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Abstract

CRISPR/Cas9 screening has proven to be a versatile tool for genomics research. Based on

unexpected results from a genome-wide screen, we developed a CRISPR/Cas9-mediated

approach to mutagenesis, exploiting the allelic diversity generated by error-prone non-

homologous end-joining (NHEJ) to identify novel gain-of-function and drug resistant alleles

of the MAPK signaling pathway genes MEK1 and BRAF. We define the parameters of a

scalable technique to easily generate cell populations containing thousands of endogenous

allelic variants to map gene functions. Further, these results highlight an unexpected but

important phenomenon, that Cas9-induced gain-of-function alleles are an inherent by-prod-

uct of normal Cas9 loss-of-function screens and should be investigated during analysis of

data from large-scale positive selection screens.

Introduction

Deciphering the functional consequences of DNA variation is a defining challenge of the geno-

mic era, and CRISPR/Cas9 technology is the most promising and broadly-developed tool for

facile genome engineering [1,2]. Previously, we conducted pooled, genome-wide loss-of-func-

tion screens in A375 cells, a melanoma line with the BRAF V600E mutation that is sensitive to

MAPK pathway inhibition [3]. These positive selection screens utilized vemurafenib, a BRAF

inhibitor, and selumetinib, a MEK inhibitor, to identify sgRNAs that induce drug-resistance in

cells and therefore enrich in the cell population over time. As is standard for genetic screens,

we then combined information from multiple sgRNAs intended to target the same gene to cre-

ate a gene-level score. This method identified both previously-validated and novel mediators

of this drug resistance phenotype [3,4]. However, examination of the sgRNA-level data re-

vealed a curious result, namely that in one genome-wide subpool, an sgRNA targeting the

gene MAP2K1 (which encodes the protein MEK1) at the site encoding K59 generated the

strongest drug-resistance phenotype for both vemurafenib and selumetinib (Table 1). Another

MAP2K1 sgRNA screened in a different subpool scored strongly with selumetinib but not

vemurafenib. One would expect that sgRNAs targeting MAP2K1 for gene knockout, a positive

PLOS ONE | DOI:10.1371/journal.pone.0170445 January 24, 2017 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Donovan KF, Hegde M, Sullender M,

Vaimberg EW, Johannessen CM, Root DE, et al.

(2017) Creation of Novel Protein Variants with

CRISPR/Cas9-Mediated Mutagenesis: Turning a

Screening By-Product into a Discovery Tool. PLoS

ONE 12(1): e0170445. doi:10.1371/journal.

pone.0170445

Editor: Stefan Maas, National Institutes of Health,

UNITED STATES

Received: November 9, 2016

Accepted: January 4, 2017

Published: January 24, 2017

Copyright: © 2017 Donovan et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This study was funded by the Next

Generation Fund at the Broad Institute of MIT and

Harvard (JGD, Merkin Institute Fellow). The

funders had no role in study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0170445&domain=pdf&date_stamp=2017-01-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0170445&domain=pdf&date_stamp=2017-01-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0170445&domain=pdf&date_stamp=2017-01-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0170445&domain=pdf&date_stamp=2017-01-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0170445&domain=pdf&date_stamp=2017-01-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0170445&domain=pdf&date_stamp=2017-01-24
http://creativecommons.org/licenses/by/4.0/


regulator in the pathway inhibited by these drugs, would impair the viability of cells, not rescue

them from the drug. Indeed, the other sgRNAs targeting this gene did not lead to drug resis-

tance and were instead strongly depleted (Table 1). We hypothesized that this unexpected

result was the consequence of NHEJ-mediated repair of the sgRNA cut site, which led to the

creation of drug resistant variants of MEK1.

