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ABSTRACT

Sustainable haploidization of human cell lines by CRISPR/Cas-mediated
allele-specific deletion of target genes

SOOHYUK CHO

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Hyongbum Kim)

CRISPR/Cas-system is one of the most powerful tools that enable biological
functional screening via precise genome editing at the intended target regions. Up to
date, base editors (BEs) and prime editors (PEs) are the most frequently used genome
editing tools in inducing specific mutations at the target loci to demonstrate its
relevance to the resulting phenotypes within host, both in vitro and in vivo. In line with
this, recent development of haploid cell lines, including KBM7 and HAP1, has also
enabled efficient genome screening by preventing unedited alleles from masking the
phenotype changes. However, such cell lines showed unstable haploidy, being enriched
in diploids during their long-term culture. Therefore, instead of using near haploid cell
lines, introducing haplotype at gene-of-interest in diploids is expected to generate more
sustainable haploidy. Targeting single nucleotide polymorphisms (SNPs)-enriched
region would provide robust specificity to induce haplotype at the gene-of-interest
within human diploid. By single cell cloning the human cell lines that exhibit

CRISPR/Cas-mediated large deletions, diploids with sustainable haploidy at the target



genes are expected to be generated.

Here, we induced large deletion in BRCA2 by CRISPR/Cas9-mediated DNA double
strand break, precisely targeting the DNA binding domain of BRCA2. The real-time
quantitative PCR (RT-qPCR) results demonstrate the robust efficiency of large deletion
in the target loci, resulting in gene-specific haploidy of BRCA2, which could be the
ideal target for efficient functional screening. Relative expression levels of large
deletion-induced BRCA?2 in single cell samples show one sample with induced
haploidy of BRCA2, which was identified by RT-qPCR amplification of each single
cell. Although sustainability of its haploidy should be continuously monitored during a
long-term culture, subsequent deep sequencing of haploidized BRCA2 loci would

further validate its genotype in a sequence-specific manner.

Keywords: BRCA2, CRISPR/Cas9, large deletion, haploidization, dual guide RNA



I. INTRODUCTION

The development of targeted genome editing via CRISPR/Cas9 has expanded the
scope of functional screening of multiple gene sets, which had been practiced in a

limited measure since the Human Genome Project!-?

. Up to date, genome editing is no
longer tied to gene knock out or knock down as a whole, and it expands to a single base
level in which a target base is substituted with the desired base at the precise position®.
Base editors (BEs), the active domain of which is a deaminase fused to catalytically
impaired Cas protein®, are the examples that serve this purpose by altering the original
base into induced single base polymorphisms (SNPs). Prime editors (PEs), the most
recently developed genome editing tools, modify target genome without double-
stranded DNA breaks, and therefore, do not require additional donor DNA as a
template®. Instead, PEs utilize RNA templates integrated with the guide RNAs to enable
nucleotide substitutions or structural variations, including insertions and deletions,
within the genome. Their advantages over base editors, including reduced off-target

effects and increased options for edit types and windows in genome editing, have led

to active application of prime editors in recent research>*.

The advent of haploid cell lines in the field of genome screening has also promoted
the application of CRISPR/Cas-system to studying gene function. The monoallelic gene
expression of the haploids is known to prevent unedited alleles from mitigating the
changes in cell phenotypes, especially in heterozygotes’. Given that a single allele is
sufficient to exhibit the resulting phenotypes of mutations for most of the genes,
haploids have emerged as the promising option for efficient genome screening. Near
haploids isolated from a patient with chronic myelogenous leukemia, including KBM7
and HAPI1, however, showed unstable haploidy because they became enriched in
diploids during long-term cultures. The observed diploidization could be partly due to
a proliferative advantage of diploid cells over haploid cells, but further research is

required.



