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SYNOPSIS

B-Hemoglobinopathies are caused due to mutations in the B-globin gene
resulting in moderate to severe anemia, hepatosplenomegaly, and other secondary
complications affecting people in different parts of the world and are common in India.
Individuals affected will have decreased quality of life and shortened life expectancy
without treatment. Sickle Cell Disorder (SCD) and [-Thalassemia are the major R-
hemoglobinopathies affecting the B-chain of the hemoglobin. SCD is caused by an
E6V mutation in the exon 1 of beta-chain resulting in the polymerization of the adult
hemoglobin (HbA) causing it to exhibit a sickle-shape. The mal-functional HbA which
is sickle-shaped is termed sickle hemoglobin (HbS). R-Thalassemia is caused by a
spectrum of mutations leading to quantitative deficiency in beta-globin production.
There is a severe imbalance between the alpha and beta chains of the hemoglobin in
this diseased condition. Both these conditions severely compromise the quality of life
of the patients.

Current treatment strategies involve the use of Hydroxyurea, HDAC inhibitors,
and DNMT inhibitors for ameliorating the disease condition but the major caveat is
the continuous mode of treatment. Myeloablative allogeneic stem cell transplantation
from a matched unrelated donor (MUD) offers a single-shot treatment opportunity.
However, the major limitation of this approach is the lack of a human leukocyte
antibody (HLA) matched donor, immunologic side effects due to Graft Versus Host
Disease (GVHD) or graft rejection. Gene therapy offers the best way to ameliorate the
SCD and R-Thalassemia pathogenesis by inducing higher levels of HbF as an

alternative to the defective HbA without any GVHD and donor limitations. It provides
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the patient with a one-shot treatment for these SCD and BR-Thalassemia conditions
resulting in significant improvement in their quality of life.

There are 3 major types of hemoglobin (Hb) produced based on the
developmental stage of the individual. The switch from one type to another is termed
globin switching which is tightly regulated by multiple factors. Two globin switching
have been identified in humans, one in the embryonic stage and the other in the fetal
stage with a change from embryonic hemoglobin to HbF(02y2) which is again
switched to HbA(a2pB2) after birth. Different globin chain genes related to Hb are
present in chromosome 16({, al, 02) and chromosome 11 (&, v, 9, ). In normal adults,
HbF levels are below 1% of the total hemoglobin and are hetero-cellular in
distribution. Induction of HbF has been the cornerstone of the treatment strategies to
deal with hemoglobinopathies, which have malfunctioned HbA. In the case of SCD,
increased HbF decreases the polymerization of deoxy sickle hemoglobin by forming a
hybrid tetramer with sickle B-hemoglobin (a2Sy). In the 3-thalassemia condition, the
production of the gamma-globin chain sequesters the excess alpha chain and restores
the balance between the globin chains.

Strategies to utilize HbF induction for therapeutic purpose for beta-
hemoglobinopathies have been inspired from individuals and certain patients, known
as Hereditary Persistence of Fetal Hemoglobin (HPFH) individuals, exhibiting higher
levels of fetal hemoglobin in the adult stage without any clinical variations. Genome-
wide analysis Studies (GWAS) have identified that these HPFH individuals harbor
mutations in certain genes contributing to elevated fetal hemoglobin. Based on this
data, many transcriptional factors like KLF1, BCL11A, LRF, GATA-1, and GATA-2,

which are involved in the hemoglobin switching from HbF to HbA and repression of
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vy globin have been identified. Hence, gene therapy/editing strategies involving
targeting these factors or their regulatory regions have been employed successfully to
ameliorate the disease condition by de-repressing fetal hemoglobin. Current targets
associated with gene editing strategies are the BCL11A erythroid-specific enhancer
disruption using ZFNs, CRISPR-cas9, and base editors or disrupting the binding site
of BCL11A at the -115 cluster in the HBG promoter using both CRISPR-cas9 and base
editors. shRNA-mediated downregulation of BCL11A is also clinically employed
highlighting the importance of BCL11A in fetal hemoglobin repression.

B-cell Lymphoma 11A protein (BCL11A) is a major HbF gene regulator
through direct binding mainly to the HBG promoter. Even though repression of HbF
involves many such proteins, suppressing BCL11A alone has resulted in high HbF
induction. Outside the globin gene regulation, BCL11A has been implicated in many
other important physiological functions like Hematopoietic Stem Cell (HSC) self-
renewal and lymphopoiesis. So complete knock-out of BCL11A will disrupt the
normal functioning HSC by affecting its multi-lineage differentiation potential and
engraftment capability. Studies have identified an erythroid-specific enhancer region
within the intronic region of the BCL11A gene. Mutations within this region have been
implicated in the loss of BCL11A expression in the erythroid lineage alone in HPFH
patients. This region has been dissected further to identify key motifs capable of
inducing high levels of HbF.

In this study, we propose to identify and evaluate alternate strategies for
impacting BCL11A to achieve therapeutically relevant fetal hemoglobin levels.
Towards this end, | have studied two different strategies for impacting critical regions

within the BCL11A gene resulting in the induction of fetal hemoglobin in the adult
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developmental stage. The first strategy is to target the C-terminal Zinc finger domains
(ZnF) of the BCL11A-XL isoform (present exclusively in the adult stage) to disrupt
the DNA recognition of BCL11A. This approach inhibits the repressional function of
BCL11A thus elevating fetal hemoglobin. The presence of mutations within this region
in intellectual disability patients inspired us to alter this region to evaluate its potential
as a clinical target in fetal hemoglobin induction. The second strategy is to study the
erythroid-specific enhancer of BCL11A to identify other target sites and unravel novel
mechanisms for the enhancer function.

In both strategies, | have utilized both CRISPR/Cas9 and base-editing mediated
approaches to create controlled insults in the target DNA region. The region was first
evaluated for fetal hemoglobin induction using the Human Umbilical-cord Derived
Erythroid Progenitor (HUDEPZ2) immortalized cell line through lentiviral transduction.
Later the confirmed targets were evaluated in hematopoietic stem and progenitor cells
(HSPCs) using either protein or mRNA-mediated gene editing. The in vivo homing,
engraftment, and sustenance of the edited cells were evaluated through an animal study
involving the NBSGW mice model. The molecular mechanism was also evaluated
through biochemical assays to establish the mechanism of action.

In my first study of targeting the BCL11A-XL specific ZnF domains, we
identified that base editing mediated sequence alteration has lesser consequences
within the erythroid maturation than the cas9 mediated approach. We also modelled
the binding of the ZnF-mutated BCL11A to the known -115 cluster at the HBG
promoter and observed reduced binding. Interestingly we observed that altering the
ZnF mutation had minimal impact on the transcriptome profile within the erythroid

lineage compared to the total knockout of BCL11A and other clinical trial targets.

Xix



During engraftment analysis, we observed a significant loss of editing within the B-
cell compartment compared to the bone marrow. This data suggests previously
unreported function of the c-terminal ZnF domains of BCL11A-XL in B-cell
production and HSC engraftment and maintenance.

In my other approach of identifying the alternate targets within the BCL11A
erythroid-specific enhancer, | reported that the motif present +33bp upstream of the
GATA motif (1617; clinical trial site) is not occupied by KLF1 protein yet it
accommodates an unknown activator binding as reported by the ATAC-seq. cas9-
mediated disruption of this site elevates significant levels of fetal hemoglobin as
validated in multiple healthy donors. Interestingly we observed that on base-editing at
this site using hypermutant adenosine base editor, we created a de-novo binding site
for ZBTB7A factor. This ZBTB7A is a known transcriptional repressor. Through this
approach, we interlink two independent gamma-globin repressors to mediate fetal
hemoglobin de-repression. This strategy of targeting the BCL11A enhancer identified
a novel mechanism through which the clinically utilized BCL11A erythroid-specific
enhancer functions and new approaches for its fetal hemoglobin regulation function.

Both my studies will help in understanding the different aspects of the BCL11A
gene from the perspective of its role in fetal hemoglobin regulation. Despite the
therapeutic induction of HbF, the safety concerns caused by the impact on other
lineages are a major limitation in clinical application. Overall, my study provides
foundational knowledge on the functions of BCL11A and its erythroid-specific
enhancer. Further optimizations within this region might result in the identification of

efficient clinical trial targets bypassing the safety concerns highlighted in my work.
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Introduction

B-Hemoglobinopathies are caused due to mutations in B globin gene resulting
in moderate to severe anemia, hepatosplenomegaly, and other secondary
complications affecting people in different parts of the world and are common in India.
Individuals affected will have decreased quality of life and shortened life expectancy
without treatment. Major examples of hemoglobinopathies are Sickle Cell Disorder
(SCD) caused by an E6V mutation in chromosome 11 and 3-Thalassemia caused by
multiple mutations leading to deficiency in the beta-globin. There is polymerization of
the adult hemoglobin (HbA) causing it to exhibit a sickle- shape. The mal-functional
HbA which is sickle-shaped is termed as HbS.

Hemoglobin is a tetrameric protein found in the erythrocytes helping in oxygen
transport. Individuals with hemoglobin levels below the normal range are, by
definition, anemic. There are 3 major types of hemoglobin (Hb) based on the stage of
growth of the individual. The switch from one type to another is termed globin
switching. Two globin switching have been identified in humans, one in the embryonic
stage and the other in the fetal stage. During the embryonic stage, embryonic
hemoglobin switches to fetal hemoglobin (HbF). After birth fetal hemoglobin (HbF:
a2y2) switches to Adult hemoglobin (HbA: a2f2). Different globin chain genes related
to Hb are present in chromosome 16(C, al, a2) and chromosome 11 (g, vy, 6, B). In
normal adults, HbF levels are below 1% of the total hemoglobin and are hetero-cellular
in distribution. Induction of HbF has been the corner stone of treatment strategy to deal
with hemoglobinopathies, which have malfunctioned HbA. Increased HbF decreases

the polymerization of deoxy sickle hemoglobin. HbF forms a hybrid tetramer with
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sickle B hemoglobin (02fsy) which will not undergo sickling when compared to the
hybrid tetramer with sickle s and normal A hemoglobin.

Myeloablative allogeneic stem cell transplantation from a matched related
donor remains the current mode of treatment in use for B-hemoglobinopathies. The
progression of SCD toward end-organ damage is reversed by allogeneic stem cell
transplantation. However, the major limiting factors in this approach include the lack
of a HLA matched donor, and immunologic side effects due to GVHD or graft
rejection.

Gene therapy offers the best way to ameliorate the SCD and R-Thalassemia
pathogenesis by improving the HbF levels without graft versus host disease and donor
limitations. Increasing the HbF levels greatly improves the quality of life in patients
suffering from SCD and B-Thalassemia. Strategies to increase the HbF expression
levels have been identified through clinical features of patients exhibiting Hereditary
Persistence of Fetal Hemoglobin (HPFH) and other compound mutations. Based on
these data many transcriptional factors like KLF1, BCL11A, LRF, GATA-1, and
GATA-2, which are involved in the switching of expression from HbF to HbA and
repression of y globin have been identified. Targeting these factors for the elevation of
HDbF levels is being utilized clinically through compounds like Hydroxyurea, HDAC
inhibitors, and DNMT inhibitors even though their exact mechanism of action is
unknown.

Advances in gene-editing like CRISPR/cas9 have been explored to disrupt
these factors for therapeutic induction of HbF levels. The creation of INDELS
(INsertions and DELetions) within the target region has knocked out the functionality

of the gene. Modifications in the cas9 like nickase which is capable of cleaving single
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strands of DNA and dead cas9 (dCas9) where the catalytic activity of the cas9 protein
has been removed, thus making it a homing molecule for compounds. Base Editors are
nickase cas9 variants conjugated with cytosine deaminase or adenine binding enzyme
which converts Cytosine to Thymine and Adenine to Guanine respectively.
Modulating transcriptional repressor(s) expression using CRISPR/Cas9 is a major
treatment strategy for beta-hemoglobinopathies.

B-cell Lymphoma 11A protein (BCL11A) is a well-known fetal hemoglobin
regulator. Its role in y to B switching has been reported and widely studied. Even
though repression of HbF involves many such proteins, suppressing BCL11A alone
has resulted in high HbF induction. BCL11A has been implicated in many important
physiological functions like Hematopoietic Stem Cell (HSC) self-renewal,
lymphopoiesis, and differentiation into other lineages. So complete knock-out of
BCL11A leads to disruption of the normal functioning HSC by affecting its multi-
lineage differentiation potential and engraftment ability. GWAS studies have
identified an erythroid-specific enhancer region within the BCL11A intronic region
and mutations within this region have been implicated in loss of BCL11A expression
within the erythroid lineage in HPFH patients. This region has been dissected further
using CRISPR/cas9 to identify key motifs capable of inducing high levels of HbF
which can be utilized as a safe site for therapeutic fetal hemoglobin induction. The
GATA motif present within the DHS58 of the BCL11A enhancer has been implicated
in regulating the enhancer. Thus, disruption of this site using various gene editing
strategies has been utilized to achieve therapeutic benefits in beta-globin disorders.
The precise regulatory mechanism of the BCL11A enhancer is still elusive outside the

GATA motif present within the DHS58 region.
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Recent studies have identified the direct repression of fetal hemoglobin by
BCL11A through direct binding in the HBG1/2 promoter. This study has reported that
disrupting this binding site (-115 cluster: TGACCA) within the HBG1/2 promoter
induces therapeutically relevant levels of fetal hemoglobin. The highly homologous
region of the HBG1 and HBG2 promoter sequence causes significant levels of 4.9kb
intermittent region deletion while using CRISPR/cas9. This was avoided or reduced
drastically while using the base editor system. The usage of an adenosine base editor
is reported to generate a de novo GATAL binding site within the BCL11A binding site.
This leads to displacement of a repressor with an activator resulting in elevated levels
of HBG activation. BCL11A-XL is a major transcriptional factor that binds to many
regulatory sites other than the HBG1/2 promoter site. The presence of 3 unique ZnF
domains within the BCL11A-XL gene, provides a unique opportunity to disrupt all
interactions of BCL11A with DNA sequence. Mutations within these ZnF domains
and the resulting BCL11A variants are yet to be understood.

Towards this end, my study is designed to understand the function of critical
regions within the BCL11A gene furthering our existing understanding of the BCL11A
in globin regulation through genome editing platforms. We aimed to achieve this
through 2 studies, first by disrupting the BCL11A-XL specific ZnF domains using
various gene editors and second by disrupting the other transcription factor binding
sites within the BCL11A erythroid-specific intronic enhancer to understand its
regulatory mechanism,

We performed genome editing in the Human Umbilical Derived Erythroid
Progenitors (HUDEP-2) cell line and later validated the results in HSPCs using both

CRISPR/cas9 and base editors. The long-term engraftment and differentiation
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potential of these genome-edited HSPCs were evaluated in the NBSG mice model. We
performed various biochemical assays to understand the variant produced or the
mechanisms through which the target site functions.

Overall, this study sheds light on the role of various domains within the

BCL11A gene namely the Zinc Finger binding domains and the intronic enhancer.
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Aim of the study

To understand the role of various critical regulatory regions within the

BCL11A gene using genome editing platforms.

Objectives

Study 1:

To study the structure-function relation of the BCL11A-XL-specific ZnF
domains
1. Evaluating the targets in HUDEP2 and HSPCs using CRISPR/cas9

2. Evaluating the targets in HUDEP2 and HSPCs using Base editing
3. Engraftment and multi-lineage differentiation potential in NBSGW mice
4. Molecular mechanism identification

Study 2:

To study the regulatory role of the putative KLF1 binding site(s) present
adjacent to the GATA-motif within the DHS58 of the BCL11A intronic enhancer
1. Targeted disruption of KLF sites in HUDEP2 cells

2. Validation in HSPCs
3. Elucidating the regulatory mechanism

4. Evaluation of base editing at the target site
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Literature Review

Beta-Hemoglobinopathies

The most common genetic blood disorders are sickle cell disease and beta-thalassemia.
Sickle cell disease is a monogenic disorder caused by a qualitative defect in the adult
hemoglobin caused by a single mutation(E6V) in the beta chain resulting in the
production of a defective variant of the adult hemoglobin, HbS (a2f2°). This single
amino acid change causes the hemoglobin to polymerize with each other, a condition
known as sickling, reducing the life span and the oxygen-carrying capacity of the
erythrocytes. Beta-thalassemia is a quantitative disorder caused by a spectrum of
mutations in the beta gene resulting in the reduced production of functional beta-chain.
The incidence rate of these genetic blood disorders is high among the common genetic
disorders. The imbalance between the alpha and the beta globin chain of the adult
hemoglobin is the major causative reason for this severe condition among patients.
Based on the amount of beta-chain produced beta thalassemia condition is clinically

classified as either B°B° PB°B* and B* B'B+. The hemoglobin content in the

erythrocytes is severely reduced and the elevated free iron and the resultant reactive
oxygen species produced also adds to the severity of the diseased phenotype. The onset
of beta-hemoglobinopathy symptoms is observed more in adults than in the fetal stages
due to the presence of compensating fetal hemoglobin. Certain individuals harboring
mutations in certain regions of the genome have been identified to exhibit persistent
expression of fetal hemoglobin in the adult stage. These individuals are termed as
HPFH individuals or Hereditary Persistence of Fetal Hemoglobin individuals. In

certain rare situations, Beta-hemoglobinopathy patients harboring these beneficial
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HPFH mutations have exhibited milder clinical features or are asymptomatic of their
condition. This led to the idea that the reversal of the fetal hemoglobin switch would

ameliorate the beta-hemoglobinopathy condition.

Globin Switching

Human beings exhibit 3 different types of hemoglobin during various developmental
stages. Embryonic hemoglobin (Hb Gower 1, Hb Gower 2, and Hb Portland, sequential
appearance) switches to fetal hemoglobin (Hb F). After birth, there is a hemoglobin
switch from fetal hemoglobin (HbF) to Adult hemoglobin (HbA1 and HbA2). The
Gamma globin expressed during the fetal stages till birth is gradually replaced by the
Beta-globin resulting in the switching from fetal hemoglobin HbF (02y2) with adult
hemoglobin HbA (022). These different hemoglobins have different affinities to the
oxygen molecule and are present in different stages of development ranging from
embryonic to fetal to the adult stage. Genes related to Hb are present in chromosome
16(C, al, a2) and chromosome 11 (g, v, 9, B). In normal adults, HbF levels are below

1% of the total HbF and are hetero-cellular in distribution (Fig 1).
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Fig 1: Globin switching during developmental stages also depicts the HPFH
condition. Source: (Wienert et al., 2018)

Current treatment strategies

The major therapeutic strategy for the treatment of beta-hemoglobinopathy is
the re-induction of fetal hemoglobin as a functional alternative for the defective beta-
globin chain (Fig 2). Many compounds like Hydroxyurea (HU), HDAC inhibitors,
and DNMT inhibitors have FDA approval for patient treatment but the effectiveness

of treatment is varied due to the genetic background of the patient. It is reported that
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individuals with (Xmnl polymorphism) have better responses to the HU treatment
than non- carriers of this mutation. Allogenic Stem cell transplantation offers a more
comprehensive treatment strategy to overcome this disorder, but the major limitation

is the availability of allogenic matched donors and graft acceptance.
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Fig 2: Current treatment strategies for Beta-globinopathies.
Source:(Venkatesan et al., 2021)

Gene therapy/editing with autogenic transplantation offers a promising
approach to solving the major limitations of allogenic stem cell transplantation. Gene
correction is an efficient strategy to correct genetic mutations like SCD but in the case
of thalassemia which is caused by a spectrum of mutations a more generalised
approach is required. The addition of a complete gene (Beta or Gamma globin gene)
can be an alternative strategy to treat these patients but the efficiency of inserting and

the mode of insertion (viral transduction) is a major concern of this approach though
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there are multiple clinical trials in progress. The therapeutic induction of fetal
hemoglobin is the third and most sought-after approach in the gene therapy strategies
for beta-hemoglobinopathies. Fetal-to-adult hemoglobin switch is a tightly regulated
process (Fig 3), involving many transcription factors some of which are still being
identified. Hence targeting these transcription factors has proven to be an efficient way
of elevating fetal hemoglobin. This is the most promising approach currently in clinical
trials but the major caveat in this approach is identifying the targetable transcription
factor with a limited range of activity outside the erythroid-lineage and the

genotoxicity of the approach.

—-l Raprassion

=3 Activation

Fig 3: Tight regulation of Fetal-Adult switching by a multitude of TFs.
Source:(Finotti et al., 2015)

The two major strategies to induce fetal hemoglobin levels in adult erythroid
cells are focused on either modulating the level of gamma-globin repressors or
designed to alter the binding sites of gamma-globin regulators by mimicking the

naturally occurring HPFH mutations.(Demirci et al., 2021a) The resulting elevation in
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fetal globin expression exhibits anti-sickling potential in SCD and decreases the globin
chain imbalance in B-thalassemia.(Davis et al., 2019) Thus, an ex vivo genetic
modification of hematopoietic stem and progenitor cells (HSPCs) to reactivate the fetal
hemoglobin expression would be an effective therapeutic strategy for the treatment of

beta-hemoglobinopathies.(Ferrari et al., 2021)
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Fig 4: Ex-vivo gene therapy strategy
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Role of BCL11A in Transcriptional Regulation of fetal hemoglobin

BCL11A (also known as CTIP1) is one of the major repressors involved in the
gamma-globin expression. It is a highly conserved regulatory C2H2 type zinc finger
protein expressed from Chromosome 2 of the human genome with substantial
expression in multiple tissues such as brain, liver, B-cells, bone marrow, erythroid,
and hematopoietic stem cells (Yin et al., 2019). Four major isoforms of BCL11A are
generated including BCL11A XL, BCL11A L,BCL11A S, and BCL11A XShy
alternative splicing (Fig 5).(Satterwhite et al., 2001) All the isoforms share a common
C2HC domain responsible for the protein-protein interactions at the N terminus but
have a variable number of C2H2 zinc fingers domains at the C terminus required for
binding to the target DNA motif. The longer isoforms are present in the nucleus and
the shorter isoforms are localized in the cytoplasm which modulates the transcription
by the formation of co-repressor complexes(Liu et al., 2006a). Interestingly, the
differential expression of BCL11A isoforms is observed during development which
could explain their role in gamma-globin switching. Specifically, the shorter isoforms
S and XS are shown to be expressed in the yolk sac and fetal liver, whereas the longer

isoforms XL and L are expressed in the adult bone marrow (Sankaran et al., 2008).
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Fig 5: Various isoforms of BCL11A. Source: (Lilj ét al.‘, 2006)

B C2HC 2inc Finger

QTL study identifying genetic mutations associated with increased F cell
production reported the existence of an intronic region later recognized and studied as
an erythroid-specific enhancer of the BCL11A gene (Menzel et al., 2007). This
identification of the role of BCL11A in fetal hemoglobin repression opened the flood
gates for further research in unraveling its role in developmental hemoglobin switch.
ChiIP-seq analysis of the beta-globin cluster reveals that the BCL11A binds to many
regions like the beta-globin, LCR, embryonic globin, and the intergenic regions
between gamma and delta globin (Xu et al., 2010). It has also been identified that loss
of BCL11A changes the chromatin looping formation at the gamma-globin locus.
Systemic loss of BCL11A resulted in the phenotypic changes of HSC causing it to be
more aged-like and have biased differentiation(Luc et al., 2016). Lin28b expression
represses the expression of BCL11A-XL in the fetal stage by binding to the XL motif
(Basak et al., 2020). Further, the functional importance of the role of BCL11A

isoforms in gamma-globin regulation is evident by the shRNA-mediated specific

16

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum



knockdown of BCL11A XL for the treatment of beta hemoglobinopathies. (Brendel et

al., 2020)

Genome-wide association studies of sickle cell patients with HPFH conditions
revealed that BCL11A as the major quantitative trait loci responsible for the higher
levels of HbF.(Basak et al., 2015; Funnell et al., 2015; Uda et al., 2008) Three clusters
of genetic variants in BCL11A are associated with a higher level of HbF includes the
intronic SNPs in BCL11A enhancer (Bauer et al., 2013), exonic SNPs at ZNF 4-5
domain in BCL11A XL isoform (Shen, Li, et al., 2021) and the regulatory SNPs in
HBG promoter that disrupts the binding site of BCL11A XL. The intronic SNPs
located at the +55, +58, and +62 DHS of BCL11A erythroid enhancer, encompass the
regulatory regions required for binding of various erythroid transcriptional factors like
GATALand TALL.(Canver et al., 2015) Recent studies revealed that targeting the +58
DHS core motif of the BCL11A enhancer region downregulates the BCL11A
expression in erythroid lineage which causes simultaneous reinduction of HbF
clinically without altering the expression of BCL11A in non-erythroid cells.(Demirci
et al., 2020; Psatha et al., 2018; Wu et al., 2019) These regions were further subjected
to cas9-mediated screening to identify the critical bases required within these. The
DHS58 region was identified to be the most crucial in humans having the maximum
impact in BCL11A expression. Recently the DHS+55 region has also been implicated
to have a prominent effect in the enhancer activity through the presence of KLF1 sites
and the HIC2 interaction(Huang et al., 2022). The GATA motif present in the DHS58
has been targeted extensively, for its effective role in BCL11A enhancer function, to
elevate fetal hemoglobin expression within the erythroid lineage. This site has been
tried and tested through various modalities of gene editing like CRISPR-cas9 and base
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editing. Currently, Vertex therapeutics and CRISPR Therapeutics autologous product,
Exa-cel or Casgevy, HSPCs with gene editing at the BCL11A enhancer site has been
approved by both the FDA and the EMA.

The regulatory SNPs located at the -115 cluster upstream of the gamma-globin
promoter including —114C>A, —114C>T, —114C>A, —-117G>A, and A13bp deletion
are shown to alter the core binding consensus motif of BCL11A and substantially
elevate the expression of HbF.(Demirci et al., 2021b; Doerfler et al., 2021; Lux et al.,

2019; Martyn et al., 2019; NS Ravi et al., 2022; Wang et al., 2020)

Current clinical trials (NCT03745287, NCT04211480, NCT04208529,
NCT0443904, NCT04390971, NCT03653247, NCT03432364, NCT03655678)
(Table 1) in patients with beta hemoglobinopathies for the reactivation of HbF by
genome editing emphasize the significance of the SNPs in BCL11A enhancer and

BCL11A binding site regions.(Zittersteijn et al., 2021)

Phase Productname  Clinical trial Targetoell  Delivery Nuclease Targetgene & offect Disorder  Status Sponsor Results

™ ActveNot  Bangary Five patients @/5 prefim,
it dat)

phammaceutions

Table 1: Clinical Trials based on Gene Editing. Source:(Zittersteijn et al., 2020)

With the advent of advanced gene editing tools and the extensive possibility of

applications, the need to understand the mechanism of regulation of the target gene is
18
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the need of the hour. This will enable us to validate and evaluate the outcomes of gene
editing modulating the target gene in patients. Thus, improving the safety of the

available treatment strategies.