To test this hypothesis, we introduced the sgRNA targeting MAP2K1 at the nucleotides

encoding K59 or a control sgRNA targeting EGFP into A375 cells, treated with either vemura-

fenib or no selection for two weeks, harvested genomic DNA, and performed PCR with prim-

ers flanking the MAP2K1 target site followed by next-generation sequencing (Fig 1A). In cells

treated with the control sgRNA targeting EGFP, 85% of the MAP2K1 reads mapped perfectly

to the wild-type sequence; most of the non-matching reads likely represent sequencing

sequencing errors, as alignment to the reference sequence shows that a majority of the 249 var-

iants present at 25 reads per million (RPM) or greater are single base mismatches (S1 Fig, S1

and S2 Tables). In contrast, for cells treated with the MAP2K1 sgRNA in the absence of selec-

tion, only 38% of the reads aligned to wild-type, and there were 1,669 variants present at 25

RPM or greater, coding for 1,351 unique MAP2K1 amino acid sequences (Fig 1B). Impor-

tantly, many of these variants represent insertions and deletions (indels) of numerous sizes

located at multiple positions, results that are consistent with other reports that have examined

sgRNA repair products via next-generation sequencing (S2 Fig) [4–6]. These results illustrate

the large amount of diversity that can be generated by an individual sgRNA.

We next compared allele abundance between vemurafenib-treated and unselected cells, and

observed greater than 100-fold enrichment for multiple variants (Fig 1C). While it is difficult

to distinguish true variants from sequencing errors to define an absolute number of variants in

a population, we observed that some variants with 18 RPM or fewer in the unselected popula-

tion were still able to enrich to 1,000 RPM or greater in the vemurafenib-treated population,

indicating that they are functionally distinct variants, not sequencing artifacts, and supporting

the notion that an individual sgRNA can generate hundreds of alleles.

Many of the variants strongly enriched in vemurafenib contained five amino acid deletions.

The amino acids in this region form an alpha-helix that functions to limit the phosphotransfer-

ase activity of MEK1 [7]; indeed, a study that used E. coli-mediated open-reading frame (ORF)

mutagenesis followed by overexpression in A375 cells found that a Q56P mutation that disrupts

this alpha-helix led to a constitutively-active MEK1 [8]. To validate the activity of the variants

produced by the K59 sgRNA, we synthesized ORFs with these deletions, introduced them into

A375 cells via lentivirus, and treated with selumetinib and vemurafenib. The magnitude of the

resistance conferred was as strong as both the well-characterized constitutively-active MEK-DD

Table 1. Performance of sgRNAs targeting MAP2K1 in drug resistance screens in A375 cells.

Subpool sgRNA Sequence MEK1 Amino Acid

Target

Total sgRNAs in

pool

Vemurafenib Selumetinib

MAP2K1 sgRNA

rank

Percent

Rank

MAP2K1 sgRNA

rank

Percent

Rank

1 GAGTTGACTAGGATGTTGGA N195 18,651 16,923 90.74% 17,907 96.01%

2 TCTTACCCAGAAGCAGAAGG K59 18,648 1 0.01% 1 0.01%

3 AATCCGGAACCAGATCATAA I112 18,634 15,465 82.99% 91 0.49%

4 AAAAGGCCTGACATATCTGA L180 18,629 17,747 95.27% 18,237 97.90%

5 GCTCCCTTATGATCTGGTTC N109 17,713 13,201 74.53% 12,326 69.59%

6 GATCAAGTCCTGAAGAAAGC K157 17,701 16,505 93.24% 15,761 89.04%

The rank indicates the abundance of the sgRNA after two weeks of selection with drug, normalized to an early time point. The percent rank of the sgRNA is

the rank divided by the total number of sgRNAs in the pool. Data are from the average of 3 biological replicates [3].

doi:10.1371/journal.pone.0170445.t001
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Fig 1. Large variation generated by an individual sgRNA can be used to select for gain-of-function alleles. (A) Schematic of the experimental

approach to examine variants generated by sgRNA targeting and identify gain-of-function alleles. (B) For each of three conditions, variants detected by deep

sequencing of the MAP2K1 locus were ranked by their abundance and the reads per million is plotted. Left panel shows all the variants, right panel enlarges

one region. (C) Alignment and abundances of selected MAP2K1 alleles generated in untreated or vemurafenib-selected A375 cells by an individual sgRNA

targeting MAP2K1 at the site encoding K59. Mismatched and inserted nucleotides are shown in red. Variants that are studied in Fig 2 are labeled in blue.

