°C, and 1 min at 72°C.
The 906 bp product was then subjected to direct Sanger sequencing using primer P3 and ana-
lyzed using FinchTV (Geospiza). To profile the KRAS G13A mutations using the mRNA sam-
ples, total RNAs were extracted from SW48 cells using the RNeasy Mini Kit (Qiagen). First-
strand cDNA synthesis was then performed using 500 ng of the RNA sample using QuantiTect
Reverse Transcription Kit (Qiagen) in a 10 μL reaction. The reaction mixture was then diluted
100X using dH20, and 1 μL of the diluent was used as the template for PCR reactions together
with primers P4 and P5 to isolate the cDNA fragments harboring the 13th codon of the KRAS
gene. The PCR conditions were: first one cycle of 30 s at 95°C, followed by 35 cycles of 10 s at
95°C, 30 s at 58°C, and 30 s at 72°C. The 222 bp product was then subjected to direct Sanger
sequencing using primer P5 and analyzed using FinchTV (Geospiza).

Cell viability assay
Approximately 4000 of the SW48 cells were seeded into 96-well plates in 100 μL of the com-
plete medium. 16 hours later, the cells were treated with MEK inhibitor (AZD6244) at various
concentrations. 96 hours post drug treatment, the cell viability assays were performed using
the CellTiter-Glo Luminescent Cell Viability Assay kit (Promega, catalog number: G7570)
according to the manufacturer’s protocol. All experiments were performed in 4 replicates.

Generation of the KRAS G13A-targeting lentiviral vectors
The LentiCRISPRv2 system was purchased from Addgene (catalog number: 52961) (15). The
LentiCRISPRv2-gRNA construct was first prepared using primers P25 and P26 following the
vendor’s protocol. The gRNA sequence was confirmed by Sanger sequencing using primer
P27. To generate the lentiviral vectors, the HEK293T cells were seeded at 50–70% before trans-
fection and then transfected with 3.3 μg of the LentiCRISPRv2-gRNA plasmid, 3.3 μg of the
pMD2-VSVG plasmid, and 3.3 μg of the psPAX2 plasmid using JetPRIME. 24 hours later, the
medium were removed and replenished with 5 mL of the complete growth medium. The lenti-
viral stocks were then harvested in the next three days and the pooled 15 mL growth medium
were centrifuged at 3,000 rpm for 15 min at 4°C to remove the cell debris. The supernatant
were filtered through 0.45 μm filter, dispensed into 1–2 mL aliquots and stored at -80°C. To
generate the SW48WT-CRISPR and HT-CRISPR stable cells, ~10 million cells were seeded
onto a 10-cm petri dish. 16 hours later, the cells were transduced using 1 mL of the lentiviral
vectors. 48 hours post transduction, the cells were treated with 2 μg/mL of puromycin, and the
polyclonal stable cell lines were established after ~2 weeks of drug selection.
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S1 Fig. Schematic illustration of the PAM constraint-mediated genome editing by the
CRISPR complex.
(DOCX)

Exploiting the CRISPR/Cas9 PAM Constraint

PLOS ONE | DOI:10.1371/journal.pone.0144970 January 20, 2016 7 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s001


S2 Fig. Specific location of KRAS mutants (p.G13A) and associated CRISPR target.
(DOCX)

S3 Fig. Nucleotide sequence of the donor plasmid for generation of the G13A/+ SW48 cells.
(DOCX)

S4 Fig. The Sanger sequencing results of the genomic DNA from SW48WT cells.
(DOCX)

S5 Fig. The Sanger sequencing results of the mRNA from SW48WT cells.
(DOCX)

S6 Fig. The Sanger sequencing results of the genomic DNA from SW48 HT cells.
(DOCX)

S7 Fig. The Sanger sequencing results of the mRNA from SW48 HT cells.
(DOCX)

S8 Fig. The KRAS G13A/+ stable SW48 cell line demonstrated increased resistance to
AZD6244.
(DOCX)

S9 Fig. The Sanger sequencing results of the genomic DNA from SW48WT-Cas9 cells.
(DOCX)

S10 Fig. The Sanger sequencing results of the mRNA from SW48WT-Cas9 cells.
(DOCX)

S11 Fig. The Sanger sequencing results of the genomic DNA from SW48 HT-Cas9 cells.
(DOCX)

S12 Fig. The Sanger sequencing results of the mRNA from SW48 HT-Cas9 cells.
(DOCX)

S13 Fig. Schematic illustration of the reporter plasmid for exploring the N0 TALEN con-
straint.
(DOCX)

S14 Fig. TALEN N0 constraint-mediated genome editing of the KRAS p.D12G mutations
in vitro.
(DOCX)

S1 Table. Primers used in this study.
(DOCX)

S1 Text. General cloning protocols and DNA constructs.
(DOCX)

Acknowledgments
This work was funded by the US National Institutes of Health (NIH) grants GM096271,
CA170018, the US National Science Foundation (NSF) CAREER grant 1351354, the University
of Texas at Dallas, and Robert Welch Foundation (I-1414). We would like to thank S. Lawson,
M. Hasoon, T. Guinn and S. Lin for technical support.

