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Harnessing CRISPR-Cas9 technology provides an unprecedented
ability to modify genomic loci via DNA double-strand break (DSB)
induction and repair. We analyzed nonhomologous end-joining
(NHE)J) repair induced by Cas9 in budding yeast and found that the
orientation of binding of Cas9 and its guide RNA (gRNA) pro-
foundly influences the pattern of insertion/deletions (indels) at the
site of cleavage. A common indel created by Cas9 is a 1-bp (+1)
insertion that appears to result from Cas9 creating a 1-nt 5’ over-
hang that is filled in by a DNA polymerase and ligated. The origin
of +1 insertions was investigated by using two gRNAs with PAM
sequences located on opposite DNA strands but designed to cleave
the same sequence. These templated +1 insertions are dependent
on the X-family DNA polymerase, Pol4. Deleting Pol4 also elimi-
nated +2 and +3 insertions, which are biased toward homonucleo-
tide insertions. Using inverted PAM sequences, we also found
significant differences in overall NHEJ efficiency and repair pro-
files, suggesting that the binding of the Cas9:gRNA complex influ-
ences subsequent NHEJ processing. As with events induced by the
site-specific HO endonuclease, CRISPR-Cas9-mediated NHEJ repair
depends on the Ku heterodimer and DNA ligase 4. Cas9 events are
highly dependent on the Mre11-Rad50-Xrs2 complex, independent
of Mre11’s nuclease activity. Inspection of the outcomes of a large
number of Cas9 cleavage events in mammalian cells reveals a sim-
ilar templated origin of +1 insertions in human cells, but also a
significant frequency of similarly templated +2 insertions.

CRISPR/Cas9 | templated insertions | DNA polymerase 4 | double-strand
breaks | nonhomologous end-joining

he use of CRISPR-Cas9 RNA guided endonuclease has
accelerated genome editing in systems ranging from yeast to
mammals (1-3). Guided endonucleases target site-specific DNA
to create double-strand breaks (DSBs) (4), which can be repaired
either by nonhomologous end-joining (NHEJ) or homologous re-
combination (HR) (reviewed in ref. 5). The mechanisms of these
repair processes, including the required core genetic components,
have been extensively studied in vivo using the site-specific HO
endonuclease of Saccharomyces cerevisiae (6). Thus, we were in-
terested in comparing the DSB repair induced by CRISPR-
Cas9 with events promoted by HO endonuclease in budding yeast.
The Streptococcus pyogenes Cas9 endonuclease scans the ge-
nome to locate protospacer adjacent motifs (PAMs) of 5" NGG 3,
which are required for binding and cleavage. Specificity is
achieved by a Cas9-bound guide RNA (gRNA) that pairs with
sequences adjacent to the PAM, resulting in double-strand DNA
cleavage 3-bp 5’ of the PAM sequence (7). In contrast, HO en-
donuclease recognizes a defined 24-bp cleavage site located in the
S. cerevisiae mating type (MAT) locus. When placed under control
of a galactose-inducible promoter, HO cleaves euchromatic tar-
gets within 30-60 min, creating 4-nt 3’ overhanging ends (8-10).
NHEJ can result in either faithful relegation of the broken
ends or the mutagenic insertions or deletions of base pairs at the
junctions (indel formation). In budding yeast, perfect relegation
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of the 3’ overhanging DSB ends requires the “classic” evo-
lutionarily conserved end-joining machinery, including the Ku70-
Ku80 proteins as well as DNA ligase 4 and its associated Lifl
(Xrce4 homolog) and Nejl cofactors (11, 12). Continuous ex-
pression of HO eliminates precise rejoining by recutting, thereby
forcing the recovery of mutated HO recognition sequences, in-
cluding short, templated fill-ins and 3-bp deletions, all of which
result from offset base pairings and subsequent processing of
overhanging ends (12). The fill-ins depend on the Mrell-Rad50-
Xrs2 (MRX) complex as well as on the Polx family DNA poly-
merase, Pol4, whereas the 3-bp deletions are MRX- and Pol4-
independent. Additional microhomology-mediated end-joining
events, resulting in larger deletions, can also be recovered with the
same genetic requirements, but there is also a Ku-independent
microhomology-mediated end-joining (MMEJ) process (13).
The CRISPR-Cas9 system can be used to create targeted
indels by designing gRNAs homologous to the genomic site
of interest. Biochemical experiments have shown that Cas9
predominantly cleaves 3-bp 5’ from the PAM, resulting in a DSB,
with Cas9 remaining bound to its target for hours after cleavage
(14). In vitro, the 3’ end of the DSB that is not complementary
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to the gRNA is more accessible, raising the possibility of strong
biases in DSB end-processing dictated by the Cas9 protein (15,
16).

We were especially interested in whether we could infer the
consequences of persistent Cas9 binding to the target site by
creating the same cleavage in two different ways, by designing
gRNAs to PAMs located symmetrically on either strand. Using
several pairs of inverted PAM sequences (iPAMs), we found
frequent +1 insertions, in which the added base is dependent on
the orientation of Cas9::gRNA binding. These insertions appear
to have arisen from Cas9 cleavages resulting in 1-nt 5’ over-
hanging ends that are filled in by DNA polymerase Pol4.
Moreover, there are substantial differences in the overall pat-
terns of indels, depending on the strand to which Cas9 is paired
and bound.