Variants are ranked by within-sample abundance.

doi:10.1371/journal.pone.0170445.g001
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variant [9] and the Q56P variant, whereas overexpression of wild-type MEK1 did not produce

appreciable resistance (Fig 2). These results show that CRISPR/Cas9-mediated mutagenesis of

endogenous alleles coupled with strong positive selection can be used to discover novel gain-of-

function protein variants and provide insight into regulatory domains.

We next expanded this technique to generate variants across the length of a gene by creat-

ing a tiling pool of all possible sgRNAs targeting MAP2K1 (n = 217) and BRAF (n = 279), as

well as 100 non-targeting control sgRNAs. We screened this library in triplicate in A375 cells

for sgRNAs that confer resistance to vemurafenib or selumetinib compared to untreated cells

(S3 Table). Several sgRNAs targeting MAP2K1 enriched significantly with both drugs, includ-

ing the original K59-targeting sgRNA, a second sgRNA that also targets K59, and several oth-

ers that target nearby (Fig 3A and 3B). Interestingly, some sgRNAs generated selumetinib

resistance but not vemurafenib resistance (Fig 3C). We hypothesized that sgRNAs that led to

only selumetinib resistance were disrupting selumetinib binding to MEK1, rather than pro-

ducing constitutively active mutants. Consistent with this notion, two selumetinib-specific

sgRNAs target sites that encode V211 and S212, both of which are located in the binding

pocket for this class of allosteric inhibitors [7,8]. Additionally, another sgRNA target site

encodes I111 in helix C, immediately adjacent to the binding pocket [7,8]. Consistent with

Fig 2. Validation of gain-of-function MAP2K1 alleles. A375 cells constitutively expressing lentiviral-

delivered ORFs were assessed for ATP levels after 96 hours of drug treatment, normalized to no drug.

Negative controls are shown in gray, positive controls in green, and test ORFs in blue. For vemurafenib, the

doses used were, left to right, 0, 0.5, 1, 2, 6, 8, and 10 μM. For selumetinib, the doses used were, left to right,

0, 0.05, 0.1, 0.200, 0.600, 1, and 2 μM.

doi:10.1371/journal.pone.0170445.g002

Discovery of Gain-Of-Function Mutants Produced by CRISPR/Cas9

PLOS ONE | DOI:10.1371/journal.pone.0170445 January 24, 2017 4 / 13



this, we previously identified a different sgRNA targeting I112 in a genome-wide screen that

induced resistance to selumetinib but not vemurafenib (Table 1), although this individual

sgRNA did not score in the tiled library, perhaps because it was out-competed by sgRNAs

present in this pool that were not present in the genome-wide library. These results suggest

that this method could offer a generalizable approach, complementary to existing techniques,

Fig 3. Screening of a pooled sgRNA library tiling across MEK1. (A) Enrichment of individual sgRNAs

targeting MEK1 (MAP2K1) when treated with the BRAF-inhibitor, vemurafenib. Dotted line indicated two

standard deviations from the mean of 100 non-targeting sgRNAs. (B) As in panel A but cells were treated with

the MEK-inhibitor, selumetinib. (C) Comparison of MEK1 variants enriched by vemurafenib and selumetinib in

A375 cells. The average enrichment across three replicates is shown and dotted lines indicate two standard

deviations from the mean of 100 non-targeting sgRNA. (D) Comparison of selumetinib-resistant variants of

MEK1 between A375 and MEL-JUSO cells. The average enrichment across three replicates is shown and

dotted lines indicate two standard deviations from the mean of 100 non-targeting sgRNA.

doi:10.1371/journal.pone.0170445.g003
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to understanding protein:small-molecule interactions with endogenous proteins expressed

from their native promoters. In future work, it will be interesting to compare the spectrum of

sgRNAs enriched by selection with a panel of distinct small molecules targeting the same pro-

tein that either vary slightly in their chemical composition or target different areas of the pro-

tein to determine if this technique is sensitive to such differences.

