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Recent progress in genome editing technologies has catalyzed the
generation of sophisticated cell models; however, the precise
modeling of copy-number variation (CNV) diseases remains a
significant challenge despite their substantial prevalence in the
human population. To overcome this barrier, we have explored
the utility of HAP1 cells for the accurate modeling of disease ge-
nomes with large structural variants. As an example, this study
details the strategy to generate a novel cell line that serves as a
model for the neurological disorder methyl CpG binding protein
2 (MECP2) duplication syndrome (MDS), featuring the critical
duplication of both the MECP2 and IRAK1 genes. This model
faithfully recapitulates MDS genomic rearrangement, allowing
for the mechanistic study of gene overexpression and the develop-
ment of therapeutic interventions. Employing a single-guide
RNA (gRNA) CRISPR-Cas9 strategy, we successfully excised
the duplicated genomic segment, notably halving both MECP2
and IRAKI1 expression levels. The evidence establishes our model
as a crucial tool for research into MDS. Furthermore, the outlined
workflow is readily adaptable to model other CNV disorders and
subsequently test genomic and pharmacological interventions.

INTRODUCTION

HAPI cells are routinely used to generate disease models across the
fields of immunology,l’2 oncology,’;’4 and metabolism™® due to their
amenability to genetic manipulation and their rapid growth rate. This
cell line can spontaneously diploidize in culture, enabling us to under-
stand the mechanisms of pathogenicity and test different therapeutic
genome editing strategies. Nonetheless, creating copy-number varia-
tions (CNVs) is significantly challenging due to the involvement of large
DNA fragments. In this study, we evaluated an opportunity to utilize
diploidized HAP1 cells for modeling CNV syndromes, focusing on
methyl CpG binding protein 2 (MECP2) duplication syndrome (MDS).

MDS is currently an incurable disease” that results from a duplication
of the MECP2 locus on the X chromosome.® In MDS, duplications of
the MECP2 locus lead to neurodevelopmental and neurodegenerative

symptoms including early developmental delay, intellectual disability,
speech difficulties, seizures, and features of autism.® Importantly, the
adjacent IRAK1 gene is always duplicated with MECP2 across patients
with MDS, and the phenotypic contributions of this duplicated im-
mune-regulatory gene are strikingly understudied.” IRAK1 plays a
crucial role in adaptive immunity.'® It is controversial whether
IRAK1 duplication contributes to peripheral immunologic pheno-
types such as fatal respiratory tract infections, consistently reported
in 70%-75% of patients with MDS."" Data from multi-omics anal-
ysis'* and cytokines/chemokines analysis'> from patients’ samples
showed contradictive results. The limited sample size and variability
in human subjects and the critical lack of an IRAKI overexpression or
duplication model together hinder the study of its functional role in
MDS pathogenesis. Hence, a representative MDS model should
necessarily harbor an IRAKI-MECP2 duplication.

Here, we generated the disease model on diploidized HAP1 cells con-
sisting of two X chromosomes. The IRAKI-MECP2 fragment was
duplicated on one chromosome and deleted on the other (ie., a
[Dup+Del] model). After establishing the disease model, we also
used the single-guide RNA (gRNA) CRISPR-Cas9 approach to cor-
rect the duplication, demonstrating that the disease model is a power-
ful tool to test therapeutic strategies.

RESULTS

A dual-gRNA CRISPR-Cas9 system generates target-specific
deletions, inversions, and duplications in HAP1 cells

To generate structural variants (SVs), a pair of gRNAs was
required to flank the region to be modified (Figure S1A). In

Received 1 December 2023; accepted 4 October 2024;
https://doi.org/10.1016/j.o0mtn.2024.102356.