The unstable karyotypes of haploids have been classified as a common phenomenon
during haploid cultures. For example, HAP1 cells rapidly decreased in the percentage
of haploids®, which was also observed in other haploid human cells®. Up to date, the
uncoordinated centrosome cycle in haploids has been identified as a possible reason for
the loss of HAP1 haploidy'’. In addition, the activation of p53-dependent response in
haploids has been identified as the cause for their reduced viability during culture®.
Therefore, fundamental methods to prevent diploidization are necessary for
CRISPR/Cas-mediated genome editing within haploid cell lines. Instead of using near
haploid cell lines, selectively introducing haploidy to the target genes of diploid cell
lines could be an alternative option to maintain the haploidy. In previous studies,
precise allele-specific cleavage of target genes has been observed, using guide RNAs
with protospacer adjacent motif (PAM) sites harboring the allele-specific single
nucleotide polymorphisms (SNPs)!!> 2. Therefore, large deletion of certain alleles
would be possible if additional guide RNA cleaves the other end of the target gene in a

pairwise manner.



II. MATERIALS AND METHODS

1. Cell culture and transfection conditions

HEK293T cells were cultured and passaged in DMEM supplemented with 10%
(vol/vol) fetal bovine serum at 37 °C in the presence of 5% CO2. For transfection, when
cells reach 60%—70% confluency, SpCas9 and sgRNA plasmid were transfected using
Lipofectamine 2000 (Thermo Fisher Scientific), according to the manufacturer’s
protocol. The cells were incubated overnight, after which they were maintained in 2 pg
ml—1 of puromycin for the next 5 d to remove untransfected cells. 5 days after
transfection, half of cell pellets were homogenized, and genomic DNA of the cells were
extracted using lysis buffer and proteinase K. To genotype the samples, the BRCA2,
HPRTI1 regions of interest were amplified, and PCR products were sequenced by

Sanger sequencing.
2. Detection and validation of SNP sites

All the single nucleotide polymorphisms (SNPs) were determined by integrative
genome viewer (IGV), a SNP calling software provided on-line, referring to hg38
reference genome data. For genomic DNA information of HEK293T, single-cell data
was obtained from a previous study on genome dynamics of human embryonic kidney
cells!®. After choosing SNP-enriched regions in BRCA2, lab cultured HEK293T batch

was sequenced for further validation.
3. Dual guide RNA design

All guide RNAs targeting BRCA2 were designed based on the scoring method of
DeepSpCas9, a deep learning-based model from previous study!'®, for predicting the
efficiency of the guide RNAs. Guide RNAs that scored above 50 were selected for
future experiments. For pan-allelic guide RNAs, the target loci were placed in the

upstream and downstream of exon 17 and exon 18, respectively, while SNP-specific



guide RNA was placed in the downstream of exon 18 harboring hetero SNP that was

validated through individual sequencing.
4. Single cell culturing conditions

For samples treated with pan-allelic deletion method, single cells were isolated into
96-well plates by using fluorescence-activated cell sorting (FACS) Aria2 (BD
Biosciences). When cells reached 60% confluency during culture, they were transferred
to 24-well plates and 6-well plates, subsequently. After reaching 80% confluency, cell
pellets were homogenized, and genomic DNA of each clone was extracted using lysis

buffer and proteinase K.
5. RT-qPCR for identifying copy number variations

RT-qPCR was performed using an ABI 7700 Sequence Detection System (PE
Applied-Biosystems) in the presence of SYBR-green. The optimization of the real-time
PCR reaction was performed according to the manufacturer's instructions (PE Applied-
Biosystems, User Bulletin 2 applied to the SYBR-Green I core reagent protocol) but
scaled down to 20 pl per reaction, with 25ng of genomic DNA as a template. The PCR
conditions were standard (SYBR-Green I core reagent protocol) and all reagents were
provided in the SYBR-Green I core reagent kit, including AmpliTaqg-GOLD
polymerase (PE Applied-Biosystems). The primer sets for RT-qPCR were designed and
selected through PrimerQuest Tool, according to Integrated DNA Technologies
(IDT)’s instruction (Table 2). Relative gene expression was calculated based on relative
cycle threshold (CT) values of exon 17, comparing to the CT values of their neighboring

exon 16 as a reference.
6. Large amplicon deep sequencing

The proportion of allele-specific large deletion was calculated based on the read
depth of long template PCR, size of which is up to 15kb including the target gene. The
long template PCR product was sheared using a Covaris LE220 to an average size of

300bp and purified using Ampure XPRI beads according to the manufacturer’s

4



protocol. Randomly sheared DNA was end-repaired, A-tailed, and ligated to adapters
containing an 8nt unique molecular identifier. Samples were amplified with two rounds
of nested PCR with primers that complement the oligo tag. The sample libraries were

sequenced on Illumina MiniSeq platform.



