Published online 16 June 2023 Nucleic Acids Research, 2023, Vol. 51, No. 13 e72

https:Ildoi.orgl10.1093/narlgkad491

CREEPY: CRISPR-mediated editing of synthetic
episomes in yeast

Yu Zhao “', Camila Coelho “'', Stephanie Lauer “!, Milosz Majewski “'2, Jon M. Laurent ",
Ran Brosh “'" and Jef D. Boeke “1-3:4"

'Institute for Systems Genetics, NYU Langone Health, New York, NY 10016, USA, 2Maastricht Science Programme,
Maastricht University, Maastricht 6200MD, The Netherlands, 3Department of Biochemistry and Molecular
Pharmacology, NYU Langone Health, New York, NY 10016, USA and “Department of Biomedical Engineering, NYU
Tandon School of Engineering, Brooklyn, NY 11201, USA

Received October 03, 2022; Revised April 06, 2023; Editorial Decision May 15, 2023; Accepted June 14, 2023

GRAPHICAL ABSTRACT

Yeast Assemblon Vector

ABSTRACT

Use of synthetic genomics to design and build ‘big’
DNA has revolutionized our ability to answer funda-
mental biological questions by employing a bottom-
up approach. Saccharomyces cerevisiae, or budding
yeast, has become the major platform to assemble
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large synthetic constructs thanks to its powerful ho- 1 URAS
mologous recombination machinery and the avail- deletion nsertion mutation

ability of well-established molecular biology tech- - b S

niques. However, introducing designer variations to S l o
episomal assemblies with high efficiency and fidelity g . —
remains challenging. Here we describe CRISPR Engi- g couars e | Rl

neering of EPisomes in Yeast, or CREEPY, a method
for rapid engineering of large synthetic episomal

DNA constructs. We demonstrate that CRISPR edit-
ing of circular episomes presents unique challenges
compared to modifying native yeast chromosomes.
We optimize CREEPY for efficient and precise multi-
plex editing of >100 kb yeast episomes, providing an
expanded toolkit for synthetic genomics.

INTRODUCTION

Synthetic biology approaches have been used to design and
assemble ‘big” DNA to generate chromosomes and even en-
tire genomes, including the de novo assembly of synthetic
poliovirus and bacteriophage DNA, as well as the prokary-
otic genomes of Mycoplasma and Escherichia coli (1-4). In
eukaryotes, the Sc2.0 project aims to build a completely syn-
thetic genome in yeast from the bottom up (5-8). As tech-
nology rapidly advances, genome writing in mammalian
cells has also become feasible, resulting in new large DNA
manipulation and delivery strategies at the locus level (9—
15). These studies provide a new lens to understand complex
genome architecture, expression regulation, and the genetic
basis of human disease.

The human genome, like other mammalian genomes, is
complex, with introns and non-coding sequences such as re-
peats and regulatory elements. Furthermore, most human
genome variants implicated in disease map to non-coding,
regulatory regions (16). Recently, synthetic genome writ-
ing has been used to map the regulatory architecture of
the HoxA cluster (12), alpha globin (13) and Sox2 (14),
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rewrite a ‘cancer-mutation-resistant’ 7p53 gene and a fully-
humanized ACE2 receptor gene for SARS-CoV-2 in mice
(11).

The assembly of large (>100 kb) DNA constructs in S.
cerevisiae is a fundamental step towards synthetic DNA
writing of biosynthetic pathways, microbial genomes and
mammalian loci (4,17-20). Yeast is tractable as a platform
to assemble large DNA constructs because of its efficient
homologous recombination (HR) machinery and advanced
molecular toolsets available to researchers. Using HR of
overlapping segments, linear DNA fragments can be assem-
bled as a large circular episomal construct, also known as
YAV’ or Yeast Assemblon Vector, that can be propagated
and transferred to bacteria for isolation before delivery to
mammalian cells. After the initial assembly, YAV can be
edited in yeast to generate panels of designer variants. Com-
pared to building many different constructs from scratch, it
is also far more feasible and reliable to introduce designer
modifications into a parental base assembly, completely in-
sulating the eventual destination mammalian genome from
potential off target effects of CRISPR. Episomal constructs
can be delivered to mammalian systems, or further charac-
terized in yeast, as S. cerevisiae is widely used to optimize
episomal biosynthetic pathways in metabolic engineering of
natural products (20-23).

CRISPR has been widely used for yeast genome editing
(24,25). Directed by a sequence-specific single guide RNA
(sgRNA), the Cas9 nuclease creates a DNA double strand
break (DSB). This DSB can be repaired by homologous re-
combination with a co-transformed donor DNA contain-
ing polymorphisms that prevent further Cas9 binding and
cleavage to achieve successful editing. In the absence of such
a donor DNA template, the original genomic break may
lead to cell cycle arrest or the loss of an essential gene and
subsequent death. Compared to mammalian cells, Saccha-
romyces cerevisiae performs non-homologous end joining
(NHEJ) with high fidelity, with the major repair product be-
ing simple re-ligation (26,27). As a result, the repaired DNA
reforms the original Cas9 cleavage site unless errors in lig-
ation such as lost bases prevent further Cas9 recognition.
Typically, when CRISPR /Cas9 targets a chromosomal site
that is efficiently cut, the number of surviving colonies in the
absence of donor template DNA (designed so as to block
ongoing cutting) are 100- to 1000-fold lower than in its pres-
ence (24). Previous CRISPR studies have focused mainly
on genomic editing, with many well-designed systems es-
tablished for both simplex and multiplex targets (28-30).
However, the efficiency of editing episomal DNA constructs
by CRISPR /Cas9 remains unclear and a CRISPR toolbox
specifically optimized for episomes, especially those carry-
ing repeat-laden mammalian DNA, is lacking. It is also un-
known whether there are any fundamental differences be-
tween episomal and chromosomal editing in yeast.