Recent alternatives for downregulation of BCL11A like the use of PROTAC system
(Mehta et al., 2022) or the nanobody (Shen et al., 2022a) (Yin, Izadi, Tenglin, Viennet,
Zhai, Zheng, Arthanari, Laura M. K. Dassama, et al., 2023) mediated downregulation
system provide various alternatives for the existing gene editing system. The models
hypothesizing the mechanism of action of BCL11A have been described. From this
we can strongly agree that despite our knowledge of the BCL11A gene, and its
enhancer, the precise knowledge of its regulation is still elusive, probing more studies

on the regulatory regions within the gene.
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Material and Methods

3.1 sgRNA Plasmids and lentivirus production

The target gRNAs (Table:1) were cloned into the pLKO5.sgRNA.EFS.GFP plasmid

(a gift from Benjamin Ebert, Addgene #57822). The gRNA-containing plasmids were

then co-transfected with the VSV-G plasmid, pMD2.G (a gift from Didier Trono,

Addgene #12259), and the envelope plasmid, psPAX2 (a gift from Didier Trono,

Addgene #12260), at a 2:1:1 ratio in HEK293T cells using the Mirus transfection

reagent (1:3 ratio of DNA: reagent). Viral supernatants were collected at 48- and 72-

hours post-transfection, concentrated using an in-house preparation of PEG-6000

concentrator, and stored at -80°C until use.

Table 2: List of guide RNAs utilized

Guide RNA SgRNA seq 5'-> 3'

AAVS1 GGGGCCACTAGGGACAGGAT
CCR5 AAAATATAATCTTTAAGATA
BCL11A In Cd (ABE8e) |AGACATGGTGGGCTGCGGGG
BCL11A exon2 (cas9) TGAACCAGACCACGGCCCGT
Enhancer(cas9) CTAACAGTTGCTTTTATCAC
Enhancer(ABESe) TTTATCACAGGCTCCAGGAA
ZnF4/41 GTAGCAATCTCACTGTCCAC
ZnF42 TGTCCACAGGAGAAGCCACA
ZnF5/51 CCCAGAGTAGCAAGCTCACC
ZnF52 IACCAGGCACATGAAAACGCA
ZnF6/61 TGGAGAAACACATGAAAAAA
ZNnF62 AGGGTACTGTACACGCTAAA
BS(cas9) CTTGTCAAGGCTATTGGTCA
BS(ABESe) CTTGACCAATAGCCTTGACA
+33bp GATA GGTTTGGCCTCTGATTAGGG
CB11 TTGGCCTCTGATTAGGGTGG
CB13 GATTAGGGTGGGGGCGTGGG
CB15 TTAGGGTGGGGGCGTGGGTG
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CB18 CACGCCCCCACCCTAATCAG
Hoxal3 CGCCTTCGCGGACAAGTACA
HOXb2 CCCCGGCCCCCGAGTTCCCT
HOXd3 TCCTGAGTGCACAATGCAGA
GSX1 GGACTCGCTAGTGCTGCGCG

3.2 Cell culture: Cell lines and Primary Cells

HEK293T was cultured using 10% fetal bovine serum supplemented DMEM media
with 1% Penstrep antibiotics and incubated at 37°C in 5% CO2. Subculture was

performed by trypsinized in 0.05% Trypsin (Gibco) at 37°C for 1 min for passaging.

HUDEP2 (immortalized Human Umbilical cord-derived erythroid progenitor cells)
cells were cultured and differentiated as described previously. HUDEP2 cells, stably
expressing Cas9 or ABE8e were generated and validated.(N Ravi et al., 2022)
HUDEP2 lines were transduced with the gRNA lentivirus, and the transduction
efficiency was determined by flow cytometry analysis of GFP expression after 48

hours.

CD34" HSPCs were isolated from the leftover G-CSF mobilized blood of healthy
donors after infusion to patients with informed consent as per clinical guidelines
authorized by the Intuitional Review Board, Christian Medical College, Vellore. The
PBMNCs were separated using density gradient centrifugation (Lymphoprep Density
gradient medium; Stemcell Technologies) and washed with 1XRBC lysis buffer to
remove any residual RBCs present. CD34" HSPCs were purified using EasySep
Human CD34 Positive Selection Kit 1l (Stemcell Technologies). The isolated CD34*

cells were expanded and differentiated into the erythroid lineage as reported earlier
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and the growth Kinetics were measured by cell counting at each media

change.(Devaraju et al., 2022)

COS-7 cells were cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1%

Penicillin-Streptomycin-Glutamine (PSG, Gibco) and incubated at 37°C in 5% CO2. Cells

were lifted for passaging by incubation in 0.05% TrypLE™ Express Enzyme (Gibco) at 37°C

for 5 min.

Table 3: HUDEP?2 cell culture Media components

Cell Type . Working_
Media Component Concentration
Stemspan SFEM 1| Basal
Penstrep 1%
HUDEP2 L-Glutamine 10%
Expansion | Doxycycline 1ug/ml
media Dexamethasone 1uM
Erythropoietin 3U/ml
Stemcell Factor 50ng/ml
IMDM-GlutaMax Basal
Penstrep 1%
AB serum 3%
Fetal Bovine Serum 2%
HUDEP2 200ug/ml (Increased
Erythroid Holotransferin to 500ug/ml on day
Differentiation 6)
Media Erythropoietin 3u/ml
Stemcell Factor 5ng/ml
Heparin
Doxycycline Lug/ml
IL3 10ng/ml
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Table 4: HSPC Culture Media Components

s Workin
Cell Type Media Component Concen tratg:lion
Stemspan SFEM |1 Basal
Penstrep 1%
HSC IL6 10%
Expansion
media Stemcell Factor 240ng/ml
TPO 16ng/ml
FLT3 240ng/ml
IMDM-GlutaMax Basal
Penstrep 1%
AB Serum 5%
HSPC Holotransferin (|n§§2:3(§TOI
'Erythrglo! 500ug/ml)
Differentiation —
Media Erythropoietin 3U/ml
Stemcell Factor 100ng/ml
Heparin
Hydrocortisone
IL3 50ng/ml
3.3 ABE8e mRNA production

To produce ABE8e mRNA, we used the ABES8e plasmid (a gift by David Liu,
Addgene#138495)(Richter et al., 2020) as the template and performed in vitro
transcription as previously described. The resulting mMRNA was stored in smaller

aliquots at -80°C until use.

3.4 Nucleofection:

For Cas9 experiments, 0.2 million HSPCs were electroporated with a Cas9: gRNA
ratio of 50:100pmoles using a 4D-Lonza nucleofector (pulse code: DZ100). For base

editing experiments, we nucleofected 1 million HPSCs with Smicrogram of ABES8e
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mMRNA with 100pmoles of gRNA using a GTx electroporator (MaxCyte Inc., pulse

code: HSC-3).

3.5 Gene modification analysis:

Genomic DNA from the edited and unedited cells was isolated and the target regions

were PCR amplified for Sanger sequencing using the primers listed in the

supplementary table 2. The efficiency of gene modification generated by Cas9 was

analyzed using the Synthego ICE program.(Conant et al., 2022) To estimate the base

conversion percentage, the Sanger sequencing files were analyzed using the EditR

analysis software.(Kluesner et al., 2018)

Table 5: Primers used for genotyping.

Sample Fwd primer Rev primer
AAVS1 GAGATGGCTCCAGGAAATGG | ACCTCTCACTCCTTTCATTTGG
g‘l'jt'at'on CATCTTCCCTGCGCCATCTTTG | CTCTCTCCCCCTCGCTTTTG
Exon?2 ATGGGGTTGAGATGTGCTTC ACTGCTTGGCTACAGCACCT
Sanger  gcr11A
Sequencing | nnancer TCAAACCACAGGGATCACAA | AGAGAGCCTTCCGAAAGAGG
ZnF4/5 CCCTTCTCTAAGCGCATCAA TCCAGGGGTACTGTACACGCTAA
ZnF6 GCCCAGAGTAGCAAGCTCAC | ATCCTACAGGGAGTGGGGCT
BS ACAAAAGAAGTCCTGGTATC | CTTCCCAGGGTTTCTCCTCC
BCL11A TACACGACGCTCTTCCGATCT | AGACGTGTGCTCTTCCGATCTGG
NGS enhancer CAGTGCAAAGTCCATACAGGT | CAAACGGCCACCGAT
Primers ZnFA/5 TACACGACGCTCTTCCGATCT | AGACGTGTGCTCTTCCGATCTCTC
TGGAGGGAGCACGCCCCATAT | CAGGGTACTGTACACGC
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COS cell transfections and nuclear extractions:

COS-7 cells were transiently transfected with pcDNA3-based plasmids to overexpress
BCL11A zinc fingers (ZnF) 4-6 and mutants. Cells were transfected in 10 cm plates
with 5 pg of plasmid using FUGENE® 6 Transfection Reagent (Promega). Mammalian
expression plasmids used are listed in Table 4. Cells were washed in PBS after 48 h
incubation at 37°C. Cells were harvested and resuspended in hypotonic lysis buffer
(10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCI2, 10 mM KCI, 5 mM dithiothreitol
(DTT), 1 mM phenylmethylsulphonide (PMSF), 0.01 mg/mL aprotinin, 0.01 mg/mL
leupeptin) and incubated on ice for 10 min. Cells were spun down and the pellets were
resuspended in extraction buffer (20 mM HEPES-KOH pH 7.9, 25% glycerol, 420
mM NaCl, 1.5 mM MgCI2, 0.2 mM EDTA, 5 mM DTT, 1 mM PMSF, 0.01 mg/mL
aprotinin, 0.01 mg/mL leupeptin) on ice for 20 min. The suspension was centrifuged
at 13,000 rpm for 3 min at 4°C and the supernatant containing nuclear extracts

recovered.
Electrophoretic mobility shift assay

Oligonucleotides used in the synthesis of radio-labeled probes are listed in Table 2.
The sense oligonucleotide was labeled with 32P from y->2P ATP (Perkin Elmer) using
T4 PNK (New England Biolabs) before the antisense oligonucleotide was annealed by
slow cooling from 100°C to room temperature. The probe was purified using a Quick
Spin Column (Roche). The nuclear extracts were harvested from COS-7 cells. Empty
extract from Cos-7 cells was used as a control to check endogenous protein binding.
Antibody against V5 (Invitrogen) was used to identify and super-shift of BCL11A ZnF
(4-6) and mutations. Samples were complexed in gel shift buffer (10 mM HEPES (pH
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7.8), 50 mM KCI, 5 mM MgCl,, 1 mM EDTA, 0.05 mg/mL poly(dI-dC), 1 mM DTT,
0.1 mg/mL bovine serum albumin, 5% glycerol) with and without V5 antibody and
loaded on 6% native polyacrylamide gel in TBE buffer (45mM Tris, 45mM boric acid
and 1mM EDTA). Electrophoresis was performed at 4°C, for 105 min, at 250V
followed by drying under vacuum. The gel was exposed to a FUJIFILM BAS
CASSETTE2 2025 phosphor screen overnight and visualized using a GE Typhoon

FLA 9500 fluorescent image analyzer.

Table 6: Probe used for EMSA

-128 to -100 bp Forward Probe: Reverse Probe:
Gel Shift fetal globin . AGCCTTGCCTTIGA | TTGTCAAGGCTATTGGTCAAGG
Probe promoter (canonical | CCAATAGCCTTGA CAAGGCT
binding motif CAA
underlined)

Table 7: Plasmid used for EMSA

Mammalian Expression Plasmids Species Source
pcDNA3-Empty N/A Invitrogen
pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa- | Human (Martyn et al.,
V5 2018)
pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa | Human Mahdi Haddad
7555>G-V5

pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa | Human Mahdi Haddad
756N>G-V5

pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa | Human Mahdi Haddad
755S>G, 756N>G -V5
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Off-target analysis:

We used the COSMID web tool to predict Cas-dependent DNA off-target sites with a
stringency of no DNA and RNA bulges. Using the primers listed in Supplementary
Table 2, we amplified the predicted off-target sites and carried out 150bp-paired-end
Illumina sequencing with the specified adapter sequences. The resulting data was
analyzed using the default settings of CRISPRESSOv2.(Clement et al., 2019) The
transcriptome-wide A-to-1 (or T-to-C conversion) conversion in the ABE8e base-
edited erythroid cells was calculated by REDItools v2. All the nucleotides other than
A were removed from the analysis with the previously reported coverage and quality
criteria.(Koblan et al., 2018) The frequency of A converted to | (or T to C conversion)
was calculated by dividing the total number of edited A by the overall counts of A
after filtering (A-to-1)/A*100. The experiment was carried out as two biological

replicates.

28

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum



: Off-target Primers used

Table 8

VOV9199.100109VV9O999V.LO1VOI0L1010919190VOV

09VIOVVYIOOVOLLVIVIOLOLLID101VOIIL1D1I9IVOOVIV.L

PT10 V1vO doge+

V0399vJ13099vI11319VOL01VOI0L1010919190VOV

OVI9OVIO.199VI9919119V101VOII1101093VOIVIVL

[TLO VL1vO doge+

919vI399999119V.LLIVIO1VOLLI1VOID1101391919IVOV

OVVI910.11VV909.101011VI1VIL01VOIDL10.1090VOIVIVL

DTLO V.1vO doge+

000V9131010VIVIL0910101vOII1L1I1I3919190VOV

V1VOV9OL1OVO1999.109999131vO0I11L0109IVOIVIVL

610 V1vo doge+

99VI09.L0VVV1I1VVVIOVIVII1O1vDII11010919190VOV

IL1V99910VVOVILLLI99VIOVVLLI9101VOI0.L10.1090VOOVIVL

810 V.1v9 dgge+

9999VIVOVVVILLOIVIVILO9V.LOLVOIDL1010919190VOV

VOLVOL19909VVVLOLL11991110101v90011019390VOIVIV.L

L10 V19 dgge+

OVYIVIOOLVOVOVOV.LO9VI19101VOIDLLO1I91919IVOV

OL111191919911v31939999101v9001101090VO0VIVL

910 V1v9 dgee+

001999VI0L1L1VIVOLIVOVOVILOLVOIIL1313919190VOV

09VVOL103101VIVO9I9VOLI1VIII1L1D129IVOIVIVL

610 V1v9 dgge+

9109999VOIVIVOLVILO11D1VOII1101091919JVOV

0.10212330.1922.10191V110101vOI0.1101390VOIVIV L

710 Y1v9 dgge+

OVIO0J11091VIVLIIVV.IVVIL1VOVILIOVOO101VOII11313919190VOV

OVYVVOOVI039101019VI0101vOIIL1319390VOIVIV L

€10 V1v9 dgge+

OVO1VOVOVIII1OVVLOVIOVILLO1VOIILLD10919193VOV

9.10.10991VIVIO1VVYVIOVOLOLL01VOIIL1D139IVOIVIV L

710 V19 doge+

O001V.L1VIVI9911031319100V.L01vIII11010919190VOV

JVOLVYVOOVOVILI09191010101VOI2I1L101293VOIVIVL

T10 V1v9 doge+

9910000V1V.IVIVOOVILLOJ1V.LO1VIII11010919190VOV

9991VIVOOVLL1J1931109991131V9031101093VOIVIVL

810 §/v4uz

0010099VO 101 L19VV1913101v9II11310919190VOV

V.19VVOVVYIOVVYIIOVLOVOLV1309131VOIJ1101093VOIVIVL

L10 S/y4uz

O9L1VOVLIVIVV1IIVIO1VIVIOOVVIOLOLIVOOLOLVIIIL1010919190VOV

LOV1199VVILLL19VI1IVVOVYVILOLVOIILLD1390VOOVIV L

910 §/v4uZ

9.110091113009VILL1OVO9.L01VOI0L1010919190VOV

PLLVYVOLOVVLO191VVVOLOVIOILIO1VOIILLO109IVOIVIVL

610 S/v4uzZ

0000vIO90VOLOLOVOVLIOL101VOIILLI1ID1O1DIVOV

OVIOVIDDLVOVIOLLO9OVLIO1IVIIILLOL09IVOIVIV.L

¥10 S/v4uz

1130101VI0VOOLILL101191VII999VII1VOIILLO1I919190VOV

0999VOVILIOOLVVOVYVOVYILLOLVYIIDLLOLO9IVOIVIV.L

€10 S/v4uz

00100011vJ30019VVVI9OVVOLO1VOIDL1010919190VOV

10199100V19V99109vI9101vOI01 101390VOIVIV.L

¢10 S/v4uz

09113001vJ0V.LO11099V1IIV1IO1VDII11010919190VOV

IL0DL1VIVOVYVYIVOOLVIOV.LVIOLLO1VOID.L10.1090VOOVIVL

T10 S/v4uz

Jawid 8sianay

Jawid paemuoS

a|dwres
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Flow cytometry analysis:

The erythroid cells were stained with antibodies (CD235a and CD71) for 15 minutes,
washed twice with PBS, and analyzed. The intracellular HbF staining and mouse bone
marrow cells were processed as previously described. All antibodies used are listed in
supplementary table 3. BD celesta and CytoFLEX-LX (Beckman Coulter) flow

cytometers were used for sample analysis.

Table 9: Flow-cytometry antibodies used

Antibodies Company Cat No
CD71 BD 562995 and 555536
CD235a BD 551336 and 240947
HbF APC | THERMO-Invitrogen MHFHO05

NucRed [Thermo Fischer Scientific R37106

CD45 human BD 555482
CD45 Mouse BD 559864
CD34 BD 348057
CD13 BD 555394
CD33 BD 340474
CD16 BD 347617
CD19 BD 340364

Western blot:
Whole-cell protein lysates were prepared by resuspending the cell pellet with 1xRIPA
Buffer along with Halt Protease Inhibitor Cocktail (ThermoFisher Scientific).

Approximately 35ug of protein was used for western blot analysis.
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Table 10: Western Antibodies used

Antibodies Company Cat No
BCL11A (Dagsp)|  CEll Signalling 75432
Technology

B-Actin MP Biological AS003

HRRGoal Abclonal A6154
antimouse

Anti-Rabbit 1gG Sigma 69001

Quantitative RT-PCR:

RNA form the erythroid differentiated cells were isolated using the Machery Nagel

RNA isolation kit. cDNA from 500ng of the isolated RNA is reverse transcribed using

a TAKARA Primescript kit. The obtained cDNA is diluted 4 times and used in gPCR

using Tagman Primescript 11 Kit.

Table 11: RT-gPCR primers used

GENE [Forward Primer Reverse Primer
BCL11A] AACCCCAGCACTTAAGCAAA GGAGGTCATGATCCCCTTCT
HBB ACCTTTGCCACACTGAGTGAG TTTGCCAAAGTGATGGGCCA
HBG1 Qiagen primers. Cat No: QT00041384
HBG2 Qiagen primers. Cat No: QT00040068
BGLT3| AAGATAATCTTGGTTTTGCCTCAAA [TCTACTTGATATAGTTGAGAGGCAGTTACC
HBBP1 [TTATGCTCACGGATGACCTCAAAGIAACAATCAATATCACGTTGCCTAAGAG
GAPDH| CTGCACCACCAACTGCTTAG GTCTTCTGGGTGGCAGTGAT

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum
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HPLC:

At the terminal stage of differentiation, the differentiated cells were sonicated and
centrifuged with maximum rpm at 4°C for 15-20mins, to obtain the clear
lysate.(Bagchi et al., 2021) Analysis of total hemoglobin (TOSOH HPLC variant
analyzer) was performed using the lysates. The percentage of total globin was

calculated as [HbF/HbF+HbA] *100.

In-silico modeling:

The BCL11A protein-DNA structure obtained from RCSB PDB-6U9Q was used as a
reference.(Yang et al., 2019) We used Pymol software to visualize the amino acids

involved in interaction with the DNA bases.

RNA-Seq:

Total RNA isolated during phase-2 of erythroid differentiation (Day-8) of edited
HSPCs was processed for RNA-sequencing using lllumina (Nova-seq6000). The raw
reads were filtered using Trimmomatic for quality scores and adapters. Filtered reads
were aligned to the Human genome (hg38) using splice-aware aligners like HISAT2
to quantify reads mapped to each transcript. The alignment percentage of reads ranged
between 95.28 - 98.52 percentage for all the samples. The total number of uniquely
mapped reads was counted using feature counts. The uniquely mapped reads were then

subjected to differential gene expression using DeSeg?2.
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ATAC-seq:

Omni-ATAC protocol was followed to perform ATAC-seq. Buffer containing 0.1%
NP-40, 0.1% Tween-20, and 0.01% digitonin is used for each sample (5 x 106 x 10*
cells) to lyse the cells. The lysate was then washed and incubated with Tagment DNA
TDE1 enzyme (lllumina) for 30 min at 37 °C. DNA was purified with a Qiagen
MinElute PCR Purification kit. Library fragments were amplified using NEBNext
High-Fidelity 2x PCR master mix (NEB, M0541) and custom primers with unique
dual indexes and PCR amplified. PCR products were purified using AMPure XP beads
(Beckman Coulter, A63881) ata 1:1 ratio according to the manufacturer’s instructions.
Purified PCR products sized from 150 bp to 1 kb were purified from 2% E-Gel EX
agarose gels (Thermo Fisher, G401002). Libraries were pooled and sequenced in
paired-end mode using an Illumina HiSeq kit. Raw reads were trimmed to remove the
Tn5 adaptor sequence using a skewer (v.0.2.2) and then mapped to hg19 using BWA-
MEM (v.0.7.16a). Duplicated multi-mapped reads were removed with SAMtools
(v.0.17). ATAC-seq peaks were called using MACS2 (v.2.1.1) with the following
parameters: macs2 callpeak —nomodel —shift —100 —extsize 200. BigWiggle files were

generated using DeepTools (v.3.2.0) (Feng et al., 2022)
Cut and Run:

The CUT&RUN assay was performed to detect transcription factor occupancy and
histone modification profiles. Approximately 5 x 10° cells were analyzed for each
reaction. Library construction for DNA sequencing was performed using an NEBNext
Ultrall DNA Library Prep kit from NEB (E7645S). Indexed samples were analysed by
paired-end NGS, using an lllumina NextSeq Mid-Output (150 cycles) kit. FASTQ files
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were mapped to hgl19 using BWA-MEM (v.0.7.16a). Reads that could not be uniquely
mapped to the human genome were removed by SAMtools (v.0.17). Peaks were called
using MACS2 (v.2.1.1). BigWiggle files were generated using DeepTools (v.3.2.0).
Footprint analysis was performed using CUT&RUNTOools. Data were normalized

using S3norm(v.2). (Feng et al., 2022)
Statistical Analysis:

All graphs were generated using GraphPad Prism v8.1. One-way ANOVA was used
in all the analyses and the comparison is with the edited control unless otherwise

mentioned.
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RESULTS

Section-4
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Results

4.1 Base editing of key residues in the BCL11A-XL-specific zinc

finger domains de-represses fetal globin expression.

BCL11A-XL directly binds and represses the y-globin (HBG1/2) gene promoters,
using three Zinc-Finger domains (ZnF4, ZnF5, ZnF6), and is a potential target for -
hemoglobinopathy treatments. Disrupting BCL11A-XL results in de-repression of
fetal globin and high HbF, but also affects Hematopoietic Stem and Progenitor Cells
(HSPC) engraftment and erythroid maturation. Intriguingly, neurodevelopmental
patients with ZnF domain mutations have elevated HbF with normal hematological
parameters. Inspired by this natural phenomenon, we employed both CRISPR/Cas9
and base editing at specific ZnF domains and assessed the impacts on HbF production
and hematopoietic differentiation. Generating indels in the various ZnF domains by
CRISPR/Cas9 prevented the binding of BCL11A-XL to its site in the HBG1/2
promoters and elevated HbF levels but impacted normal hematopoiesis. Far fewer side
effects were observed with base editing, for instance, erythroid maturation in vitro was
near normal. However, we observed a modest reduction in HSPC engraftment and a
complete loss of B-cell development in vivo, presumably because current base editing
is not capable of precisely recapitulating the mutations found in patients with
BCL11A-XL-associated neurodevelopment disorders. Overall, our results reveal that
disrupting different ZnF domains has different impacts. Disrupting ZnF4 elevated HbF
levels significantly, while leaving many other erythroid target genes unaffected, and
interestingly, disrupting ZnF6 also elevated HbF levels, which was unexpected as this

region does not directly interact with the HBG1/2 promoters. This first
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structure/function analysis of ZnF4-6 provides important insights into the domains of
BCL11A-XL required to repress y-globin expression and provides a framework for
exploring the introduction of natural mutations that may enable de-repression of single

genes while leaving other functions unaffected.

4.1.1 CRISPR/Cas9 mediated disruption of BCL11A-XL specific ZnF domains

in adult human erythroid cells de-represses fetal globin expression.