Materials and Methods

Parental Strains and Selection. Strains JKM179 (hoA MATa hmlA::ADE1
hmrA:ADE1 ade1-100 leu2-3,112 lys5 trp1:hisG’ ura3-52 ade3:GAL::HO)
and JKM139 (hoA MATa hmlA::ADE1 hmrA:ADE1 adel1-100 leu2-3,112
lys5 trp1::hisG’ ura3-52 ade3::GAL::HO) (17) were used in experiments tar-
geting the MAT locus. These strains lack the heterochromatic HML and HMR
donor sequences that would allow repair of a DSB at MAT by gene con-
version, and thus all repairs are through NHEJ. Parental strain BY4733 (MATa
his3A200 trp1A63 leu2A0 met15A0 ura3A0) was used for CAN1 and LYS2
Cas9-targeting experiments. ORFs were deleted by replacing the target with
a prototrophic or antibiotic-resistance marker via single-step transformation
of S. cerevisiae colonies with PCR fragments (18).

Plasmid Construction. Plasmid pJD1, carrying Cas9 driven by the GALT pro-
moter, was provided by the Church laboratory (3). Each gRNA targeting the
MAT locus, with an upstream SNR52 promoter and an SUP4 terminator 3’
sequence, was synthesized as a gBlock by Integrating DNA Technologies and
was cloned into plasmid pRS426 (URA3) by gap repair. gBlocks were
designed with 50-bp flanking homology to pRS426 and then recombined in
vivo after cotransformation of 0.02 pmol gRNA gBlock and 5 pg of BamHI
digested pRS426 (19).

gRNAs gCAN1-1%, gCAN1-15, and gLYS (1-4) were cloned into a LEU2-
marked plasmid (bRA77), in which Cas9 is expressed under a galactose-
inducible promoter. In brief, gRNAs were ligated into a Bpll digested site,
cloned in Escherichia coli. Plasmids were verified by sequencing (GENEWIZ)
and transformed into our yeast strains, as described in more detail previously
(20). The inserted DNA sequences are listed in SI Appendix, Table S1.

Galactose Induction and Viability. Cas9 plasmids were transformed into parental
strains using the conventional lithium acetate protocol (21). Experiments tar-
geting the CAN7 and LYS2 locus used the parental strain BY4733. Plasmids
containing a galactose-inducible Cas9 and a constitutively expressed gRNA
were introduced by transformation using the conventional lithium acetate
protocol (21). Cells were plated on YPD plates and replica-plated onto leucine
drop-out plates for transformants. Cells containing the plasmid were serially
diluted from 100,000 cells to 100 cells. Cells were plated onto leucine drop out
plates containing either galactose to induce Cas9 expression or dextrose as a
control. Experiments were performed in duplicate and repeated at least three
times. Canavanine-resistant colonies were selected by replica plating of survi-
vors onto canavanine-containing plates. The proportions of Lys2* and Lys2~
colonies were identified by replica-plating survivors onto lysine drop-out plates.

For assays targeting the MAT locus, cells were grown at 30 °C overnight in
synthetic medium lacking uracil and leucine and 2% dextrose, refreshed in
selective medium containing 2% raffinose for 6 h, and induced in selective
medium containing 2% galactose. Viability was determined as the average
number of colonies growing with galactose relative to those on dextrose plates
after 3 d at 30 °C. Viability assays were performed with three biological rep-
licates. Viabilities were corrected by discounting the small proportion of cells
that did not contain a mata1 mutation. The viability of strains with unrepaired
HO endonuclease-induced DSBs was determined as described previously (12).

DNA Sequence Analysis. Using flanking primers to the DNA region of interest,
PCR was used to amplify DNA from survivor colonies. PCR products were
purified and Sanger-sequenced by GENEWIZ and Eton Bioscience. The data
represent samples from at least three independent inductions of Cas9
cleavage. Barcoded primers were used to amplify LYS2 from a pool of gLYS2-1€,
gLYS2-1%, gLYS2-4%, and gLYS2-4" survivors. Amplified PCR samples were
purified and sequenced using lllumina sequencing technology.
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Illumina Amplicon Sequencing. Illumina P7 and P5 adapter sequences and 8-
mer index sequences were added by an additional limited-cycle round of PCR.
Each 50-uL PCR consisted of 25 pL of 2x KAPA HiFi HotStart ReadyMix (Kapa
Biosystems), 5 pL of Index 1 Primer and 5 pL of Index 2 Primer (Nextera XT
Index Kit; lllumina), 10 pL of nuclease-free water (Ambion; Thermo Fisher
Scientific), and 5 pL of amplicon DNA template. Thermal cycler conditions
included an initial denaturation at 95 °C for 3 min, followed by eight cycles
of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, extension at
72 °C for 30 s, and a final extension at 72 °C for 5 min. PCR products were
purified with AMPure XP beads (Beckman Coulter), eluted in 10 mM Tris-HCI
pH 8, and quantified with a Qubit BR dsDNA Kit (Thermo Fisher Scientific).
Final products were pooled, denatured, and sequenced on an lllumina
MiSeq in accordance with the manufacturer’'s recommendations using
v3 chemistry and 2 x 300 paired-end reads.