Exploiting the CRISPR/Cas9 PAM Constraint

PLOS ONE | DOI:10.1371/journal.pone.0144970 January 20, 2016 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144970.s016


Author Contributions
Conceived and designed the experiments: YL LB. Performed the experiments: YL SM KE NK.
Analyzed the data: YL SM KE NK. Wrote the paper: YL LB. Supervised the project: MW. Con-
ceived and supervised the project: LB.

References
1. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engineering using

CRISPR/Cas systems. Science. 2013 Feb 15; 339(6121): 819–823. PMCID: PMC3795411. doi: 10.
1126/science.1231143 PMID: 23287718

2. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial immunity. Science. 2012 Aug 17; 337(6096): 816–
821. doi: 10.1126/science.1225829 PMID: 22745249

3. Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-guided human genome engineering
via Cas9. Science. 2013 Feb 15; 339(6121): 823–826. PMCID: PMC3712628. doi: 10.1126/science.
1232033 PMID: 23287722

4. Yang L, Mali P, Kim-Kiselak C, Church G. CRISPR-cas-mediated targeted genome editing in human
cells. In: Gene Correction. Springer; 2014. p. 245–267.

5. Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, et al. CRISPR-mediated modular RNA-
guided regulation of transcription in eukaryotes. Cell. 2013; 154(2): 442–451. doi: 10.1016/j.cell.2013.
06.044 PMID: 23849981

6. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, et al. Repurposing CRISPR as an
RNA-guided platform for sequence-specific control of gene expression. Cell. 2013; 152(5): 1173–
1183. doi: 10.1016/j.cell.2013.02.022 PMID: 23452860

7. Moore R, Spinhirne A, Lai MJ, Preisser S, Li Y, Kang T, et al. CRISPR-based self-cleaving mechanism
for controllable gene delivery in human cells. Nucleic Acids Res. 2015 Jan 30; 43(2): 1297–1303.
PMCID: PMC4333380. doi: 10.1093/nar/gku1326 PMID: 25527740

8. Kuscu C, Arslan S, Singh R, Thorpe J, Adli M. Genome-wide analysis reveals characteristics of off-tar-
get sites bound by the Cas9 endonuclease. Nat Biotechnol. 2014.

9. Wu X, Scott DA, Kriz AJ, Chiu AC, Hsu PD, Dadon DB, et al. Genome-wide binding of the CRISPR
endonuclease Cas9 in mammalian cells. Nat Biotechnol. 2014; 32(7): 670–676. doi: 10.1038/nbt.2889
PMID: 24752079

10. Tsai SQ, Zheng Z, Nguyen NT, Liebers M, Topkar VV, Thapar V, et al. GUIDE-seq enables genome-
wide profiling of off-target cleavage by CRISPR-cas nucleases. Nat Biotechnol. 2015; 33(2): 187–197.
doi: 10.1038/nbt.3117 PMID: 25513782

11. Kim HS, Mendiratta S, Kim J, Pecot CV, Larsen JE, Zubovych I, et al. Systematic identification of
molecular subtype-selective vulnerabilities in non-small-cell lung cancer. Cell. 2013; 155(3): 552–566.
doi: 10.1016/j.cell.2013.09.041 PMID: 24243015

12. Little AS, Balmanno K, Sale MJ, Newman S, Dry JR, Hampson M, et al. Amplification of the driving
oncogene, KRAS or BRAF, underpins acquired resistance to MEK1/2 inhibitors in colorectal cancer
cells. Sci Signal. 2011 Mar 29; 4(166): ra17. doi: 10.1126/scisignal.2001752 PMID: 21447798

13. Liao J, Karnik R, Gu H, Ziller MJ, Clement K, Tsankov AM, et al. Targeted disruption of DNMT1,
DNMT3A and DNMT3B in human embryonic stem cells. Nat Genet. 2015.

14. Xie F, Ye L, Chang JC, Beyer AI, Wang J, Muench MO, et al. Seamless gene correction of beta-thalas-
semia mutations in patient-specific iPSCs using CRISPR/Cas9 and piggyBac. Genome Res. 2014
Sep; 24(9): 1526–1533. PMCID: PMC4158758. doi: 10.1101/gr.173427.114 PMID: 25096406

15. Sanjana NE, ShalemO, Zhang F. Improved vectors and genome-wide libraries for CRISPR screening.
Nature methods. 2014; 11(8): 783–784. doi: 10.1038/nmeth.3047 PMID: 25075903

16. Li Y, Moore R, Guinn M, Bleris L. Transcription activator-like effector hybrids for conditional control and
rewiring of chromosomal transgene expression. Scientific Reports. 2012; 2.

17. Li Y, Ehrhardt K, Zhang MQ, Bleris L. Assembly and validation of versatile transcription activator-like
effector libraries. Scientific reports. 2014; 4.