Here, we introduce CRISPR Engineering of EPisomes in
Yeast, or CREEPY, a method for episomal YAV engineer-
ing. We first compare the efficiency of CRISPR/Cas9 for
targeting episomes and chromosomes. With CREEPY op-
timized for episomal editing, we achieve simplex and mul-
tiplex editing, as demonstrated by engineering of a 143-kb
mSox2 YAV containing the mouse Sox2 gene and regula-
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tory regions (14). Sox2 is a Yamanaka factor essential for
maintaining stem cell pluripotency (31). The mSox2 epi-
some represents a typical mammalian big DNA assembly
in length (>100 kb) and complexity. While the majority
of episomal edits are successful, unintended modifications
can occur. We identified the mechanism underlying these
modifications, which occur when internal deletions result
from HR or microhomology-mediated end joining (MMEJ)
events flanking the initial DSB site rather than from errors
introduced by NHEJ. Interestingly, all such events identified
in this study were instances of recombination between rela-
tively simple sequence repeats, which are abundantly repre-
sented in mammalian DNA. The CREEPY constructs and
methods described here can be used to further advance the
fields of DNA assembly and metabolic engineering in yeast
and mammalian systems.

MATERIALS AND METHODS
Yeast strains and culture

BY4741 was used to test chromosomal editing efficiency,
with ADE2 on chromosome XV as the target. To directly
compare genomic and episomal editing, we integrated the
mSox2 CTCF8 site (40 bp) into chromosome VI (between
YFLO21IW and YFL0O20C) with a LEU2 marker. This was
achieved by assembling the CTCF8 site, which was made
up of two annealed oligos, into an entry vector (pAV10, Ad-
dgene #63213) together with the LEU2 marker and approx-
imately 500 bp of homologous sequence on each side from
chromosome VI, using Golden Gate assembly. The linear
fragment for integration was released through Notl diges-
tion and then transformed into BY4741 for integration.

The yeast strain carrying a mSox2 YAV (yLM1371) is a
derivative of BY4741 (10). The rad52 A0 strain was from
the yeast knockout library, in which RAD52 was deleted
by a KanMX marker in BY4741 background (32). The
deletion was confirmed by colony PCR. Yeast strains were
grown using YPD as rich medium or defined Synthetic
Complete (SC) medium with appropriate nutrients omit-
ted (e.g. SC-Ura lacks uracil) as selective media. All yeast
transformations in this study were performed with standard
LiAc/SS/PEG method (33).

CREEPY plasmids and gRNA assembly

Plasmids used in this study are listed in Supplementary
Table S1. The original Cas9 and gRNA expression mod-
ules were modified from p414-TEF1p-Cas9-CYCIt (Ad-
dgene# 43802) and p426-SNR52p-gRNA.CANI1.Y-SUP4t
(Addgene# 43803). The LEU2 marker was replaced with
a heterologous HIS3M X6 marker (34), referred to here
as SpHIS5, by homologous recombination in yeast, gen-
erating the plasmid pCTCO019. The Cas9 expression mod-
ule (TEFI promoter, Cas9 CDS, CYCI terminator) and
gRNA expression module (SNR52 promoter, Notl cut-
ting site, SUP61 terminator) were constructed using Gib-
son assembly into the pRS416 (CEN-URA3) and pRS426
(2p-URA3) vectors, generating the single-plasmid sys-
tems pYZ462 (Cas9-CEN-URA3) and pYZ463 (Cas9-2.-
URA3), respectively. Plasmids that carry a CEN/ARS
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element (CEN for short) are reported to propagate in low
copy numbers in yeast (around 2 copies per cell), whereas
the 2 element renders plasmids with much higher copy
number (around 30 copies per cell) (35).

For the multiplex editing, a tRNA-gRNA array (30) was
used to express multiple gRNAs. pYZ463 was modified
to introduce a synonymous mutation (G to A, +171 bp
from ATG) in Cas9 CDS, eliminating the BsmBI recogni-
tion site with Multichange Isothermal (MISO) mutagen-
esis (36). Then, the tRNA module with a bacterial GFP
expression cassette was assembled to replace the original
gRNA expression module (SNR52 promoter) (37). The fi-
nal entry vector with URA3 and 2u is pYZ960. The same
method was used to build another entry vector, pYZ959,
with URA3 and CEN/ARS. The gRNAs were assembled as
described before (30). Briefly, primers containing the corre-
sponding gRNA sequences, adapters and BsmBI recogni-
tion sites were used to amplify a universal PCR template
with a tRNASY and gRNA scaffold (pYZ038). The PCR
products were purified using a DNA Clean & Concentrator
kit (ZYMO Cat# D4004), and then cloned into an entry
vector with Golden Gate assembly, using BsmBI-v2 (NEB
Cat# R0739L), T4 DNA ligase (NEB Cat# M0202S) and
10 x T4 DNA ligase reaction buffer (NEB Cat# B0202S),
following the NEB Golden Gate Assembly Protocol (38).
The reaction was cycled between 42°C and 16°C for 5
min at each temperature, for 30 or 60 cycles for three- or
five-gRNA assembly, respectively. This was followed by a
60°C incubation for 5 min, and a final temperature hold
at 4°C prior to transformation into E. coli competent cells.
GFP-negative colonies, visualized by eye as lacking a green
shade, were selected. All plasmids were confirmed by Sanger
sequencing.