"These authors contributed equally
#Senior author

Correspondence: Evgueni A. Ivakine, Program in Genetics and Genome Biology,
The Hospital for Sick Children Research Institute, Toronto, ON M5G 0A4, Canada.
E-mail: zhenya.ivakine@sickkids.ca

) Molecular Therapy: Nucleic Acids Vol. 35 December 2024 © 2024 The Author(s). 1
Published by Elsevier Inc. on behalf of The American Society of Gene and Cell Therapy.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

aaaaaa


https://doi.org/10.1016/j.omtn.2024.102356
mailto:zhenya.ivakine@sickkids.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102356&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Molecular Therapy: Nucleic Acids

A ’E‘ Figure 1. HAP1 MDS model was generated by
é DS'T ge} Hgﬁ;o CRISPR-Cas9 method and identified with a PCR-
g 2 ¢ ¢ 4 based strategy
2883¥coexokh A . . o
23332838388¢E7% Duplication junction (A) Duplication junction amplified with mF + iR primers.
1= bup - (B) Deletion junction amplified with iF + mR primers.
1o R A S = (MF +iR) IRAK1 MECP2 o — A QECES (©) 5' inversion junction amplified with iF + mF primers and
. 3 inversion junction amplified with iR + mR primers.
B % buot Het H (D) 5’ breakpoints amplified with iF + iR primers and 3’
§ ,5'5 Dzl 32}" . breakpoints amplified with mF + mR primers. Part of the
TE@icsoxo £ MECP2 gene was amplified with wtF + wtR primers. The
=
833338888%+ i, Deletion junction genotype of each duplication clone is shown on the
S00bp- by e ——— bR — bottomn right.
C z
E Dup+ Het Homo
2 Del Del Del .
e = = = 3z amplified and sequenced to check whether
2232 icgexon . .
22338888¢E7% the Cas9-targeted sites were intact. Dupl
5 Inv Inversion harbored a duplication on both chromosomes
Tkb- i (F +mF) - IR so that it had two sets of 5" and 3’ breakpoints
- .
- - = (i.e., Dupl#1 and Dupl#2) (Figure 1D). Dup2
B g
o= -5 had a wild-type (WT) allele with intact 5’ and
- (R+mR) 3’ breakpoints (Figure 1D). The other allele
Breakpoints had an inversion of the IRAKI-MECP2 frag-
D = 5 Breakpoint ¥ Brezkpoint ment (Figure 1C) so that only one set of
& Dupt Het Homo —f——— S i — the 5 and 3’ breakpoints was sequenced
3 Del Del Del o IRAK1_g1 R MECP2_g1 *mR . ,
ce2i_amzol (Table S1). Similar to Dup2, only one 5’ break-
$55S 3390 o0kE O Dupl1#1 5bp Dup1#1 3bp . .
888806060608z + . point was sequenced in Dup3 and Dup4
5 Breakpoint R Pl o 2o P because the fragment was deleted on one of
TKD - e - - - -(iF+iR) L )
. Dup2 5bp Dup2 3bp the chromosomes (Figure 1B). They both
Dup2 , ‘ also possessed an intac reakpoint, bu
Dup2 S'Inv. Dup2 3'Inv 1 p d t t 5, b kp t b t
! 3 Breakpoint the 3’ breakpoint could not be amplified (Fig-
- 'e
k- - (mF +mR) Dup3/d sbp Lups/4 3bp ure 1D). We noticed indel formation on all
- DupSandOupd. = i Beilindion sequenced breakpoints, including those on
sobp- T e the WT allele (Table S1). This demonstrated
MECP2 Del1/2 5bp Del1/2 3bp )
el bl = (WEF + WiR) o —— ! an instance where the Cas9 nuclease created
e a double-strand break (DSB) and generated in-
Srio/a el oo dels at the site without any SVs generated. Oc-
DetSand Deld ™ oo Jmeain. casionally, some breakpoints such as the 3’ end

HEK293T, IRAK1_gl and MECP2_gl displayed the highest
insertion or deletion (indel) formation (Figure S1B) and were
co-transfected into HAP1 cells to generate the disease model.
The bulk transfected population was single-cell sorted into indi-
vidual clones. We isolated gDNA from each clone and utilized a
PCR-based method to screen for duplications, deletions, and
inversions.

The PCR screening strategy for four potential duplication clones is
exemplified in Figure 1. Clones Dupl, Dup2, Dup3, and Dup4 all
contained a duplication junction (Figure 1A). Dup3 and Dup4 also
harbored a deletion junction on the other chromosome (Figure 1B).
For Dup2, an inversion was generated beside the duplication, giv-
ing a [Dup+Inv] model (Figure 1C). The genotypes for the clones
are illustrated in Figure 1D. The 5 and 3’ breakpoints were also
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of the inverted fragment in Dup2 (Figure 1C),
the 5 breakpoint in Dup1#2, and the 3’ break-
point in Dup3 and Dup4 (Figure 1D) were un-
detectable, indicating large rearrangements that disrupted the
primer annealing sites.