Previous studies have shown that BCL11A-XL interacts with the y-globin
(HBG1/2) promoters in adult erythroid cells using its C-terminal ZnF domain,
containing ZnFs 4, 5, and 6. However, the roles of each ZnF domain specific to
BCL11A-XL in fetal hemoglobin regulation and erythroid maturation have not been
established. Therefore, we performed CRISPR/Cas9-mediated disruption of each ZnF
(gRNA: ZnF4,5 and 6) and compared the impacts with the other BCL11A associated
targets, like disruption of the intronic erythroid-specific BCL11A Enhancer (Enh), and
its binding site in the HBG1/2 promoters (BS). In addition, gRNAs designed to ablate
BCL11A (targeting BCL11A exon2) and AAVS1 were selected as positive and
negative controls respectively (Fig. 6a). HUDEP2 cells stably expressing Cas9 were
transduced with the specific gRNAs and around 70-90% indels were achieved at all
the intended target sites (Fig. 6b and c). Though editing at ZnF4, 5, and 6 (759, 785,
and 810 amino acids respectively) did not alter the protein expression, it led to the
formation of altered BCL11A-XL protein with varying lengths due to frameshift
mutations (Fig. 6d-f). In contrast, downregulation of BCL11A protein was observed
when targeting BCL11A exon 2 and the enhancer. These results suggest that targeting

the BCL11A exon2 (N-terminal) leads to the degradation of the protein while targeting
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the XL-specific ZnF-domains (C-terminal) produced truncated variants of
BCL11A(Shen, Verboon, et al., 2021). Nevertheless, as expected the truncated
BCL11A variants failed to repress HBG at the adult stage and produced a noticeably
higher number of HbF+ cells than the enhancer-modified cells and comparable to
binding site disruption at the HBG promoters after erythroid differentiation (Fig. 6g-
1). Despite previous reports demonstrating that ZnF6 has a weak direct interaction with
the HBG promoter compared to ZnF4 and ZnF5, we unexpectedly observed a
significant elevation in fetal hemoglobin upon ZnF6 disruption(Liu et al., 2018). These
results highlight the importance of each ZnF-domain specific to BCL11A-XL in the

repression of the fetal globin genes.
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Fig 6: CRISPR/Cas9 mediated disruption of BCL11A-XL specific ZnF domains in
adult human erythroid cells de-represses fetal globin expression. a) Schematic
representation of the target location of gRNA in different BCL11A-XL specific ZnF
domains (ZnF 4, 5, and 6), Exon2, Enhancer, -115 cluster of HBG promoter, and the
AAVS1 site; b)The transduction efficiency of each gRNA measured in flow cytometry
in HUDEP2 cells expressing cas9. Mean = SEM of n=3 independent replicates. ¢)The
frequency of insertions and deletions (INDELs) was measured by ICE analysis at the
respective target site in HUDEP-2 cells during expansion; Mean + SEM of n=3
independent replicates. d) The protein expression analysis by Western blot on the
edited cells during differentiation (Day 4) depicts the generation of BCL11A variants
protein on targeting the XL-specific ZnF domains in contrast to the reduction of
BCL11A protein while targeting Exon-2 and the enhancer; e) The frequency of
multiple insertion or deletion patterns generated at each target site; f) An illustration
depicting the insertion or deletion with the highest frequency that could result in the
generation of BCL11A ZnF variants at ZnF 4, 5, and 6; g) Erythroid differentiation
profile analyzed by the expression of CD235a and CD71 marker by flowcytometry in
BCL11A ZnF edited HUDEP2 cells at the day 8 of erythroid differentiation; h)
Intracellular fetal hemoglobin analysis using flow cytometry demonstrates the
potential of ZnF mutants on HbF reactivation at the terminal stage of erythroid
differentiation (Day 8); Mean + SEM of n=3 independent replicates. i) Analysis of
globin chain production through reverse-phase HPLC at the terminal stage of erythroid
differentiation (Day 8); Mean + SEM of n=3 independent replicates.

4.1.2 BCL11A ZnF editing in CD34* HSPCs through CRISPR/Cas9 elevates HbF
but also affects erythroid maturation

Besides the major role in globin regulation, BCL11A is essential for human
hematopoietic stem cell maintenance and erythropoiesis. Therefore, we assessed the
effect of BCL11A-ZnF disruption on cell survival and erythroid maturation in CD34*
HSPCs obtained from a healthy donor by nucleofecting the CRISPR/Cas9-gRNA
complex. Based on our HUDEP2 results where enhancer disruption showed moderate
HDbF elevation, we determined the impact of the generating BCL11A-ZnF variants in
erythroid cells derived from HSPCs, along with the binding site disruption at the
HBG1/2 promoters, and BCL11A knockout at exon2. HSPCs exhibiting efficient gene
modifications (Fig. 7a) at the respective target sites were subjected to erythroid
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differentiation to assess the impact of the modifications on functions beyond HbF

elevation during in vitro erythropoiesis.

In line with previous research demonstrating the importance of BCL11A in cell
maintenance and proliferation, the growth kinetics of committed erythroid progenitors
from the edited samples were analyzed. The total BCL11A-knockout and ZnF-editing
in CD34" HSPCs affected cell proliferation, whereas editing other targets did not affect
survival (Fig. 7b). The frequency of gene perturbations was assessed at the erythroid
terminal differentiation stage. This revealed that except for ZnF4 and total knockout
edited cells, gene modifications in all other targets persisted during differentiation
(Fig. 7a). This indicates that cells carrying alterations at the terminal sequences coding
for ZnF5 and ZnF®6 retain edits and persist across multiple cell divisions. A previous
study(Shen, Verboon, et al., 2021) reported that disruption of BCL11A exon-4 (ZnF)
did not impede early erythroid differentiation, whereas our study targeting the ZnF4,
5 and 6 domains showed a decline in the percentage of terminal-stage erythroid cells
(CD235a"CD71Y), (Fig. 7c) with a significant reduction in the enucleation (Fig. 7d).
However, a remarkable level of fetal globin gene reactivation was seen in adult
erythroid cells on targeting the BCL11A ZnF domains (Fig. 7e and f), equivalent to
levels obtained with the binding site disruption, despite the differences observed in
cell proliferation and differentiation. Overall, these results demonstrate the in vitro
consequence of disrupting either exon2 (N-terminal) or major disruption in the C-
terminal ZnF domains of BCL11A protein impact cell survival and erythroid

maturation as well as globin regulation.
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BCL11A isoforms have been implicated in HSC engraftment and B-
lymphocyte maturation.(Liu et al., 2003; Yu et al., 2012) Therefore we investigated
the engraftment potential of BCL11A-XL ZnF-modified cells in the NBSGW mouse
model. Since ZnF5 had exhibited significant erythroid maturation defects during in
vitro experiments, we infused only the ZnF4 and ZnF6 modified HSPCs. As controls,
we also infused BCL11A binding site disrupted HSPCs and total BCL11A knockout
(exon 2) edited HSPCs. All the transplanted animals showed chimerism of human cells
(hCD45") in the bone marrow after 16 weeks of infusion, even the cohorts with total
BCL11A knockout cells (Fig. 7g). Therefore, we genotyped the engrafted cells to
study the long-term survival of gene-modified HSPCs, which revealed that the indel
frequency in the HBG1/2 promoter BCL11A binding site edited cells remained
unchanged, whereas HSPCs with BCL11A complete knockout did not survive in
mouse bone marrow (BM), consistent with the previous findings. We had speculated
originally that BCL11A ZnF domain modification would have lesser impacts on
HSPCs, but we observed a drastic decrease in ZnF4 and ZnF6 gene modifications in
the BM cells (Fig. 7h). Similar to total BCL11A knockout, we observed that the
CRISPR/Cas9-mediated disruption of BCL11A-XL specific ZnF domains does not
support HSC engraftment. Furthermore, due to the inadequate engraftment potential
of the BCL11A ZnF mutants, we were unable to investigate its multilineage
differentiation ability. These findings demonstrate that even a minimal loss of the
BCL11A-XL C-terminal coding region functions like a total protein loss and can

negatively affect the engraftment of HSCs.
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Fig 7: BCL11A ZnF editing in CD34* HSPCs through CRISPR/Cas9 elevates HbF
but also affects erythroid maturation. a) The percentage of gene modifications during
HSPCs expansion after 48 hours of electroporation and after erythroid differentiation
day 21 respectively; Mean = SEM of n=2 replicate on 1 donor. b) The cell proliferation
profile of all the gene-modified HSPCs after electroporation during the three-phase
erythroid differentiation. ¢) The change in erythroid differentiation ability of the
BCL11A modified HSPCs was analyzed by flow cytometry using two erythroid-
specific surface markers (CD71-Transferin; CD235a—Glycophorin A) at the terminal
stage of differentiation (Day 21); Mean £ SEM of n=2 replicate of 1 donor. d) The
measure of mature enucleated cells formed by the edited HSPCs during the terminal
stage of erythroid differentiation (Day 21) using NucRed stain and CD235a marker;
Mean + SEM of n=2 replicate on 1 donor. e and f) The number of HbF+ cells
expressed, and the total fetal hemoglobin tetramer in edited cells formed on BCL11A
ZnF domain modification by FACS and HPLC respectively measured during terminal
erythroid differentiation (Day 21); Mean £ SEM of n=2 replicate on 1 donor. g) The
long-term engraftment of BCL11A total knockout, binding site, and ZnF domain
modified HSPCs after 16 weeks of transplantation in NBSGW mice; Mean + SEM of
n>3 mice per group. h) The persistence of gene modification in the edited cells
depicted by editing during both pre-infusion and after 16 weeks of transplantation.
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4.1.3 Specific base substitutions in the BCL11A-XL C-terminal ZnF domains

reactivate HbF expression in adult erythroid cells

CRISPR/Cas9-mediated targeting of BCL11A-XL specific C-terminal ZnF
domains resulted in multiple truncated variants hampering the concise understanding
of the role of BCL11A-XL ZnF domains in HbF repression, engraftment, and erythroid
maturation. To address this, we introduced more subtle mutations at specific amino
acid residues in the ZnFs using an adenosine base editor in HUDEP2 cells anticipating

fetal hemoglobin elevation without compromising other functional roles of BCL11A.

The key nucleotides at ZnF4 (742-765 amino acids) and ZnF5 (772-795 amino acids)
were targeted to alter crucial motifs required for DNA interaction and where possible
to resemble as closely as possible known missense variants associated with higher
HbF levels in patients with neurodevelopmental disorders but essentially normal
hematology. With current base editing technology, it is not possible to recreate the
exact mutations, but we targeted mutations as closely as possible to the sites found in
patients. No naturally occurring mutations have been reported in ZnF6 (803-827
amino acids) but we designed a gRNA that would result in a base substitution at a
potential DNA-contact region in the ZnF6 domain (Fig. 8a). The fetal globin
reactivation potential of base substitutions in each ZnF domain was compared with
the same BCL11A control targets used in previous experiments, along with the
gRNA at the initiation codon for the total knockout of BCL11A. Subsequently, all
these gRNAs were individually transduced into HUDEP2 cells with more than 90%

efficiency.
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After 8 days of expansion, the efficiency of base conversion at the target sites was
evaluated by Sanger sequencing (Fig. 8b). In the case of the ZnF4 domain, the ZnF4-
1 gRNA specifically converted the nucleotides that encode the amino acids S755
and N756 with 40% and 90% base conversion efficiency, respectively. S755 makes
van der Waals interactions with the -119 (T: A) base and the DNA backbone at the
HBG1/2 promoters, whereas N756 forms a specific double hydrogen bond with -118
(A: T) (Fig 8c: ZnF4-1). The ZnF4-2 gRNA generated novel mutants H760R and
R761G with 80% efficiency. Although these amino acids do not contact DNA, H760
is one of the zinc-ligating residues in ZnF4, and its mutation likely perturbs the
structure of the domain (Fig 8c: ZnF4-2). Alteration of the ZnF5 domain was
achieved using ZnF5-1 gRNA to efficiently (70%) convert bases that encode Q781
and S782. Q781 forms a hydrogen bond with -116 (T: A) (Fig 8c: ZnF5-1). Similarly,
the ZnF5-2 gRNA generated specific nucleotide perturbations that mutate T786,
R787, and H788; R787 forms hydrogen bonds with -114 (G: C), whereas H788 is one
of the zinc-coordinating residues in ZnF5 (Fig 8c: ZnF5-2). The ZnF6 gRNA
exhibited a less efficient (40%) conversion of bases and encodes changes to E816
and K817; the latter residue is predicted to make non-specific electrostatic

interactions with the DNA backbone (Fig 8c: ZnF6).

The control sites, the -115 cluster in the HBG1/2 promoter and the BCL11A
enhancer were substantially modified with overall efficiencies greater than 70%.
Unintended indels were less than 5%, despite the high editing efficiency at all the
target sites. The consequence of the generated BCL11A-XL mutants on protein
expression was investigated to analyze the impact of pathogenic SNVs on the stability
of the BCL11A protein. Interestingly, the XL-specific ZnF mutants exhibited no effect
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on protein synthesis and were expressed similarly to the AAVS1 negative control
editing, whereas the alteration of initiation codon affected the BCL11A protein

expression mimicking BCL11A knockout as expected (Fig. 8d).

We assessed the functional consequence of the BCL11A mutations on fetal
globin expression during terminal erythroid differentiation (Fig. 8e). Interestingly, the
HbF reactivation observed in all ZnF mutants was comparable to complete BCL11A
knockout (BCL11A). The increase in the number of HbF+ cells ranged from 60-90%
across the ZnF mutants which may be due to a difference in editing efficiency or the
impact of the different mutations (Fig. 8f). The ZnF4 mutations increased the number
of HbF+ cells more than the ZnF5 or ZnF6 mutations. Although the editing frequency
at the ZnF6 target site was lower, significant HbF elevation was observed, so we
hypothesize that ZnF6 also influences BCL11A binding to the HBG1/2 promoters.
Consistent with the increase in HbF+ cells, the ZnF4 mutants produced higher levels

of total HbF relative to mutations in other ZnF domains (ZnF5 and ZnF6).

Importantly, the majority of ZnF-specific mutations outperformed the
disruption of the BCL11A binding site in the HBG1/2 promoters in HbF reactivation
(Fig. 8g). It may be that BCL11A binds at additional sites in the globin locus, so
mutating the DNA-binding domain has a more profound effect than mutating a single
binding motif. These findings confirm that induction of HbF does not require
haploinsufficiency or the total loss of BCL11A but can be mediated by targeted

mutations.

Together, both the in vitro and in silico results imply that altering the C-
terminal XL-specific ZnF domains involved in binding to the target DNA (such as the
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motifs in the HBG1/2 promoters) exhibited a similar HbF upregulation to that observed
with total BCL11A loss. Further, unique base conversations that alter key amino acid

residues are sufficient to significantly impact ZnF domain function.
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Fig 8: Specific base substitutions in the BCL11A-XL C-terminal ZnF domains
reactivate HbF expression in adult erythroid cells. a) A diagrammatic representation
of each of the target sites to induce nucleobase modifications by using an adenosine
base editor. BCL11A- gRNA targeting initiation codon of BCL11A, Enh-gRNA
targeting the BCL11A erythroid-enhancer region, two gRNAs each targeting ZnF
4(ZF4-1, -2) and 5(ZF 5-1, -2) respectively, and one gRNA targeting ZF6(ZF6) to
produce missense mutations, BS (Binding Site) gRNA to alter the BCL11A-XL
binding site in the -115 cluster of HBG promoter; AAVS1-gRNA targeting the safe
harbor site at AAVS1 locus for negative control. b) Base conversion efficiency at all
the target sites on day 8 expansion analyzed using EditR in silico tool after sanger
sequencing; Mean + SEM of n=3 independent replicates. c) Closeup views of the
BCL11A-XL specific ZnF ( ZnF 4, 5, and 6) structures, illustrating the amino acids
targeted in each of the indicated mutants. Yellow dashed lines indicate hydrogen bonds
and bases are named according to the HBG1/2 promoter numbering. d) The protein
expression analysis by Western blot confirms no significant change in BCL11A
expression on ZnF editing compared to the reduction of BCL11A protein observed on
disrupting the Initiation codon and the BCL11A-enhancer; 35ug of protein used for
loading. €) Analysis of the erythroid differentiation profile (CD71 and CD235a) of the
base edited HUDEP2 cells on the end stage of differentiation (Day 8) showing no
significant variation among the edited samples; Mean + SEM of n=3 independent
replicates. f) Increase in percentage intracellular HbF levels measured end stage of
differentiation (Day 8) by FACS (HbF+ cells) on generated BCL11A ZnF mutants;
Mean + SEM of n=3 independent replicates. g) The elevation in the total fetal
hemoglobin tetramer formation in adult erythroid cells in the BCL11A modified cells
analyzed at the end stage of differentiation (Day 8). Mean = SEM of n=3 independent
replicates.

4.1.4 Generation of BCL11A-ZnF mutants in HSPCs leads to HbF upregulation
during ex vivo erythropoiesis with reduced hematological impacts

A previous study reported that eliminating hydrogen bonds formed between
N756 and the -118 (A: T) base by creating N756A mutation reduces the affinity of
BCL11A for DNA by eight-fold. To confirm that changing N756 to a Glycine as
achieved via base editing had the same effect we validated the loss of binding of the
ZnF4-1 mutant to the —115 site in the HBG1/2 promoters by gel shift assays using
proteins containing S755G, N756G, and S755G and N756G double mutants (Fig. 9a
and b). We observed that the N756G mutant, both individually and in combination

with S755G, abrogated the binding to the target site, whereas the S755G mutant alone
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did not significantly affect binding. Further to phenotypically evaluate the contribution
of each mutant on fetal globin de-repression, we performed single-cell sorting in
HUDEP2 cells and observed that N756G contributed majorly to the HbF induction,
consistent with the gel shift assay results (Fig. 9c).

Given the results in HUDEP2 cells, we next tested the effect of base editing at
BCL11A-XL ZnFs in healthy donor CD34" HSPCs, using ABE8e mRNA, and again
compared with the control BCL11A associated targets. We obtained base conversions
at the respective target sites with overall efficiencies of 60-70% in HSPCs (Fig. 9d).
As expected, the ZnF4-1 gRNA generated two missense mutations at N756 and S755
at ZnF4 whereas the gRNAs targeting the other BCL11A associated targets altered the
BCL11A start codon to achieve total knockout or the disruption at the intronic
enhancer, or at the -115 site in the HBG1/2 promoters. Notably, all the base
modifications persisted throughout erythroid differentiation (Fig. 9d).

To investigate the effect of the BCL11A ZnF4 mutant HSPCs on cell survival
and differentiation, we monitored the base-modified HSPCs throughout differentiation
to the erythroid lineage. Cell proliferation in the BCL11A knockout mutant was
considerably lower than that in the ZnF4 mutant confirming that the BCL11A-XL
isoform has a role in erythroid cell proliferation and survival (Fig. 9e). Importantly,

the specific mutations in ZnF4 domain did not impair cell viability.

We anticipated that disrupting multiple binding of BCL11A in the globin locus could
lead to stronger upregulation than the ablation of the single BCL11A binding site at
HBG1/2 promoters. Therefore, we assessed the potency of BCL11A ZnF4 missense
mutant on de-repression of fetal globin expression in erythroid progenitors derived
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from base-edited HSPCs. Similar to the total knockout, the BCL11A ZnF4 mutation

resulted in high HbF+ cells (Fig. 9f) and high total HbF production (Fig. 99).

We then investigated the effect of the BCL11A ZnF4 missense mutant on
terminal erythropoiesis as our CRISPR/Cas9 cutting study showed a significant
erythroid maturation delay in BCL11A ZnF truncated protein-expressing erythroid
cells during the terminal stages. Interestingly, BCL11A ZnF4 base edited cells
underwent terminal erythroid maturation (CD235a*/NucRed’) more efficiently than
total knockout cells and truncated proteins generated in the CRISPR/Cas9 cutting
experiments on day 21 of HSPC differentiation (Fig. 9h). Specifically, we also
observed higher HbF-expressing enucleated cells at the erythroid terminal maturation
phase in the BCL11A ZnF mutant (Fig. 9i). Notably, the BCL11A ZnF4 mutant
exhibited a modest decrease in the frequency of cells expressing erythroid
differentiation markers (CD235a*/CD71°) with normal enucleation (Fig. 9j). However,
this effect was modest when compared to CRISPR/Cas9 mediated truncation of the
BCL11A ZnF4 domain. Altogether, these data demonstrate that the fetal globin
reactivation induced by altering the individual amino acids specific to the BCL11A-
XL isoform involved in binding to the HBG1/2 promoters is preferable to indel
formation via CRISPR/Cas9 and if refined could ultimately serve as a strategy for fetal

globin induction.

We then investigated the repopulation ability of the BCL11A ZnF4 base-edited
human CD34" HSPCs by transplanting into immunodeficient NBSGW mice, noting
that BCL11A truncated proteins from the CRISPR/Cas9 experiment exhibited

defective engraftment. We observed efficient chimerism of human cells (hCD45+) in
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the control edited cells whereas the ZnF4 mutant exhibited reduced engraftment (Fig.
9K), but importantly the ZnF4-1 mutant cells were able to survive and repopulate over
time. As the neurodevelopmental patients harboring certain missense mutations in
BCL11A-XL specific ZF domain exhibit essentially normal hematopoiesis, we
analyzed the impact of BCL11A ZnF4 mutant on multilineage repopulation potential.
Consistent with a moderate reduction in engraftment, ZnF4-1 mutants also showed
altered levels of lineage distribution, notably a significant decline in B-cells, with a
bias towards myeloid cells (Fig. 9k). Although re-creating the exact patient SNVs
using base editor is not feasible, we aimed to mimic the heterozygous nature of these
BCL11A-ID patients by reducing the editing efficiency at the target site. Genotypic
analysis of the engrafted human cells showed an evident drop in the editing frequency
of the ZnF4-1 mutant within both the bone marrow (2.5-fold) and total loss in the B-
cell engrafted compartment (Fig. 9l). Interestingly, we observed that N756G amino
acid production to be prevalent over N756D or N756S amino acids. Further N756G
amino acid also persisted at the 15 weeks of in vivo engraftment in NBSGW mice (Fig.
9m). Importantly, the CD235a+ erythroblasts present in the mouse bone marrow of
the ZnF4-1 mutant engrafted mice showed an increase in HbF+ cells compared to
edited control (Fig. 9n).

Further, the persistence of single mutants in the bone marrow population suggests that
creating mono-allelic single mutations resembling the patient SNVs at the ZnF
domains elevates fetal hemoglobin. However, the data also suggests that C-terminal
ZnF domains have important functions in HSPC engraftment and B-Cell production

outside the globin regulation within the erythroid lineage.
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Fig 9: Generation of BCL11A-ZnF mutants in HSPCs leads to HbF upregulation
during ex vivo erythropoiesis with reduced hematological impacts. a) EMSA depicting
the loss of interaction between the ZnF4-1 (N756 mutants) mutants to a TGACC motif.
Nuclear extract of COS-7 cells expressing an epitope-tagged fused zinc finger (ZF) 4-
6 of WT BCL11A and mutants with radio-labeled fetal globin promoter BCL11A
binding motif TGACC. The black arrow shows the BCL11A ZF4-6 binding to the
probe and super-shifted bands are observed when antibody to the V5 epitope is added.
b) Western blot showing equivalent amounts of recombinant V5 tagged BCL11A ZF4-
6 proteins were used in gel shift assays. The Western blot was carried out with the
same amount of COS-7 nuclear extract used in the gel shift experiment in (A) using
an antibody against V5 and standard methods. c) Percentage of HbF+ cells exhibited
in the erythroid cells exhibiting various genotypes due to ZnF4-1 editing in HUDEP2
cells obtained through single cell analysis followed by 8 days of erythroid
differentiation. Single-cell clones of AAVSL1 edited HUDEP2 cells were also analyzed
separately for HbF+ cells after differentiation. d) Target base perturbation efficiency
at each target site was analyzed after 2 days of electroporation in EditR software. Mean
+ SEM of n=2 duplicates of 1 donor. e) The cell proliferation curve of the
AAVS1(control),BCL11A total loss(BCL11A), Enhancer(Enh), Binding Site(BS) and
the ZnF4(ZnF4-1) base edited HSPCs during erythroid differentiation. f) The
reactivation of total HbF measured by HPLC at the terminal stage of erythroid
differentiation (Day 21). Mean = SEM of n=2 duplicates of 1 donor. g) The percentage
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of erythroid cells expressing HbF measured by FACS at the terminal day of
differentiation (day 21). Mean £ SEM of n=2 duplicates of 1 donor. All samples are
compared with the AAVS1 control with one-way ANOVA analysis. h) The percentage
of edited cells capable of maturing into enucleated reticulocytes in vitro measured by
CD235a expression and NucRed stain. Both erythroid differentiation and maturation
analysis were measured at the terminal stage of erythroid differentiation (Day 21). i)
The measure of HbF expression in two different populations (Nucleus*HbF* and
NucleusHbF*) in differentiated erythroid cells. j) The erythroid differentiation
potential of base-edited HSPCs was examined using CD235a and CD71 surface
markers at the terminal stage of erythroid differentiation (Day 21). k) Engraftment
percentage of base edited HSPCs and multilineage repopulation in NBSGW mice after
15 weeks of transplantation. 1) The percentage of base editing observed before
infusion, after 15 weeks in the mouse bone marrow and in the B-cell subset. B-cells
were flow-sorted using human CD45 and CD19 surface markers. m) NGS analysis
depicting the multiple editing patterns within engrafted ZnF4-1 edited cells derived
from the mouse bone marrow after 15 weeks of engraftment. A AA- First ‘A’ denotes
the adenine base in the 755" position and ‘AA” denotes the dual Adenine bases present
in the N'756 position which gets converted to G with different frequencies. Others in
the graph indicate the summation of all the non-specific mutations. n) Percentage of
HbF+ cells in the CD235a+ cell population within the NBSGW bone marrow after 15
weeks. n=3; Mean + SEM.

4.1.5 Global transcriptomic analysis of the BCL11A ZnF4 base edited erythroid
cells derived from CD34* HSPCs

As BCL11A regulates multiple pathways involved in the development and
differentiation of various cell types, any alteration of BCL11A requires extensive
characterization.(Luc et al., 2016; Tsang et al., 2015) Therefore, we compared genome
editing at the XL-specific ZnF domain along with the other BCL11A-associated
targets. A total of 691 genes were differentially expressed after the complete loss of
BCL11A, whereas disruption of ZnF4 (123 genes) and binding site (94 genes) showed
significantly fewer differentially expressed genes. The expression of only 9 genes was
observed to be significantly altered in the case of erythroid-enhancer disruption,

consistent with the modest fetal hemoglobin induction observed in vitro after erythroid

55

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum



differentiation. (Fig. 10a and b). The transcriptional repressor activity of BCL11A is
evident based on the fact that more genes were upregulated on modifying BCL11A
compared to the binding site disruption in the HBG1/2 mutation (BS). This
demonstrates that the BCL11A ZnF4 mutant generation has fewer impacts beyond the
upregulation of fetal globin expression than observed with the total ablation of
BCL11A expression.
Next, we examined the known primary targets*' of BCL11A exhibiting significant
differential expression among our study group (Fig. 10c). In all the target sites HBG2
was the commonly upregulated gene as expected. BGLT3 and HBG1 are the two other
genes commonly upregulated among the ZnF4-1, BS, and BCL11A edited cells.
Interestingly, the ZnF4 editing shared upregulation of the HBZ, HBBP1, and
KLHDCS8B genes with BCL11A total knockout. Consistent with the whole
transcriptome profile, the disruption of the BCL11A binding site generates no other
significant alterations in the primary targets (Fig. 10d). Moreover, the significant
increase in the expression of the cell cycle-associated genes, such as CDKN2B,
PPP2R5B, and BCL6 occurs only in BCL11A complete knockout cells, and not in the
ZnF4 mutant cells. This may explain why the ZnF4 mutation has modest impacts on
erythroid function other than globin regulation. We further validated the expression of
these globin locus genes by gRT-PCR (Fig. 10e). These results again confirm that
specifically disrupting the ZnF4 domain has fewer impacts on other erythroid genes
compared to the total ablation of BCL11A.