For instance, to build the Cas9/gRNA.CTCF13, 17, 25
construct (pYZ212) for three edits (Figure 4A), we be-
gan with two PCR products amplified from pYZ038 us-
ing primers YZ2575/YZ2576 and YZ2577/YZ2578, re-
spectively. The first amplicon contains gRNA.CTCF13
and one half of gRNA.CTCF17, while the second am-
plicon contains the other half of gRNA.CTCF17 and
the entire gRNA.CTCF25. The two amplicons were
subsequently purified and cloned into the entry vector
pYZ960 via Golden Gate assembly. Similarly, to build the
Cas9/gRNA.CTCF3, 8, 13, 17, 25 construct (pYZ214) for
five edits, we generated four PCR amplicons with primers of
YZ2575/Y7Z2576,YZ2577/YZ2661,YZ2662/YZ2627 and
YZ2628/YZ2631, which were then assembled into the entry
vector.

Notably, the entry vector pYZ960 is also compatible with
the assembly of one gRNA for single edit, using the sgRNA
Small Fragment Assembly protocol described previously
(37). All gRNAs used in this study are listed in Supplemen-
tary Table S2. The sequences of the universal PCR tem-
plate and final tRNA-gRNA arrays used for multiplex edit-
ing are provided in Supplementary Table S3. The full se-
quences of CRISPR/gRNA constructs for mSox2 CTCF
single edit (pYZ477), three edits (pYZ212), and five ed-
its (pYZ214) are provided as Supplementary Data-S1, -
S2 and -S3, respectively, in GenBank format. Primers used
to assemble these constructs are listed in Supplementary
Table S4.
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Yeast transformations for genomic editing

In this study, 250 ng of Cas9/sgRNA plasmids were used in
all the experiments to test editing efficiency. The transfor-
mations were selected on plates with appropriate SC drop-
out media, to select both CRISPR plasmids (with URA3)
and the mSox2 YAV (with LEU2). The plates were incu-
bated for three days at 30°C for formation of single colonies,
which were then re-streaked to another fresh plate with the
same selective media to reduce background in subsequent
PCR screening.

For all episomal editing experiments, 1 pg of donor tem-
plate DNA for each target was transformed. Donor tem-
plates were designed as ~400 bp synthetic gblocks (IDT,
Supplementary Table S5) containing ~200 bp homology
at each end. Primers for amplification of donor templates
are listed in Supplementary Table S4. Amplified donors
were purified with ZYMO DNA Clean & Concentrator kit
(ZYMO Cat# D4004). The concentration was measured by
Qubit dsDNA HS kits with appropriate dilutions (Invitro-
gen Q32851), which was also double confirmed visually in
an agarose gel where the density of target bands was com-
pared with the DNA ladder (I Kb Plus, NEB N0469S).
All donor DNAs were designed so as to eliminate PAM
and associate protospacer sequence within CTCF sites by
deletion.

PCR screening for editing efficiency

The PCR screening method for editing efficiency is illus-
trated in Supplementary Figure S1. The deleted regions for
several sites (CTCF3A, 8A, 17A, 25A) were short (~35 bp),
rendering it challenging to verify based on the size change
of PCR amplicons. Therefore, we utilized primers that tar-
get newly formed junctions to generate positive PCR am-
plifications only when the targeted CTCF sites were suc-
cessfully deleted. CTCF13, which was deleted in conjunc-
tion with CTCF14, produces a ~2 kb deletion, and was
screened based on amplicon size change. We calculated edit-
ing efficiency as the ratio of colonies identified as success-
fully edited relative to the total number of PCR-screened
colonies. Colonies that did not pass the PCR screening were
further analyzed using whole genome sequencing (WGS)
to identify the underlying reason. All primers used in PCR
screening are included in Supplementary Table S4.

mSox2 episomal YAV

In this study, one mSox2 YAV that was previously assem-
bled was used as the parent construct, which harbors a 143-
kb wild-type mouse Sox2 locus with a backbone contain-
ing CEN/ARS and a LEU2 marker. The full sequence is
provided in Supplementary Data-S4. Detailed cloning pro-
cedures for this construct were described before (10,14).

Whole genome sequencing for episomal constructs

Yeast DNA samples, containing both genomic and epi-
somal DNA, were prepared using a Norgen Biotek
fungi/yeast genomic DNA isolation kit (Cat# 27300). Se-
quencing libraries were prepared using NEBNext Ultra I1
FS DNA library prep kit (NEB E7805L) with 500 ng DNA
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Figure 1. CRISPR/Cas9 constructs used in this study. (A) The two-
plasmid system. Cas9 plasmid is pre-transformed into yeast, followed by
a second transformation of the sgRNA plasmid. (B) The single-plasmid
system. Cas9 and sgRNA are co-expressed from a single plasmid, with a
CEN/ARS (top) or a 2 backbone (bottom).

as input. Whole genome sequencing was performed using
an Illumina NextSeq 500 system and pair-end 36 bp pro-
tocol. All raw reads were trimmed to remove adaptor se-
quence using Trimmomatic (39), and subsequently mapped
to original mSox2 YAV and CRISPR constructs as custom
references, as well as to the mouse genome (mm10) using
Bowtie2 software (40) and Samtools (41). The alignment
was visualized using IGV (2.12.2) and the UCSC Genome
Browser.

RESULTS
CRISPR/cas9 constructs and genomic editing in yeast

To determine whether there are any distinct challenges for
episomal YAV editing compared to standard chromosomal
editing, we developed CRISPR systems based on previously
tested constructs (24). With the two-plasmid system, Cas9
and its cognate sgRNA are expressed by two different plas-
mids (Figure 1A). Specifically, a human codon-optimized
S. pyogenes Cas9 is driven by the yeast TEFI promoter
together with a CYCI terminator in a CEN/ARS vector
(pCTCO019, Cas9-CEN-SpHISS), while the sgRNA is ex-
pressed using the RNA polymerase I11 (pol I11) SNR52 pro-
moter and terminated by the poly T sequence in the SUP4
terminator using a separate expression plasmid (pNA306,
sgRNA-2.-URA3). The parent strain is pre-transformed
with the Cas9 plasmid, followed by a second transforma-
tion of the sgRNA plasmid along with donor DNA. We also
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subcloned both Cas9 and sgRNA expression modules into
a single plasmid, with either a CEN/ARS (pYZ462, Cas9-
CEN-URA3) or a 2u (pYZ463, Cas9-2p-URA3) back-
bone, using the same promoters and terminators for Cas9
(Figure 1B). This single-plasmid system enables delivery of
all the components required for editing in a single transfor-
mation step, thereby increasing the throughput of CRISPR
editing.