We also screened for deletion clones that could serve as controls with
none or one copy of MECP2 and IRAKI. Clones Dell, Del2, Del3, and
Del4 contained only a deletion junction (Figure 1B) and no duplica-
tion or inversion junction (Figures 1A and 1C). Dell and Del2 had
detectable 5" and 3’ breakpoints and the WT fragment, indicative of
a heterozygous deletion (Het Del) clone (Figure 1D), where the dele-
tion only occurred on one chromosome. Del3 and Del4 were homo-
zygous deletion (Homo Del) clones, as indicated by the absence of 5’
and 3’ breakpoints and the WT fragment (Figure 1D).

Out of 307 clones that were screened, deletions occurred most
frequently (34%), followed by inversions (21%) and duplications (1%).
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Copy numbers of MECP2 and IRAK1 in HAP1 clones were
confirmed by ddPCR

To validate the genotypes of these clones, droplet digital PCR
(ddPCR) was employed to confirm the copy numbers of MECP2
and IRAKI across the entire genome. We confirmed that Del3 and
Del4 were Homo Del clones with no copies of MECP2 and IRAKI,
Dell and Del2 were Het del clones with one copy of each gene,
Dup3 and Dup4 were [Dup+Del] clones with 2 copies of each gene,
and Dup2 was [Dup+Inv] with 3 copies of each gene (Figure 2A).

MECP2 and IRAK1 expression and protein levels correlated with
their copy numbers

Given the change in MECP2 and IRAKI copy numbers, their gene
expression levels were expected to be altered accordingly. The X chro-
mosome inactivation (XCI) assay revealed that XCI did not occur
during diploidization (Figure S2), so MECP2 and IRAKI genes
from both alleles could be expressed. We quantified MECP2 and
IRAKI gene expression in the generated cell lines and normalized
these values to those observed in the diploid Het Del clone. As ex-
pected, the expression (Figure 2B) and protein levels (Figure 2C) of

Figure 2. MECP2 and IRAK1 expression and protein
levels aligned with their copy numbers

(A) Copy-number ratios of MECP2 (black bar) or IRAK1
(white bar)/RNase P genes in parental WT HAP1, Homo
Del, Het Del, [Dup+Del], and [Dup+inv] clones
determined by ddPCR.

(B) MECP2 and IRAK1 expressions in parental WT HAP1,
Homo Del, Het Del, [Dup+Del], and [Dup+inv] clones
determined by real-time gPCR and normalized to the Het
Del clone. WT HAP1 was included for reference (one-
way ANOVA, “p < 0.05, *p < 0.01, and ***p < 0.001,

n=4).
(C) MeCP2 and IRAK1 protein levels in WT HAP1, Homo
Del, Het Del, [Dup+Dell, and [Dup+inv] clones

determined by western blot and normalized to the Het
Del clone. WT HAP1 was included for reference (one-
way ANOVA, *p < 0.05, *p < 0.01, and ***p < 0.001,
n=23).

MECP2 and IRAKI in these clones were directly
proportional to the copy numbers.

A single-gRNA CRISPR-Cas9 strategy
corrected the duplication in the Dup+Del

** clone

With the new model, we could test a CRISPR-
Cas9 method using a single-gRNA'* to corr-
ect the IRAKI-MECP2 duplication in the
[Dup+Del] clone. We designed a gRNA paired
with a SaCas9 (SaG2) targeting the intronic
region between exons 2 and 3 of MECP2 to
induce deletion by non-homologous end
joining (NHE]) (Figure 3A). SaG2 was trans-
fected into the HAP1 [Dup+Del] clone.
Using Inference of CRISPR Edits (ICE) anal-
ysis, we determined that SaG2 had an average indel formation ef-
ficiency of 76.3% (Figures 3B and 3C).

WT:
Homo Del
Het Del
Dup+Del
Dup+Inv:

Real-time qPCR showed that the SaG2 treatment lowered MECP2
and IRAKI expression levels by 49% and 35%, respectively, compared
to the [Dup+Del] clones (Figure 3D). Notably, the IRAKI expression
level was not restored completely to the Het Del level. ddPCR revealed
a 13% reduction in the copy numbers of MECP2 and IRAKI
(Figure 3E).