This same tiling library was also screened for selumetinib resistance in MEL-JUSO cells, a

melanoma line carrying the NRAS Q61L oncogene (S4 Table). For MAP2K1, I111- and

K59-targeting sgRNAs were enriched, but many other sgRNAs that scored in A375 cells failed

to provide significant enrichment in MEL-JUSO cells (Fig 3D). We speculate that A375 cells,

with the BRAF V600E mutation, are more reliant on MAPK signaling and are thus a more

sensitive model system in which to find MAP2K1 mutations, whereas the NRAS Q61L muta-

tion activates additional survival pathways in MEL-JUSO cells. Conversely, while no BRAF-

targeting sgRNAs enriched significantly in A375 cells, one sgRNA targeting Q494 enriched in

MEL-JUSO cells (Fig 4A). Using the same sequencing procedure as described above for the

individual MAP2K1-K59 sgRNA (Fig 1A), we analyzed the spectrum of alleles generated by

this BRAF-Q494 sgRNA in MEL-JUSO cells. In the absence of selection, 1,353 unique variants

were present at 25 reads per million or greater (S5 Table). The most-abundant allele in selume-

tinib-treated cells, accounting for 65% of all sequencing reads, contained a 1 amino acid dele-

tion of Q494, which resides in alpha-helix C, although the overall enrichment for this allele

was modest (3.2 fold) as it was already highly abundant in the unselected population (Fig 4B).

The region immediately upstream has been implicated in drug resistance clinically, and

Fig 4. Screening of a pooled sgRNA library tiling BRAF. (A) Comparison of selumetinib-resistant variants of

BRAF between A375 and MEL-JUSO cells. The average enrichment across three replicates is shown and

dotted lines indicate two standard deviations from the mean of 100 non-targeting sgRNA. (B) Alignment and

abundances of BRAF alleles generated in untreated or selumetinib-selected MEL-JUSO cells by an individual

sgRNA targeting BRAF at the site encoding Q494. The sequence of the sgRNA and PAM are shown in blue

and red, respectively.

doi:10.1371/journal.pone.0170445.g004
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structural studies have shown that a 5 amino acid deletion of residues 486 to 490 (ΔNVTAP)

locks the kinase in an active form [10]. Further work will be necessary to determine if the

Q494 deletion has a similar effect on protein structure. These results emphasize the impact of

cellular context on variant characterization; both A375 and MEL-JUSO cells harbor activating

mutations in the RAS/RAF/MEK signaling cascade. However, these distinct contexts facili-

tated the identification of MAP2K1 variants in A375 cells and BRAF variants in MEL-JUSO

cells.

The results presented here illustrate an experimental strategy that relies on pooled screen-

ing, error-prone NHEJ, and strong positive selection to exploit the diversity of variants result-

ing from CRISPR/Cas9-mediated mutagenesis to map functional domains of proteins. This

approach complements existing techniques and offers several advantages. The creation of

libraries of variant ORFs either by error-prone PCR, by mutagenesis in E. coli, or by synthesis

and assembly all rely on exogenous expression of the resulting pool of variants in the cell of

interest, whereas the technique described here mutagenizes the endogenous alleles [1,11,12].