To compare episomal to genome editing, we first tar-
geted the ADE? coding sequence (CDS) on yeast chromo-
some XV using a previously reported sgRNA (30). This
sgRNA was assembled into the three construct types de-
scribed above (two-plasmid, and single-plasmid with either
CEN/ARS or 21 backbone). To delete the ADE2 CDS, the
constructs were delivered to BY4741 together with a donor
template DNA providing homology arms that span the
targeted deletion (Supplementary Table S5). Red colonies
on transformation plates, indicating successful deletion of
ADE?2, were counted to estimate editing efficiencies (42). All
three systems achieved efficient editing, with >97% success
rate (Figure 2A). Notably, the two-plasmid system in which
the Cas9 plasmid was transformed prior to introducing the
sgRNA showed the highest efficiency, although the differ-
ence was not statistically significant, suggesting that pre-
transformed abundant Cas9 in cells may maximize genomic
editing efficiency. Despite the slightly reduced efficiency of
the single-plasmid systems, the convenience offered by a sin-
gle transformation makes them a more attractive option.
We also calculated the relative survival rate by dividing the
colony number from the group transformed with Cas9 and
sgRNA by the group transformed only with Cas9. Cas9 and
sgRNA, without a donor DNA template, resulted in many
fewer colonies (~1%) (Figure 2B), confirming previous re-
ports that yeast largely rely on HR with donor templates or
high-fidelity NHEJ to repair DSBs (24).

While abundant Cas9 protein presumably increases chro-
mosomal editing efficiency, we considered that the Cas9
load may also lead to toxicity in yeast. To assess this di-
rectly, we transformed the same Cas9 expression module us-
ing either the CEN/ARS or 2 origin, without any sSgRNA,
and performed a spot assay to determine strain fitness
(Figure 2C). Compared to control empty vectors (CEN-
URA3 and 2p-URA3), transformation of the Cas9-CEN-
URA3 construct had a minor effect on cell growth visu-
alized as small colonies, whereas the Cas9-2w-URA3 con-
struct showed strong toxicity. Growth of these strains in
liquid selective medium showed growth curves consistent
with the spot assay (Supplementary Figure S2). The dou-
bling time of the strain with the Cas9-2. plasmid was signif-
icantly longer (~1.5x) compared to the strains with Cas9-
CEN or empty vectors (Figure 2D). These results indicate
that Cas9 expressed from the high-copy 2 plasmid leads to
obvious toxicity associated with increased Cas9 abundance
(43).

In practice, CRISPR plasmids should be removed af-
ter editing as soon as possible in order to minimize off-
target effects. Plasmid loss also enables repeated use of
auxotrophic marker genes for further editing. Cas9 toxi-
city and plasmid stability may affect this process. To test
this, we inoculated single colonies transformed with ei-
ther the Cas9-CEN-URA3 or Cas9-2p-URA3 plasmid into
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Figure 2. Genomic editing in yeast with one- or two-plasmid systems. (A) Editing efficiency of genomic ADE2. Error bars represent mean + SD of three
replicates. ns, not significant as calculated by an unpaired ¢-test. (B) Survival rate of yeast transformed with Cas9/sgRNA alone without donor DNA. Error
bars represent mean & SD of three replicates. P < 0.0001 (****), as calculated by an unpaired ¢-test. (C) Spot assay on SC-Ura plates with BY4741 strains
transformed with Cas9 expressed from CEN/ARS or 2p plasmids. CEN-URA3 and 2u-URA3 were used as empty plasmid controls. (D) Doubling time of
the same yeast strains used in the spot assay, extrapolated from growth liquid rates (Supplementary Figure S2). Error bars represent mean + SD of three
replicates. P < 0.001 (**%*), as calculated by an unpaired 7-test. (E) Method to test the Cas9 toxicity and plasmid stability. Single colonies pre-transformed
with either Cas9 or empty plasmids were inoculated in non-selective YPD media, then plated as single colonies and replicated onto SC-Ura selective plates.
The proportion of Ura™ colonies is calculated. Three single colonies were tested as biological triplicates for each group. (F) Proportion of Ura™ colonies.
Error bars represent mean + SD, n = 3 and P < 0.0001 (****), as analyzed with unpaired ¢ test.

non-selective liquid media and then estimated the ratio of
cells that lost the plasmid by replica plating (Figure 2E).
To provide a baseline measurement, we also determined
plasmid loss rates of an empty 2u plasmid and an empty
CEN/ARS plasmid. As expected, Cas9-2p-URA3 was lost
at a much higher rate compared to Cas9-CEN-URA3 and
the control plasmids, consistent with its toxicity (Figure 2F)
(44). The Cas9-CEN construct showed a similar loss ratio,
consistent with minimal toxicity to yeast cells.

CRISPR/cas9 engineering of episomes in yeast: targeting the
mSox2 YAV

To test the editing efficiency with CREEPY, we used an
episomal YAV containing a 143-kb wild-type mouse Sox2
(mSox2) fragment, which includes the coding sequence
and distal regulatory clusters such as DNase I hypersen-
sitive sites (DHSs) and CTCF binding sites (Figure 3A)
(10). First, we tested episomal editing by deleting a sin-
gle CTCEF site, CTCF8 (35 bp), in the mSox2 YAV (Fig-

ure 3B). The sgRNA was assembled into the same con-
structs with Cas9 as described above, and co-transformed
with the CTCF8A donor template DNA (Supplementary
Table S5). Following selection of transformants, single
colonies were screened using colony PCR for successful de-
signer deletion of CTCFS§ using deletion-specific primers
(Supplementary Figure S1). We found the single-plasmid
Cas9/sgRNA-CEN construct showed the lowest efficiency
(~70%), while the Cas9/sgRNA-2 construct and the two-
plasmid system had high editing efficiency (~96%) (Fig-
ure 3C). This suggests that high Cas9 protein abundance,
either from pre-transformed Cas9 plasmid or the high-
copy 2u construct, is important for efficient episomal
editing.