Next, to evaluate whether the observed induction of fetal hemoglobin is
specific to the on-target editing activity, we performed targeted deep sequencing at the

potential off-target sites (with up to 3 mismatches) predicted by the in silico algorithm,
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COSMID (Fig. 10f). The top 9 sites were deep sequenced in the base edited HSPCs
and we observed no significant DNA variation between the control and the edited
samples indicating that the gRNA used is highly specific to the BCL11A ZnF4 locus.
The CIRCOS plot depicting the predicted off-target (OT) locations shows that none of
the OT sites are in the coding region, providing further evidence that the gRNA is
highly specific (Fig. 10g). To further rule out the impact of unintended RNA
deamination caused by ABES8e, we analyzed the whole transcriptome RNA-seq
information of the ZnF4-1 edited HSPCs during erythroid differentiation and
compared it with the other BCL11A associated targets. We observed no significant
difference in the A-to-I conversion among the gRNAs used in this study (Fig. 10h).
These results further confirm the specificity of the gRNA used in targeting the ZnF4-

1 using ABES8e.
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Fig 10: Global transcriptomic analysis of the BCL11A ZnF4 base edited erythroid
cells derived from CD34" HSPCs. a) Total number of differentially expressed genes
in total knockout, enhancer edited, ZnF4-1 modification, and BS disruption compared
to the edited control. b) Correlation between the different transcriptomes among
upregulated and downregulated genes in total knockout, enhancer edited, ZnF4-1
modification, and BS disruption compared to the edited control. Significant gene
expression is maintained at FDR-5% and -1>Fold Change >+1. ¢) Correlation showing
the significantly expressed (FDR-5% and -1>Fold Change >+1) primary targets among
the different edited groups. d) Heatmap showing the BCL11A primary target gene
counts among all the edited HSPCs. ¢) HBG1, HBG2 and BGLT3 and HBBP1
upregulation validated by gPCR. Each sample is performed in biological duplicates
and each is replicated as technical triplicates. f) Table displaying all possible predicted
off-target sites based on the mismatches in the ZnF4-1 sgRNA; The percentage of on-
target editing compared to all the predicted off-targets measured by targeted amplicon
NGS followed by CRISPResso2 analysis. g) Circos plot depicting the chromosomal
position of each off-target site in the human genome and the nature of the site. Red
denotes Intragenic and Blue denotes Intronic regions. h) Total percentage of A-to-1 (T-
to-C) conversion at the RNA level in all the edited samples. Performed as biological
duplicates.
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4.2 ldentification of novel co-activator mediated requlation of

DHS58 intronic BCL11A enhancer

4.2.1 Editing the core DHS58 region within the erythroid-specific BCL11A

enhancer in HUDEP2 cells.

BCL11A is a tightly regulated transcription factor with high expression in
neuronal and hematopoietic cells, especially the erythroid and the B-cell lineages.
Within the erythroid lineage, the elevated expression is attributed to the 3 DNA
hypersensitivity sites (DHS 55, DHS 58, and DHS 62) of the enhancer present in the
intron 2 of BCL11A gene. The core region within the +DHS58 of BCL11A enhancer
contains many transcriptional activator binding sites like the Tall, GATAL, E-Box,
and eKLF1 which enhances the expression of BCL11A specifically within the human
adult erythroid lineage. Of these, the GATAL motif, present between the Tall and E-
box element, is the most characterized target taken to clinical trials for beta-
hemoglobinopathies. There are 2 eKLF1 sites present approximately 35bp upstream
of the GATA motif. Previous studies have reported that the KLF1 binding stabilizes
the interaction of GATAL with its binding site (1617 sgRNA site). These eKLF1 sites
have not been extensively studied for their functional role in BCL11A enhancer

activation.

We designed sgRNAs targeting these GATAL and the putative eKLF1 sites to
evaluate the effect of binding site alteration on BCL11A expression and the resultant
fetal hemoglobin elevation (Fig. 11a). 1617 is the previously studied GATA motif
disruption target that is currently pursued in the clinics. +33bp GATA and the CB11

sgRNA disrupt the proximal KLF1 site whereas the CB13 and the CB15 disrupt the
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distal KLF1 site from the GATA motif. HUDEP-2 cells stably expressing cas9 were
transduced with lentivirus containing these sgRNAs and evaluated for its impact on

BCL11A expression and fetal hemoglobin elevation.

We achieved more than 90% editing at all the target sites with the indel profile
disturbing the desired KLF1 sites (Fig. 11b and c). The edited samples were subjected
further to erythroid differentiation. As expected, we observed significant loss of
BCL11A protein on targeting the GATA motif (sgRNA-1617) (Fig. 11d).
Surprisingly, there was no significant loss of BCL11A protein on targeting the KLF1
sites (Fig. 11e). We also evaluated the BCL11A mRNA expression profile and
observed significant loss of BCL11A expression in all the target sites (Fig. 11f) which
contradicts the protein expression profile. This might suggest that novel regulation
pattern through the KLF1 sites, though further investigations are required to prove this.
The induction of fetal hemoglobin was used as an evaluation parameter for functional
BCL11A production. We observed a significant elevation of fetal hemoglobin levels
(Fig. 11g and h) in all the edited samples. On targeting the +33bp GATA region, we
observed prominent and comparable induction to that of GATA motif disruption. The
other proximal KLF1 site disruption SgRNA CB11 showed lower levels of elevation
compared to the +33bp GATA guide. The distal KLF1 site disruption resulted in a
significant elevation of fetal hemoglobin yet lower than the +33bp GATA and the
GATA motif target. These data suggest that targeting the KLF1 site(s) elevates fetal
hemoglobin levels through the production of non-functional BCL11A protein denoting
an alternate mechanism of action of these sites or guides compared to the canonical
GATA site regulation.
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Fig 11: CRISPR/cas9-based disruption of KLF1 sites within the GATA motif
proximity in HUDEP?2 erythroid cell line. a) Schematic representation of guide
RNAs target position. 1617 disrupts the known GATA motif and the +33bp GATA
and the CB11 guide disrupts the proximal KLF1 site. CB13 and CB15 disrupts the
distal KLF1 site. All these sites are present within the DHS58 of BCL11A enhancer.
b) Gene editing percentage acquired after 8 days of lentiviral transduction observed
through Sanger sequencing. n=3/sample. c) The editing profile at each target site
caused by the respective guide RNASs. d) Representative Immunoblot depicting the
presence of BCL11A protein and B-Actin among the edited samples. €)
Quantification of protein expression obtained from western blot using ImageJ
software. 2 duplicate blots were used for SEM calculation. f) BCL11A mRNA
expression profiles among the edited samples were validated by gPCR. Each sample
was performed in biological triplicates and each replicate as technical triplicates.
g&h) The elevation in the individual gamma chains and total fetal hemoglobin
tetramer formation in adult erythroid cells in the enhancer-modified cells analyzed at
the end stage of differentiation (Day 8). Mean + SEM of n=3 independent replicates.

4.2.2 Validating the +33bp GATA site disruption in healthy donor CD34+

HSPCs.

Next, the disruption of the +33bp GATA site was performed in multiple
healthy donor HSPCs to evaluate its impact on fetal hemoglobin elevation. We also
included the 1621 sgRNA previously reported to effectively reduce BCL11A
expression along with deletion of the entire 33bp region spanning from the GATA
motif to the +33 bp GATA site. Using these guide RNAs along with CRISPR/cas9
protein (as RNP complex) we evaluated the editing efficiency achieved in
nucleofecting multiple healthy donor CD34+ cells. We successfully obtained
consistent editing of more than 80% in all the donors (Fig. 12a). Surprisingly, on
analyzing the indel profile of the +33bp GATA sgRNA, we noted that the proximal
KLF1 site was not as efficiently lost as previously observed while editing the HUDEP2

cell (Fig. 12b). It was observed that the observed reduction in BCL11A expression on
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targeting the 1617 and 1621 sgRNA can be associated with the disruption of the known
GATAL and the E-box domains along with the intermediate regions as previously
reported in multiple studies. To evaluate the effect of this region between the GATAL
motif and the +33bp eKLF1 site, we employed multiplex editing using both these
sgRNAs simultaneously to achieve deletion of this region. To compare our enhancer
disruption targets with the total knockout, we also targeted the BCL11A exon2 to
achieve the complete loss of BCL11A expression. The impact of editing on in vitro
multi-lineage differentiation potential was analyzed by colony-forming assay. We
observed no difference between the edited samples compared to the edited control

apart from BCL11A total knockout cells (Fig. 12c).

Next, the edited CD34+ cells were subjected to erythroid differentiation to
functionally characterize the target site disruption. No significant variation in the
growth Kinetics of the edited cells during differentiation was observed with the
expected exception of the total BCL11A knockout showing a slight reduction in cell
count at the terminal stages of differentiation (Fig. 12d). The imminent reduction in
BCL11A mRNA due to the DNA disruption achieved was demonstrated by the RT-
gPCR highlighting the importance of these motifs for the BCL11A expression (Fig.
12e). On targeting the exon2 region, the drop in BCL11A mRNA is not observed
suggesting that the cDNA produced in the total BCL11A knockout cells were
defective. Further, we observed no significant difference in the differentiation profile,
CD71, and CD235a levels, highlighting that disrupting the targets didn’t affect the
erythroid differentiation. Enucleation potential was better when the +33bp GATA site
was disturbed compared to the GATA motif disruption and the total BCL11A loss as
compared to the control edited cells (Fig. 12f). The F*V¢ cells were analyzed at the end
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stage of differentiation (Fig. 12g) and showed significant elevation on editing the
target sites corroborating the loss of BCL11A due to editing. HPLC chains showed
that there is no bias in the production of HBG1 and HBG2 (Fig. 12h) and through

variant analysis elevation in the fetal hemoglobin tetramer was also evident (Fig. 12i).

From these results, we note that targeting the +33bp GATA motif in the
BCL11A enhancer core region is capable of significantly elevating fetal hemoglobin
levels with efficient terminal differentiation and enucleation of the edited
erythroblasts. This showcases the presence of other regulatory regions within the
BCL11A enhancer suggesting that complex activation pathway for the BCL11A

enhancer.
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Fig 12: Validating the +33bp GATA site disruption in healthy donor CD34+ HSPC:s.
a) Percentage of gene editing achieved among 4 different donors. b) InDel profile of
1617, 1621 and +33bp GATA. ¢) Invitro multi-lineage differentiation capability was
analyzed through methylcellulose assay. 500 cells/ml were seeded 48-72 hours after
electroporation and scored on days 14-17 based on their morphological differences. d)
Representative growth curve showing fold increase from the initial day of seeding. All
the edited cells show similar growth profiles during erythroid differentiation. e)
BCL11A mRNA expression profile during erythroid differentiation was validated by
gPCR among the edited samples on day 8 of phase-1 differentiation. Each sample was
performed in biological triplicates and each replicate as technical triplicates. f) The
percentage of edited cells capable of maturing into enucleated reticulocytes in vitro
measured by CD235a expression and NucRed stain. Both erythroid differentiation and
maturation analysis were measured at the terminal stage of erythroid differentiation
(Day 21). g) The percentage of erythroid cells expressing HbF measured by FACS at
the terminal day of differentiation (day 21). All samples are compared with the AAVS1
control with one-way ANOVA analysis. h) Analysis of globin chain production
through reverse-phase HPLC at the terminal stage of erythroid differentiation (Day
21). 1) The reactivation of total HbF measured by HPLC at the terminal stage of
erythroid differentiation (Day 21). n=2replicates/donor.
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4.2.3 In vivo characterization of BCL11A enhancer edited cells in NBSGW

mice.

To evaluate the homing and engraftment efficiency of the +33bp GATA-edited
HSPCs, we performed xenotransplantation experiments in NBSGW mice with the
edited HSPCs. The NBSGW mice were pre-conditioned with 12.5mg/kg body weight
of Busulfan 48 hours before the infusion. 16 weeks after the infusion, the NBSGW
mice showed similar engraftment of the human cells between the control edited and
target edited samples (Fig. 13a). We also observed female mice showing better
engraftment than the male counterparts across all the study groups. The multilineage
differentiation potential of the target-edited HSPCs was similar to the control-edited
HSPCs in both the study cohorts (Fig. 13a). These results clearly showed that there is
no bias in the control edited and the +33bp GATA-edited HSPCs in forming multi-
lineage cells within the in vivo system. The persistence of gene editing throughout the
engraftment process was analyzed by genotyping the bone marrow after 16 weeks. We
noted an increase in the gene editing percentage after 16 weeks of engraftment in vivo
(Fig. 13b). This can be partially explained by the survival advantage the edited cells
might hold inside the in vivo system compared to the in vitro culture conditions due to
the presence of a multitude of factors within the mice serum/plasma. Serial
transplantation was performed, and we observed no reduction in engraftment
compared to the control sample upon analyzing the bone marrow of the secondary
recipient after 8-10 weeks elucidating that the current procedure was not toxic to the
long-term HSCs within the system (Fig. 12c). Upon bone marrow collection from
primary recipients, we performed ex-vivo erythropoiesis (Fig. 13d and e) and

67

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum



observed significant elevation in the fetal hemoglobin levels between the control

edited and the +33bp GATA edited cells (Fig. 13g).

Together with the in vitro data, we can strongly conclude that disrupting the
+33bp GATA site in the BCL11A enhancer using cas9 significantly elevates fetal
hemoglobin levels. The innate functions of the HSPCs like engraftment and multi-
lineage differentiation potential are also unaffected implying the specificity of the

BCL11A enhancer.
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Fig 13: In vivo characterization of BCL11A enhancer edited cells in NBSGW mice.
a) Engraftment percentage of base edited HSPCs and multilineage repopulation in
NBSGW mice after 16 weeks of transplantation. b) The percentage of gene editing
observed before infusion, after 16 weeks in the mouse bone marrow c) Percentage of
secondary engraftment observed 10 weeks after primary bone marrow infusion in
secondary recipients. d) The percentage of enucleated reticulocytes observed on ex
vivo erythroid differentiation of bone marrow cells measured by CD235a expression
and NucRed stain. e) Induction of gamma-globin chains on the terminal differentiation

(day 26) of ex vivo erythroid differentiation among gene-edited samples.
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4.2.4 Understanding the mechanism of action of the +33bp GATA site in

BCL11A regulation.

Surprisingly, editing at the +33bp site has downregulated BCL11A mRNA in
CD34+ HSPCs resulting in elevated fetal hemoglobin levels without disrupting the
proximal KLF1 site. To understand the molecular mechanism of the +33bp GATA site
that regulates the BCL11A enhancer, we performed a whole transcriptomic analysis
of GATA and the +33bp GATA edited samples along with the control edited cells. We
noted that +33bp GATA disruption elevated 100 unique genes among the 1617 and
the 1621 site disruption. Surprisingly, we also observed variation in the total number
of genes dysregulated between the GATA edited and the +33bp GATA edited samples
(Fig. 14a and b). This data suggests that disruption of +33bp GATA has an alternate

mode of regulating the BCL11A DHS58 enhancer.

To understand the mechanism of regulation on the +33bp GATA site effects
on the BCL11A enhancer, we performed ATAC-seq on the edited HSPCs to evaluate
the conformational changes of the region post-editing. We observed that, on disrupting
the GATA motif the entire enhancer region becomes closed shutting off BCL11A
expression. But on disrupting the +33bp region, we observed that the enhancer region
persists in the open conformation (Fig. 14c). Next, we performed CUT&RUN to
analyze the presence of Tall and GATAL binding to the adjacent GATAL and Tall
motifs. We observed that, despite the +33bp GATA site being disrupted, there is no
loss of GATAL (Fig. 14d) or Tall (Fig. 14e) binding as observed with the GATA

motif disruption. This suggests the presence of a novel regulatory pathway through
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which the +33bp region regulates the BCL11A erythroid-specific enhancer in a

GATA-independent way.

Further, to eliminate the role of off-target activity of the +33bp GATA sgRNA
in elevating fetal hemoglobin, we performed targeted deep-sequencing at the top
predicted off-target sites. Recent understanding of the human genome and the off-
target probability suggest that the off-target proclivity of each guide RNA used varies
with individuals. Hence, we evaluated the effect of the unintended editing by the
SgRNA (+33bp GATA) predicted by the in silico COSMID algorithm in 2 different
CD34+ HSPCs donors. Most of these predicted sites were either intergenic (4 sites) or
intronic (12 sites) and none were in the coding region of any known gene (Fig. 14f).
These predicted sites were deep sequenced in 2 donor post-erythroid differentiation,
and we observed no significant editing at these sites compared to the control edited

cells (Fig. 14g).

Since, disrupting the nucleobase sequence at the target site, using cas9, disrupts
the expression of the gene, we hypothesized the presence of an activator binding to the
target region. Hence, to test this hypothesis, we masked this site using the dead cas9
variant and the +33bp GATA sgRNA in HUDEP2 cells. We achieved significant
transduction of sgRNA within the HUDEP-dcas9 stable (Fig. 14h). The associated
dCas9 molecule prevents the binding of any transcriptional activators (GATAL in case
of 1617 and an unknown factor at +33bp GATA site). We observed that on blocking
the GATAL motif and the +33bp GATA site, significant elevation in F+ve cells (Fig.
14i) was observed. As expected, on blocking the -115 cluster in the HBG1/2 promoter,

a reduction in F+ve cells was observed due to the non-binding of NFY because of the
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hindrance caused by dCas9. These data suggest the presence of an activator binding at
the +33bp GATA region. We utilized the JASPER algorithm and identified 5 factors
(Hoxal3, Hoxb2, Hoxa2, Hoxd3, and GSX1) having a binding site that closely
resembles the +33bp GATA site (Fig. 14j). Next, to evaluate the occupancy of these
factors at the target site, we performed knockout of these factors and checked for the
elevation of F* cells. We observed that there was no increase in the percentage of F*
cells whereas the total loss of BCL11A and enhancer disruption showed higher F+
cells (Fig. 14k). This suggests that these predicted transcriptional factors may not be

responsible for the activation of this +33bp GATA site within the BCL11A enhancer.

Together, these data suggest the presence of a novel regulatory mechanism at
the +33bp GATA region through which functional activity of BCL11A DHS58

erythroid-specific enhancer is regulated in a GATA-independent manner.
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Fig 14: Understanding the mechanism of action of the +33bp GATA site in BCL11A
regulation. a) Global transcriptomic profile of the gene-edited cells during erythroid
differentiation showing variation between the different samples. b) Total number of
dysregulated genes among the edited samples analyzed through RNA-seq. c)
Evaluation of conformation of the gene post-editing analyzed through ATAC-seq.
Evaluation of variation of TAL1 (d) and GATAL1 (e) binding at the target locus caused
by gene editing. f) Predicted positions of off-target sites for the +33bp GATA
identified through the COSMID algorithm. g) Evaluation of unintended editing at the
predicted off-target sites compared with the control unedited cells. The evaluation was
performed in 2 donors post-erythroid differentiation. h) The transduction efficiency
of each gRNA measured in flow cytometry in HUDEP2 cells expressing dead cas9.
Mean £ SEM of n=3 independent replicates. i) Intracellular fetal hemoglobin analysis
using flow cytometry demonstrates the potential of blocking the target sites using
guide RNAs on HbF reactivation at the terminal stage of erythroid differentiation (Day
8); -115 denoted the sgRNA used to block the -115 cluster in HBG1/2 promoter. Mean
+ SEM of n=3 independent replicates. j) Possible transcription factor binding site
matches that resemble the +33bp GATA motif. Data was obtained through the
JASPER algorithm. k) Validation of intracellular HbF induction through KO of these
transcription factors.

4.2.5 Precise base conversion at the +33bp site avoiding double-strand break to
evaluate the impact of KLF1 binding to the target site.

Having proved that cas9-mediated editing at the desired target sites within the
enhancer elevated fetal hemoglobin, albeit, through disruption of an activator site, we
performed base-editing using both cytosine and adenosine base editors to evaluate
precise changes. We observed that the cytosine base editor was more efficient
compared to the adenosine base editor which falls in line with the previously reported
publications. Thus, we employed the hyper-variant mutant of Adenosine base editor,
ABES8e, to evaluate the effect of targeted disruption within these motifs. We included
multiple sgRNAs to disturb the proximal KLF1 site through both the base editors (Fig.
15a). We achieved more than 80% editing at the intended sites through all the guide
RNAs. Surprisingly, we also observed base conversion outside the CB15 guide RNA
region while using the ABES8e variant. We observed that altering the proximal KLF1

motif did not elevate fetal hemoglobin expression (Fig. 15b). The conversion of bases
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within the adjacent ‘ATTA” (in the complementary strand) elevated the total F* cells
significantly compared to the control. The base sequence after the conversion of ATTA
to ATTG by the CB13 sgRNA resulted in the generation of a de novo binding site of
ZBTBTA, a known repressor. Hence, to evaluate the binding of this repressor, we also
performed a gel-shift assay and observed a clear interaction of the ZBTB7A with that
of the converted base sequence (Fig. 15c). This data suggests that base editing at the
+33bp site, results in the de-novo creation of ZBTB7A binding thereby impacting the

BCL11A erythroid-specific enhancer function resulting in elevated F+ cells.
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Fig 15: Precise base conversion at the +33bp site avoiding double-strand break to
evaluate the impact of KLF1 binding to the target site. a) Position and the editing
efficiency of the guide RNAs targeting the proximal KLF1 site in the DHS58 region
of the BCL11A enhancer. The mean editing of the target bases is plotted. b)
Intracellular fetal hemoglobin analysis using flow cytometry demonstrates the
potential of base conversion of target sites using CBE and ABE8e base editor on HbF
reactivation at the terminal stage of erythroid differentiation (Day 8). c) Gel-shift
assay showing the potential binding of ZBTB7A transcription factor after base
conversion at the +33bp site using ABES8e.
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Discussion

5.1 Base editing of key residues in the BCL11A-XL-specific zinc

finger domains de-represses fetal globin expression.

In this study, we investigated a novel strategy to specifically alter the DNA-binding
domains of BCL11A-XL to functionally mimic naturally occurring mutations
affecting the BCL11A-XL isoform found in patients with normal or near normal
hematopoiesis. One of the major advantages of this strategy is that it generates very
high levels of HbF induction, presumably because it impairs the binding of BCL11A-
XL not just to its site at -115 in the fetal globin promoters, but also to other sites that
may lie elsewhere in the globin locus and be required for complete fetal globin
silencing.(Ghedira et al., 2013) Specifically, modification of ZnF4 led to very high
levels of HbF in the adult stage, similar to those seen with the total loss of BCL11A

protein.

BCL11A-XL has been demonstrated to interact with the TGACCA!'site in the HBG1/2
promoters (-115 element) via primarily the ZnF4 and ZnF5 domains.(Liu et al., 2018;
Yang et al.,, 2019) Several microRNAs and transcriptional regulators, including
LIN28B, have been shown to affect the production of XL-isoform by binding to
BCL11A exon4.(Smith et al., 2020) Many studies have focused on targeting the
BCL11A recognition motif at the HBG promoter rather than the endogenous BCL11A-

XL ZnF domains to eliminate the BCL11A: HBG interaction.

To refine our understanding of ZnF domains in globin regulation, we first targeted the

endogenous BCL11A XL-specific ZnF (ZnF4, 5 and 6) domains in adult erythroid
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cells using CRISPR/Cas9 mediated editing and indel formation. Gene perturbations at
each ZnF4, ZnF5, and ZnF6 domains efficiently generated ZnF truncated mutants that
produced elevated levels of HbF expression, comparable with changes seen by
targeting other BCL11A-associated regions like the enhancer or the -115 element in
the HBG1/2 promoters. Although ZnF6 has not been observed to directly interact with
the DNA binding site, we observed HbF upregulation on ZnF6 disruption, suggesting
that it makes an indirect contribution and is required for proper fetal globin silencing.
The truncated BCL11A-XL mutants in HSPCs were defective in cell survival, and
erythroid maturation, and also failed to survive in an in vivo mouse bone marrow

environment.

To further explore the role of specific subdomains within each ZnF and to attempt to
reduce side effects, we used a high-fidelity base editor to alter the key bases, present
in XL-specific ZnF domains, that are known to interact with the target DNA strand.
Together, with the available database on SNVs, we particularly aimed to target the
reported BCL11A SNVs associated with neurodevelopmental disorders, where
patients show de-repressed fetal globin, but otherwise have normal hematology.
Current base editors have limited capability to generate desired heterozygous
mutations without any bystander conversion. Nevertheless, we generated different
ZnF-specific missense mutants in BCL11A-XL, using an ABE8e, and confirmed the
reduced binding of BCL11A-XL to its DNA recognition site in a gel shift assay,
demonstrating that specific mutations, with the expected compromised functions,

could be made.
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Among the ZnF domains, the reactivation of HbF was highest with ZnF4 and ZnF5
mutants, which was equivalent to total BCL11A suppression, followed by binding site
disruption at the HBG1/2 promoters, and the enhancer-mediated BCL11A
downregulation. This emphasizes that base modifications at the ZnF domains are
sufficient to produce significant levels of HbF. Importantly, however, we also
observed a reduction in engraftment and B cell production. This data is in line with
another study that reported the role of ZnF domains in the immunomodulatory activity
of B-cells against HIRRV in Flounder fish.(Tang et al., 2022) The exact effect of the
ZnF4-1 mutation on the functional activity of B-cells and HSPC engraftment needs to
be studied to extend this approach clinically. However, the high efficiency of ABE8e
resulted in more than one missense mutation in each of the ZnF domains creating
double mutants, unlike the natural observed variants. Nevertheless, the ZnF4 mutant
resulted in effective HbF re-induction with near-normal erythroid maturation in vitro
and thus generated fewer side effects than CRISPR/Cas9 mediated disruption of the

domain or other major perturbations of the BCL11A gene.

Overall, altering the BCL11A ZnF4 domain might disrupt all the potential interactions
with the globin cluster leading to effective induction of HbF compared to the
previously reported(Han et al., 2022) multiplex editing at both the BCL11A enhancer
and binding site. Further, we observed minimal transcriptomic changes in altering the
ZnF4 domain compared to total BCL11A loss. The transcriptomic profiling
demonstrated the upregulation of globin locus genes other than HBG1/2, such as
HBBP1 and BGLTS3, consistent with reports that the latter genes are also regulated by

BCL11A.
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A recent study highlights the homology between the BCL11A and BCL11B
proteins,(Shen et al., 2022a; Yin, lzadi, Tenglin, Viennet, Zhai, Zheng, Arthanari,
Laura M.K. Dassama, et al., 2023) but due to the codon degeneracy, the sequences
encoding the two distinct proteins vary. Interestingly, the non-occurrence of the
predicted off-target site at BCL11B reconfirmed that the target is specific to BCL11A-
XL and does not affect the function of BCL11B. Collectively, at both DNA and RNA
levels, the occurrence of negligible levels of off-targets suggests that the observed fetal

globin de-repression is solely due to the base alterations at the ZnF4 domain.