I1I. RESULTS

1. IGV alignment for SNP enriched sites in BRCA2

Based on the single nucleotide polymorphisms (SNPs) database of human embryonic

kidney cells from a previous study'?, IGV software identified hetero SNP-enriched loci

within BRCA2's downstream loci of exon 18, which was further validated by Sanger

sequencing (Fig. 1A). For allele-specific deletion of BRCA2, guide RNA 2 candidate
was designed to target the hetero allele without SNP (Fig. 1B). Guide RNA 1 candidates
targeted upstream loci of exon 17 in all alleles, in order to induce large deletion when
applied with guide RNA 2 (Fig. 1B). The pool of guide RNA candidates was further
applied in a pairwise manner, targeting both the upstream and downstream of exon 17
and 18. As each of the guide RNA candidates were filtered by DeepSpCas9 score (Table

1), the overall estimate of Cas9 efficiency was aimed for 50~60%.



A

Integrative Genomics Viewer (IGV)

het3:22.990.978-22.391.35 I SN . = B

] (N W T e W T T (T Onrinmim
Il lI III 1 [ m L mn 1 nn rn III 1
LI} 1 1 1 ol i ] Il [N} n i 1 I mer v e v
Lo i [ 1 1 mn NN 1 nn Lo

1 (i) ) [N [ N n 1 o 1 nn 1 L

' 1 III [N | " 11 n 1 JELIIN) 1 nn 1 IIIII

1 11 1 N [ [} n 1 AN} 1 ne 1 [}

11 i [ I i 1 AN 1 nn 1 110

1 el 1l ii Il | merrm

1 i 1l I I I i 1 me
— " L 1 rm I 1 meremonn |
oo (I LT rm I 1 e on
. 1l i 1 rm I 1 e
1 L1 I i 1 e

Hetero SNP
(C>A)

Allele 1 D I @ S .

Allele 2 D ' B S . -

Allele 3 (1 i (17 T : SNP site
16 ) 1 X

Bl Pan-allelic target site w/o SNP Target Exon 17, 18

Bl Allele-specific target site w/o SNP
[N SNP site (C>A), no cleavage
“_7) Large deletion site (~5100bp)

|

Figure 1. Identification of SNP-enriched sites in BRCA2. (A) IGV software showing
the entire SNP sites from human embryonic kidney cell database. (B) Schematics of
designing dual guide RNAs, consisting of pan-allelic guide RNA that targets all alleles,
and allele-specific guide RNA that targets the alleles without SNP.
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Table 1. Guide RNA sequence information. DeepSpCas9 score was calculated based
on the on-line webtool from previous study'.

Guide RNA Sequence DeepSpCas9 score

sgRNA 1-1 GGATATGGAAGTCTATACAC 76.36
sgRNA 1-2 CTGTAGTCTAAGTGGAAATG 61.62
sgRNA 2-1 TCTTGGGGTATATACCACTA 67.98
sgRNA 2-2 GTATTAGTAGAGGGAAGATG 65.33



2. Validation of guide RNA activities on target sites

In order to validate whether the designed guide RNAs function in human cell lines,
individual guide RNAs were transfected to HEK293T cells with Cas9 and sequenced
in [llumina next generation sequencing (NGS) platform. Unlike the expectation,
however, each guide RNA showed cleavage activity below 30%, which was half the
efficiency of the initial goal (Fig. 2A). This put more strength on the other approach,
where all the alleles are targeted by dual guide RNAs that are both pan-allelic, leaving
one allele after Cas9-mediated cleavage in a stochastic manner. Therefore, further
experiments treated HEK293T cells with either allele-specific or pan-allelic guide
RNAs (Fig. 2B).