Considering all these results, we determined that the best
system for genomic editing where the priority is usually to
build a yeast strain with designer modifications quickly and
efficiently, and avoid non-specific mutations, is the single-
plasmid system containing Cas9 on the CEN/ARS back-
bone, especially given its minor toxicity, minimal effect on
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Figure 3. Episomal editing in yeast targeting at mSox2 YAV. (A) Structure of episomal mSox2 YAV. BAC, bacteria artificial chromosome backbone. (B)
Episomal editing strategy. Cas9 creates a DSB at CTCF8 which can be repaired with a donor DNA containing CTCF8A. (C) Editing efficiency with the
single-plasmid (CEN or 2u backbone) or two-plasmid (CEN/2u) systems, as determined by genotyping using deletion-specific primers (Supplementary
Figure S1). Error bars represent mean £ SD of three replicates. P < 0.05 (*), as calculated by an unpaired #-test. (D) Survival rate of colonies transformed
with Cas9/gRNA targeting CTCF8 without donor DNA templates. Error bars represent mean + SD of three replicates. P < 0.005 (**), as calculated
by an unpaired z-test. (E) WGS read coverage of colonies with failed or successful edits aligned to the mSox2 YAV. (F) Unintended deletion boundaries
mapped to the indicated mouse genome repetitive elements (see also Supplementary Table S6). (G) Editing strategy of a genome-integrated mSox2 CTCF8
site inserted between YFL021C and YFLO21W. (H) Editing efficiency of a genome-integrated mSox2 CTCFS. Error bars represent mean £ SD of three
replicates (n = 32 for each group). (I) Survival rate of colonies for genomic and episomal YAV editing without donor DNA templates. Error bars represent
mean £ SD of three replicates. P < 0.0001 (¥***), as calculated by an unpaired ¢-test. (J) Episomal YAV editing with an SpHIS5 marker adjacent to
CTCFS8 site. His* or His™, prototrophic or auxotrophic for histidine, respectively. (K) Ratio of His™ colonies surviving episomal YAV editing (shown in J).
Error bars represent mean + SD of three replicates. P < 0.0001 (¥**%*), as calculated by an unpaired #-test. Representative images of transformation plates
are depicted in Supplementary Figure S5).

cell growth, and efficient loss after culturing in non-selective
medium (Figure 2F). In contrast, episomal editing is pri-
marily used for generating DNA variants, and thus the
single-plasmid Cas9-2p. system usually provides the best
option because of its higher efficiency and rapid loss rate.
Its relative toxicity, or potential genomic off-target activity,
is of no consequence when the goal is to engineer episomal
DNA for transplantation in other systems. In the following
episomal engineering experiments, the Cas9-2p. construct
was used.

Unintended internal deletions between micro-homologous
repeats

For chromosomal editing, very few colonies (~1%) ap-
peared in the absence of donor DNA (Figure 2B). In con-
trast, episomal YAV targeting by Cas9 in the absence of
donor DNA resulted in a much higher survival rate (~40%,
Figure 3D), suggesting that a different mechanism might
be most frequently used to recover from DSBs in episomes
than in chromosomes. An alternative explanation is that
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edits of CTCF13A, CTCF17A and CTCF25A. (E) WGS read coverage from colonies obtained in multiplex episomal editing experiments aligned to the
mSox2 YAV. (F) Genomic boundaries of unintended deletions from multiple episomal editing experiments mapped to the mouse genome and annotated
with relevant repetitive elements mapped at the sites of deletion (see also Supplementary Table S7).

the repair mechanisms are similar, but the selective pres-
sures involving episomal YAV and chromosomes, the lat-
ter contains many essential genes, are different. Moreover,
the mammalian genomes are far richer in dispersed repeat
sequences compared to the yeast genome. To uncover the
mechanism responsible for the background colonies in the
absence of donor DNA, from the CTCFS8 deletion test, we
randomly expanded 8 independent colonies that did not
pass PCR screening and subjected them to whole genome
sequencing (WGS), together with two colonies that showed
positive PCR amplifications as controls. WGS reads were
aligned to the mSox2 YAV and the Cas9/gRNA-2 plas-
mids references (Figure 3E and Supplementary Figure S3—
S4). First, the 35-bp CTCFS deletion was confirmed in the
positive controls, which were otherwise intact (Supplemen-
tary Figure S3). However, we found large internal dele-
tions (30-70 kb) that always spanned the original sgRNA
target site in all eight colonies that had failed genotyp-
ing. These deletions allowed cells to avoid repeated diges-
tion of the episomes by Cas9. This result is dramatically
different compared to chromosomal editing, in which sur-
vivors tend to present point mutants at the site of cleavage
(24). The Cas9/gRNA construct remained intact in all of
these samples (Supplementary Figure S4), indicating that
the CRISPR system was still active.

Next, we aligned the WGS reads to the mm10 genome
assembly and inspected the sequence properties adjacent
to the deletion boundaries using RepeatMasker (45). Al-
though the boundaries of unintended deletions were vari-

able, we found that they all mapped to repetitive elements,
including microsatellite, SINE and low complexity repeats
(Figure 3F and Supplementary Table S6). Considering their
length and composition, the deletions were most likely
formed by HR or MMEJ, rather than NHEJ. In yeast cells,
MME]J is initiated by DNA resections from the DSB end,
and subsequent microhomologous annealing (46). It is an
error-prone repair mechanism that is associated with dele-
tions flanking the DSB site (26). In contrast, the products of
S. cerevisiae NHE] are generally precise religations back to
the wild-type sequence and HR is generally error free (46).
The observed deletions were also much longer than regu-
lar indels from non-specific NHEJ. Thus, we speculate that
both HR and MME]J occurred after Cas9 cleavage and led
to the survival of cells carrying episomal constructs with in-
ternal deletions.