To conclude, our approach has shown that one can achieve HbF reactivation through
minimal genetic alterations at key bases specifically in the BCL11A-XL with fewer
transcriptomic changes. We believe that our approach of altering the DNA recognition
domain could further be extended to other transcription factors that use multiple ZnFs
to bind different sets of target genes. Our structure/function analysis of ZnF4-6 using
base editor approaches provides important insights on the domains of BCL11A-XL
required to repress -globin expression and its role in HSPCs. Further, refining our
editing strategy would act as a framework for exploring other natural mutations that
may selectively reverse the repression of individual genes while preserving their other

functions.
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5.2 ldentification of novel co-activator mediated regulation of

DHS58 intronic BCL11A enhancer

BCL11A has long been implicated in fetal globin regulation and most of the gene
therapy clinical trials for f-hemoglobinopathies modulating BCL11A expression are a
testament to this statement. Complete systemic knockout of BCL11A has shown
adverse effects through improper lineage differentiation and proliferation bias. The
disruption of BCL11A erythroid-specific enhancer and erythroid lineage-specific
shRNA mediated downregulation of BCL11A expression results in the de-repression
of fetal globin. Disrupting the BCL11A binding sites at the -115 site in the HBG1/2
promoters by both CRISPR/Cas9 mediated disruption and base editing is also currently
being pursued clinically. In addition, to these studies involving BCL11A at either
genomic or transcript level, small molecules-like nanobodies have been developed to
selectively reduce BCL11A-XL at the protein level.(Mehta et al., 2022; Shen et al.,
2022b; Yin, lzadi, Tenglin, Viennet, Zhai, Zheng, Arthanari, Laura M.K. Dassama, et
al., 2023) Even PROTAC-mediated degradation of BCL11A-XL results in efficient
downregulation of BCL11A-XL isoform resulting in elevated fetal hemoglobin. The
major caveat in these studies is the spatial and temporal window for optimal delivery
of cargo is yet to be optimized. Agencies like the FDA and EMA have approved for
commercial utilization of EXA-CEL product which is HSPCs exhibiting BCL11A
enhancer disruption (GATA motif by 1617) by Vertex pharmaceuticals and CRISPR
therapeutics. Most of the studies, even the newer ones reporting novel regulators of
fetal hemoglobin inducers, use the BCL11A enhancer disruption as a positive indicator

for their study testament to the depth of the data that we have on GATA motif (1617)
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disruption as a therapeutic target for beta-hemoglobinopathies. Despite this, the exact
mechanism of regulation of a gene through an intronic enhancer present within the
gene itself is still elusive. This renders the need to understand erythroid-specific
enhancers of therapeutically relevant genes like BCL11A. In our study, we aimed to
evaluate the impact of the usually overlooked transcriptional regulator, KLF1, binding
site present adjacent to the GATA motif (1617 site) within the DHS58 of erythroid-

specific enhancer of BCL11A.

First, to identify the impact of disrupting these sites, we designed 2 sgRNAs and
performed cas9-mediated editing in HUDEP2 cells. We observed a significant
elevation in fetal hemoglobin in 3 of these guides albeit without the loss of BCL11A
protein expression. One of the 3 guides, +33bp GATA, showed an elevation
comparable to that of GATA (1617) disruption. +33bp GATA guide RNA exhibited
significant disruption of the proximal KLF1 site. Despite the CB11 guide also
disrupting the proximal KLF1 site, it showed lower levels of fetal hemoglobin
induction. This probably suggests that the 5° extension of the InDel profile played an
important role in the regulation. As expected, the CB13 and CB15 sgRNA showed
significant yet modest elevation in fetal hemoglobin. Implying the role of the KLF1
site in co-activating the BCL11A enhancer. A significant loss of BCL11A mRNA was
observed even though the protein loss was not appreciable. Despite lower BCL11A
protein repression, fetal hemoglobin was significantly elevated suggesting an alternate

pathway of enhancer regulation.

The +33bp GATA site was evaluated in multiple healthy donor CD34+ HSPCs to

verify its fetal hemoglobin induction potential along with other erythroid parameters
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in vitro. From these results, we conclude that the fetal hemoglobin induction potential
of +33bp GATA was second only to the actual GATA motif disruption despite not
disturbing the proximal KLF1 site. The whole transcriptome profile highlighted a lot
of variation between the GATA motif disruption and the +33bp GATA disruption.
GATAL-Tall binding was not altered through the disruption of the +33bp site GATA
motif. The open confirmation of the enhancer and the persistent GATA1-TAL1
binding even after +33bp disruption suggests that the +33bp GATA site has a novel
regulatory mechanism. Blocking the +33bp GATA site using dcas9-+33bp GATA
gRNA resulted in a significant elevation of F+ cells. This suggests that the +33bp
GATA site is an activator binding site that probably activating in a GATA-independent

manner.

Base-editing at this site highlighted that the proximal KLF1 site is not occupied
by the KLF1 transcriptional activator yet +33bp GATA guide RNA created a de novo
LRF/ZBTB7A repressor binding site. This binding of ZBTB7A after +33bp GATA
motif editing was confirmed by biochemical assay like gel-shift. Proving that it is
possible to interlink two previously independent transcriptional regulators and produce

an effective and therapeutically relevant phenotype.

Identifying the putative transcription factor that binds at the +33bp GATA site
and further imploring the role of KLF1 transcription factor in regulating the BCL11A
enhancer function will collectively improve the understanding of our BCL11A
enhancer and the various ways of its regulatory mechanisms. Collectively this data
suggests that there are still many unknown regulatory site(s) that are yet to be identified

within the well-studied clinically approved BCL11A enhancer region.
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Summary

In the first study, on disrupting the BCL11A-XL-specific ZnF domains, we

observed the following key findings.

1. BCL11A-XL-specific targeted disruption using CRISPR/cas9 affects
terminal erythropoiesis. Indicating the important role of BCL11A-XL in
enucleation.

2. Role of BCL11A-XL in engraftment highlighted.

3. The efficiency of different base editors varies within the BCL11A region.
Cytosine and Adenosine base editors are not as efficient as CRISPR/cas9
in regulatory regions like ZnF domains. The hyper-variant of the
adenosine base editor, ABES8e efficiently converts bases in this region
suggesting that the processivity of the gene editors plays an important role
in editing efficiency.

4. Base conversions at the target site elevate fetal hemoglobin at
significantly higher levels with almost normal terminal
erythropoiesis/enucleation.

5. The ZnF domains present at the C-terminal domains also play a crucial

role in engraftment and multi-lineage differentiation in vivo.

This study highlights the previously unreported precise role of ZnF domains
present at the C-terminal region specific to the BCL11A-XL isoform in

terminal erythropoiesis, engraftment, and multi-lineage differentiation.
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Fig 16: BCL11A ZnF disruption study overview
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In the second study, elucidating the role of co-activator binding sites within

the BCL11A intronic enhancer, we observed the following key findings.

1. Observed that disruption of KLF1 sites present upstream of GATA motif
elevated fetal hemoglobin. The role of each site varies, the proximal KLF
site had a more prominent effect towards its 5’ end whereas disruption of
the distal KLF site showed significant elevation.

2. Disrupting these sites did not impact erythropoiesis or engraftment
despite elevating fetal hemoglobin through different mechanisms.

3. The GATA-independent role of the +33bp GATA site in regulating the
BCL11A expression is validated through ATAC-seq and Cut&Run
experiments.

4. Creating a binding site of repressors using base editors is another viable

option for downregulating fetal hemoglobin elevation.

This study shed light on the role of other regulatory sites within the BCL11A intronic
enhancer which co-regulates the expression of BCL11A along with the reported

GATAL-TAL1 axis.
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Conclusion

This study on both the BCL11A-XL specific ZnF domains and the BCL11A intronic
enhancer has elevated the understanding and role of critical regions within the

BCL11A gene.

Despite closely mimicking BCL11A-IDD mutations near the ZnF domains, the
innate functions of the gene were affected which is not observed in the patients
harboring these mutations. Hence, a replica of these mutations needs to be achieved in
highly conservative regulatory regions to study its therapeutic benefits. Yet the use of
base editors in elucidating the precise functions of regulatory genes can be implied
from this study. This approach of altering the binding domain can be utilized in
research areas where a single transcription factor has multiple binding sites and

altering each site is not practically feasible.

Understanding the role of co-activators and the other important regulatory
elements within the enhancer leads to a precise understanding of its functioning. This
study highlights the importance of further probing this enhancer region to understand
the finer details of its regulatory mechanisms. This aspect of the study will help in
improving our understanding of currently approved gene editing targets improving the
safety and better understanding of the SCD and Beta-Thalassemia patient outcomes in

the future.
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OFFICE OF RESEARCH
INSTITUTIONAL REVIEW BOARD (IRB)
CHRISTIAN MEDICAL COLLEGE, VELLORE, INDIA

Dr. Gearge Themas, D. Orthe,, PhD., Dr. Biju George, MD., DM.,
Chairperson, Ethics Committee Chairperson, Research Committee

Dr. Prasanna Samuel, M. Sc., Fh.D.,
Secretary, Research Commitiee
Prof. Keith Gomez, MA (S.W), M.Phil, Additional Vice-Principal (Research)
Deputy Chairperson, Ethies Committee

Dr. Suceena Alexander, MD., DM, FASN.,
Secretary, Ethics Committee, IRB

The Institutional Ethics Committee expects to be informed about the progress of the project,
Any adverse events occurring in the course of the project, any amendments in the protocol and
the patient information / informed consent. On completion of the study, you are expecied to
submit a copy of the final report. Respective forms can be downloaded from the following link:
hitp://172.16.11.136/Rescarch/IRB Polices.html in the CMC Intranet and in the CMC website
link address: hitp:/www.cmch-vellore. eduw/statie/research/Index . himi.

Yours sincerely,
; "f)

Dr. Suceena Alexander
Secretary (Ethics Committee)
Institutional Review Board
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INSTITUTIONAL ANIMAL ETHICS COMMITTEE
CHRISTIAN MEDICAL COLLEGE, VELLORE

Dr. Solomon Sathishkumar Dr. Joe Varghese
Chairperson Member Secretary

Date:15.10.2022

Dr. Mohankumar Murugesan,
Scientist,

Centre for Stem Cell Research,
CMC, Vellore.

Sub: Project Proposal for IAEC approval.: “Targeted disruption of binding domain in the
BCLI11A for therapeutic reactivation of fetal hemoglobin in beta hemoglobinopathies.”

Dear Dr. Mohankumar,

Your application to the Institutional Animal Ethics Committee (IAEC) titled “Targeted
disruption of binding domain in the BCL11A for therapeutic reactivation of fetal hemoglobin
in beta hemoglobinopathies.” has been reviewed by the IAEC at the meeting held on
15/10/2022.

The following members of the IAEC were present at the meeting:

Dr. Solomon Sathishkumar. (Chairperson, IAEC)

Dr. P. Kumarasamy, CPCSEA Main Nominee (External member)

Dr. R. Ananda Raja, CPCSEA Link Nominee {External member)

Dr. P. Patric Joshua, Scientist from outside the institute (External member)

Dr. R. Prakash, Socially aware member (External member)

Dr. Christhunesa Soundararajan C, Scientist from different discipline (Internal member)
Dr. Eunice Sindhuvi, Scientist from different biological discipline (Internal member)
Dr. K. Imayarasi, Veterinarian (Internal member)

Dr. Joe Varghese, Member Secretary IAEC, CMC, Vellore (Internal member)

s e B o

After discussion, the project proposal was approved. One hundred and fifty-two (152)
female NBSGW mice have been sanctioned for 24 months. Seventy-two (72) mice have been
allotted for the first year of the study.

The IAEC approval number for the study is 11/2022

Please see the overleaf for the responsibilities of the principal investigator.

With best wishes,

Y ours sincerely,

8 ol

-
Dr. Solomon Sathishkumar Dr. Jo€ Varghese
Chairperson Member Secretary
CHAIRPERSON SECRETARY

ituti I i i itutional Animal Ethics Committee,
Institutional Animal Ethics Committee, Institution 1{C\HIIT‘1 Ethics C
isti i Christian Medical College,
Koo smbmgrnp g Vellore - 632 002, Tamil Nadu.
Bagayam, Vellore - 632 002, Tamil Nadu. Bagayam, Ve 8



INSTITUTIONAL ANIMAL ETHICS COMMITTEE
CHRISTIAN MEDICAL COLLEGE, VELLORE

Dr. Solomon Sathishkumar Dr. Joe Varghese
Chairperson Member Secretary

Responsibilities of the Principal Investigator:

1.

o

Progress Report / Project completion report should be submitted for consideration of
IAEC at prescribed intervals for review and it should not exceed the timeline of the
research as mentioned in the Form B / IAEC approval certificate

Final report should be submitted to the IAEC of the establishment at the end of study.
All Serious Adverse Events (SAEs) and the interventions undertaken should be intimated
to JAEC.

Protocol deviation, if any, should be informed with adequate justifications to IAEC and
in case of large animals, it should be intimated to CPCSEA immediately for consideration
of CPCSEA.

The procedural deviations in research protocol shall be treated as a fresh research
protocol by CPCSEA.

Any new information related to the study should be commumcated to JAEC immediately.
Premature termination of study should be notified to the IAEC with reasons along with

summary of the data obtained so far.

Change of investigators/sites should be informed and approval of IAEC should be
undertaken first.

Dr. Solomen Sathishkumar Dr. Joe Varghese
Chairperson Member Secretary
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OFFICE OF THE VICE PRINCIPAL (RESEARCH)
INSTITUTIONAL BIO-SAFETY COMMITTEE (IBSC)
CHRISTIAN MEDICAL COLLEGE, VELLORE - 632 002, INDIA

IBSC - Members

Dr. Solomon
Sathishkumar
Chairman

Dr G. Dhinakar Raj
DBT Nomingee

Dr. Suceena
Alexander
Member Secretary

Dr. K. A.
Balasubramaniam
Qutside expert

Dr. Joy S. Michael
Biosafety Officer

Dr. Alok Srivastava
Internal Expert

Dr. Molly Jacob
Internal Expert

Dr. Rajesh Kannangai
Internal Expert

Dr. R V Shaji
Internal Expert

Dr. Sitara Swarna
Rao Ajjampur
Internal Expert

31st March, 2023

To,

Dr. Mohankumar K. Murugesan,
Scientist E,

Centre for Stem Cell Research
CMC

Dear Dr. Mohankumar K. Murugesan,

The Institutional Bio Safety Committee of the Christian Medical College, Vellore,
reviewed and discussed your project entitled “Erythroid-lineage specific de-
Sfunctionalization of BCL11A for therapeutic induction of fetal hemoglobin in
Thalassemia”.

IRB Min. No: 14628 dated: 27.04.2022

The following IBSC members were present at the meeting held on January 28,
2023 at 9.00 am in the BRTC Room, College Campus Bagayam, Vellore-632002.

IBSC Affiliation

S.No | Name Designation

1 Dr. Solomon Principal Chairperson

SathishKumar

2 Dr. G. Dhinakar Raj Professor and Head, DBT Nominee
Department of Animal
Biotechnology
Madras Veterinary College
3 Dr. Suceena Professor & Addl. Vice Member
Alexander Principal (Research), CMC. Secretary
4 Dr.KA Emeritus Professor, Sri External Expert
Balasubramanian Narayani Hospital and

Research Centre

Biosafety Officer

5 Dr. Joy S Michael Professor, Microbiology, CMC.

6 Dr. Alok Srivastava | Professor & Head, CSCR, CMC. | Internal Expert

Internal Expert

7 Dr. Molly Jacob Professor, Department of

Biochemistry, CMC.

Office of Research, 1stFloor, Carman Block, Christian Medical College, Vellore, Tamil Nadu 632 002

Phone No: 0416 -228 4294

Fax: 0416 - 2262788 E-mail-research@cmcvellore.ac.in



OFFICE OF THE VICE PRINCIPAL (RESEARCH)
INSTITUTIONAL BIO-SAFETY COMMITTEE (IBSC)
N CHRISTIAN MEDICAL COLLEGE, VELLORE - 632 002, INDIA

IBSC - Members

Dr. Solomon IBSC Decision: Dr. Mohankumar K. Murugesan was present during the
Sathishkumar presentation and responded to the queries raised by the Members. After
Chairman discussion, it was resolved to provide [BSC approval.

. Dhi j .
D Gabhin R ria) Yours sincerely,

DBT Nominee
Dr. Suceena — SECRETARY

— Lo i Institutional Bio-Safet
Alexander Qf_i_—?.n oo > Christian Me dical lég,?efgzﬂttee
Member Secretary Dr. Suceena Alexander Vellore - 632 002, Tamil Nadu, India
B, Tl Secretary, Institutional Bio Safety Committee
Balasubramaniam Christian Medical College, Vellore

Outside expert

Dr. Joy S. Michael
Biosafety Officer

Dr. Alok Srivastava
Internal Expett

Dr. Molly Jacob
Internal Expert

Dr. Rajesh Kannangai
Internal Expert

Dr. RV Shaji
Internal Expert

Dr. Sitara Swarna
Rao Ajjampur
Internal Expert

Office of Research, 1stFloor, Carman Block, Christian Medical College, Vellore, Tamil Nadu 632 002
Phone No: 0416 -228 4294 Fax: 0416 - 2262788 E-mail-research@cmcvellore.ac.in
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OFFICE OF RESEARCH

INSTITUTIONAL REVIEW BOARD (IRB)

_ CHRISTIAN MEDICAL COLLEGE, VELLORE, INDIA
Ethics Committee Registration No: ECR/326/INST/TN/2013 issued under Rule 122D of the Drugs & Cosmetics Rules 1945, Govt. of India

Dr. George Thomas, D Ortho Ph.D.

Chairperson, Ethics Committee

Dr. B. Antonisamy, M.Sc., Ph.D., FSMS, FRSS.

Dr. {Alfred Job Daniel, D Ortho MS Oriho DNB Ortho.
Chairperson, Research Committee & Principal

Dr. Nihal Thomas,

Secretary, Research Committee MD, MNAMS, DNB (Endo), FRACP (Endo), FRCP (Edin), FRCP (Glasg)
Deputy Chairperson,

Prof. Keith Gomez, B.S¢., MA (S.W), M.Phil. Secretary, Ethics Committee, [RB

Deputy Chairperson, Ethics Committee Additional Vice-Principal (Research)

January 04, 2015

Dr. R. V. Shaji,

Professor / Adjunct Scientist
Department of Haematology,
Christian Medical College,
Vellore — 632 002,

Sub: External Research Grant NEW PROPOSAL:
Department of Biotechnology (DBT)
Preclinical model for gene therapy for Thalassemia and Sickle Cell Disease (SCD
Dr. R. V. Shaji, Employment Number: 30127, Haematology and Adjunct Scientist,
CSCR, Dr. Alok Srivastava, CSCR / Hematology, Dr. Mohankumar Murugesan CSCR ,
Dr. Saravanabhavan Thangavel CSCR

Ref: IRB Min No: 9644 [OTHER] dated 23.09.2015

Dear Dr. R. V. Shaji,
The Institutional Review Board (Silver, Research and Ethics Commitiee) of the Christian
Medical College, Vellore, reviewed and discussed your project titled “Preclinical model for gene
therapy for Thalassemia and Sickle Cell Disease (SCD” on September 232015,

The Committee reviewed the following documents:
IRB Application format
DBT Proforma
information Sheet and Informed Consent Form (English)
Cvs of Drs. . R. V. Shaji, Alok Srivastava, . Mohankumar Murugesan
No. of documents | -4

Al ol e

The following Institutional Review Board (Silver, Research & Ethics Committee) members were
present at the meeting held on September 232015 in the CREST/SACN Conference
Room,Christian Medical College, Bagayam, Vellore 632002.

Name Qualification Designation Affiliation

Dr. B. Antonisamy MSc, PhD, FSMS, FRSS | Professor, Biostatistics, Internal,
Secretary (Research Statistician
Committee), IRB, CMC, Vellore

lof3

Ethics Committee Silver, Office of Research, I Floor, Carman Block, Christian Medical College, Vellore, Tamil Nadu 632 002 )
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Base editing of key residues in the
BCL11A-XL-specific zinc finger domains
derepresses fetal globin expression
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BCL11A-XL directly binds and represses the fetal globin
(HBG1/2) gene promoters, using 3 zinc-finger domains
(ZnF4, ZnF5, and ZnF6), and is a potential target for f-hemo-
globinopathy treatments. Disrupting BCL11A-XL results in
derepression of fetal globin and high HbF, but also affects he-
matopoietic stem and progenitor cell (HSPC) engraftment and
erythroid maturation. Intriguingly, neurodevelopmental pa-
tients with ZnF domain mutations have elevated HbF with
normal hematological parameters. Inspired by this natural
phenomenon, we used both CRISPR-Cas9 and base editing at
specific ZnF domains and assessed the impacts on HbF produc-
tion and hematopoietic differentiation. Generating indels in
the various ZnF domains by CRISPR-Cas9 prevented the bind-
ing of BCL11A-XL to its site in the HBG1/2 promoters and
elevated the HbF levels but affected normal hematopoiesis.
Far fewer side effects were observed with base editing- for
instance, erythroid maturation in vitro was near normal. How-
ever, we observed a modest reduction in HSPC engraftment
and a complete loss of B cell development in vivo, presumably
because current base editing is not capable of precisely recapit-
ulating the mutations found in patients with BCL11A-XL-asso-
ciated neurodevelopment disorders. Overall, our results reveal
that disrupting different ZnF domains has different effects.
Disrupting ZnF4 elevated HbF levels significantly while leaving
many other erythroid target genes unaffected, and interest-
ingly, disrupting ZnF6 also elevated HbF levels, which was un-
expected because this region does not directly interact with the
HBG1/2 promoters. This first structure/function analysis of

ZnF4-6 provides important insights into the domains of
BCL11A-XL that are required to repress fetal globin expression
and provide framework for exploring the introduction of nat-
ural mutations that may enable the derepression of single
gene while leaving other functions unaffected.

INTRODUCTION

BCL11A is a transcription factor that directly binds the fetal globin
(HBG1/2) promoters and represses gene expression. It contains
several classical C,H,-type zinc finger (ZnF) domains and is ex-
pressed in multiple tissues, such as the brain, liver, and bone marrow
(BM), and in erythroid cells, hematopoietic stem cells (HSCs), and B
cells.” Alternative splicing generates 4 major isoforms: BCL11A-XL,
BCL11A-L, BCL11A-S, and BCL11A-XS, which retain a variable
number of the ZnF domains. Only the longest isoform, BCL11A-
XL, is implicated in fetal globin silencing. The shorter isoforms S
and XS are expressed in the yolk sac and fetal liver, whereas the longer
isoforms XL and L are more highly expressed in the adult BM.>* The
differential expression of BCL11A isoforms in the definitive erythroid
compartment fits with a role in fetal globin silencing during
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development.” The functional importance of the BCL11A-XL isoform
in fetal globin repression was firmly established by short hairpin RNA
(shRNA)-mediated BCL11A-XL knockdown for the treatment of
B-hemoglobinopathies, and BCL11A-XL is now regarded to be a
promising target for B-hemoglobinopathy treatments.”

Genome-wide association studies initially implicated the BCLI11A lo-
cus as a major quantitative trait associated with variation in fetal he-
moglobin (HbF) levels.” "' Three sets of genetic variants are associ-
ated with high HbF, including single nucleotide variants (SNVs) in
the intronic BCL11A enhancer,'* '° regulatory SNVs in the HBG1/
2 promoters that disrupt the binding site (BS) of BCL11A-XL, and
the exonic SNVs in the ZnF4 and ZnF5 domains contained specif-
ically in the BCL11A-XL isoform.'® Recent studies revealed that tar-
geting the SNV located in the +58 DNase hypersensitive site of the
BCL1IA intronic enhancer downregulates BCLIIA expression in
the erythroid lineage, which causes simultaneous derepression of
HbDF clinically, without altering the expression of BCLIIA in non-
erythroid cells.'*'>'”"*' The regulatory SN'Vs located in the HBG1/
2 promoters at the —115 site alter the core binding consensus motif
of BCL11A-XL and substantially elevate the expression of HbF.*>**
Ongoing clinical trials for the reactivation of HbF by genome editing
emphasize the significance of the SNVs in the BCLIIA intronic
enhancer and BCL11A-XL BS in the HBG1/2 promoters.** Structural
studies have indicated that the BCL11A ZnF domains ZnF4 and
ZnF5 interact directly with the HBGI/2 promoter; however, the
potential role of targeting these BCL11A-XL-specific ZnF domains
on HDBF regulation and other functions of BCL11A remains
unexplored.”

In this study, we test the effect of targeting different ZnF domains spe-
cific to the BCL11A-XL isoform: ZnF4, ZnF5, and ZnF6. We initially
disrupted each ZnF using CRISPR-Cas9-based cutting. Next, taking
cues from the available BCLI11A SNVs'®'®*° in exon4 and the struc-
tural studies depicting the specific amino acid residues involved in the
interaction of BCL11A-XL with DNA,*>%” single nucleotide substitu-
tions were generated using base editors. We compared our disrup-
tions of the XL-specific ZnF domain with the other BCL11A-associ-
ated HbF-inducing targets such as the erythroid-specific enhancer
and —115 site in HBGI1/2 promoters, and ablation of the BCLIIA

gene, both in vitro and in vivo. Furthermore, we analyzed the tran-
scriptomic variations caused by the specific ZnF alterations and
compared the effects with the other BCL11A-associated approaches.
Our results provide important insights about the ZnF domains of
BCL11A-XL required for fetal globin repression and other functions
such as hematopoietic stem and progenitor cell (HSPC) engraftment
and B cell production.