Additionally, the former techniques generally create single amino acid substitutions, which

may better model mutations that arise from errors in mismatch-repair, while this approach

uses each sgRNA to create a family of indels of different sizes and positions, reflective of the

heterogeneous outcomes of double-strand DNA break repair. Thus they sample from different

areas of sequence space and may reflect different underlying diversity in cell populations.

The approach described here uses relatively small libraries of several hundred unique per-

turbations for an average-sized gene, relying on the endogenous cellular machinery to generate

diversity, while saturating substitution libraries create the diversity in vitro, resulting in librar-

ies of thousands of unique constructs. For example, for an average-sized gene encoding a 350

amino acid protein, all single amino acid substitutions correspond to a library of 6,650 vari-

ants. In contrast, the sgRNA library approach described here targets about once every 8 nucle-

otides–a total of 131 perturbations for a 350 amino acid gene, a 50-fold reduction in library

size–and then relies on the cell to generate the variants by NHEJ. As we show, an individual

sgRNA can generate ~1,000 variants, meaning that we are testing a library of cells with

~131,000 potential variants, a 20-fold increase relative to a single amino acid substitution

library. One useful experimental approach might therefore be to first screen a protein of inter-

est with a tiling sgRNA library as described here, and then use the results of that screen to

nominate regions for further study by these complementary techniques.

Recently, a CRISPR/Cas9 approach that relies on homology-directed repair (HDR) for

mutagenesis has been described, and has the advantage of being able to program the variants

of interest [13]. But HDR is a low efficiency process in most cell types, and this technique is

limited to cells that can efficiently uptake donor DNA templates, whereas the technique

described here is applicable to any cell that can be infected with lentivirus. Another possibility

is the use of nuclease-dead Cas9 with DNA modifying domains appended to create point

mutants, such as the activation-induced deaminase (AID) domain [14–16]. Indeed, the same

tiling library mutagenesis approach described here could be used with these modified Cas9

variants, and would likely give complementary results. Finally, tiling libraries have been pro-

posed to identify domains that are particularly sensitive to disruption, whereby even in-frame

deletions disable protein function [17]. All Cas9-mediated mutagenesis approaches used to-

date are limited in their targeting space by the protospacer adjacent motif (PAM) of NGG

required by the S. pyogenes Cas9, but the development of alternative Cas9 and related proteins

promises to significantly relieve this constraint [18].

This study began with a serendipitous observation from a genome-wide pooled screen.

While the majority of high-scoring sgRNAs in positive selection screens that are not corrobo-

rated by other sgRNAs targeting the same gene are likely to be jackpot events or off-target

Discovery of Gain-Of-Function Mutants Produced by CRISPR/Cas9
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effects, these results highlight the potential to create gain-of-function rather than loss-of-func-

tion alleles. If properly diagnosed, this by-product can be a feature and not a bug, leading to

the discovery of novel biology.

Materials and Methods

Cell line maintenance

Prior to screening, cell lines were maintained without added antibiotics; penicillin/streptomy-

cin was added at 1% during screening. A375 and MEL-JUSO cells were obtained from the

Cancer Cell Line Encyclopedia and routinely tested for mycoplasma contamination. Both cell

lines were cultured in RPMI 1640 (Invitrogen) supplemented with 10% FBS (Sigma-Aldrich)

in a 37˚C humidity-controlled incubator with 5.0% CO2. Cells were maintained in exponential

phase growth by passaging every 2 or 3 days.

Tiled library design

The MAP2K1/BRAF pooled mini-library included every sgRNA with an NGG PAM along the

entire coding sequence and extending slightly into introns of these two genes. Any sgRNAs

containing BsmBI restriction sites were excluded to avoid aberrant cleavage during library

production. We also added 100 non-targeting control sgRNAs.