When transformed with the single-plasmid Cas9-2. sys-
tem and donor DNA, yeast cells demonstrated high effi-
ciency of simplex episomal editing (~90%). In the absence
of donor DNA, survival rate was relatively high (~40%),
suggesting that yeast cells use HR to repair DSBs when
donor DNA is available and that MMEJ is a secondary re-
sponse when HR with donor DNA is not possible.

Genomic CRISPR/cas9 editing of an integrated CTCFS8 site

To directly compare genomic and episomal YAV editing
utilizing the same gRNA target, we integrated the CTCF8
site into chromosome VI along with a LEU2 marker
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cassette (Figure 3G and Materials and Methods). We then
employed the same Cas9/gRNA.CTCF8 construct to eval-
uate genomic editing efficiency. Consistently, with a donor
template, we observed a high editing efficiency (~98%) (Fig-
ure 3H), similar to ADE?2 editing. We also compared the
relative survival rate when editing an episomal vs genomic
CTCEFS8 site, in the absence of the donor template. Simi-
lar to ADE? editing, ‘donorless’ genomic CTCF8 editing
produced very few colonies (~0.1% vs the no-gRNA con-
trol), and significantly lower than episomal CTCFS editing
(~30%) (Figure 3I).

NHEDJ in episomal YAV editing

In S. cerevisiae, the vast majority of NHEJ events are pre-
cise religations that restore the wild-type sequence (27),
leading to continuous cleavage by Cas9. For genomic edit-
ing without a donor template, survivors could present either
point mutants or indels at the site of cleavage, which prevent
subsequent recognition and re-cutting (23). In contrast, for
episomal editing of the mSox2 YAV, our WGS results indi-
cated that most yeast cells survived thanks to large deletions
surrounding the gRNA targeting site.

To further assess the impact of NHEJ-induced variants
on episomal YAV editing, we first integrated an SpHISS
marker adjacent to CTCF8 in the mSox2 YAV, and sub-
sequently transformed the Cas9/gRNA.CTCFS§ plasmid
without any donor template (Figure 3J). Colonies with
small, localized NHEJ-induced variants should remain
His* (i.e. prototrophic for histidine), since mutations or
small indels are unlikely to disrupt the his5 open reading
frame. Conversely, large deletions, such as those described
above (Figure 3F), are likely to extend into this marker, re-
sulting in colonies that are His™ (i.e. auxotrophic for histi-
dine). Interestingly, we found that almost all donor-free sur-
vivors were His™, with only ~0.2% His* colonies (Figure 3K
and Supplementary Figure S5), indicating that local NHEJ-
mediated mutations represent a very infrequent mechanism
for resolving episomal dsDNA breaks.

Multiplex episomal editing using a tRNA-gRNA array

Multiplex editing can significantly accelerate introduction
of multiple designer variations in parallel. With this goal
in mind, we evaluated the efficiency of multiplex editing of
episomes. With abundant Cas9 enzyme in cells, a key chal-
lenge is whether more than one sgRNA can be expressed at
once. In yeast, several genomic editing strategies have been
reported in which sgRNA maturation is assisted by viral ri-
bozymes, Csy4 cleavage or tRNA processing (25,29,30). In
this study, we used a tRNA-gRNA array to express multi-
ple sgRNAs simultaneously (Figure 4A). The sgRNAs are
co-transcribed with a tRNA by pol III, and are then re-
leased from the primary transcript by endogenous RNase P
and RNase Z (30,47). This design ensures the co-expression
of multiple gRNAs within a single cell and avoids compli-
cated strain engineering such as integration of Csy4 (29).
Recently, it was demonstrated by RNA-seq that this strat-
egy results in even gRNA expression from all positions in
the array (48).

To test multiplex editing of mSox2 YAV, we attempted
to delete three different CTCF sites in parallel: CTCF13,
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CTCF17 and CTCF25 (Figure 3A). We first built an entry
vector (pYZ960) with the same Cas9 expression module and
2 plasmid backbone with URA3, and containing BsmBI
sites for integration of the sgRNAs. Three mSox2-targeting
sgRNAs were assembled with Golden Gate cloning (see
Methods) and the resulting Cas9/sgRNA-array construct
was transformed with all three corresponding donor DNAs
mediating CTCEF site deletions. Using PCR genotyping, we
found that most colonies had at least one edit (~80%), con-
sistent with the high editing efficiency of CREEPY (Fig-
ure 4B). More importantly, ~25% of colonies presented
all three edits, demonstrating successful multiplex episomal
editing. We found that deletion of CTCF13 and CTCF25
showed similarly high efficiencies, whereas the CTCF17
deletion was less efficient, and was mostly responsible for
reducing overall multiplex editing efficiency (Figure 4C).

To understand why some colonies had one or two, but not
three modifications, we investigated the distribution of these
edits as shown in a Venn diagram (Figure 4D). Most of the
colonies with a successful CTCF17 deletion also contained
the other two deletions (27 out of 30). In other words, as
long as the CTCF17 designer deletion occurred, the other
two edits were likely to also have occurred. In contrast, for
episomes with CTCF13A, the majority also contained an
additional edit of CTCF25A (61 out of 70), but all three
edits occurred in only 27 of 70 colonies. A similar ratio was
observed for CTCF25A. Consistent with its low editing ef-
ficiency, CTCF17A seems to represent the bottleneck limit-
ing multiplex editing.