RESULTS

CRISPR-Cas9-mediated disruption of BCL11A-XL specific ZnF
domains in adult erythroid cells derepresses fetal globin
expression

Previous studies have shown that BCL11A-XL interacts with the
HBG1/2 promoters in adult erythroid cells using its C-terminal ZnF
domain, which contains ZnFs 4, 5, and 6 (Figure S1A)*®. However,
the roles of each ZnF domain specific to BCL11A-XL in HbF regula-
tion and erythroid maturation have not been established. Therefore,
we performed CRISPR-Cas9-mediated disruption of each ZnF (guide
RNA (gRNA): ZnFs 4, 5, and 6), and compared the effects with the
other BCL11A-associated targets, such as disruption of the intronic
erythroid-specific BCL11A enhancer , and its —115 cluster binding
site (BS) in the HBG1/2 promoters. In addition, gRNAs designed to
ablate BCL11A (targeting BCLI1A exon2) and adeno-associated virus
integration sitel (AAVSI) were chosen as positive and negative con-
trols, respectively (Figure 1A). Immortalized human umbilical cord
derived erythroid progenitor 2 (HUDEP2) cells stably expressing
Cas9 were transduced with the specific gRNAs (Figure S1B). A total
of 70%-90% indels were achieved at all of the intended target sites
(Figure 1B). Editing at ZnFs 4, 5, and 6 (amino acids 759, 785, and
810, respectively) did not alter BCL11A levels but resulted in the trun-
cation of BCL11A-XL proteins to various lengths due to frameshift
mutations (Figures 1C, SIC, and S1D). In contrast, significant down-
regulation of BCL11A protein was observed when targeting BCLI1A
exon2 (BCLI11A knockout) or the enhancer. These results indicate
that targeting BCL11A exon2 (N-terminal) may also reduce expres-
sion by nonsense-mediated RNA decay, whereas targeting the XL-
specific ZnF domains (C-terminal) produced truncated variants of
BCL11A.*° As expected, the truncated BCL11A variants failed to
repress HBG1/2 at the adult stage. After erythroid differentiation (Fig-
ure S1E), the ZnF alterations produced a higher frequency of HbF"

Figure 1. Targeted disruption of BCL11A-XL specific ZnF domains using Cas9 to upregulate fetal globin expression in adult erythroid cells

(A) Schematic representation of the target location of gRNA in different BCL11A-XL-specific ZnF domains (ZnF4, ZnF5, and ZnF6), Exon2, Enhancer (Enh), —115 cluster of
HBG1/2 promoters (BS), and the AAVST site. (B) The frequency of indels was measured by ICE analysis at the respective target site in HUDEP2 cells during expansion.
Mean + SEM of n = 3 independent experiments. (C) The protein expression analysis by Western blot on the edited cells during differentiation (day 4) depicts the generation of
BCL11A variants protein on targeting the XL-specific ZnF domains in contrast to the reduction of BCL11A protein while targeting Exon2 and the enhancer. (D) Intracellular
HbF analysis using flow cytometry demonstrates the potential of ZnF mutants on HbF reactivation at the terminal stage of erythroid differentiation (day 8). Mean + SEM ofn =3
independent experiments. (E) The percentage of gene modifications during HSPCs expansion after 48 h of electroporation and after erythroid differentiation (day 21),
respectively. Mean + SEM of n = 2 experiments on one donor. (F) The change in erythroid differentiation ability of the BCL11A-modified HSPCs was analyzed by flow
cytometry using 2 erythroid-specific surface markers (CD71-transferrin; CD235a-glycophorin A) at the terminal stage of differentiation (day 21). Mean + SEM of n = 2 ex-
periments of one donor. (G) The measure of mature enucleated cells formed by the edited HSPCs during the terminal stage of erythroid differentiation (day 21) using NucRed
stain and CD235a marker. Mean + SEM of n = 2 experiments on one donor. (H) The number of HbF* cells expressed, and (1) the total HbF tetramer in edited cells formed on
BCL11AZnF domain modification by flow cytometry and HPLC, respectively, measured during terminal erythroid differentiation (day 21). Mean + SEM of n = 2 experiments on
one donor. (J) The long-term engraftment of BCL 7 1A total knockout, BS and ZnF domain-modified HSPCs after 16 weeks of transplantation in NBSGW mice. Mean + SEM of
n > 3 mice per group. (K) The persistence of gene modification in the edited cells is depicted by editing during both pre-infusion and after 16 weeks of transplantation.
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cells (Figure 1D) and higher fetal globin derepression than seen in
control cells (Figure S1F). The HbF" cells produced were noticeably
more numerous than observed after modification of the enhancer
(Enh vs. ZnF, p < 0.0001) and at a level comparable to BS disruption
at the HBG1/2 promoters. Despite previous reports demonstrating
that ZnF6 has a weak direct interaction with the HBG1/2 promoters
compared to ZnF4 and ZnF5°®, we observed a significant elevation
in HbF upon ZnF6 disruption. These results highlight the importance
of each ZnF-domain specific to BCL11A-XL in the repression of the
fetal globin genes.

BCL11A ZnF editing in CD34* HSPCs through CRISPR-Cas9
elevates HbF but also affects erythroid maturation

In addition to its major role in globin regulation, BCL11A is essen-
tial for human HSC maintenance and erythropoiesis. Therefore, we
assessed the effect of BCL11A-ZnF disruption on cell survival and
erythroid maturation in CD34" HSPCs obtained from a healthy
donor by nucleofecting the CRISPR-Cas9-gRNA complex. Based
on our HUDEP2 results in which enhancer disruption showed
moderate HbF elevation, we determined the impact of the gener-
ating BCL11A-ZnF variants in erythroid cells derived from
HSPCs, along with the BS disruption at the HBG1/2 promoters,
and BCLIIA knockout at exon2. HSPCs exhibiting efficient gene
modifications (Figure 1E) at the respective target sites were sub-
jected to erythroid differentiation to assess the impact of the mod-
ifications on functions beyond HbF elevation during in vitro
erythropoiesis.

In line with previous research demonstrating the importance of
BCLI11A in cell maintenance and proliferation’, the growth kinetics
of committed erythroid progenitors from the edited samples were
analyzed. The total BCL11A knockout and ZnF editing in CD34"
HSPCs affected cell proliferation, whereas editing other targets did
not affect survival (Figure S1G). The frequency of gene perturba-
tions was assessed at the erythroid terminal differentiation stage.
This revealed that except for ZnF4 and total knockout edited cells,
gene modifications in all of the other targets persisted during differ-
entiation (Figure 1E). This indicates that cells carrying alterations at
the terminal sequences coding for ZnF5 and ZnF6 retain edits and
persist across multiple cell divisions. A previous study reported that
disruption of BCL11A exon4 (ZnF) did not impede early erythroid
differentiation?’, whereas in our study, targeting the ZnF4, ZnF5,
and ZnF6 domains showed a decline in the percentage of termi-
nal-stage erythroid cells (CD235a"CD71") (Figure 1F), with a sig-
nificant reduction in the enucleation (Figure 1G). However, a
remarkable level of fetal globin reactivation was seen in adult
erythroid BCL11A ZnF domains
(Figures 1H and 1I), which was equivalent to levels obtained with
the BS disruption, despite the differences observed in cell prolifera-
tion and differentiation. Overall, these results demonstrate the

cells on targeting the

in vitro consequence of disrupting either at the exon2 (N-terminal)
or the ZnF domains (C-terminal) of BCL11A on cell survival and
erythroid maturation along with globin regulation.
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BCLI11A isoforms have been implicated in HSC engraftment and B
lymphocyte maturation.”">* Therefore, we investigated the engraft-
ment potential of BCL11A-XL ZnF-modified cells in the NBSGW
mouse model. Since ZnF5 had exhibited significant erythroid
maturation defects during in vitro experiments, we infused only
the ZnF4 and ZnF6-modified HSPCs. As controls, we also infused
BCL11A BS-disrupted HSPCs and total BCLIIA knockout (exon2-
edited) HSPCs. All of the transplanted animals showed chimerism
of human cells (hCD45") in the BM after 16 weeks of infusion,
even the cohorts with total BCLIIA knockout cells (Figure 1J).
Therefore, we genotyped the engrafted cells to study the long-
term survival of gene-modified HSPCs, which revealed that the in-
del frequency in the HBG1/2 promoter (BCL11A BS) edited cells
remained unchanged, whereas HSPCs with BCLI1IA complete
knockout did not survive in mouse BM, consistent with the previ-
ous findings.”® We had speculated originally that BCL11A ZnF
domain modification would have lesser impacts on HSPCs, but
we observed a drastic decrease in ZnF4 and ZnF6 gene modifica-
tions in the BM cells (Figure 1K). Similar to total BCLIIA
knockout, we observed that the CRISPR-Cas9-mediated disruption
of BCLI1A-XL-specific ZnF domains does not support HSC
engraftment. Furthermore, due to the inadequate engraftment po-
tential of the BCL11A ZnF mutants, we were unable to investigate
its multilineage differentiation ability. These findings demonstrate
that even a minimal loss of the BCL11A-XL C-terminal coding re-
gion functions similar to total protein loss and can negatively affect
the engraftment of HSCs.

Specific base substitutions in the BCL11A-XL C-terminal ZnF
domains reactivate HbF expression in adult erythroid cells
CRISPR-Cas9-mediated targeting of BCL11A-XL-specific C-terminal
ZnF domains resulted in multiple truncated variants hampering the
concise understanding of the role of BCL11A-XL ZnF domains in
HDbF repression, engraftment, and erythroid maturation. To address
this, we introduced more subtle mutations at specific amino acid res-
idues in the ZnFs using an adenosine base editor in HUDEP2 cells
anticipating HbF elevation without compromising other functional
roles of BCLI1A.

The key nucleotides at ZnF4 (amino acids 742-765) and ZnF5 (amino
acids 772-795) were targeted to alter crucial motifs required for DNA
interaction and where possible to resemble as closely as possible
known missense variants associated with higher HbF levels in patients
with neurodevelopmental disorders but essentially normal hematolo-
gy (Figure S2A)'>'%*°"*7_ With the current base editing technology, it
is not possible to recreate the exact mutations, but we targeted muta-
tions as closely as possible to the sites found in patients. No naturally
occurring mutations have been reported in ZnF6 (amino acids 803-
827), but we designed a gRNA that would result in a base substitution
at a potential DNA contact region in the ZnF6 domain (Figure 2A).
The fetal globin reactivation potential of base substitutions in each
ZnF domain was compared with the same BCLIIA control targets
used in previous experiments, along with the gRNA at the initiation
codon for the total knockout of BCL1IA. Subsequently, all of these
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gRNAs were individually transduced into HUDEP2 cells with more
than 90% efficiency (Figure S2B).

After 8 days of expansion, the efficiency of base conversion at the
target sites was evaluated by Sanger sequencing (Figure 2B). In the
case of the ZnF4 domain, the ZnF4-1 gRNA specifically converted
the nucleotides that encode the amino acids S755 and N756 approx-
imately with 40% and 90% base conversion efficiency, respectively.
S755 makes van der Waals interactions with the —119 (T:A) base
and the DNA backbone at the HBG1/2 promoters, whereas N756
forms a specific double hydrogen bond with —118 (A:T) (Figure 2C,
ZnF4-1). The ZnF4-2 gRNA generated novel mutants H760R and
R761G with ~80% efficiency. Although these amino acids do not con-
tact DNA, H760 is one of the Zn-ligating residues in ZnF4, and its
mutation likely perturbs the structure of the domain (Figure 2C,
ZnF4-2). Alteration of the ZnF5 domain was achieved using
ZnF5-1 gRNA to efficiently convert bases that encode Q781
(~90%), S782 (~75%) and S783 (~55%). Q781 forms a hydrogen
bond with —116 (T:A) (Figure 2C, ZnF5-1). Similarly, the ZnF5-2
gRNA generated specific nucleotide perturbations that mutates
R787 (~55%), and H788 (~70%); R787 forms hydrogen bonds
with —114 (G:C), whereas H788 is one of the Zn-coordinating resi-
dues in ZnF5 (Figure 2C, ZnF5-2). The ZnF6 gRNA exhibited a less
efficient (~40%) conversion of bases and encoded changes to K817;
this residue is predicted to make nonspecific electrostatic interactions
with the DNA backbone (Figure 2C, ZnF6).

The control sites including the —115 cluster in the HBG1/2 promoter,
BCL11IA initiation codon and the BCL11A enhancer were substantially
modified, with overall efficiencies greater than 70%. Unintended indels
were less than 5%, despite the high editing efficiency at all of the target
sites. The consequence of the generated BCL11A-XL mutants on pro-
tein expression was investigated to analyze the impact of pathogenic
SNVs on the stability of the BCL11A protein. Interestingly, the XL-spe-
cific ZnF mutants exhibited no effect on protein synthesis and were ex-
pressed similarly to the AAVSI negative control editing, whereas the
alteration of initiation codon affected the BCL11A protein expression
mimicking BCL11A knockout as expected (Figure 2D).

We assessed the functional consequence of the BCLI1A mutations on
fetal globin expression during terminal erythroid differentiation (Fig-
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ure 2E). Interestingly, the HbF reactivation observed in all of the ZnF
mutants was comparable to complete BCLIIA knockout. The in-
crease in the number of HbF" cells ranged from 60% to 90% across
the ZnF mutants, which may be due to a difference in editing effi-
ciency or the impact of the different mutations (Figure 2F). The
ZnF4 mutations increased the number of HbF" cells more than the
ZnF5 or ZnF6 mutations. Although the editing frequency at the
ZnF6 target site was lower, significant HbF elevation was observed,
so we hypothesize that ZnF6 also influences BCL11A binding to the
HBG1/2 promoters. Consistent with the increase in HbF" cells, the
ZnF4 mutants produced higher levels of total HbF relative to muta-
tions in other ZnF domains (ZnF5 and ZnF6).

Importantly, the majority of ZnF-specific mutations outperformed
the disruption of the BCL11A BS in the HBGI1/2 promoters in HbF
reactivation (Figure 2G). It may be that BCL11A binds at additional
sites in the globin locus; therefore, mutating the DNA-binding
domain has a more profound effect than mutating a single binding
motif. These findings confirm that the induction of HbF does not
require haploinsufficiency or the total loss of BCL11A but can be
mediated by targeted mutations.

Together, both the in vitro and in silico results imply that altering the
C-terminal XL-specific ZnF domains involved in binding to the target
DNA (e.g., the motifs in the HBG1/2 promoters) exhibited an HbF
upregulation similar to that observed with total BCL11A loss.
Furthermore, unique base conversations that alter key amino acid res-
idues are sufficient to significantly affect ZnF domain function.

Generation of BCL11A-ZnF mutants in HSPCs leads to HbF
upregulation during ex vivo erythropoiesis with reduced
hematological effects

A previous study reported that eliminating hydrogen bonds formed
between N756 and the —118 (A:T) base by creating N756 A mutation
reduces the affinity of BCL11A for DNA by 8-fold.”” To confirm that
changing N756 to glycine as achieved via base editing had the same
effect, we validated the loss of binding of the ZnF4-1 mutant to the
—115 site in the HBG1/2 promoters by gel shift assays using proteins
containing S755G, N756G, and S755G and N756G double mutants
(Figures 3A and S3A). We observed that the N756G mutant, both
individually and in combination with S755G, abrogated the binding

Figure 2. The key base substitutions in BCL11A-XL-specific ZnF domains reactivate HbF expression in adult erythroid cells

(A) A diagrammatic representation of each of the target sites to induce nucleobase modifications by using ABE. BCL11A-gRNA targeting initiation codon of BCL11A, Enh-
gRNA targeting the BCL 1 1A erythroid-enhancer region, 2 gRNAs each targeting ZnF4 (ZnF4-1 and -2) and ZnF5 (ZnF5-1 and -2), respectively, and 1 gRNA targeting ZnF6 to
produce missense mutations. BS gRNA to alter the BCL11A-XL BS in the —115 cluster of HBG promoter. AAVS1-gRNA targeting the safe harbor site at the AAVST locus for
negative control. (B) Base conversion efficiency at all of the target sites on day 8 of expansion was analyzed using the EditR in silico tool after Sanger sequencing. Mean + SEM
of n = 3 independent experiments. (C) Close-up views of the BCL11A-XL-specific ZnF (ZnF4, ZnF5, and ZnF6) structures, illustrating the amino acids targeted in each of the
indicated mutants. Yellow dashed lines indicate hydrogen bonds, and bases are named according to the HBG1/2 promoter numbering. (D) The protein expression analysis
by western blot confirms no significant change in BCL11A expression on ZnF editing compared to the reduction of BCL11A protein observed on disrupting the initiation
codon and the BCL11A-enhancer; 35 ng of protein used for loading. (E) Analysis of the erythroid differentiation profile (CD71 and CD235a) of the base-edited HUDEP2 cells
on the end stage of differentiation (day 8) showed no significant variation among the edited samples. Mean + SEM of n = 3 independent experiments. (F) Increase in
percentage of intracellular HoF levels measured at the end stage of differentiation (day 8) by flow cytometry (HbF* cells) on generated BCL11A ZnF mutants. Mean + SEM of
n = 3 independent experiments. (G) The elevation in the total HbF tetramer formation in adult erythroid cells in the BCL11A-modified cells was analyzed at the end stage of
differentiation (day 8). Mean + SEM of n = 3 independent experiments.
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to the target site, whereas the S755G mutant alone did not signifi-
cantly affect binding. Furthermore, to phenotypically evaluate the
contribution of each mutant on fetal globin derepression, we per-
formed single-cell sorting in HUDEP2 cells and observed that
N756G contributed significantly to the HbF induction, consistent
with the gel shift assay results (Figure S3B).

Given the results in HUDEP2 cells, we next tested the effect of base
editing at BCL11A-XL ZnFs in healthy donor CD34" HSPCs, using
adenine base editor 8e (ABE8e) mRNA and again compared them
with the BCLI1A associated targets (Figure S3C). We obtained base
conversions at the respective target sites with overall efficiencies of
60%-70% in HSPCs (Figure 3B). As expected, the ZnF4-1 gRNA
generated 2 missense mutations at N756 and S755 at ZnF4, whereas
the gRNAs targeting the other BCLI1A-associated targets altered
either the BCL11A start codon (to achieve total knockout) or the in-
tronic enhancer or the —115 site in the HBG1/2 promoters. Notably,
all of the base modifications persisted throughout erythroid differen-
tiation (Figure 3B).

To investigate the effect of the BCL11A ZnF4 mutant HSPCs on cell
survival and differentiation, we monitored the base-modified HSPCs
throughout differentiation to the erythroid lineage. Cell proliferation
in the BCL11A knockout mutant was considerably lower than that in
the ZnF4 mutant, confirming that the BCL11A-XL isoform has a role
in erythroid cell proliferation and survival (Figure S3D). More impor-
tant, the specific mutations in ZnF4 domain did not impair cell
viability.

We anticipated that disrupting multiple binding of BCL11A in the
globin locus could lead to stronger upregulation than the ablation
of the single BCL11A BS at HBGI1/2 promoters. Therefore, we as-
sessed the potency of the BCL11A ZnF4 missense mutant on the dere-
pression of fetal globin expression in erythroid progenitors derived
from base-edited HSPCs. Similar to the total knockout, the BCL11A
ZnF4 mutation resulted in high HbF" cells (Figure S3E) and high total
HDbF production (Figure 3C).

We then investigated the effect of the BCL11A ZnF4 missense mutant
on terminal erythropoiesis because our CRISPR-Cas9 cutting study
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showed a significant erythroid maturation delay in BCL11A ZnF
truncated protein-expressing erythroid cells during the terminal
stages. Interestingly, BCL11A ZnF4 base-edited cells underwent ter-
minal erythroid maturation (CD235a"/NucRed™) more efficiently
than total knockout cells and truncated proteins generated in the
CRISPR-Cas9 cutting experiments on day 21 of HSPC differentiation
(Figure 3D). Specifically, we also observed higher HbF-expressing
enucleated cells at the erythroid terminal maturation phase in the
BCL11A ZnF mutant (Figure S3F). Notably, the BCL11A ZnF4
mutant exhibited a modest decrease in the frequency of cells express-
ing erythroid differentiation markers (CD235a*/CD71 ") with normal
enucleation (Figure 3E). However, this effect was modest when
compared to CRISPR-Cas9-mediated truncation of the BCLI1A
ZnF4 domain. Altogether, these data demonstrate that the fetal globin
reactivation induced by altering the individual amino acids specific to
the BCL11A-XL isoform involved in binding to the HBG1/2 pro-
moters is preferable to indel formation via CRISPR-Cas9, and if
refined, could ultimately serve as a strategy for fetal globin induction.

We then investigated the repopulation ability of the BCL11A ZnF4
base-edited human CD34" HSPCs by transplanting them into immu-
nodeficient NBSGW mice, noting that BCL11A truncated proteins
from the CRISPR-Cas9 experiment exhibited defective engraftment.
We observed efficient chimerism of human cells (hCD45") in the con-
trol edited cells, whereas the ZnF4 mutant exhibited reduced engraft-
ment (Figure 3F), but more important, the ZnF4-1 mutant cells were
able to survive and repopulate over time. Because the neurodevelop-
mental patients harboring certain missense mutations in BCL11A-
XL-specific ZnF domain exhibit essentially normal hematopoiesis,
we analyzed the impact of the BCL11A ZnF4 mutant on multilineage
repopulation potential. Consistent with a moderate reduction in
engraftment, ZnF4-1 mutants also showed altered levels of lineage
distribution, notably a significant decline in B cells, with a bias toward
myeloid cells (Figure 3F). Although re-creating the exact patient
SNVs using base editor is not feasible, we aimed to mimic the hetero-
zygous nature of these BCL11A-ID patients by reducing the editing
efficiency at the target site. Genotypic analysis of the engrafted human
cells showed an evident drop in the editing frequency of the ZnF4-1
mutant within both the BM (2.5-fold) and total loss in the B cell en-
grafted compartment (Figure 3G). We observed that N756G amino

Figure 3. Generation of BCL11A ZnF mutants in HSPCs exhibit elevated levels of HbF on erythroid differentiation

(A) Electrophoretic mobility shift assay depicting the loss of interaction between the ZnF4-1 (N756 mutants) mutants to a TGACC moitif. Nuclear extract of COS-7 cells
expressing epitope tagged fused ZnF4-6 of wild-type BCL11A and mutants with radiolabeled fetal globin promoter BCL11A binding motif TGACC. The black arrow shows
the BCL11A ZF4-6 binding to the probe, and super-shifted bands are observed when antibody to the V5 epitope is added. (B) Target base perturbation efficiency at each
target site was analyzed after 2 days of electroporation in EditR software. Mean + SEM of n = 2 experiments of one donor. (C) The reactivation of total HbF measured by HPLC
at the terminal stage of erythroid differentiation (day 21). Mean + SEM of n = 2 experiments of one donor. (D) The percentage of edited cells capable of maturating into
enucleated reticulocytes in vitro measured by CD235a expression and NucRed stain. Both erythroid differentiation and maturation analysis were measured at the terminal
stage of erythroid differentiation (day 21). (E) The erythroid differentiation potential of base-edited HSPCs was examined using CD235a and CD71 surface markers at the
terminal stage of erythroid differentiation (day 21). (F) Engraftment percentage of base-edited HSPCs and multiineage repopulation in NBSGW mice after 15 weeks of
transplantation. (G) The percentage of base editing observed before infusion, after 15 weeks in the mouse BM and in the B cell subset. B cells were flow sorted using human
CD45 and CD19 surface markers. (H) NGS analysis depicting the multiple editing pattern within engrafted ZnF4-1 edited cells derived from the mouse BM after 15 weeks of
engraftment. The first A denotes the adenine base in the S755 position and subsequent AA denotes the dual adenine bases present in the N756 position, which is converted
to G with different frequencies. Others in the graph indicate the summation of all of the nonspecific mutations. (l) Percentage of HoF* cells in the CD235a™ cell population
within the NBSGW BM after 15 weeks. n = 3; mean + SEM.
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acid production was prevalent over N756D or N756S amino acids.
Furthermore, N756G amino acid also persisted at the 15 weeks of
in vivo engraftment in NBSGW mice (Figure 3H). The CD235a"
erythroblasts present in the mouse BM of the ZnF4-1 mutant en-
grafted mice showed increase in HbF" cells compared to edited con-
trols (Figure 3I).

Furthermore, the persistence of single mutants in the BM population
suggests that creating monoallelic single mutation resembling the pa-
tient SN'Vs at the ZnF domains elevates HbF, but the data also suggest
that C-terminal ZnF domains have an important function in HSPC
engraftment and B cell production outside the globin regulation
within the erythroid lineage.

Global transcriptomic analysis of the BCL11A ZnF4 base-edited
erythroid cells derived from CD34* HSPCs

Since BCL11A regulates multiple pathways involved in the devel-
opment and differentiation of various cell types, any alteration of
BCLIIA requires extensive characterization.’”*® Therefore, we
compared genome editing at the XL-specific ZnF domain along
with the other BCL11A-associated targets. A total of 691 genes
were differentially expressed after the complete loss of BCL11A,
whereas disruption of ZnF4 (123 genes) and BS (94 genes) showed
significantly fewer differentially expressed genes. The expression of
only 9 genes was observed to be significantly altered in the case of
erythroid-enhancer disruption, consistent with the modest HbF in-
duction erythroid differentiation
(Figures 4A and 4B). The transcriptional repressor activity of
BCLI11A is evident based on the fact that more genes were upregu-
lated on modifying BCL11A compared to the BS disruption in the
HBG1/2 mutation. This clearly demonstrates that BCL11A ZnF4
mutant generation has fewer effects beyond the upregulation of
fetal globin expression than are observed with the total ablation
of BCLIIA expression.

observed in wvitro after

Next, we examined the known primary targets’* of BCL11A exhibit-
ing significant differential expression among our study group (Fig-
ure 4C). In all of the target sites, HBG2 was the commonly upregu-
lated gene, as expected. BGLT3 and HBGI are the 2 other genes
commonly upregulated among the ZnF4-1, BS, and BCL11A edited
cells. Interestingly, the ZnF4 editing shared upregulation of the
HBZ, HBBPI1, and KLHDCS8B genes with BCL11A total knockout.
Consistent with the whole transcriptome profile, the disruption of
BCLI11A BS generates no other significant alterations in the primary
targets (Figure 4D). Moreover, the significant increase in the expres-
sion of the cell-cycle-associated genes, such as CDKN2B, PPP2R5B,
and BCL6 occurs only in BCL11A complete knockout cells and not
in the ZnF4 mutant cells. This may explain why the ZnF4 mutation
has modest effects on erythroid function other than globin regulation.

We further validated the expression of these globin locus genes by real
time qRT-PCR (Figure S4A). These results confirm that specifically
disrupting the ZnF4 domain has fewer effects on other erythroid
genes compared to the total ablation of BCL11A.

Next, to evaluate whether the observed induction of HbF is specific to
the on-target editing activity, we performed targeted deep sequencing
at the potential off-target (OT) sites (with up to 3 mismatches) pre-
dicted by the in silico algorithm COSMID (Figure S4B). The top 9
sites were deep sequenced in the base edited HSPCs and we observed
no significant DNA variation between the control and the edited sam-
ples indicating that the gRNA used is highly specific to the BCLI1A
ZnF4 locus. The CIRCOS plot depicting the predicted OT locations
shows that none of the OT sites are in the coding region, providing
further evidence that the gRNA is highly specific (Figure S4C). To
further rule out the impact of unintended RNA deamination caused
by ABE8e, we analyzed the whole transcriptome RNA sequencing
(RNA-seq) information of the ZnF4-1 edited HSPCs during erythroid
differentiation and compared it with the other BCL11A-associated
targets. We observed that no significant difference in the adeno-
sine-to-inosine (A-to-I) conversion among the gRNAs used in this
study (Figure S4D). These results confirm the specificity of targeting
the ZnF4 using ABESe.