DISCUSSION

It has been over a decade since MDS was defined as a neurodevelop-
mental disease,® but we still lack a disease model that faithfully re-
capitulates the minimal IRAKI-MECP2 duplication underlying the
disorder. For the development of human-sequence-specific genome
editing strategies, patient-derived primary fibroblasts'” and induced
pluripotent stem cells (iPSCs)'® are sources of in vitro models.
Nonetheless, the variable genomic makeup among patients and
the limited availability of patient cells hinder a comprehensive un-
derstanding of general disease pathology. In this study, we utilized
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Figure 3. A single-gRNA CRISPR-Cas9 approach
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(A) Schematic diagram showing the single-gRNA CRISPR-
Cas9 strategy used for duplication removal in [Dup+Del]
clone. Cutting sites are indicated with scissors and
dotted lines. The protospacer adjacent motif (PAM) site is
underlined and highlighted in red.

l corrected the duplication in the Dup+Del clone

SaG2

-

(B) Sequencing chromatogram for [Dup+Del] clone treated

3'- TTTAAGAGAGGCCTATGTTCTATTGTTCGGACGTGCGCTA - 5'
PAM '

SaCas9

- J
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with SaG2. The PAM site is in a black rectangle, and the
l cutting site is in a red line.

i (C) Indel percentage at SaG2 cutting site in the [Dup+Del]
clone treated with SaG2 determined by ICE analysis.

(D) Gene expression levels of MECP2 and IRAKT in
parental WT HAP1 cells treated with GFP, Het Del clone
treated with GFP, and [Dup+Del] clone treated with GFP
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the CRISPR-Cas9 strategy to generate the first genetically engi-
neered human cellular model that harbors the patient-found
IRAKI-MECP?2 duplication in diploidized HAPI1 cells. HAP1 cells
can be an ideal platform to generate models for other diseases
involving CNVs, such as proteolipid protein 1 (PLPI) duplication
in Pelizaeus-Merzbacher disease (PMD)'” and Duchenne muscular
dystrophy (DMD),"* using the same workflow described in this
study. These engineered cell models are easily accessible and permit
the characterization of disease pathology and therapy development.

Using a HAP1 MDS model with an IRAKI-MECP2 tandem head-
to-tail duplication, we were able to develop a Cas9 genome editing
strategy for duplication removal. Our results showed that the treat-
ment resulted in only a 13% reduction in copy numbers of MECP2
but also a 49% reduction in MECP2 expression. One explanation for
the lower-than-expected reduction in copy numbers could be the re-
insertion of deleted fragments into the genome. SaG2 cuts at the in-
tronic region between exons 2 and 3 of MECP2 so that even when
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MECP2

0.92 ANOVA, *p < 0.05, *p < 0.01, and ***p < 0.001, n = 4).
(E) Copy numbers of MECP2 and IRAK in [Dup+Del] clone
determined by ddPCR (Student’s t test, **p < 0.01, n = 4).

Copy numbers were normalized to the RNase P gene.

0.79
0.86

the fragment is re-integrated, the gene will not
be expressed. This may explain the milder
reduction in IRAKI expression, as the IRAKI
locus remained intact within the displaced
fragment.

W Dup del GFP
3 Dup del SaG2

*%

*k Achieving successful duplication removal and

_ correction of transcriptional changes in the
HAP1 MDS model paves the way for translating
this genome editing strategy to rescue pheno-
types in disease animal models. Yu et al. previ-
ously demonstrated the feasibility of using
CRISPR-Cas9-mediated genome editing to
restore normal Mecp2 expression in the prefron-

IRAKT

tal cortex, hence partially rescuing the disease
phenotypes.'® Importantly, we utilized the SaCas9 system, which
can be packaged into a single adeno-associated virus (AAV) particle
along with the gRNA sequence. This strategy holds promising in
vivo translational potential to target both MECP2 and IRAKI
simultaneously.

Alternatively, the protocol can be further optimized to generate dis-
ease models in iPSCs, which can be differentiated into various cell
types for physiologically relevant, cell-type-specific studies. Hence,
this strategy has great potential in the study of disease pathophysi-
ology and the development of therapeutic interventions.

MATERIALS AND METHODS
Materials and methods can be found in the supplemental
information.
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