Data Analysis. Demultiplexed paired-end reads were preprocessed with the
bbduk tool from BBTools v37.33 (22). Reads were filtered to remove phiX
contaminants, reads with ambiguous base calls, and reads with an average
quality score below Q30 in the first 100 bp (parameters k = 23 hdist =
1 maxns = 0 maq = 30 magb = 100). Reads were then adapter-trimmed, and
reads shorter than 50 bp were removed (parameters ktrim = r k = 23 hdist =
1ftr2 =1 mL =51 tpe = t). Remaining paired reads were merged using PEAR
v0.9.10 (23) (parameters -p 0.001 -v 35 -m 0 -n 50). Amplicon primers and
barcodes were removed from merged reads with bbduk (parameters k =
23 hdist = 1). Merged reads were collapsed for exact duplicates and aligned
to the LYS2 reference sequence (NC_001134.8) using Geneious version 9.1.8
(www.geneious.com) (24).

Results

NHEJ of Cas9 DSBs Reveals Frequent +1-bp Templated Insertions. In
several reports of Cas9-generated indels in mammalian cells and
in vitro studies, there are frequent instances of +1 insertions (25—
29). Close inspection of these sequences led us to hypothesize
that the insertions were nonrandom and in fact could be
explained if Cas9 sometimes leaves a 1-nt 5’ overhang by cleaving
3 nt from the PAM on the gRNA complementary strand and 4 nt
away from the PAM on the noncomplementary strand that
would then be filled in and ligated (Fig. 1 4 and B). We found
that this was also the case in budding yeast. One example is
shown in Fig. 14, using a gRNA (gLYS2-1C) that cleaves within
the LYS2 locus. In these experiments, a LEU2-marked plasmid
carrying both a gRNA expressed constitutively and a galactose-
inducible Cas9 was transformed into strain BY4733 and then
cells plated on synthetic medium lacking leucine and with
galactose as the carbon source (30). Viability was ~0.4%,
with >95% of the viable colonies Lys2™ (Fig. 1E). Survivors were
analyzed by sequencing individual survivors and by Illumina se-
quencing of pools of >1,200 survivors from each of three
separate experiments (SI Appendix, Tables S2 and S3). Approx-
imately 21% of the survivors proved to be +1 insertions of T, as
would be predicted had Cas9 cleavage left a 1-nt 5’ overhanging
base that was subsequently filled in and ligated. There were other
+1 insertions of G or A at the same site, but the apparently
templated insertion represented >73% of all such events
(Fig. 14).

The observation that +1 insertions were apparently frequently
templated with gRNA LYS2-1€ led us to create an ostensibly
identical DSB using a PAM on the opposite (Watson) strand,
directed by gL.YS2-1". We term this pair of PAMs iPAMs (Fig.
1B). For gLYS2-1%, the expected insertion would be a G adja-
cent to the fourth base from the PAM. Indeed, nearly 74% of the
+1 insertions were G, with a minority of T or A inserts (Fig. 1B
and ST Appendix, Tables S2, S3, and S4).

This same disproportionate +1 insertion of a predicted, tem-
plated base was also seen for four other iPAM gRNA pairs, three
in LYS2 and one in CANI (Fig. 1D). Among the eight cases with
+1 insertions at the predicted site, the predicted base accounted
for >73% of all such insertions, far more frequent than the 25%
expected from random insertions (S Appendi\)\c/, Table S4). There
were no +1 insertions in one case (gLYS2-3") and none at the
predicted site for gLYS2-4™ (Fig. 1D). For gLYS2-2% and
gCAN1-1%, nearly all of the +1 insertions at the predicted site
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A gLYs2-1¢

Base insert
5’ GAACCTGTG TTGTGGAGA Insert. glys2-1¢
3’ CTTGGACACA ACACCTCT 5’ overhang at predicted site
l +A 2
5’  GAACCTGTGT TTGTGGAGA T 2
3’ CTTGGACACA AACACCTCT fill-in
l +G 24
5’  GAACCTGTGTTTGTGGAGA N +C .
3’ CTTGGACACAAACACCTCT +1 bp insertion
B glYS2-1%
5’ GAACCTGT GTTGTGGAGA Base insert
> 5" overhang at predicted site gLys2-1w
3’ CTTGGACAC AACACCTCA
l +A 10
5’  GAACCTGTG GTTGTGGAGA o
3’ CTTGGACAC CAACACCTCA fill-in +T 17
l +G 74
5’ GAACCTGTGGTTGTGGAGA N
3’ CTTGGACACCAACACCTCA +1bp insertion +C ;

C

gLYS2-1% 5’ CCCAGAGAGAACCTGTGTTGTGGAGACTCCAACAC 3’
gLYS2-1¢ 3’ GGGTCTCTCTTGGACACAACACCTCTGAGGTTGTG 5’

gLYS2-2" 5° TGAAAGAGTAACCATTGITGCGGACCAATTTACT 3’
gLYS2-2¢ 3* ACTTTCTCATTGGTAACAACGCCTGGTTAAATGA 5°

gLYS2-3" 5’ TGCGGAAGACGCCAAGAAATTGGTTGAGACGCTA 3’
gLYS2-3¢ 3’ ACGCCTTCTGCGGTICTTTAACCAACTCTGCGAT 5’

glLYS2-4% 5° QAAAQTQTTTQQQQAQQ}KAGGGCCAAGGATGAA 3’
gLYS2-4¢ 3’ GTTTCACAAACGGGTGCAGTCCCGGTTCCTACTT 5°

gCAN1-1% 5 ATGGTATTGACCCACGTCTGTGGTGTGTTTGTGA 3’
gCAN1-1¢ 3’ TACCATAACTGGGTGCAGACACCAGACAAAGACT 5°

D Fig. 1. Templated insertions and nonrandom dele-

tions at CRISPR-Cas9 DSBs. (A) Templated 1-nt inser-

Base insert tions following Cas9-induced DSB, resulting in a 5’
" LYS2- LYS2- | glyS2- | glLys2- LYS2- | gLYS2- | gLYS2- | gCAN1 | gCAN1 :

at predicted 8 w 8 1 g W g 2 3w g 3¢ g aw & ac g_lw g _1¢ 1-nt overhang-mediated gLYS2-1 The table shows

site the percentage of +1 insertions, with shaded

+A 10 values representing expected templated insertions.
6 o o [ (B) Templated 1-nt insertions following Cas9 induced
+G 74 24 94 17 -