A Individual activities of dual sgRNA candidates B 1. Allele-specific deletion of gene-of-interest (GOI)

sgRNA 1 sgRNA 2

f ! I
) 1

Allele 1
Allele 2 =]

Cas9 activity Allele 3 14 " 7 8

sgRNA 1 SORNA 2 15 . t x
candidates candidates W Pan-allelic target site w/o SNP Target Exon 17, 18
— ———— W Allele-specific target site w/o SNP
30

. B SNP site (C>A), no cleavage
= Pan-allelic {7771 Large deletion site {~5100bp)
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sgRNA 2-2
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Figure 2. Individual cleavage activities of guide RNAs. (A) Cas9 activities for
individual guide RNAs in HEK293T cell lines. (B) Different approaches of large
deletion in BRCA2 by allele-specific and pan-allelic dual guide RNAs.



3. Detection of large deletion in BRCA2

After treating HEK293T cells with Cas9 and dual guide RNAs for 5 days, the
presence of the large deletion was confirmed by gene amplification of BRCA2 by out-
out primer-based PCR amplification (Fig. 3A and Table 2). The single linear band
provides evidence of large deletion at the intended loci, by its unique size and sequence
data (Fig. 3B). This result shows that dual guide RNAs can make precise large deletions
by cutting both ends of the target gene yet limited by its efficiency for certain guide
RNA candidates (Fig. 2A). This promoted us to further validate whether the allele
frequency of BRCA2 is measurable by RT-qPCR.

A B
Schematics of large deletion PCR Detection of large deletion in BRCA2
Large deletion PCR
. Allele-specific 2. Pan-alleli
1. DNA dleavage SgRNA 1 SgRNA 2 Deletion method 1 Aﬂe;z;:s:w ic Pl
i) e — owigige s BREL] | BMALL
2. DNA repairment with large deletion
,,,,,,, 0 = = 7
U ¥ _J 7 w2
Primer 1 { Primer 2
3. Amplicon PCR for detecting large deletions
=
-— 200bp

Figure 3. Large deletion detection by PCR amplification. (A) Gene amplification
schematics of out-out PCR amplification. (B) The intended large deletion amplification

confirmed by its sequence.

Table 2. Primer set for large deletion detection. The primers were designed to anneal

to the upstream and downstream of expected large deletion site.

Primer Sequence Position
BRCA2 del F GGAGGGAAATGGAGAGTTTGG Intron 16
BRCA2 del R ATGTGATCACAGTCGATTAGG Intron 18

10



4. Mean allele frequency of target exon in pooled cell batch

Since the cost for deep sequencing each of the single cells in Illumina Miniseq
settings is demanding, it was necessary to first identify the cells that show decreased
allele frequency results from RT-qPCR method. For proof-of-concept experiment, the
mean allele frequency of the pooled cell batch of each experiment was obtained by RT-
gPCR (Fig. 4 and Table 3). The result showed up to 43% decrease in allele frequency
of the pan-allelic deletion samples (Fig. 4). However, RT-qPCR data shows the allele
frequency in an intensity-based manner, not a sequence-specific manner. This made us

to further navigate deep sequencing data of the pooled cell batch of HEK293T cells.

Real-time qPCR

1 SgRNA 1
- DNA cleavage g Deletion method  Allele-specific Pan-allelic

2. DNA repairment with large deletion

=
o
1

e
o
1

Relative expression

Reference amplicon Target amplicon

I Test — - } =ACT = CTrarger = CThey

— -

ol
=)

AACT = ACT, ., = ACT 1y : . : .
CTgey CTrarget Relative Expression level = 284CT 4{‘ Q-\ Q_’lv Q:\ Q_'Io

Mother batch samples

Figure 4. Relative expression of target exon by RT-qPCR. Reference and target
amplicons were separately quantified by RT-qPCR. Mean values of RT-qPCR represent
relative expression of BRCA2 in control samples, allelic deletion samples, and pan-
allelic deletion samples in technical replicates (n=3). R1 and R2 indicate biological

replicate 1 and 2, respectively.