18. Moore R, Chandrahas A, Bleris L. Transcription activator-like effectors: A toolkit for synthetic biology.
ACS synthetic biology. 2014; 3(10): 708–716. doi: 10.1021/sb400137b PMID: 24933470

19. Schreiber T, Bonas U. Repeat 1 of TAL effectors affects target specificity for the base at position zero.
Nucleic Acids Res. 2014 Jun; 42(11): 7160–7169. PMCID: PMC4066769. doi: 10.1093/nar/gku341
PMID: 24792160

Exploiting the CRISPR/Cas9 PAM Constraint

PLOS ONE | DOI:10.1371/journal.pone.0144970 January 20, 2016 9 / 10

http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1126/science.1232033
http://dx.doi.org/10.1126/science.1232033
http://www.ncbi.nlm.nih.gov/pubmed/23287722
http://dx.doi.org/10.1016/j.cell.2013.06.044
http://dx.doi.org/10.1016/j.cell.2013.06.044
http://www.ncbi.nlm.nih.gov/pubmed/23849981
http://dx.doi.org/10.1016/j.cell.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23452860
http://dx.doi.org/10.1093/nar/gku1326
http://www.ncbi.nlm.nih.gov/pubmed/25527740
http://dx.doi.org/10.1038/nbt.2889
http://www.ncbi.nlm.nih.gov/pubmed/24752079
http://dx.doi.org/10.1038/nbt.3117
http://www.ncbi.nlm.nih.gov/pubmed/25513782
http://dx.doi.org/10.1016/j.cell.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/24243015
http://dx.doi.org/10.1126/scisignal.2001752
http://www.ncbi.nlm.nih.gov/pubmed/21447798
http://dx.doi.org/10.1101/gr.173427.114
http://www.ncbi.nlm.nih.gov/pubmed/25096406
http://dx.doi.org/10.1038/nmeth.3047
http://www.ncbi.nlm.nih.gov/pubmed/25075903
http://dx.doi.org/10.1021/sb400137b
http://www.ncbi.nlm.nih.gov/pubmed/24933470
http://dx.doi.org/10.1093/nar/gku341
http://www.ncbi.nlm.nih.gov/pubmed/24792160


20. Yoshimi K, Kaneko T, Voigt B, Mashimo T. Allele-specific genome editing and correction of disease-
associated phenotypes in rats using the CRISPR–Cas platform. Nature communications. 2014; 5.

21. Courtney D, Moore J, Atkinson S, Maurizi E, Allen E, Pedrioli D, et al. CRISPR/Cas9 DNA cleavage at
SNP-derived PAM enables both in vitro and in vivo KRT12 mutation-specific targeting. Gene Ther.
2015.

22. Taylor DW, Zhu Y, Staals RH, Kornfeld JE, Shinkai A, van der Oost J, et al. Structures of the CRISPR-
cmr complex reveal mode of RNA target positioning. Science. 2015 Apr 2.

23. Jiang F, Doudna JA. The structural biology of CRISPR-cas systems. Curr Opin Struct Biol. 2015; 30:
100–111. doi: 10.1016/j.sbi.2015.02.002 PMID: 25723899

24. Fonfara I, Le Rhun A, Chylinski K, Makarova KS, Lecrivain AL, Bzdrenga J, et al. Phylogeny of Cas9
determines functional exchangeability of dual-RNA and Cas9 among orthologous type II CRISPR-cas
systems. Nucleic Acids Res. 2014 Feb; 42(4): 2577–2590. PMCID: PMC3936727. doi: 10.1093/nar/
gkt1074 PMID: 24270795

25. Doudna JA, Charpentier E. Genome editing. the new frontier of genome engineering with CRISPR-
Cas9. Science. 2014 Nov 28; 346(6213): 1258096. doi: 10.1126/science.1258096 PMID: 25430774

26. Hilton IB, D'Ippolito AM, Vockley CM, Thakore PI, Crawford GE, Reddy TE, et al. Epigenome editing by
a CRISPR-Cas9-based acetyltransferase activates genes from promoters and enhancers. Nat Biotech-
nol. 2015.

27. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z, et al. Engineered CRISPR-Cas9
nucleases with altered PAM specificities. Nature. 2015.

Exploiting the CRISPR/Cas9 PAM Constraint

PLOS ONE | DOI:10.1371/journal.pone.0144970 January 20, 2016 10 / 10

http://dx.doi.org/10.1016/j.sbi.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25723899
http://dx.doi.org/10.1093/nar/gkt1074
http://dx.doi.org/10.1093/nar/gkt1074
http://www.ncbi.nlm.nih.gov/pubmed/24270795
http://dx.doi.org/10.1126/science.1258096
http://www.ncbi.nlm.nih.gov/pubmed/25430774


This document is being made freely available by the Eugene McDermott Library of
The University of Texas at Dallas with permission from the copyright owner. All
rights are reserved under United States copyright law unless specified otherwise.

Erik Jonsson School of Engineering and Computer Science

Exploiting the CRISPR/Cas9 PAM Constraint for Single-Nucleotide
Resolution Interventions

CC BY 4.0 (Attribution) License
©2016 The Authors

Citation:

Li, Yi, Saurabh Mendiratta, Kristina Ehrhardt, Neha Kashyap, et al.
2016. "Exploiting the CRISPR/Cas9 PAM Constraint for Single-
Nucleotide Resolution Interventions." PLOS One 11(1), doi:10.1371/
journal.pone.0144970.