+T 7 % DSB resulting in a 5’ 1-nt overhang mediated gLYS2-

1W- The table shows the percentage of +1 insertions,
with shaded values representing expected templated
insertion. (C) Five pairs of gRNAs targeting either the
LYS2 or CANT locus were designed to cleave five
different genomic sites. Paired gRNAs were designed
to create a DSB in the same DNA location. (D) Per-
centage of +1 insertions following cleavage from
10 different gRNAs targeting different iPAMs.
Shaded values represent the predicted templated
insertions for each guide. (E) Percent viability from
gRNAs targeting the LYS2 or CANT locus. W and C
reflect PAM location on Watson and Crick strands as
shown. (F) Percentage of Lys2~ for each gRNA tar-
geting LYS2 from viable cells. A statistically signifi-
cant difference in the percentage of Lys2™ cells was
found for gRNA pair 2 (P = 0.002). NA denotes sta-

+C - - - 6 - - 3 - - 3

E 100, > F

. NA
1001 g - — T
T
i ﬂ I I I ]
0.01""‘#?*# TTD—T‘B 0+ T i. T

W_CJW_CW_CjWw W € LW _CgW Cpw cgpw cj

gLYs2-2 glys2-3  glys2-4

% Viability
- 3

o
o
1

% Lys2" from Viable Cells

gLYS2-1 gLYS2-2 g1YS2-3 glYS2-4 gCAN1-1 glYs2-1

*gRNA did not cut well

were the expected base, but there were other insertions after the
third base from the PAM (SI Appendix, Tables S2 and S3). The
rate of survival for LYS2-4 was much lower than for other
¢RNAs, and nearly 48% of survivors were not indels, but base
pair substitutions (Fig. 1E and SI Appendix, Tables S2 and S3).

We also noted that in each of the iPAMs, there were also a
small proportion of +2 and +3 insertions (SI Appendix, Table
S4). These were not random insertions but again were mostly
adjacent to the fourth base from the PAM. In a few cases, these
insertions can be explained by assuming that they also were
templated after a cleavage, leaving 2-nt 5’ overhangs. One ex-

E2042 | www.pnas.org/cgi/doi/10.1073/pnas.1716855115

tistics not applicable because gRNA did not cut well.

ample of this is the insertion of CG adjacent to the sequence
CGTACGGG in 5.8% of the events for LYS2-4Y (SI Appendix,
Fig. S1). However, the great majority of these insertions appear to
be homonucleotide insertions favoring the base that was tem-
plated in a +1 insertion (SI Appendix, Table S4B). As discussed
below, there were also asymmetries in the deletion outcomes
between the two iPAM gRNAs suggesting that the orientation of
Cas9 on its target exerts a strong effect on the outcomes.

+1 and Other Insertions Depend Mostly on Pol4. If there are 1-nt 5’
overhanging ends, then there should be a DNA polymerase to fill

Lemos et al.
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in (5’ to 3’ on the recessed strand) before ligation can occur. We
had previously implicated the PolX family DNA polymerase
Pol4 in filling in misaligned DSB 3’ overhanging ends created by
HO endonuclease (12). Here we show that most of the
+1 templated events do indeed require Pol4 (Fig. 2). For both
gLYS2-2%V and gLYS2-2%, the deletion of POL4 eliminated
nearly all of the insertions, including the insertions of multiple
bases (Fig. 2). For gLYS2-2%, in the absence of Pol4, the fre-
quency of 3-bp microhomology-bounded TTG deletions in-
creased from 58% to 94% (Fig. 2D). For gL'YS2-2€, the number
of —1 deletions increased from 15% to 64%. These differences
again demonstrate the biased outcomes produced by two meth-
ods of cleaving the same site. With few to no insertions in the
absence of Pol4, viability for both gRNAs decreased signifi-
cantly (Fig. 2B). Pol4 likely is also involved in filling-in
microhomology-based deletions formed by annealing resected
3’-ended single strands. Additional evidence of the role of
Pol4 in generating +1 and +2 insertions was found for inser-
tions created at several sites within the MATa or MATa loci (ST
Appendix, Fig. S2), where 78% of indels were +1, +2, or

+3 insertions in wild-type strains and only 2.5% contained in-
sertions in the absence of Pol4.

iPAMs Reveal Other Nonrandom Consequences of the Orientation of
Cas9 Relative to the Cleavage Site. In addition to the +1 insertions
described above, most of the indels that were recovered appear
to result from the pairing of microhomologies exposed by 5’ to 3’
resection of the DSB. In the cases of gLYS2-1¢ and -1V, the
most abundant event for both gRNAs is a 14-bp deletion, which
can be explained by the pairing of CT sequences following 5’ to
3’ resection of the DSB ends (Fig. 3B). Similar processing of
blunt-end cleavages can account for a 3-bp deletion bounded by
a TG microhomology (Fig. 3D); however, their relative abun-
dance is quite different for the two gRNAs. A 2-bp deletion
bounded by GT (Fig. 3C) accounts for 16.2% of the events with
gLYS2-1%, but only 5% of the events in gL'YS2-1€. The higher
prevalence of this event for gLYS2-1% might be explained by a
1-nt 5’ overhang following cleavage (Fig. 3C), whereas a 1-nt
overhang directed by the opposite iPAM (gLYS2-1€) does not
give this result. Similarly, a 5-bp deletion, bounded by a single G,