Table 3. Primer sets for RT-qPCR amplification. The primers for target site and

reference site were designed separately for precise comparison.

Primer Sequence Target exon

BRCA2 gper F1 ACGTATGGCGTTTCTAAACATTG Exon 16
BRCA2 gper R1 TCCAGTCCATAAACTTTCCTTACC Exon 16
BRCA2 gper F2 TATGGAAACTGGCAGCTATGG Exon 17
BRCA2 gper R2 AGTTGAAGAAGCACCCTTTCT Exon 17

11



5. Quantification of large deletion in BRCA2 by deep sequencing

For deep sequencing of exon 17 and exon 18 loci, where large deletion was partially
identified by RT-qPCR, the 15kb-long region including the target exons was amplified
by long-range PCR (Fig. 5A and Table 4). After mechanical shearing of PCR product,
deep sequencing of DNA fragments was performed through Illumina Miniseq
instrument. The proportion of large deletion was calculated by quantitative comparison
between the reads with intended deletion and reads with intact DNA sequence spanning
the deletion region. The results show that pan-allelic large deletion method was able to
introduce up to 36.7% of the intended large deletion to the target site (Fig. 5B). In
addition, the efficiency of large deletion was calculated by the mean coverage loss of
the target exon 17 and 18, compared to the neighboring regions of the deletion site. To
achieve this, bwa algorithm was used for reference genome alignment and samtools
coverage function was used for analyzing the read coverage per base position. For the

sample treated with pan-allelic guide RNAs, the mean coverage of deletion site was
shown to be only 85% of the neighboring regions’ mean coverage (Fig. 5C). This

contrasts with the untreated control sample, which shows the mean coverage of deletion
site up to 97%, compared to that of the neighboring regions (Fig. 5C). This result shows
that pan-allelic deletion method induces large deletion in the target exon 17 and 18 of
BRCA2. Therefore, we decided to proceed single cell culture of the HEK293T cell
batch with pan-allelic deletion, which we will refer to batch A sample for convenience

from now on (Fig. 6A).

Table 4. Primer set for long-range PCR of BRCAZ2. The primers were designed to
amplify 15kb-long BRCA2 region including exon 17 and 18.

Primer Sequence Position
BRCA2 ngs F CTGAGGTATTAGGCGGAGTAGAGAGTTCAG  Intron 13
BRCA2 ngs R AGGAAAAGGTCTAGGGTCAGGAAAGAATCC Exon 19

12
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Figure 5. Mean coverage calculation of BRCA2. (A) Long-range PCR amplified
15kb-long region of BRCAZ2, including target exon 17 and 18. (B) Quantitative
comparison between reads with intended large deletion and reads without deletion
shows large deletion identified in pan-allelic deletion sample. (C) The gray area
represents the coverage per base position in untreated control sample, while red area
represents that of pan-allelic deletion sample. Boxplot shows the coverage distribution
classified by the deletion site named B_Large Del, and its neighboring sites, A WT
and C_WT, either left or right to the deletion site, respectively. Reference genome

alignment was done by bwa, and the coverage calculation was done by samtools.
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6. Single cell culture and validation of large deletion in BRCA2

The batch A samples were sorted into single cells in 96 well plates and were cultured
for clonal expansion for the following four weeks (Fig. 6A). After reaching individual
confluency of 60%, the clones were transferred to 24-well plates and 6-well plates at
biweekly and weekly intervals, respectively. When clones reached 80% confluency in
6-well plates, the samples were individually harvested and stocked for further
experiments (Fig. 6B). In parallel with the batch A, we also generated batch B, which
were derived from the batch A with extended treatment of pan-allelic guide RNAs (Fig.
6A). Overall, we were able to harvest 66 single cells from batch A and 32 single cells
from batch B. To validate the copy numbers of BRCA2 in each sample, we conducted
RT-qPCR and identified samples with reduced copy number of BRCA2 based on their
relative expression levels. Unexpectedly, the RT-qPCR results of 10 samples from
batch A showed no decrease in copy number of BRCA2 (Fig. 7A). This result may be
due to insufficient time for dual guide RNAs to induce efficient large deletions in
human cells. In contrast, the RT-qPCR results of batch B samples showed decreased
copy number of BRCA? in several samples (Fig. 7B). Among those samples, B#17
showed one third of relative expression in average, compared to that of the untreated
control. This indicates that B#17 would likely harbor haploidy in target exon 17 and 18
of BRCA2.