Library production

Pooled library production was performed as described, with oligonucleotides purchased from

CustomArray. Briefly, the sgRNA library was digested with Esp3I, an isoschizomer of BsmBI

(Fisher Scientific), and inserted into lentiCRISPRv2 (Addgene 52961). ElectroMAX Stbl4 elec-

trocompetent cells (Fisher Scientific) were transformed and grown on agar plates. After over-

night growth, colonies were harvested and plasmid DNA was isolated and prepped using the

Qiagen HiSpeed Maxi kit according to manufacturer’s instructions. The library composition

was evaluated by Illumina sequencing.

Lentivirus production

HEK293T cells were seeded in 9.6 cm2 6-well dishes at a density of 1.5 x 106 cells per well (2mL

culture volume) 24 hours before transfection. Transfection was performed using the transfec-

tion reagent TransIT-LT1 (Mirus) according to the manufacturer’s protocol. In brief, one solu-

tion of Opti-MEM (Corning, 66.25μL) and LT1 (8.75μL) was combined with a DNA mixture

of the packaging plasmid pCMV_VSVG (Addgene 8454, 1250 ng), psPAX2 (Addgene 12260,

1250 ng), and the sgRNA library in the transfer vector (plentiCRISPRv2, 1250 ng). The two

solutions were incubated at room temperature for 20–30 minutes, during which time the

media was changed on the HEK293T cells. After this incubation, the transfection mixture was

added dropwise to the surface of the HEK293T cells, and the plates were centrifuged at 1000xg
for 30 minutes. Following centrifugation, plates were transferred to a 37˚C incubator for 6–8

hours, then the media was removed and replaced with media supplemented with 1% BSA.

Virus was harvested 36 hours after this media change.

Pooled screening

Determination of viral transduction conditions. In order to determine the amount of

virus to use for transduction of the sgRNA library, the virus was titered using the same condi-

tions to be used in the screen. Each cell line was infected in 12-well plates with 100, 200, 300,

500, and 800 μL virus with 3.0 x 106 cells per well. Polybrene was added at 1 μg/μL for A375

Discovery of Gain-Of-Function Mutants Produced by CRISPR/Cas9
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and 4 μg/μL for MEL-JUSO. The plates were centrifuged at 640xg for 2 hours then transferred

to a 37˚C incubator for 4–6 hours. After this time, each well was trypsinized and split equally

by volume to two wells of a 6-well plate. Two days after infection, puromycin was added to one

well for each pair seeded post-transduction to select for infected cells expressing the puromy-

cin resistance gene contained in lentiCRISPRv2. After 5 days, cells were counted to determine

the efficiency of transduction, represented by the survival of selected cells relative to unselected

cells. The virus volume that gave 30–50% infection efficiency, corresponding to an MOI of

~0.5–1.0, was used for subsequent screening.

Screening. The sgRNA MAP2K1/BRAF mini-library was screened in three biological rep-

licates in each of two cell lines. The cells were transduced as described, and two days post-

transduction, cells were selected with puromycin (1 μg/mL for A375 and 2 μg/mL for MEL-

JUSO). Throughout the screen, cells were split at a density to maintain a representation of

~500 cells per sgRNA. Due to the strong positive selection that occurs in the presence of the

small molecules, however, some populations fell below this bottleneck; in this case all surviving

cells were reseeded at each passage.

After 5 days of puromycin selection, a sufficient number of cells to preserve the initial

library representation were seeded for each treatment. Vemurafenib (PLX-4032, Selleckchem

S1267) was screened at 2 μM, and selumetinib (AZD-6244, Selleckchem S1008) was screened

at 1.5 μM. An arm with no drug selection was maintained in parallel. Cell counts were taken at

each passage to monitor growth. After 14 days in the presence of these small molecules, cells

were pelleted by centrifugation, resuspended in PBS, and frozen promptly.

Genomic DNA preparation. Genomic DNA (gDNA) was isolated using the QIAamp

Blood Mini Kit (Qiagen 51106) as per the manufacturer’s instructions. Briefly, thawed cell pel-

lets were lysed, and genomic DNA was bound to a silica membrane. After two washes, the

DNA was eluted using the kit’s Buffer AE. The concentration of these preparations was deter-

mined by UV spectroscopy (Nanodrop).