A B
1001 B WT Bl pol4/ 18 B WT Bl poldA
80- * *

2 £

,§ 60 3

2 401 :,

s 3

20
0 0
gLYs2-2¢ gLYs2-2W gLYs2-2¢ gLys2-2W
*p=<0.05
glys2-2w glys2-2¢

CCATTGTTGCGG Indel Frequency CCATTGTTGCGG Indel Frequency
CCATTGTTTGCGG +1 35% CCATTG---CGG -3 58%
CCATTG-TGCGG -1 15% CCATTGGTTGCGG +1 10%
CCATTG---CGG -3 10% CCATTGTTTGCGG  +1 9%
CCATTGGTTGCGG +1 8% CCATTGATTGCGG +1 5%
CCATTGTTTTGCGG +2 7% CCATTGTTTTGCGG  +2 6%
CCA--[-13]--A -13 5% CCATTGTTTTTGCGG  +3 3%
CCATTGTTTTTGCGG +3 5% CCATTGGGTTGCGG ~ +2 2%
CCATTGCTTGCGG +1 3% A----[-17]---C ~ -17 1%
CCATTGGGTTGCGG +2 2% CCATTGTT-CGG -1 1%
CCATTGAAATTGCGG +3 1% CCATTGTTTTTTGCGG  +4 1%
CCATT--[-13]--T -13 1% CCATTGTGGTTGCGG  +3 1%
CCATTG------ A -6 1% CCATTGATATTGCGG  +3 1%
CCA----TGCGG -4 1% CCATTGCCTTGCGG +2 1%
CCATTGCCCTTGCGG +3 1% CCATTGAATTGCGG +2 1%
CCATTGGGGTTGCGG +3 1% CCATTGCTTGCGG +1 1%
CCATTGATTTTGCGG +3 1% CCATTGTgGCGG  1bps 1%
CCATTGGGTTGCGG +2 1% n=105
CCATTGATTGCGG +1 1%
CCATT-TTGCGG -1 1%
CCATTGTTGaGG 1bps 1%
CCATTaTTGCGG 1bps 1%

n=155

D glLys2-2W pol4A gLYS2-2¢pol4A

CCATTGTTGCGG Indel Frequency CCATTGTTGCGG  Indel Frequency

CCATTGT-GCGG -1 64:4 CCATTG---C66 -3 94% Fig. 2. Pol4 is required for templated and non-
CCA-[-13]--A -13 10% CCATTG[-10]A -10 3% templated insertions. (A) Insertions during repair of
CCATTGTTTGCGG +1 7% CC---GTTGCGG 3 3% gLYs2-2" and gLYSZ—ZC DSBs are mostly lost in the
CCATT[-13]-T -13 6% o n=109 absence of POL4. (B) Effect on NHEJ survival in the
CCATT[-14]-T -14 4% absence of POL4. (C) Indel profile from colonies re-
CCATTGTTGaGG 1bps 1% covered following DSB from gLYS2-2" and gLYS2-2€.
CCATTGT---GG -3 1% (D) Indel profile in the absence of pol4A for gLYS2-

n=70

Lemos et al.

2W and gLYS2-2<.
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represents 9.9% in gLYS2-1" but only 3.3% in gLYS2-1°. In this
case, the processing of a blunt end or either 1-nt 5’ overhang can
be envisioned to yield the 5-bp deletion; however, the presumed
intermediate created by gL.YS2-1€ would require excision of a
nonhomologous nucleotide on both sides of the annealed
structure (SI Appendix, Fig. S34). Some of the other biases also
may be attributable to the different outcomes created by 1-nt
overhangs directed by one PAM or the other, or to the fact that
subsequent steps are influenced by the orientation of Cas9.
For example, whereas a blunt-end cleavage of the gLYS2-2 tar-
get will yield a 2-bp GT deletion, the creation of —1 T deletions
likely derives from a 1-nt 5’ overhanging cut (SI Appendix,
Fig. S3B).

Similar differences are seen with three other iPAMs in LYS2
and one iPAM in CANI. We note that gL YS2-3“ was inefficient
in cleavage (Fig. 1E), but we could recover sufficient Lys2~ ex-
amples with an altered sequence to compare with gL.YS2-3W (SI
Appendix, Table S3). One other especially notable difference was
found with gL.YS2-2V and 2€, where—although they both gen-
erate efficient cleavage and survivors at a rate of 1%—>60% of

the survivors for gL'YS2-2%W are Lys™, while only 20% are Lys*
for LYS2-2€ (Fig. 1F). The Lys2* survivors all proved to have in-
frame deletions (3 or 6 bp) or insertions (3 bp), or else to have
base pair substitutions (SI Appendix, Tables S2 and S3), but a
great majority of the Lys* survivors at this site are 3-bp deletions
that would arise after 5’ to 3’ resection of the ends and annealing
of the single-stranded, 3’-ended AAC and TTG sequences at the
two DSB ends (SI Appendix, Fig. S4). This event is much more
strongly favored in one orientation than the other (Discussion).
In this case, the difference cannot be explained by differences
that might have been envisioned from different 1-nt 5’ overhangs
directed by the two PAMs.