To understand the reasons behind this phenomenon, we
performed WGS and aligned reads to the mSox2 YAV and
CRISPR plasmid from three independent colonies of each
of the following edit types: all three edits, CTCF13A only,
CTCF25A only, CTCF13A and CTCF25A, and no de-
tected edits, as determined by PCR genotyping (Figure
4E). For colonies with all three edits, the designer deletions
were confirmed and the mSox2 episomes were otherwise in-
tact (Supplementary Figure S6). Interestingly, for colonies
with CTCF13A only, in addition to validating the deletion
of CTCF13, internal deletions in the downstream region
flanking CTCF17 and CTCF25 were observed, completely
eliminating those Cas9/sgRNA recognition sites. Similar
events were observed in colonies with CTCF25A only,
where upstream internal deletions removed the CTCF13
and CTCF17 sites. Consistently, for colonies with both
CTCF13A and CTCF25A but not CTCF17A, unintended
deletions were only detected for the CTCF17 site. Notably,
the CRISPR plasmids from all these groups remained intact
with full-length tRNA-sgRNA arrays (Supplementary Fig-
ure S7). These results indicate that all three sgRNAs, includ-
ing gRNA.CTCF17, were functional and expressed well, as
cleavage happened in all CTCF sites. CTCF17 is located
centrally in the mSox2 YAV while CTCF13 and CTCF25
sites are more terminal. Thus, there is a larger number
of repetitive elements situated on both sides of CTCF17.
Also, it is notable that the CTCF17 site is flanked on both
sides by mouse SINE Bl and B2 retrotransposons, most
of which range in length from 150-180 bp. Due to their
length, these repeats provide rather extensive opportunities
for both HR- and MMEJ-mediated repair and this may also
contribute significantly to the relatively-high frequency of
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recovering this class of deletions. Rather than sgRNA per-
formance, this ‘position effect’ is probably the major cause
of lower efficiency of CTCF17 deletion. Finally, for colonies
with zero edits, wild-type mSox2 was observed without any
modifications. Instead, in those cases, deletions occurred in
the Cas9/sgRNA-array plasmid, disrupting the Cas9 CDS
(Supplementary Figure S7).

We also aligned the sequencing reads to the mouse
genome (mml0). Consistent with the simplex editing
experiment, we mapped all the deletion boundaries to
micro-homologous or homologous repeats, such as micro-
satellites and SINEs, respectively (Figure 4F and Supple-
mentary Table S7). As speculated previously, this find-
ing directly demonstrated that yeast cells can resolve Cas9
cleavage in YAV through formation of extensive internal
deletions.

Internal deletions mainly result from HR and MMEJ, not
NHEJ

To further investigate the mechanism behind unintended in-
ternal deletions, we first used Sanger sequencing to precisely
map the junctions from multiplex editing experiments (Sup-
plementary Figure S8). All unintended internal deletions
were confirmed and mapped (Supplementary Figure S9).
Several deletions, such as in colony 13, had homologous se-
quences substantially longer than 40 bp of sequence iden-
tity (Figure 5A). Other deletions, such as those identified in
colony 17 and 18, most likely resulted from MMEJ as their
homologous arms were shorter (Supplementary Figure S9).
None of these deletions resulted from error-free NHEJ.

To find more direct evidence for MMEJ, we transformed
the full-length mSox2 YAV into a yeast strain lacking
RADS2 (rad52 A0), which is required for HR, but not for
MMEJ (49). We then transformed a Cas9 plasmid with or
without the sgRNA targeting CTCF17 into wild-type or
rad52 A0 yeast strains (Supplementary Figure S10). Inter-
estingly, while 45% of transformants survived in the wild-
type yeast strain, in the rad52A strain, the survival rate
was reduced to only ~10%, presumably due to unavailable
HR repair pathways (Figure 5SB). This result suggests that
MME]J occurs after DNA double-strand break formation
while HR may still be the major mechanism to repair the
cleavage. Both scenarios could result in unintended internal
deletions that eliminate Cas9/sgRNA recognition sites.

We then selected three colonies from the rad52 A back-
ground and analyzed the Sox2 episomes by WGS. Similar
internal deletions were detected spanning the CTCF17 site
(Figure 5C). The boundaries were also mapped to repetitive
elements (Supplementary Table S8). The junction sequences
were further confirmed by Sanger sequencing, showing sim-
ilar MMEJ patterns (Supplementary Figure S11).

Multiplex editing with up to five edits

Finally, we challenged the practical upper limit of mul-
tiplex episomal editing with CREEPY. We assembled a
tRNA-gRNA array consisting of five gRNAs targeting
CTCF13, CTCF17, CTCF25, CTCF3 and CTCF8 (Fig-
ure 5D). This plasmid was co-transformed with correspond-
ing donor DNAs to introduce five simultaneous deletions.
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Learning from our previous experiments, we performed
a first-round screening for the successful CTCF17A edit,
which was the most difficult one due to its ‘position ef-
fect’. We found that 10/96 (10.4%) of colonies were positive
for the precise designer CTCF17A deletion (Figure SE and
Supplementary Figure S12). Among these positive colonies,
a second-round screening for the remaining deletions iden-
tified 4/10 colonies with all five planned deletions. We sub-
mitted three for WGS and confirmed that they all have ex-
pected designer deletions of five CTCF sites (Supplemen-
tary Figure S13).

DISCUSSION

In this study, we used CREEPY to perform CRISPR edit-
ing of episomes. CRISPR has been widely used for strain
construction and genome engineering. Both the Cas9 and
Casl2a systems have been implemented for genomic edit-
ing in yeast for simplex and multiplex targets, and opti-
mized for a variety of functions (50-54). Here, we used Cas9
with human-optimized codons, driven by the constitutively
active TEFI promoter, as described in its first implemen-
tation in S. cerevisiae (24). Other groups have tested the
same Cas9 enzyme with codons optimized for yeast or using
the original coding sequence from S. pyogenes (25,28,55).
All versions of the Cas9 enzyme showed similarly high ge-
nomic editing efficiency, indicating that the effects of codon-
optimization are minimal. However, more direct compar-
isons of efficiency and toxicity are lacking and represent one
area of further study.