PCR Amplification and Next-Generation Sequencing. PCR was used to amplify the

sgRNA and to append Illumina flow cell adaptors along with a unique short DNA barcode to

allow the samples to be pooled for sequencing while retaining a means to determine which

sequence reads arose from which sample, resulting in a final product size of 350 nucleotides, as

described previously [3]. All samples were purified by SPRI beads (Agencourt AMPure XP,

Fisher Scientific A63880) and then sequenced on a HiSeq 2500 High Output sequencer (Illu-

mina) with 50nt single end reads.

Tiling pool screen analysis. In the raw results of next-generation sequencing, reads were

counted by searching for the CACCG prefix that appears at the 5’ end of all sgRNA constructs

in the library. The 20-nucleotide sgRNA insert following this search prefix was mapped to a

reference file containing all sgRNAs in the library. The read was then assigned to a sample by

cross-referencing with a conditions file indicating which sample (i.e. a single well on the PCR

plate) corresponded to each barcode. The resulting matrix was then normalized to reads per

million (RPM) by the following calculation: reads per sgRNA/total reads per condition x 106.

This value was then log2-transformed after first adding 1 read to each sgRNA to eliminate zero

values, and this final value was denoted as the lognorm. Enrichment of sgRNAs was deter-

mined using the log2 fold-change for each sgRNA relative to its abundance in the original plas-

mid DNA (pDNA) of the library.

Analysis of variants produced by individual sgRNAs

Infections. For sgRNAs that showed strong enrichment under small molecule selection,

single-sgRNA infections were performed to validate the screening result and to reveal the

Discovery of Gain-Of-Function Mutants Produced by CRISPR/Cas9
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specific indels formed by CRISPR/Cas9-mediated cutting via deep sequencing. Virus was pre-

pared for each sgRNA and transductions were performed in A375 and MEL-JUSO cells using

a virus volume determined to transduce at least 1 x 106 cells (300 μL for both A375 and MEL--

JUSO). Cells were selected for 5 days with puromycin (1 μg/mL for A375 and 2 μg/mL for

MEL-JUSO) to remove uninfected cells, then each population of transduced cells were split to

vemurafenib (2 μM), selumetinib (1.5 μM), and unselected arms. To maintain representation

of the library, at least 1 x 106 cells were reseeded with each passage. Due to the rare occurrence

of gain-of-function variants, however, some populations fell below this bottleneck; in this case

all surviving cells were reseeded at each passage. After 14 days in the presence of these small

molecules, cells were pelleted by centrifugation at 1000xg for 5 minutes, resuspended in PBS,

and frozen promptly.

PCR Amplification. For MAP2K1, PCR primers including all sequences necessary for

Illumina sequencing were designed to amplify across the sgRNA cut-site. For BRAF, two rounds

of PCR were performed: a first round amplified across the cut site, and second round appended

the necessary Illumina sequences. PCR-amplified samples were purified using SPRI, and sam-

ples were sequenced on a MiSeq desktop sequencer with 300nt single end reads (Illumina).

MAP2K1

Fwd: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
TCTAGAGCTTGATGAGCAGCA

Rev: CAAGCAGAAGACGGCATACGAGATGACCTTAGGTGACTGGAGTTCAGACGTGTGCTC
TTCCGATCTCTCACTGATCTTCTCAAAGT

BRAF

Fwd: TTGTGGAAAGGACGAAACACCGGAGACTTGGAGTAACAATTGCC
Rev: TCTACTATTCTTTCCCCTGCACTGT CCACTGGGAACCAGGAGC
Sequencing analysis. All sequencing reads were first assessed for on-target amplification

by requiring an exact match of the 10 nucleotide string that appears immediately downstream

of the primer binding site in the genomic DNA target site. The next 62 (MAP2K1) or 111

(BRAF) nucleotides were then analyzed and the number of reads for each unique sequence

was counted and then normalized to reads per million (RPM).