DISCUSSION

From the time that BCL11A was implicated in fetal globin regulation,
most of the gene therapy clinical trials for B-hemoglobinopathies have
focused on the modulation of BCLI1A through various approaches.
The erythroid-specific enhancer has been targeted, and sShRNA-medi-
ated downregulation of BCLI11A expression specifically within the
erythroid lineage also results in the derepression of fetal globin. Dis-
rupting the BCL11A BS at the —115 site in the HBG1/2 promoters by
both CRISPR-Cas9-mediated disruption and base editing is being
pursued. In addition to these studies that target BCLIIA at the
genomic or transcript level, small molecules such as nanobodies
have been developed to selectively reduce BCL11A-XL at the protein
level. > However, the spatiotemporal window for optimal nano-
body delivery is still being explored. Although these studies empha-
sized the clinical importance of BCL11A in the treatment of B-hemo-
globinopathies, they also provide insights into the role of BCL11A-XL
protein in blood cell gene expression.

Here, we investigated a novel strategy to specifically alter the DNA-
binding domains of BCL11A-XL to functionally mimic naturally
occurring mutations affecting the BCL11A-XL isoform found in pa-
tients with normal or near-normal hematopoiesis. One of the major
advantages of this strategy is that it generates very high levels of
HbF induction, presumably because it impairs the binding of
BCL11A-XL, not only to its site at —115 in the fetal globin promoters
but also to other sites that may lie elsewhere in the globin locus and be
required for complete fetal globin silencing.’® Specifically, modifica-
tion of ZnF4 led to very high levels of HbF in the adult stage, similar
to those seen with the total loss of BCL11A protein.

BCL11A-XL has been demonstrated to interact with the TGACCA
site in the HBGI/2 promoters (—115 cluster) via primarily the
ZnF4 and ZnF5 domains.”>*® Several microRNAs and transcriptional
regulators, including LIN28B, have been shown to affect the produc-
tion of the XL isoform by binding to BCL11A exon4.”* Many studies
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Figure 4. Transcriptomic analysis of ZnF4-1 mutant in erythroid cells derived from HSPCs

(A) Total number of differentially expressed genes in total knockout (BCL77A), enhancer-edited (Enhancer), ZnF4-1 modification, and —115 site at HBG1/2 (BS) disruption
compared to the edited control. (B) Correlation between the different transcriptome among upregulated and downregulated genes in total knockout, enhancer edited,
ZnF4-1 modification, and BS disruption compared to the edited control. Significant gene expression is maintained at false discovery rate (FDR) 5% and —1>fold change >+1.
(C) Correlation showing the significantly expressed (FDR 5% and —1>fold change >+1) primary targets among the different edited groups. (D) Heatmap showing the BCL11A
primary target gene counts among all of the edited HSPCs.
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have focused on targeting the BCL11A recognition motif at the HBG
promoter rather than the endogenous BCL11A-XL ZnF domains to
eliminate the BCL11A:HBG interaction.

To refine our understanding of ZnF domains in globin regulation,
we targeted the endogenous BCL11A XL-specific ZnF (ZnF4,
ZnF5, and ZnF6) domains in adult erythroid cells using CRISPR-
Cas9-mediated editing and indel formation. Gene perturbations at
the ZnF4, ZnF5, and ZnF6 domains efficiently generated ZnF trun-
cated mutants that produced elevated levels of HbF expression,
comparable with changes seen by targeting other BCL11A-associ-
ated regions such as the enhancer or the —115 cluster in the
HBGI1/2 promoters. Although ZnF6 has not been observed to
interact directly with the DNA BS, we observed HbF upregulation
on ZnF6 disruption, suggesting that it makes an indirect contribu-
tion and is required for proper fetal globin silencing. The truncated
BCL11A-XL mutants in HSPCs were defective in cell survival and
erythroid maturation, and they also failed to survive in an in vivo
mouse BM environment.

To further explore the role of specific subdomains within each ZnF
and to attempt to reduce side effects, we used a high-fidelity base ed-
itor to alter the key bases, present in XL-specific ZnF domains, that
are known to interact with the target DNA strand. Together with
the available database on SNVs, we particularly aimed to target the
reported BCL11A SNVs associated with neurodevelopmental disor-
ders, in which patients show derepressed fetal globin but otherwise
have normal hematology. The current base editors have limited capa-
bility to generate desired heterozygous mutations without any
bystander conversion. Nevertheless, we generated different ZnF-spe-
cific missense mutants in BCL11A-XL using an ABE8e and confirmed
the reduced binding of BCL11A-XL to its DNA recognition site in a
gel shift assay, demonstrating that specific mutations, with the ex-
pected compromised functions, could be made.

Among the ZnF domains, the reactivation of HbF was highest with
ZnF4 and ZnF5 mutants, which was equivalent to total BCLIIA
suppression, followed by BS disruption at the HBGI/2 promoters,
and the enhancer-mediated BCLI1A downregulation. This empha-
sizes that base modifications at the ZnF domains are sufficient to
produce significant levels of HbF. However, we also observed a
reduction in engraftment and B cell production. These data are in
line with another study that reported the role of ZnF domains in
the immunomodulatory activity of B cells against Hirame novirhab-
dovirus in flounder.”® The exact effect of the ZnF4-1 mutation in
the functional activity of B cells and HSPC engraftment need to
be studied to extend this approach clinically. However, the high ef-
ficiency of ABE8e resulted in more than 1 missense mutation in
each of the ZnF domains, creating double mutants, unlike the nat-
ural observed variants. Nevertheless, the ZnF4 mutant resulted in
effective HbF reinduction with near-normal erythroid maturation
in vitro and thus generated fewer side effects than CRISPR-Cas9-
mediated disruption of the domain or other major perturbations
of the BCLIIA gene.

Overall, altering the BCL11A ZnF4 domain may disrupt all of the po-
tential interactions with the globin cluster, leading to effective induc-
tion of HbF compared to the previously reported multiplex editing at
both the BCL11A enhancer and BS.*” Furthermore, we observed min-
imal transcriptomic changes on altering the ZnF4 domain compared
to total BCL11A loss. The transcriptomic profiling clearly demon-
strated the upregulation of globin locus genes other than HBG1/2,
such as HBBPI1 and BGLT3, consistent with reports that the latter
genes are also regulated by BCLI1A.

A recent study highlighted the homology between the BCL11A and
BCL11B proteins,”™” but due to the codon degeneracy, the sequences
encoding the 2 distinct proteins varied. It is interesting that the
nonoccurrence of the predicted OT site at BCL11B reconfirmed
that the target is specific to BCL11A-XL and does not affect the func-
tion of BCL11B. Collectively, at both DNA and RNA levels, the occur-
rence of negligible levels of OT's suggests that the observed fetal globin
derepression is solely due to the base alterations at the ZnF4 domain.

To conclude, our approach has shown that one can achieve HbF re-
activation through minimal genetic alterations at key bases specif-
ically in the BCL11A-XL with fewer transcriptomic changes. We
believe that our approach of altering the DNA recognition domain
could be extended further to other transcription factors that use mul-
tiple ZnFs to bind different sets of target genes. Our structure/func-
tion analysis of ZnF4-6 using base editor approaches provides impor-
tant insights into the domains of BCL11A-XL required to repress fetal
globin expression and its role in HSPCs. Furthermore, refining our
editing strategy would act as a framework for exploring other natural
mutations that may selectively reverse the repression of individual
genes while preserving its other functions.

MATERIALS AND METHODS

Plasmids and lentivirus production

The target guide RNAs (Table S1) were cloned into the pLKO5.sgR-
NA.EFS.GFP plasmid (a gift from Benjamin Ebert, Addgene no.
57822). The gRNA-containing plasmids were then cotransfected
with the VSV-G (vesicular stomatitis virus G protein) plasmid,
pMD2.G (a gift from Didier Trono, Addgene no. 12259) and the en-
velope plasmid psPAX2 (a gift from Didier Trono, Addgene no.
12260) at a 2:1:1 ratio in HEK293T cells using the Mirus transfection
reagent (1:3 ratio of DNA:reagent). Viral supernatants were collected
at 48 and 72 h posttransfection, concentrated using an in-house prep-
aration of PEG-6000 concentrator, and stored at —80°C until use.

Cell culture

HUDEP2 cells were cultured and differentiated as described previ-
ously. HUDEP2 cells, stably expressing Cas9 or ABE8e, were gener-
ated and validated.”> HUDEP2 lines were transduced with the
gRNA lentivirus, and the transduction efficiency was determined by
flow cytometry analysis of GFP expression after 48 h.

CD34" HSPCs were isolated from the leftover G-CSF (granulocyte-
colony-stimulating factor) mobilized blood of healthy donors after
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infusion to patients with informed consent as per clinical guidelines
authorized by the institutional review board of Christian Medical Col-
lege. The peripheral blood mononuclear cells were separated using
density gradient centrifugation (Lymphoprep Density Gradient Me-
dium, STEMCELL Technologies) and washed with 1x red blood
cell (RBC) lysis buffer to remove any residual RBCs present. CD34"
HSPCs were purified using EasySep Human CD34 Positive Selection
Kit II (STEMCELL Technologies). The isolated CD34" cells were
expanded and differentiated into the erythroid lineage as reported
earlier, and the growth kinetics were measured by cell counting at
each media change.*'

COS-7 cells were cultured in DMEM (Gibco) supplemented with 10%
fetal bovine serum (Gibco) and 1% penicillin-streptomycin-gluta-
mine (Gibco) and incubated at 37°C in 5% CO,. Cells were lifted
for passaging by incubation in 0.05% TrypLE Express Enzyme
(Gibco) at 37°C for 5 min.

ABE8e mRNA production

To produce ABE8e mRNA, we used the ABE8e plasmid (a gift by Da-
vid Liu, Addgene no. 138495) as the template and performed in vitro
transcription as previously described.*” The resulting mRNA was
stored in smaller aliquots at —80°C until use.

Nucleofection

For Cas9 experiments, 0.2 million HSPCs were electroporated with a
Cas9:gRNA ratio of 50:100 pmol using a Lonza 4D-Nucleofector
(pulse code: DZ100). For the base-editing experiments, we nucleo-
fected 1 million HPSCs with 5 ng ABE8e mRNA with 100 pmol
gRNA using a GTx electroporator (MaxCyte, pulse code: HSC-3).

Gene modification analysis

Genomic DNA from the edited and unedited cells was isolated and
the target regions were PCR amplified for Sanger sequencing using
the primers listed in Table S2. The efficiency of gene modification
generated by Cas9 was analyzed using the Synthego Inference of
CRISPR Edits (ICE) program.*’ To estimate the base conversion per-
centage, the Sanger sequencing files were analyzed using the EditR
analysis software."*

COS-7 cell transfections and nuclear extractions

COS-7 cells were transiently transfected with pcDNA3-based plas-
mids to overexpress BCL11A ZnF4-6 and mutants. Cells were trans-
fected in 10-cm plates with 5 pg plasmid using FuGENE 6 Transfec-
tion Reagent (Promega). The mammalian expression plasmids used
are listed in Table S3. Cells were washed in PBS after 48 h incubation
at 37°C. Cells were harvested and resuspended in hypotonic lysis
buffer (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl,, 10 mM KCl,
5 mM DTT, 1 mM PMSF, 0.01 mg/mL aprotinin, and 0.01 mg/mL
leupeptin) and incubated on ice for 10 min. Cells were spun down
and the pellets were resuspended in extraction buffer (20 mM
HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 5 mM DTT, 1 mM PMSF, 0.01 mg/mL aprotinin,
and 0.01 mg/mL leupeptin) on ice for 20 min. The suspension was
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centrifuged at 13,000 rpm for 3 min at 4°C and the supernatant con-
taining nuclear extracts recovered.

Electrophoretic mobility shift assay

Oligonucleotides used in the synthesis of radiolabeled probe are
listed in Table S2. The sense oligonucleotide was labeled with **P
from v->*P ATP (PerkinElmer) using T4 PNK (New England Bio-
labs) before the antisense oligonucleotide was annealed by slow
cooling from 100°C to room temperature. The probe was purified
using a Quick Spin Column (Roche). The nuclear extracts were har-
vested from COS-7 cells. Empty extract from COS-7 cells was used
as a control to check endogenous protein binding. Antibody against
V5 (Invitrogen) was used to identify and super-shift of BCL11A
ZnF4-6 and mutations. Samples were complexed in gel shift buffer
(10 mM HEPES, pH 7.8, 50 mM KCl, 5 mM MgCl,, 1 mM EDTA,
0.05 mg/mL poly(dI-dC), 1 mM DTT, 0.1 mg/mL BSA, and 5%
glycerol) with and without V5 antibody and loaded on 6% native
polyacrylamide gel in Tris-borate-EDTA buffer (45 mM Tris,
45 mM boric acid, and 1 mM EDTA). Electrophoresis was per-
formed at 4°C for 105 min at 250 V followed by drying under vac-
uum. The gel was exposed to a FUJIFILM BAS CASSETTE2 2025
phosphor screen overnight and visualized using a GE Typhoon
FLA 9500 fluorescent image analyser.

OT analysis

We used the COSMID web tool to predict Cas-dependent DNA OT
sites with a stringency of no DNA and RNA bulges. Using the primers
listed in Table S2, we amplified the predicted OT sites and carried out
150-bp paired-end Illumina sequencing with the specified adapter se-
quences. The resulting data were analyzed using the default settings of
CRISPRESSOV2."” The transcriptome-wide A-to-I (or threonine-to-
cysteine [T-to-C]) conversion in the ABE8e base-edited erythroid
cells was calculated by REDItools version 2. All of the nucleotides
other than A were removed from the analysis with the previously re-
ported coverage and quality criteria.*® The frequency of A converted
toI(or T to C) was calculated by dividing the total number of edited A
by the overall counts of A after filtering (A-to-I)/A x 100. The exper-
iment was carried out as 2 biological experiments.

Flow cytometry analysis

The erythroid cells were stained with antibodies for 15 min, washed
twice with PBS, and analyzed. The intracellular HbF staining and
NBSGW mouse BM cells were processed as previously described*!
in accordance with the Institutional Animal Ethics Committee. All
of the antibodies used are listed in Table S4. BD Celesta and
CytoFLEX-LX (Beckman Coulter) flow cytometers were used for
sample analysis.

Western blot

Whole-cell protein lysates were prepared by resuspending the cell pel-
let with 1x radioimmunoprecipitation assay buffer along with Halt
Protease Inhibitor Cocktail (Thermo Fisher Scientific). Approxi-
mately 35 pg protein was used for western blot analysis using the an-
tibodies listed in Table S4.
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High-performance liquid chromatography (HPLC)

At the terminal stage of erythroid differentiation, the differentiated
cells were sonicated and centrifuged with maximum revolutions per
minute at 4°C for 15-20 min to obtain the clear lysate.”” Analysis
of total hemoglobin (TOSOH HPLC variant analyser) was performed
using the lysates. The percentage of total globin was calculated as
[HbF/(HbF+HDbA)] x 100.

In silico modeling

The BCL11A protein-DNA structure obtained from RCSB PDB-
6U9Q was used as a reference.”> We used Pymol software to visualize
the amino acids involved in interactions with the DNA bases.

RNA-seq

Total RNA isolated during the second phase of erythroid differentia-
tion (day 8) of edited HSPCs was processed for RNA-seq using Illu-
mina (Novaseq 6000). The raw reads were filtered using Trimmo-
matic for quality scores and adapters. Filtered reads were aligned to
the human genome (hg38) using splice aware aligners such as
HISAT?2 to quantify reads mapped to each transcript. The alignment
percentage of reads ranged between 95.28% and 98.52% for all of the
samples. The total number of uniquely mapped reads was counted us-
ing feature counts. The uniquely mapped reads were then subjected to
differential gene expression using DeSeq2. Real time qRT-PCR was
performed to validate the results using primers from Table S2.

Statistical analysis

All of the graphs were generated using GraphPad Prism version 8.1.
One-way ANOVA was used in all of the analyses, and the comparison
is with the control unless otherwise noted.

DATA AND CODE AVAILABILITY

Next-generation sequencing (NGS) data were deposited to the NCBI
Sequence Read Archive using accession no. PRJNA952324. Tran-
scriptome analysis raw files can be accessed through GSE: 229989.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2024.01.023.
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Figure S1:Targeted disruption of BCL11A-XL specific Zinc finger domains using Cas9 to upregulate fetal globin
expression in adult erythroid cells

a. Pictorial representation of the X-ray crystal structure of the BCL11A ZnF(4-6) bound to its canonical binding site at
HBG1/2 promoter (PDB:6U9Q).

b. The transduction efficiency of each gRNA measured in flow cytometry in HUDEP2 cells expressing cas9. Mean +
SEM of n=3 independent experiments.

c. The frequency of multiple insertion or deletion patterns generated at each target site;

d. Anillustration depicting the insertion or deletion with the highest frequency that could result in the generation of
BCL11A ZnF variants at ZnF 4, 5, and 6;

e. Erythroid differentiation profile analyzed by the expression of CD235a and CD71 marker by flowcytometry in
BCL11A ZnF edited HUDEP2 cells at the day 8 of erythroid differentiation;

f. Analysis of globin chain production through reverse-phase HPLC at the terminal stage of erythroid differentiation
(Day 8); Mean * SEM of n=3 independent experiments.

g. The cell proliferation profile of all the gene-modified HSPCs after electroporation during the three-phase erythroid
differentiation.
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Figure S2: The key base substitutions in BCL11A-XL specific ZnF finger domains reactivate HbF expression in adult
erythroid cells.

a. Pictorial representation of reported SNPs(black) and amino acids involved in interaction(red) present within the ZnF
domains. The amino acid alteration within the BCL11A ZnF created using the respective sgRNAs in the study.

b. The transduction efficiency of each gRNA measured in flowcytometry as GFP percentage in HUDEP2 cells stably
expressing ABE8e editor. Mean = SEM of n=3 independent experiments.
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Figure S3: Generation of BCL11A ZnF mutant in HSPCs exhibit elevated levels of HbF on erythroid differentiation.

a. Western blot showing equivalent amounts of recombinant V5 tagged BCL11A ZF4-6 proteins were used in gel shift
assays. The Western blot was carried out with the same amount of COS-7 nuclear extract used in the gel shift experiment in
(A) using an antibody against V5 and standard methods.?*

b. Percentage of HbF* cells exhibited in the erythroid cells exhibiting various genotypes due to ZnF4-1 editing in HUDEP2
cells obtained through single cell analysis followed by 8 days of erythroid differentiation. Single cell clones of AAVS1 edited
HUDEP2 cells were also analyzed separately for HbF* cell after differentiation.

c. A pictorial illustration of the experimental workflow for the creation of BCL11A ZnF4-1 mutant in healthy donor-derived
HSPCs and its downstream analysis

d. The cell proliferation curve of the AAVS1(control),BCL11A total loss(BCL11A), Enhancer(Enh), Binding Site(BS) and the
ZnF4(ZnF4-1) base edited HSPCs during erythroid differentiation.

e. The percentage of erythroid cells expressing HbF measured by FACS at the terminal day of differentiation (day 21). Mean
+ SEM of n=2 independent experiments in one donor. All samples are compared with the AAVS1 control with one-way
ANOVA analysis.

f. The measure of HbF expression in two different populations (NucleustHbF* and Nucleus'HbF*) in differentiated erythroid
cells.
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Figure S4: Global transcriptomic analysis of ZnF4-1 base edited erythroid cells derived from CD34* HSPCs

a. HBG1, HBG2 and BGLT3 and HBBP1 upregulation validated by real time quantitative reverse transcriptase PCR. Each
sample performed in biological duplicates and each replicate as technical triplicates

b. Table displaying all possible predicted off-target sites based on the mismatches in the ZnF4-1 sgRNA; The percentage
of on-target editing compared to all the predicted off-targets measured by targeted amplicon NGS (Next Generation
Sequencing) followed by CRISPResso2 analysis.

c. Circos plot depicting the chromosomal position of each off-target site in the human genome and the nature of the
site. Red denotes Intragenic and Blue denotes Intronic regions.

d. Total percentage of A-to-l (T-to-C) conversion at the RNA level in all the edited samples. Performed as biological
duplicates.



Table S1: The sgRNAs used in this study

Guide RNA sgRNA seq 5'-> 3'

AAVS1 GGGGCCACTAGGGACAGGAT
CCR5 IAAAATATAATCTTTAAGATA
BCL11A In Cd (ABE8e) IAGACATGGTGGGCTGCGGGG
BCL11A exon?2 (cas9) [TGAACCAGACCACGGCCCGT
Enhancer(cas9) CTAACAGTTGCTTTTATCAC
Enhancer(ABE8e) [TTTATCACAGGCTCCAGGAA
ZnF4/41 GTAGCAATCTCACTGTCCAC
ZnF42 [TGTCCACAGGAGAAGCCACA
ZnF5/51 CCCAGAGTAGCAAGCTCACC
ZnF52 IACCAGGCACATGAAAACGCA
ZnF6/61 TGGAGAAACACATGAAAAAA
ZnF62 IAGGGTACTGTACACGCTAAA
BS(cas9) CTTGTCAAGGCTATTGGTCA
BS(ABES8e) CTTGACCAATAGCCTTGACA




Table S2: Primers and Probes used in this study

Sample Fwd primer Rev primer
IAAVS1 IGAGATGGCTCCAGGAAATGG IACCTCTCACTCCTTTCATTTGG
Initiation CD ICATCTTCCCTGCGCCATCTTTG ICTCTCTCCCCCTCGC G
Exon2 IATGGGGTTGAGATGTGCTTC JACTGCTTGGCTACAGCACCT
Sanger
Primers |BCL11A enhancer [TCAAACCACAGGGATCACAA IAGAGAGCCTTCCGAAAGAGG
ZnF4/5 ICCCTTCTCTAAGCGCATCAA [TCCAGGGTACTGTACACGCTAA
ZnF6 IGCCCAGAGTAGCAAGCTCAC IATCCTACAGGGAGTGGGGCT
Bs JACAAAAGAAGTCCTGGTATC [CTTCCCAGGGTTTCTCCTCC
ZnF4/5 [TACACGACGCTCTTCCGATCTTGGAGGGAGCACGCCCCATAT JAGACGTGTGCTCTTCCGATCTCTCCAGGGTACTGTACACGC
[TACACGACGCTCTTCCGATCTTCATACCATGGACAAAGACATTCCTAA
OT1 GGG IAGACGTGTGCTCTTCCGATCTACTAGGCTTCTACCATCCCTTGC
012 [TACACGACGCTCTTCCGATCTGCAGCTGGAGTACCTGGTCT JAGACGTGTGCTCTTCCGATCTGAAGCAAAGTCCCATTCCCTCC
0713 [TACACGACGCTCTTCCGATCTTGAAGAAAGAATGGCTCAGAGGGC  JAGACGTGTGCTCTTCCGATCTAGGGTTATGTTCTTTCTGGACCATCTCCTT
NGS
Primers [OT4 [TACACGACGCTCTTCCGATCTAGGGTTGCAGATCCCACCAG IAGACGTGTGCTCTTCCGATCTTGTAGACTCTGACGCACCCC
[TACACGACGCTCTTCCGATCTCCCAGTGAAATGTGTAAGTGAATTCTG
015 [TTCC JAGACGTGTGCTCTTCCGATCTGGACTTTCAGCCCTTTGCCTTG
[TACACGACGCTCTTCCGATCTCAAGAACTCAG CAAGGTTACTCT JAGACGTGTGCTCTTCCGATCTGGATTGTGCAAGGTACATGCATTTAATATTAG
076 GGG IATTGG
[TACACGACGCTCTTCCGATCTGCCTATCACTACCCAACAAGAAGTATA
017 [TCAC IAGACGTGTGCTCTTCCGATCTCTGTAAGTTTCCTGAGGCCTCC
018 [TACACGACGCTCTTCCGATCTTGGGCTTCGTCTTITAGGATATGGG IAGACGTGTGCTCTTCCGATCTATCCTTCAGGACATATACCCCTGG
BCLila JAACCCCAGCACTTAAGCAAA [GGAGGTCATGATCCCCTTCT
HBB JACCTTTGCCACACTGAGTGAG [TTTGCCAAAGTGATGGGCCA
HBG1 Qiagen primers. Cat No: QT00041384
gqRT-PCR HBG2
Primers Qiagen primers. Cat No: QT00040068
BGLTS AAGATAATCTTGGTTTTGCCTCAAA TCTACTTGATATAGTTGAGAGGCAGTTACC
HBBP1 [TTATGCTCACGGATGACCTCAAAG IAACAATCAATATCACGTTGCCTAAGAG
[SAPDH CTGCACCACCAACTGCTTAG JeTCTTCToGGTEGCAGTGAT
-128 to -100
bp fetal globin
Gel Shift promoter AGCCTTGCCTTGACCAATAGCCTTGACAA [TTGTCAAGGCTATTIGGTCAAGGCAAGGCT
Probe (canonical
binding motif
underlined)




Table S3: Mammalian Expression plasmids used in this study

Mammalian Expression Plasmids Species Source
pcDNA3-Empty N/A Invitrogen
pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa-V5 Human Ref.2*
pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa 7555>G-V5 Human Mahdi Haddad
pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa 756N>G-V5 Human Mahdi Haddad
pcDNA3-FLAG BCL11A ZF (4-6) 740-835aa 7555>G, 756N>G -V5 Human Mahdi Haddad

Table S4: Antibodies used in this study

Antibodies Company Cat No
CD71 BD 562995 and 555536
CD235a BD 551336 and 240947,
HbF APC [THERMO-Invitrogen MHFHO5|
NucRed Thermo Fischer Scientific R37106
BCL1la (D4E3P) Cell Signalling Technology 75432
B-Actin MP Biological AS003
HRP Goat antimouse  |Abclonal A6154
Anti-Rabbit 1gG Sigma 69001
CD45 human BD 555482
CD45 Mouse BD 559864
CD34 BD 348057
CD13 BD 555394
CD33 BD 340474
CD16 BD 347617
CD19 BD 340364
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Chapter 20

Genome Engineering of Hematopoietic Stem Cells Using
CRISPR/Cas9 System

Nivedhitha Devaraju, Vignesh Rajendiran, Nithin Sam Ravi,
and Kumarasamypet M. Mohankumar

Abstract

Ex vivo genetic manipulation of autologous hematopoietic stem and progenitor cells (HSPCs) is a viable
strategy for the treatment of hematologic and primary immune disorders. Targeted genome editing of
HSPCs using the CRISPR-Cas9 system provides an eftective platform to edit the desired genomic locus for
therapeutic purposes with minimal off-target effects. In this chapter, we describe the detailed methodology
for the CRISPR-Cas9 mediated gene knockout, deletion, addition, and correction in human HSPCs by
viral and nonviral approaches. We also present a comprehensive protocol for the analysis of genome
modified HSPCs toward the erythroid and megakaryocyte lineage in vitro and the long-term multilineage
reconstitution capacity in the recently developed NBSGW mouse model that supports human
erythropoiesis.