We demonstrated that a single-plasmid system with Cas9
in a 2 backbone for yeast genomic editing led to high tox-
icity and reduced growth rate. In other experiments unre-
lated to this study, we found that genome editing in hap-
loid strains with the Cas9-2p construct might in some in-
stances lead to whole genome endoreduplication, generat-
ing a diploid cell with successful editing but two copies of
each chromosome (data not shown). Thus, we recommend
using the Cas9-CEN construct to reduce off-target effects
while maintaining optimal host strain fitness, i.e. for yeast
genome engineering. However, for big DNA applications
focused on mammalian genome rewriting, yeast is used as
a platform for DNA assembly only. The final constructs
are extracted and transplanted into a target system (mam-
malian cells in this case). The accompanying yeast genome
is no longer of any consequence. Thus, we recommend us-
ing the Cas9-2p construct for CREEPY due to its higher
editing efficiency in this context.

To test episomal editing, we used CREEPY to delete
CTCEF sites in the mSox2 YAV. We also found the back-
ground colonies with failed designer editing contained
internal deletions that eliminated the CRISPR/sgRNA
recognition sites. These deletions were due to HR and
MMEJ between repetitive sequences within Sox2 as in
mammalian genomes, instead of NHEJ. All these repeats
were mapped and annotated with RepeatMasker (Supple-
mentary Figure S14). Beyond this work, using CREEPY,
over 60 constructs with deletions, inversions and surgi-
cal alterations of DHSs and CTCEF sites in mSox2, were
built in yeast and delivered to mESCs in order to study
its regulatory architecture (14). In practice, we also tried
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Supplementary Figure S12.

another single-plasmid system, pYTK-Cas9, built with
the yeast tool kit (Supplementary Figure SI15A) (56). It
contained a yeast-codon optimized Cas9, driven by the
constitutive yeast PGKI promoter in a CEN/ARS back-
bone. Different auxotrophic markers for the Cas9 plas-
mid backbone were also used, including URA3 (pNA304,
pYZ462 and pYZ463), ScHIS3 (pNAS519) and SpHISS
(pCTCO019) (Supplementary Figure S15B). All of these
constructs worked efficiently. For sgRNA expression, the
SNRS52 promoter and endogenous tRNA were used in this
study. Other pol III promoters like RPRI can also be used
to express sgRNAs in yeast (57,58). All these pol III pro-
moters worked with high efficiency.

We conducted further analysis to evaluate the NHEJ-
induced variants for mSox2 episome editing and discovered
that in the absence of donor templates, nearly all colonies
displayed deletions following Cas9 cleavage. It is notewor-
thy that while point mutations or indels are infrequent, this
does not imply that NHEJ repair itself is rare. Rather, S.
cerevisiae is proficient in NHEJ repair, but exhibiting much
higher fidelity than mammalian systems, producing nearly

100% precise relegation to the wild-type sequence (27). Pre-
cise NHEJ repair preserves DNA integrity, rendering it sus-
ceptible to ongoing rounds of Cas9 cleavage. For genomic
editing, the lack of flanking repetitive regions likely leads
to the observed lethality. Consequently, only a small frac-
tion of colonies survived, and most of them are presumed
to carry ‘local’ NHEJ mutations. Extensive internal dele-
tions are significantly more frequent for episomal YAV edit-
ing, as the wild-type mammalian genomic fragment is richer
in repetitive sequences, allowing for facile recombination-
based repair, whereas the native yeast genomic DNA is not.
This is also consistent with our observations that internal
deletion boundaries were all mapped to mammalian repet-
itive elements.

We achieved both simplex and multiplex episomal edit-
ing in our study, with up to five targets within one single
step. We tried multiplex editing for six targets with one ex-
tra gRNA targeting CTCF4, but unfortunately, we have yet
to succeed obtaining a colony with all six deletions. Facili-
tated by a tRNA-gRNA array, the simultaneous expression
of multiple gRNAs is quite feasible. We speculate that the
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limiting step is the available copy number of each of the mul-
tiple donor DNA fragments required. The successful multi-
plex editing requires the presence of all donor DNAs in one
cell. Missing one or some of these templates may lead to sur-
vival but inefficient editing as demonstrated here. This pro-
cess may become increasingly challenging with additional
targets and represents an avenue for further improvements
to multiplex editing in yeast.

In this study, we utilized the common wild-type yeast
strain BY4741 as a platform to implement our CREEPY
system. However, the editing efficiency might be further en-
hanced by using genetically engineered strains. Mutations
in various non-essential genes have been suggested as poten-
tial candidates to improve the efficiency of the system, such
as the MRE complex, particularly MRE11 (49), and the nu-
cleotide excision repair complex, including RADI, RADI0,
RADI4(59), to inhibit MMEJ, or overexpression of RADI8
to promote HR (60). Nevertheless, systematic screening and
quantitative analysis will be necessary to compare the effi-
ciency of HR, NHEJ and MME]J in these strains. It is cru-
cial to ensure that HR efficiency is not compromised, as it is
vital for accurate CRISPR editing through recombination
with donor templates.

As big DNA design and writing technologies are ad-
vancing rapidly, the ability to engineer designer variations
quickly and efficiently is essential. By manipulating large
synthetic constructs of >100 kb we can study the rela-
tionship between genomic architecture and functional ele-
ments, and their association with developmental regulation,
human disease and evolution. CREEPY with its simplex
and multiplex editing capabilities, will directly benefit these
studies and accelerate such engineering.
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