A significant proportion of the survivors had no indels, but
instead had base pair substitutions that apparently rendered the
gRNA ineffective. This is especially evident for gLYS2-4<, for
which the survival rate was <10% of the other gRNAs used
and >47% of the survivors had base pair substitutions. The low
rate of viability cannot be attributed to an off-target cleavage by
this gRNA, because viability proved to be nearly 100% when a
12-bp deletion of the protospacer—obtained from a survivor

A Deletion Microhomology glys2-1W glys2-1¢
-14 cT 20.5% 27.7%
-2 GT 16.6% 5.0%
-5 G 9.9% 3.3%
-1(T) T 6.2%
-1(G) 9.0%
17 C 3.8% 3.3%
-3 TG 2.9% 5.7%
-15 2.6% 2.4%
-16 GAGA 2.5% 3.3%
B C
-14 bp with CT microhomology -2 bp with GT microhomology
5° AGAGAGAACCTGTG TTGTGGAGACTCCAAC 5’ AACCTGT GTTGTGGAGACT
3’ TCTCTCTTGGACAC AACACCTCTGAGGTTG 3’ TTGGACAC AACACCTCTGA
Blunt-end C!CGVGQE 5’ overhang directed by
’-3’ resection gLYS2-1%and filling-in
5’ AGAGAGAACCTGTG CCAAC
3* TCTCT AACACCTCTGAGGTTA 57 AACCTGTG GTTGTGGAGACT
; 3’ TTGGACAC CAACACCTCTGA
Annealing at
microhomology l 5’ to 3’ resection
5’ AGAGAGAACCT®' AAC G
3’ TCTCTC_ <GAGGTTG 5% AACCTGT™ GGAGACT
P@C Removal of ) 3’ TTG CAACACCTCTGA
FP‘(' nonhomology and fill-in 1 Removal of nonhomology
5 AGAGAGAACCTCCAAC Filling.-in
3? TCTCTCTTGGAGGTTG 5 AACCTGTTGTGGAGACT

3’ TTGGACAACACCTCTGA

-3 bp with TG microhomology

5’ AACCTGTG TTGTGGAGACT
3’ TTGGACAC AACACCTCTGA

Blunt-end cleavage
’-3’ resection

5’ AACCTGTG GAGACT

3’ TTG AACACCTCTGA
Annealing at
microhomology

5’ AACCTGTG T

3T ACACCTCTGA
Removal of nonhomology
Filling-in

5’ AACCTGTGTGGAGACT
3’ TTGGACACACCTCTGA
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Fig. 3. Formation of indels by annealing of adjacent
microhomologies. (A) Frequency of prominent dele-
tions from cleavages directed by gLYS2-1" and
gLYS2-1¢ PAM sequences (blue). (B) Origin of the
common 14-bp deletion flanked by a CT micro-
homology. (C) Formation of a 2-bp deletion with GT
microhomology. (D) Formation of a 3-bp deletion
bounded by TG microhomology.
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using gLYS2-4V—was transformed with Cas9 and gLYS2-4<.
The high rate of base pair substitution is reminiscent of survivors
of HO endonuclease cleavage when normal NHEJ is impaired,
and the rate of end repair was only ~5% of the wild-type rate
(12). In addition to Sanger sequencing we also used Illumina to
sequence a larger pool of NHEJ survivors for gL'YS2-4 and
gLYS2-4". None of the +1 insertions in gLYS2-4€ survivors
were at the predicted site (Fig. 1D and SI Appendix, Tables
S2 and S3). This discrepancy and the variety of base pair sub-
stitutions most likely can be attributed to the very low viability
seen for gLYS2-4€ and the likely NHEJ-independent origin of
many of the mutations recovered. Why Cas9 cleavage with
gLYS2-4¢ appears to block NHEJ whereas gLYS2-4" does not,
will require further investigation.

There was one instance (gLYS2-1%) of a GTGGGGTGTGGG
sequence that is reminiscent of telomere sequences (SI Appendix,
Table S3). Such captures of telomere sequences at DSB sites have
been previously noted (31).

In SI Appendix, Table S3 we also include results from a single
gRNA in CANI, showing again a strong bias toward templated
+1 insertions (29%) as well as homonucleotide insertions (+AA,
+AAA and even +AAAAA, as well as +TT and +TTTTT).

Lemos et al.

mre11A Mre11’s nuclease activity. Error bars represent SEM.

Cas9-Mediated Indels Are Strongly Dependent on the MRX Complex.
As previously reported (12), indels within the HO cleavage site
in MATa, even an in-frame 3-bp deletion or insertion, results in a
matol mutation, causing sterility. We designed two gRNAs (a#1 and
a#2) to cut in the same MATal gene, 23 and 96-bp away from the
HO cleavage site (Fig. 44). Cells were transformed with two plas-
mids, one containing a galactose-inducible Cas9 gene and the other
expressing the appropriate gRNA. As expected, with continued
Cas9 cleavage in the MATal gene, nearly all of the survivors were
sterile (a#1: 39/40; a#2: 38/40); the few nonsterile colonies proved
to have not been mutated. The viability in GAL::CAS9 strains was
~5 times higher than with GAL::HO (Fig. 4B); this difference is likely
a reflection of the slower kinetics of cleavage by Cas9 and the pos-
sibility that cells replicate before cleavage has occurred. As with HO
DSBs, Cas9-mediated NHEJ strongly requires DNA ligase 4 and the
Ku proteins, as dnl4A and yku70A derivatives displayed an ~100-fold
decrease in viability (Fig. 4B).