14
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Figure 6. Single cell sorting process of batch A and batch B. (A) Batch A was treated
with pan-allelic guide RNAs for 5 days and batch B was treated for additional 5 days.
(B) Single cells went through clonal expansion until each sample reached 80%

confluency in 6-well plates before harvest.
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Figure 7. Relative expression of target exon in single cell samples. (A), (B) In 96
well plate, one untreated control and 15 samples were tested in triplicate (n=3). Mean
values of RT-qPCR represent relative expression of BRCA2 in untreated controls and
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IV. DISCUSSION

There have been several attempts to induce large deletions in gene of interest in
previous studies'> 'S, However, there is yet to be a gold standard for inducing large
deletions in a quantitative manner, which could be applied to generate haploidy of target
genes in human cell lines for efficient genome screening. This makes the attempt to
induce S5kb-long deletion in BRCA2 valuable. The large deletion efficiencies in a
pooled cell batch shows the validity of gene-specific large deletions by dual guide
RNAs. Although allele-specific guide RNA did not show robust activity in our initial
attempt, we show that pan-allelic deletion could be an alternative approach to achieve

large deletion in target genes.

RT-qPCR results of single cells from batch A and B indicates that 5 days of treatment
with dual guide RNAs could be insufficient to show large deletions in the intended
region, and we therefore recommend at least 10 days of treatment. Interestingly, RT-
gqPCR results from single cell samples had discrete distribution of relative expression
level, ranging from one-fold to three-fold, and this indicates that RT-qPCR is capable

of predicting copy number variation of target genes in a DNA level.

Although we observed a single cell sample with mono-allelic expression of BRCA2
by RT-qPCR, further deep sequencing of the target region is required to validate its
haploidy in a sequence-specific manner. Moreover, continuous checkup for its haploidy
by both RT-qPCR and deep sequencing should be followed to demonstrate the
sustainability of its haploidy in BRCAZ2. In concordance, the deletion size of target gene
also needs to be scaled up more than Skb, which covers only a few exons within a gene.
With such size limitation, the deletion sites will be tied to the exons that are known to
be essential in gene function. For extended usage of gene-specific haploid generation,
deletion size should be even expanded above 20kb, which could enable knocking out
accessory alleles at a gene-level, encompassing all the exons required for functional

gene expression.
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For future application of the generated haploid cell line, functional screening of
disruption or mutagenesis in exon 17 and 18 of BRCA2 could be the promising goals.
Since functional screening of gene perturbation usually requires haplo-insufficiency of
the target genes when the editing efficiency on the targets are limited. By introducing
haploidy to such regions, therefore, will solve such masking effect of unedited allele

over edited allele, when performing the functional screening experiments.
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V. CONCLUSION

The interplay between Cas9 and dual guide RNAs shows the validity of dual guide
RNA-mediated large deletion in the target loci. Considering the limited efficiency of
individual guide RNAs, there is still a room for improvement in haploidization
efficiency of human cell lines, by finding better targets and cell lines that harbor higher

efficiency in terms of Cas9 activity.

As newer versions of Cas9 are being developed continuously'® 7, different
approaches could take place to make the haploid cell lines, instead of using wildtype
Cas9 to simply induce double strand break into both ends of target genes. For example,
paired prime editing is one of the promising tools for inducing up to 10kb-long deletion,
which covers more exons than 5kb, in the targeted genome loci'®. Yet, those methods
also require further improvements, in terms of the efficiency of large insertion or
deletion, which is down to 1%, not efficient enough to induce haploidization of target
genes. Therefore, concurrent development of Cas9 variants would make gene-specific

haploidization even more possible in the following future.
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