Variant analysis. BLAST was used to align sequences to the MAP2K1 reference sequence

for the samples treated with sgRNA-MAP2K1 (n = 1,669) and sgRNA-EGFP (n = 249) variant

sequences with at least 25 RPM (S2 Table). The parameters used for the alignment were a

word size of 11, gap open cost of 5, gap extend cost of 2, nucleotide match reward of 2, and

nucleotide mismatch penalty of -3. The btop (Blast traceback operations) string was used to

parse the count and positions of mismatches, insertions, and deletions for each variant.

Sequences were further analyzed (S1 and S2 Figs) if the alignment was 62 nucleotides, includ-

ing gaps, which resulted in 226 sequences for sgRNA-EGFP and 1,165 sequences for sgRNA--

MAP2K1. The position of an indel is classified by the first nucleotide deleted or inserted.

ORF over-expression

Open reading frames (ORFs) of wild-type MEK1 and mutants thereof were synthesized (Gen-

script) and cloned into the lentiviral vector pLX_304 (Addgene 25890) [19]. For each construct,

virus was prepared as described above. A375 cells were seeded at 30,000 cells/mL in a 96 well

plate, and infected in triplicate with 5 μL of each ORF virus in the presence of polybrene (5 μg/

mL). The vector pRosetta, which expresses EGFP (Addgene 59700), was used as a transduction

control. The MEK-DD construct was described previously and cloned into pLX_304 [20]. After

addition of the viruses, the plates were centrifuged for 30 minutes at 230xg. After 2 days of incu-

bation, vemurafenib or selumetinib were added to each plate over a range of doses. After 4 days
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in the presence of these small molecules, cell viability was determined using the CellTiterGlo

Luminescent Cell Viability Assay (Promega G7573) according to manufacturer’s instructions.

Luminescence was detected and quantitated on the EnVision plate reader (Perkin Elmer).

Supporting Information

S1 Fig. An individual sgRNA generates many allelic variants. (A) For the two sgRNAs in the

absence of drug selection, all reads present at an abundance of 25 reads per million (RPM) or

higher were aligned to the wild-type reference. Those successfully aligned were classified into

one of four categories. (B) For the reads in the mismatch-only category from panel A, the

number of mismatches is plotted. (C) For the reads with only 1 mismatch, the number of

unique variants at each position is plotted. The dotted line indicates the cut site of the sgRNA.

Note that BLAST categorizes unaligned nucleotides that occur at either end of the string as

deletions.

(TIF)

S2 Fig. Analysis of indels from deep sequencing of MAP2K1 at the sgRNA target site. (A)

For all reads present at an abundance of at least 25 reads per million (RPM) and that were cate-

gorized as deletion only in S1A Fig, the number of unique deletions detected in the MAP2K1

locus for cells treated with the indicated sgRNA and no drug selection is plotted by their posi-

tion. Note that BLAST categorizes unaligned nucleotides at either end of the string as deletions.

The dotted line indicates the position of the MAP2K1 sgRNA cut site, between nucleotides 28

and 29 in this alignment. (B) For the deletions generated by the MAP2K1 sgRNA, the frequency

of deletions categorized by their size is plotted. (C) As in panel A, but for insertions. (D) As in

panel B, but for insertions.

(TIF)

S1 Table. MAP2K1 deep sequencing.

(XLSX)

S2 Table. BLAST results of MAP2K1 sequencing.

(XLSX)

S3 Table. Screening results of MAP2K1 and BRAF tiling pool in A375 cells.

(XLSX)

S4 Table. Screening results of MAP2K1 and BRAF tiling pool in MEL-JUSO cells.

(XLSX)

S5 Table. BRAF deep sequencing.

(XLSX)
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