The Mrell-Rad50-Xrs2 (MRX) complex is an evolutionarily
conserved complex that has been implicated in many steps of
DSB repair, including control of end-resection and bridging of
broken DNA ends (32-34). In budding yeast, MRE] is im-
portant for most, but not all NHEJ events; in its absence,
templated insertions were lost but some deletions, bounded by
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microhomology, were still recovered (12). With HO-induced
DSBs, MRX proved to be important in the templated +2 and
+3 insertions but was not required for a 3-bp deletion that also
involved misaligned base-pairing of the overhanging ends (12).
Here we examined the role of Mrell in Cas9-induced NHEIJ.
Deletion of MREI1I resulted in a >1,000-fold reduction in
survivors; moreover, among the mrell A survivors, only 8 of
367 had actually altered the cleavage site sequence, and the rest
were presumed to be rare cells that failed to induce cleavage of
the target site, as observed previously in rare survivors of HO
cleavage (12). In those eight cases, the altered target sequence
harbored either a spontaneous mutation in the PAM or PAM-
adjacent sequences (two instances) or an indel, all of which
were 1-bp deletions (SI Appendix, Fig. S5). Thus, NHEJ of
Cas9-cleaved DSBs was significantly more dependent on MRX
than on the HO breaks (P < 0.05) (Fig. 4C), which suggests that
Mrell is required not only for fill-in events, but for nearly all
deletions. This difference most likely reflects the fact that HO
ends provide a 4-nt 3’ overhang to facilitate microhomology-
mediated annealing, whereas Cas9 cleavages are mostly blunt-
ended and thus may require the MRX complex either to initiate
resection of the ends or to tether the ends together.

To test whether Mrell nuclease activity or DNA end-bridging
by the MRX complex is critical for Cas9 NHEJ repair, we in-
vestigated the repair efficiency in mrellA strains cotransformed
with centromere-containing plasmids expressing either the
nuclease-dead mrell-3 allele or the mrell-4 allele that fails to
form a MRX complex (32), transcribed from their native pro-
moter. Mrell-3 rescued the strain viability, whereas the mrell-4
allele did not (Fig. 4D). Importantly, the mrell-3 allele rescued
mrel 1A NHE] viability for HO induction as well (Fig. 4D). These
results suggest that Mre11’s nuclease activity is not required for its
role in NHEJ of Cas9-generated ends, but the integrity of the
MRX complex is required to allow efficient end-joining.

Discussion

Although CRISPR-Cas9 has made it possible to create muta-
tions and gene editing in many organisms, budding yeast still
provides an important platform to analyze the mechanisms of
Cas9-mediated events in great detail. Here we have studied
NHEJ repair profiles in response to Cas9-mediated DBSs and
have reached several important conclusions.

First, we show that Cas9 induces a significant fraction of
+1 indels that are apparently templated from a 1-bp 5’ overhang
at the Cas9 cleavage site. Overall, among the five iPAMs and the
additional sequences we have analyzed, >75% of the +1 insertions
were the specific base and the specific location predicted from the
model shown in Fig. 1. We note again that the finding of
+1 insertions is not restricted to budding yeast, but is readily seen
in the spectra of indels in mammalian cells (35-37). To extend our
analysis, we specifically analyzed the nonrandom end-joining
events described in an extensive study of different gRNAs by
van Overbeek et al. (25) (Dataset S1). We found that, as in yeast,
mammalian cells exhibit a very strong bias for the +1 insertion to
be templated by the fourth base from the PAM. Indeed, among
151 examples of Cas9-induced indels described by van Overbeek
et al. (25), in which there were at least 1,000 +1 events, on average
91% of the +1 insertions at the expected insertion site were the
base predicted from the sequence (range, 36%-100%). In only
2 of 151 cases was the most frequent insertion not the predicted
templated event. These data suggest that the great majority of the
+1 inserts are templated, but the DNA polymerase(s) involved
in creating this +1 insertion may be significantly error-prone
(see below).

The proportion of Cas9 cleavages that are not blunt-ended is
not known. In vitro, the great majority of ends are certainly blunt
(38); however, in vivo, a 1-nt 5’ extension may facilitate recovery
after NHEJ events, possibly through more efficient recruitment
of an end-joining factor (39). In addition, an all-atom dynamics
simulation predicted that Cas9 DNA cleavage could have 1-nt 5’
overhangs (40). In budding yeast, blunt end ligations, as mea-
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sured by plasmid ligation after transformation, are markedly less
efficient than those with complementary overhanging ends (41).

Second, the filling-in of 5’ overhangs to produce +1 insertions
generally requires the X family DNA polymerase, Pol4. In budding
yeast, Pol4 has been shown to be required for gap-filling between
misaligned 5" overhanging ends, although—in contrast to gap-filling
of misaligned 3’ overhangs, which totally depend on Pol4—other
polymerases appear to be able to substitute for Pol4 at reduced
efficiency (39). Thus, the residual insertions that we find without
Pol4 may depend on other terminal transferase polymerases with
the ability to add one or more bases. Pol4 lacks proofreading activity
and thus is error-prone (42). This may explain the appearance of
other bases instead of the templated base in a significant minority of
junctions. The frequency of recovering alternative bases is quite
different in different gRNA contexts.

In addition to +1 insertions, Pol4 appears to be required when
there are multiple base insertions at the break. The origin of
these two-, three-, and four-base insertions in budding yeast
might be explained by the fact that Pol4 belongs to the X family
of DNA polymerases, some of which have terminal transferase
activity (43—45). Surprisingly, these multiple-base insertions are
overwhelmingly nonrandom, with >85% of them being homo-
nucleotide runs, the majority of which match the base most
frequently inserted as the templated +1 insertions (SI Appendix,
Table S4B). For example, for gLYS2-25, the templated base is T,
and the most frequent 2- and 3-bp insertions are also TT and
TTT. Less often, there were +1 G insertions, and there were also
GG and GGG inserts. These may reflect some sort of slippage at
the 1-nt overhang or some sort of terminal transferase activity.
Among the multiple-base homonucleotide insertions, 26% were
runs of A, 54% incorporated T, 12% were Gs, and 8% were Cs.
Some bias likely reflects the iPAM sequences chosen. Among the
five iPAMs that we analyzed, there were no predicted +1C in-
sertions. It is also possible that Pol4 could copy the gRNA.

Our analysis of indel data from an extensive study in human
cells (25-27) also revealed the presence of +2 insertions at the
same site at which +1 insertions are created. Overall, +2 insertions
appeared at a frequency of ~8% of the number of +1 insertions at
the same site. We examined 82 instances in which there were
200 or more +2 insertions (Dataset S2). Among this set, when
there were +1 insertions, the most frequent insertion was the
expected templated event in all but six cases. More than 90% of all
+1 insertions appear to be templated. Overall, 85% of the time,
the +2 inserts began with the same base as seen in +1 cases
(ranging from 30% to 100%). We do not see evidence of homo-
nucleotide +2 insertions, as seems to be the case in budding yeast;
however, in 57 of these 82 cases, the most frequent +2 insertion
can be accounted for if it too was templated, ostensibly by a +2 5’
overhang. Indeed, 76% of all insertions were the predicted
+2 insertion in these 57 cases. Among the 22 cases in which the
most frequent dinucleotide insertion was not that expected from a
2-nt 5’ overhang, the first base inserted was the expected base in
all but eight cases. Determining whether the additions of one or
two bases will require PolX will be of great interest.

Third, the use of palindromic PAM sequences allowed us to
clearly demonstrate that the orientation of Cas9 on DNA
strongly influences the spectrum of indels. Most striking is the
case of gLYS2-2%W and gLYS2-2€ directed against LYS2. With a
PAM on the nontranscribed strand, >50% of the outcomes had a
3-bp deletion that would result from annealing TTG sequences
on either side of the (blunt and resected) DSB, and another 10%
were +1 templated insertions of a G (Fig. 2C). In contrast with a
PAM on the transcribed strand, only 10% had the 3-bp deletion
and 30% were the expected templated +1 insertion (+T) (Fig.
2C). These differences in outcome could reflect in vitro studies
showing that Cas9 remains tightly bound to the site of cleavage,
but the two sides of the DSB may be differently accessible (15).
A large difference in the microhomology-mediated annealing of
the flanking TTG sequences would also be expected if one of the
two orientations led to a much larger proportion of 5’ over-
hanging cuts. Whereas blunt end cleavage would lead to both
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ends having TTG on the top strand, allowing perfect annealing
of the termini after resection, cleavages producing 1-nt 5’ over-
hanging (resulting in TT and GTTG on the top strand) would
not have precisely complementary microhomologies at the two
ends. Whether there is an influence of the orientation of Cas9
relative to transcription also merits systematic investigation; how-
ever, from the five iPAMs that we investigated, there does not seem
to be a clear pattern indicating that one orientation or the other is
more efficient in cleavage per se or in generating indels after
cleavage (Fig. 1C). It is possible that differences in the spectrum of
indels could reflect differences in the affinity of the two iPAM
gRNAs, based on, for example, GC content or some other sequence-
specific influence on Cas9’s residency at the DSB ends.

In the case of gL.YS2-2, the prominent —T deletion (15% of
survivors) can be readily explained if the cleavage had a §’
overhang; however, an analogous process beginning with a blunt
end would instead produce a —G, which was not seen (S Ap-
pendix, Fig. S3B).

Finally, NHEJ events after Cas9-mediated cleavage are nearly
completely dependent on the MRX complex. Two separation-of-
function mutants have led us to the conclusion that NHEJ does
not depend on the nuclease activity of MRX, but does depend on
the integrity of the complex. We suggest that the end-tethering
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promoted by the MRX complex becomes essential when the
DSB ends are blunt. We note that NHEJ of Cas9 cleavages are
not more sensitive to the absence of Ku or DNA ligase 4.

Consistent with other studies of Cas9-mediated indels, most of
the deletions that we recovered are mediated by microhomology
present near the break site (46—49). Keeping this in mind may be
helpful when designing gRNAs for NHEJ-induced loss of func-
tion. For example, almost 60% of cells expressing gLYS2-2¢
targeting LYS2 retained protein function and still grew on
Lys2 dropout plates, due to a 3-bp deletion resulting from 3-bp
microhomology, maintaining the protein in-frame (Fig. 2C).

In conclusion, we find that the types of indels recovered by a
particular gRNA-directed cleavage is strongly dependent on
DNA sequence context around the cleavage site. The basis of
these biases remains an important subject to investigate.
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