Key words HSPCs, Nucleofection, Transduction, Erythroid differentiation, Hemoglobinopathies,
Megakaryopoiesis, NHE]J, HDR, Base editing, Clonal analysis, NBSGW mouse

1 Introduction

Hematopoietic stem and progenitor cell (HSPC) transplantation is
the current primary treatment strategy for many genetic disorders
of blood and immunologic origin [1]. The significant limitations of
finding a matched-unrelated donor (MUD) for allogeneic trans-
plantation have shifted the focus towards autogenic ex vivo gene
therapy as an option for the treatment of monogenic disorders.
HSPCs are readily isolated from mobilized peripheral blood from
the donor after G-CSF (granulocyte-colony stimulating factor)
stimulation and are able to tolerate gene modification in ex vivo
conditions before reinfusion into the patients [2]. Most of the
current gene therapy studies in HSPCs are performed using lenti-
viral vectors (LV), as these vectors are most efficient in transfecting
the transgene into recipient cells. Gene therapy based on viral
vectors can be effectively used to improve a spectrum of disorders
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[3]; however, insertional mutagenesis with viral vectors leading to
oncogenesis is a major hurdle for translating this approach into the
clinic.

Genome editing technologies based on programmable
nucleases are emerging as a potential alternative to viral-mediated
gene modification. Programmable nucleases such as meganu-
cleases, zinc finger nucleases (ZEN), transcription activator-like
effector nucleases (TALENS), and clustered regularly interspaced
short palindromic repeat (CRISPR)-associated nuclease Cas9 have
enabled the possibility of site-specific genome editing by correction
of the disease-causing mutation, the addition of transgenes, or the
disruption of regulatory regions. Double-strand DNA breaks
caused by gene modification are typically processed by the endoge-
nous DNA repair pathways like nonhomologous end-joining
(NHE]J) and homology directed repair (HDR) [4]. NHE] is the
predominant repair pathway occurring throughout the cell cycle
phase, whereas the HDR pathway is used in G2 and S phase
preferentially.

The target specific endonuclease activity of the cas9 sgRNA
(RNP) complex results in double stranded DNA breaks which
activate NHE], resulting in gene disruption and deletion. The
modular nature of the CRISPR system and the ease of designing
RNA sequences over the protein sequences underline the popular-
ity of CRISPR over other gene-editing tools. The major limiting
factor of protospacer adjacent motif (PAM) availability is addressed
by the newer variants of cas protein which recognizes DNA
sequences with any specific PAM. The efficiency of the cas9 protein
in creating double stranded DNA breaks is determined by the
efficiency of the protein to localize into the nucleus. The function
is enhanced by coupling a nuclear localizing signal (NLS) gene
along with the cas9 gene. Fusion of 3xNLS to the cas9 protein is
the commonly used to achieve higher efficiency. In this chapter, we
describe the optimized protocol to obtain higher editing efficiency
in the primary cells with the 1 xNLS-Cas9 protein.

Gene correction and addition are achieved through the HDR
pathway, which requires a donor DNA cassette containing homol-
ogy arms to act as a template for the repair mechanism during the
double-strand break. Donor template size, mode of delivery, and
the dependence on the cell cycle phase are the major limiting factor
for the efficiency of HDR. Introduction or correction of point
mutation is mostly preferred by single-stranded oligo donor
(ssODN) delivery (with asymmetric homology arms [5]) even
though recent studies report higher efficiency of recombinant
adeno-associated virus serotype 6 (rAAV6) [6]. Large gene delivery
(up to 4 kb), with or without its promoter, in the intronic or
promoter regions of the target gene is facilitated by the rAAV6
donor delivery system [7].
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The fusion of cas9 nickase with specific deaminase enzyme is
employed in base editing to create or correct certain transition
mutations like C*G to T*A or A*T to G*C. Cytosine base editor
(CBE) converts cytosine to thymine base, and the adenosine base
editor (ABE) converts adenosine to guanine in the target region
[8]. The major advantages of base editing over HDR are the
independence of cell cycle phase and higher desired editing with
lower oft-target activity (due to single-strand nick instead of DSB).
Base editing is limited by the transversions, bystander effect, editing
window, and PAM availability which has been overcome by the
recently developed base editor variants.

The delivery of the editing tools is achieved by viral (lentivirus
and AAV), nonviral (electroporation), or by a hybrid system involv-
ing both (viral and electroporation) into HSPCs. Each delivery
method has advantages (and disadvantages) which need to be
considered cautiously based on the desired editing requirement to
achieve high gene editing efficiency. Various delivery strategies and
their applications are listed in Table 1, along with the optimal
off-target analysis suitable for each method and its application.

This chapter provides different strategies for efficient genome
engineering of human HSPCs for therapeutic purposes. The possi-
ble effects of targeted genome engineering in HSPCs are evaluated
by multiple functional assays during in vitro differentiation (mye-
loid lineage-erythroid /megakaryocyte) in pooled cell population
and at the single-cell level to understand the biology of the gene
modification in the individual cells.

Further, we also elucidate the methodology to determine the
long-term engraftment and multilineage repopulation efficiency of
genome engineered HSPCs in NBSGW mouse model which exhi-
bits higher human chimerism and supports better erythropoiesis of
engrafted gene-modified cells than NSG mice [13].

2 Materials

2.1 Equipment

Laminar airflow.

Magnetic separator.

Cell strainer (40 p).

FACS tubes.

FACS analyzer.

Lonza 4D nucleofector.

16-well nucleofection strips.

Maxcyte electroporator.

OC25 x 3 MaxCyte cuvette and bufter.

. Swinging bucket centrifuge.

WX N D

p—
=)
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Different genome engineering strategies in HSPCs and their applications

Off-target
Scheme Approach Delivery Strategy Pathway Application Efficiency analysis
Gene Cas9-sgRNA Electroporation NHE]  Knockout of gene of ~ Very high ~ Guide seq [9]
disruption interest with high efficiency
efficiency and
specificity. Usually
preferred for exons,
promoter regions,
and enhancers
Gene deletion Cas9-sgRNA(s)  Electroporation NHE]  Deletion of gene or Efficiency  Guide Seq
gene sequences depends Chromosome
on the karyotyping
deletion
fragment
size
Gene Cas9-sgRNA+ Electroporation HDR ® Point mutation Low Guide seq
correction/  ssODN insertion, efficiency
addition correction up to
200bases
® Usually preferred
at coding/
regulatory regions
Cas9-sgRNA+ Electroporation HDR  Point mutations Low Guide seq
rAAV6 and viral insertions and also efficiency
transduction to insert any gene of
interest up to 4 kb
Base editing ~ ABE- Lentiviral Conversion of A*T to  High Orthogonal
nCas9+sgRNA G*C in regulatory efficiency ~ R-loop
and CDS regions assay [10],
Usually preferred at RNA-seq,
the coding regions CIRCLE-
to introduce a seq [11]
desired mutation LAM-PCR
[12]
mRNA High Orthogonal
efficiency  R-loop
assay
RNA-seq
CIRCLE-seq
11. Cytospin centrifuge.
12. CO; incubator.
13. Inverted microscope.
14. Thermocycler.
15. Falcon tubes.
16. Serological pipettes.
17. Culture dishes.
18. Glass slides.



2.2 Reagents

2.3 Media
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19. Dissection scissors.
20. Scalpel and forceps.
21. Beckman Coulter “Class S” Ultracentrifuge.

1x PBS.
1x RBC lysis buffer.

Easy sep CD34 positive selection kit (Stem cell technologies,
178506).

Trypan Blue stain.

Giemsa stain.

Propidium iodide.

NucRed (Thermo Scientific, R37100).

1 x NLS Cas9 protein (TAKARA, 632640).

Chemically modified sgRNAs (Synthego), ssODN (Integrated
DNA Technologies).

P3 Nucleofection solution (Lonza, V4XP-3024).
Methocult Optimum medium (Stem cell technologies, H4034).
Cyclosporine H (Sigma, SML.1575).

Megakaryocyte expansion supplement (Stem cell technologies
#02690).

Sodium Meta Bisulfide.

Transfection reagents—polyethylenimine (PEI) (Polysciences),
TransI'T-LT1(Mirus Bio).

0.45 pm filter (PVDEF).

HEPES buffer.

Polybrene.

Opti-MEM (Gibco).

Benzonase, Tris—-HCI.

NaCl.

HiScribe mRNA synthesis Kit, CleanCap AG (Trilink).

1. HSC expansion medium [14]—Stemspan STEM II medium
(Stem cell technologies,09655) supplemented with 240 ng,/ml
SCF (300-07), 40 ng/ml I1L6 (200-06), 240 ng/ml FLT3
(300-19), and 80 ng/ml TPO (300-18) (All the cytokines
are obtained from Pepro Tech).

2. Erythroid differentiation medium [15]—Step I medium—1 x
IMDM-GlutaMAX (Thermo Scientific, 31980030), 100 U/
ml penicillin—streptomycin (Thermo Scientific 10378-016), 5%
Human AB serum (MP Biomedicals, 2930649), 330 mg,/ml
human holotransferrin (BBI Solutions, T101-5), 20 mg,/ml
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2.4 Antibodies

human insulin (Sigma, SLCC5730), 2 U/ml heparin (Sigma,
H3149), 1 mM hydrocortisone (MP Biomedicals, 101996),
3 U/ml recombinant human erythropoietin (Zyrop 4000),
100 ng/ml stem cell factor, and 5 ng/ml interleukin-3 (Pepro-
tech, 200-03). Step II medium—Step I medium without I1L-3
and hydrocortisone. Step III medium—Step II medium with-
out SCF (see Note 1).

3. Megakaryocyte expansion medium: 100 pl of 100 x megakar-
yocyte supplement in 10 ml of SFEM II medium.

4. Freezing Medium—7% IMDM (Hyclone SH30228.01), 2%
Filtered FBS (Thermo Scientific, A4766801) and 1% DMSO
(7:2:1) or Cryostor (Stemcell Technologies, 07941).

5. AAV lysis bufter: 50 mM Tris—HCI, 150 mM NaCl adjusted to
pH 8.0.

1. hCD34 PE (550761), hCD90 BV421(562556), hCD133
APC (372806) for HSC characterization; hCD45 FITC
(55548), mCD45 APC (559864) for engraftment analysis,
multi lineage reconstitution analysis requires CD19 PE
(340364) and hCD3 APC (340440) [lymphoid markers],
hCD56 APC (341025) and hCD16 PE (347617) [NK cells
markers], hCD33 APC (340474) and hCD3APC (340440)
[myeloid markers], hCD71 BV421 (562995) and hCD235a
PE (21812354) [erythroid markers], hCD41a APC (559777)
[platelet marker]. Annexin V,7-AAD. All these antibodies are
obtained from BD biosciences. Human tetal HB APC (Thermo
Scientific, MHFHO5) (see Note 2).

25 Animal Female Nonirradiated NOD, B6. SCID [12ry /" Kit"*/W#
Requirement (NBSGW) at 6-8 weeks of age weighing around 25 g
3 Methods

3.1 PBMNG Isolation

3.1.1  Normal Donors

All the cell culture experiments are to be followed under aseptic
conditions inside the laminar airflow chamber.

Peripheral blood mononuclear cells (PBMNCs) comprises of lym-
phocytes, monocytes, and dendritic cells. These cells are fractio-
nated from mobilized peripheral blood by density gradient
centrifugation method.

1. Transfer the G-CSF mobilized peripheral blood from blood
bag into a 50 ml falcon tube. Make a note of donor details for
future reference.
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Fig. 1 (a) Isolation of PBMNC from mobilized peripheral blood by density gradient centrifugation using Ficoll-
Paque. (b) Determination of long term and primitive HSC population by flow cytometry

2. Dilute the blood with an equal volume of 1 x PBS (see Note 3).
Gently layer the diluted blood above Ficoll-Paque in 2:1 ratio
in a 50 ml falcon tube.

3. Spin the tubes at 400 x g for 30—40 min at room temperature
with minimal acceleration and deacceleration (Fig. 1a).

4. Carefully discard the upper layer containing serum and aspirate
the white bufty coat comprising PBMNCs into a new falcon
tube (see Note 4).

5. In case of RBC contamination, incubate the cells with 1 x RBC
lysis buffer for 10 min on ice and spin at 200 x g for 10 min (see
Note 5).

6. Wash the PBMNC cell pellet with 1x PBS and count the cells
using trypan blue staining (se¢ Note 6).

7. Cryopreserve the isolated PBMNCs in ice-cold freezing
medium or proceed for HSPC isolation immediately.

3.1.2 Beta- 1. Mobilized peripheral blood of p-hemoglobinopathy patient is
Hemoglobinopathy Donors processed directly by centrifuging at 600 x g for 10 min to
separate out the buffy coat followed by RBC lysis for 5mins
(twice) to remove the RBCs and obtain PBMNCs population.

2. This is because Ficoll-Plaque layering would result in thin
PBMNC layer contaminated with defective erythrocytes.
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3.2 HSPC Isolation

3.3 Long Term HSC
Characterization

Hematopoietic stem and progenitor cells (HSPCs) constitute
about 1-3% of PBMNCs derived from mobilized peripheral
blood. These HSPCs are heterogeneous in population, and the
state of each cell is determined by their differential expression of
surface antigens. Standard and rapid enrichment of HSPCs from
PBMNC is based on immunomagnetic positive selection of CD34
antigen expressing cells.

1. Resuspend PBMNC pellet in 1x PBS thoroughly to generate a
homogeneous suspension.

2. Add 100 pl of CD34 positive selection antibody cocktail to
100 million PBMNGCs and incubate for 30 min at room tem-
perature with periodic tapping. Subsequently, add 60 pl of
magnetic nanoparticles and incubate for another 20 min.
These magnetic nanoparticles will bind to the CD34
antibody-bound target cells.

3. Transfer the labelled cells to an FACS tube and place inside the
magnetic stand followed by 5 min incubation at room temper-
ature. Invert the FACS tube along with the magnetic stand into
a discard jar to remove the unbound cells after the incubation
period.

4. Rinse the sides of the tube with 1x PBS and repeat step 3 for a
total of 4-5 washes with 1x PBS until the discard solution
becomes transparent (see Note 7).

5. Remove the FACS tube from the magnetic stand and collect
the CD34 positive cells bound to magnetic nanoparticles
attached to the tube walls by flushing them with 1 x PBS.

6. Transfer the cells into a 15 ml centrifuge tube and pellet down
the CD34 positive cells at 200 x gtor 5 min, resuspend them in
HSPC expansion medium and seed them in a culture dish at
appropriate cell density, preferably 0.5 million/ml medium.

The isolated CD34 positive cells are further characterized for the
presence of primitive and long-term repopulating HSCs based on
the expression of other surface antigens such as CD90 (Thy-1) and
CD133 (Prominin-1) as their role is elucidated in maintaining
HSPC at quiescence state and enhancing engraftment capacity
respectively [ 16-18].

1. Add 2 pl of CD34, CD90 and CD133 antibody to approxi-
mately 50,000 isolated cells after CD34 enrichment and incu-
bate for 15-20 min at room temperature.

2. Wash the cells with 1xPBS to remove unbound antibodies.
Resuspend the cells with 200 pl of 1 xPBS and analyze the cells
by flow cytometry (Fig. 1b)



3.4 Genome
Engineering of HSPCs

34.1 Gene
Disruption/Deletion

34.2 Gene
Correction/Addition
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Based on the desired type of target modification, the suitable
strategy for genome editing is used to achieve maximum efficiency
and for desired modification. Selecting the optimal procedure is the
most vital step in gene editing.

Gene disruption is performed by combining the endonuclease
activity of cas9 with the endogenous NHE] repair pathway. RNP
complex electroporation is the most preferred method of cas9-
sgRNA delivery, resulting in higher on-target and low off-target
activity. Dual sgRNAs flanking the target region can be used to
delete the desired loci.

1. Reconstitution of sgRNA—Spin the vial containing lyophilized
sgRNA. Reconstitute the sgRNA with the appropriate volume
of 1x TE buffer to achieve 100pmole per microliter concen-
tration. Mix thoroughly and make aliquots of the sgRNA in
smaller volumes to avoid multiple freeze-thawing (see Note 8).
Nucleofection solution (NS) preparation—Add 16.4 pl P3
solution with 3.6 pl of supplement to prepare 20 pl of nucleo-
fection solution per reaction (see Note 9).

2. Ribonucleoprotein (RNP) complex assembly—Mix 50 pmoles
of Cas9 with 100 pmoles of reconstituted sgRNA and incubate
at room temperature for 15 min (se¢ Note 10).

3. Pellet 0.2 million of HSPCs and wash the cell pellet with 1x
PBS to remove medium components completely. Gently resus-
pend the cell pellet in nucleofection solution and mix thor-
oughly with cas9: sgRNA complex. Carefully dispense the cells
onto the sides of a well in a 16-well strip without generating air
bubbles (see Note 11).

4. Cover the strip with a lid and insert into the X-unit of Lonza
4D nucleofector. Set up the Nucleofector program by choosing
the appropriate wells and the buffer used. The cells are sub-
jected to high-voltage electrical pulse using the defined pulse
code DZ100 [19].

5. After the successful electroporation (see Note 12), add 50 pl of
culture medium without antibiotic to each well and leave the
cells undisturbed (this step will stabilize the edited cells from
the shock created) for 10-15 min. Transfer the cells into a
12-well plate supplemented with complete expansion medium
and incubate in a CO2 incubator at 37 °C.

The donor DNA provides the template for the DNA repair mecha-
nism to follow after the double-strand break by the cas9-sgRNA
complex. The mode of delivery of the donor DNA is by either
ssODN or rAAV6.
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ssODN-Based Donor DNA
Delivery

rAAV-Based Donor DNA
Delivery

1.

ssODN Design: DNA sequences containing the desired alter-
ation is flanked by 111-27 bp homology arms (asymmetric) [5]
from the antisense strand (against the sgRNA sequence) is
designed along with a silent mutation in the sgRNA recogni-
tion domain or PAM motif to prevent recutting of the edited
DNA sequence (see Note 13).

. Reconstitution of ssODN—Dissolve the lyophilized ssODN

contents from Integrated DNA Technologies (IDT) with the
appropriate volume of 1 x TE buffer to achieve 100 pmoles per
microliter concentration. Mix thoroughly and make aliquots of
the ssODN in smaller volumes to avoid multiple freeze-
thawing (see Note 8).

. Reconstitution of sgRNA—Spin the vial containing lyophilized

sgRNA. Reconstitute the sgRNA with the appropriate volume
of 1 x TE buffer to achieve 100 pmoles per microliter concen-
tration. Mix thoroughly and make aliquots of the sgRNA in
smaller volumes to avoid multiple freeze-thawing.

. Nucleofection solution (NS) preparation—Add 16.4 pl P3

solution with 3.6 pl of supplement to prepare 20 pl of nucleo-
fection solution per reaction (see Note 9).

. Ribonucleoprotein (RNP) complex assembly—Mix 50 pmoles

of Cas9 with 100 pmoles of reconstituted sgRNA and incubate
at room temperature for 15 min. 100 pmoles of ssODN (1 pl)
is added along with the RNP complex right before mixing with
the cells for nucleofection.

. Pellet 0.2 million of HSPCs and wash the cell pellet with 1x

PBS to remove medium components completely. Gently resus-
pend the cell pellet in nucleofection solution and mix thor-
oughly with cas9-sgRNA complex. Carefully dispense the cells
onto the sides of a well in a 16-well strip without generating air
bubbles (see Note 11).

. Cover the strip with the lid and insert it into the X-unit of

Lonza 4D nucleofector. Set up the Nucleofector program by
choosing the appropriate wells and the buffer used. The cells
are subjected to high-voltage electrical pulse using the defined
pulse code CM149 [6].

. After the successful electroporation (see Note 12), add 50 pl of

culture medium without antibiotic to each well and leave the
cells undisturbed (this step will stabilize the edited cells from
the shock created) for 10-15 min. Transfer the cells into a
12-well plate supplemented with complete expansion medium
and incubate in a CO, incubator at 37 °C.

. Clone the donor DNA template in rAAV6 vector by Gibson

assembly. More detailed donor DNA cloning in rAAV is avail-
able in [7].



3.5 Base Editing
Mediated Gene
Modification

3.5.1

Lentiviral Approach
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2. Plate approximately 25-30 million HEK293T cells in a 15 cm
dish on day 1. Sixteen hours later when the cells are at 80%
confluency transfect them using 15 pg of serotype helper,
rAAV6 vector, and adeno helper plasmids with 135 pl of PEI
(transfection reagent) [6].

3. After 72 h, harvest the cells using a cell scraper and centrifuge
for 5 min at 3000 x g.

4. Discard the supernatant and resuspend the cell pellet in 2 ml of
AAV lysis buffer.

5. Perform three cycles of freeze—thaw using dry ice and 37 °C
water bath. Add benzonase (10 U/ml of lysate) and incubate at
37 °C for 30 min.

6. Centrifuge at 10,000 x g for 10 min and perform an iodixanol
density gradient ultracentrifugation with the supernatant to
purify the virions with recombinant rAAV6 genomes.

7. Wash the AAV virus pellet with 1xPBS (supplemented with
0.001% Tween-20) thrice and concentrate to 200 pl and store
at —80 °C.

8. After nucleofection of the cells with RNP complex, seed the
edited cells in medium containing the AAV virus (at 3% of
culture volume) [6] and incubate in a 5% CO, incubator.

9. After 24 h, change the medium to HSC expansion medium
supplemented with the cytokines.

The base editor is involved in the conversion of nucleobase (C*G to
T*A or A*T to G*C) within the editing window of the target
region. sgRNAs for base editing is designed containing the target
base within the editing window for ABE8e (4-8 bases from the
opposite end of PAM) and CBE (2-9 bases from the opposite end
of PAM). The base conversion protocol for the recently evolved
ABE 8 through lentiviral and mRNA delivery is given below (see
Note 14).

Plasmid Details: Cas9 coding sequence in the Addgene Plasmid
(#57818) [20] is replaced by the ABES8e segment from the
Addgene Plasmid (#138495) [21] by restriction digestion and
subsequent cloning to achieve a lentiviral vector containing
ABES8e and sgRNA scaffold along with the GFP reporter gene.

1. Plate approximately 4.5million 293 T cells in a 100 mm dish on
day 1 (see Note 15).

2. Sixteen hours later, when the cells are at 80% confluency trans-
tect them using second-generation lentiviral packaging plas-
mids and the plasmid of interest with 50 pl of TransIT LT1
(transfection reagent) mixed in 500 pl Opti-MEM medium.
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3.5.2  Electroporation [8]

3.

4.

10.

11.

12.

13.

Gently add the solution dropwise onto the plate and incubate
at 37 °C.

After 24 h, replace the plate with new medium. Forty-eight
hours after transfection, collect the supernatant and store it at
4 °C. In the same way, collect 60 h and 72 h supernatant.

. Combine the supernatants in a 50 ml falcon tube and filter

using a 0.45 pm filter (PVDEF). Carefully add the filtered super-
natant to the ultracentrifugation tube and close it using a cap.

. Measure the weight of the ultracentrifuge tubes to ensure

balancing and centrifuge at 40,000 x g using 70Ti rotor at
4 °Cfor 2 h.

. After 2 h, remove the supernatant and carefully resuspend the

virus pellet in IMDM-GlutaMAX medium (see Note 16).

. Incubate the virus on ice for 1 h for homogeneous suspension

and store at —80 °C.

. Seed around 0.2million Day 1 HSPCs after characterization in

one well of 12-well plate. Add 0.8 pl polybrene (6 mg,/ml) and
10 pl of HEPES per ml of medium to aid transduction.

To cells add 40 pl of 300 x concentrated virus and plate
centrifuge at 800 x g4 for 30 min at room temperature.

To enhance transduction efficiency, preincubate the isolated
HSPCs in medium containing CsH (Concentration—2 pM
(micromolar) of medium) for 16 h and perform transduction
(see Note 17).

Change medium after 24 h of transduction and seed the cells in
a 6-well plate at a seeding density of 0.2 million per ml.

Observe selection marker (GFP) in the transduced cells by
FACS after 48 h and then set up differentiation using the
required protocol.

. Amplify the template for mRNA synthesis from plasmid com-

prising base editor using forward and reverse primer with Q5
Hot Start 2 x Master Mix (see Note 18).

. Purify the PCR product using Zymo Research 25 pg DCC

column.

. With the obtained product as a template, synthesize mRNA

using HiScribe High-Yield Kit with uridine modification and
capping with CleanCap AG (Trilink) following the protocol
given in the manual.

. Pellet down 1.25 million Day 2 HSPCs cells and wash with

1 ml of MaxCyte buffer (HyClone) with 0.1% HAS.

. Resuspend the cells in 1 ml ice-cold MaxCyte buffer and mix

thoroughly. Split this cell suspension into multiple 20 pl
aliquots.



3.6 Ex Vivo Clonal
Analysis

6.
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Add 0.15 pM ABE8 mRNA and 4.05 pM sgRNA in a tube and
make the final volume to 5 pl using MaxCyte bufter.

. Load a set of 3 reactions containing 20 pl of cells and 5 pl of
RNA composition are mixed uniformly by pipetting up and
down without creating air bubbles into the individual chamber
of an OC25 x 3 MaxCyte cuvette.

. Select HSC-4 code to electroporate the RNA mixture into the
cells.

. Soon after electroporation transfer the cells into a 24well plate
containing basal medium.

10. After 20 min of recovery, add complete medium with cytokines

and incubate 37 °C (see Note 19).

The above protocol can be adapted for base conversion using

cytosine base editors.

The pool of genome-modified HSPCs displays molecular and func-
tional heterogeneity which creates a challenge in understanding the
biology of individual cells. The development of methods to isolate
and culture individual gene-modified cells by flow cytometry based
single-cell index sorting is preferred for understanding heterogene-
ity. The homozygous and heterozygous edited clonal biology can

be

1.

studied by analyzing the clonal editing percentage [22].

Add 150 pl 1xPBS to the side wells of 96-well Nunc flat
bottom plate to maintain sufficient humidity within the plate.

. Add 120 pl of MethoCult (semisolid) medium or differentia-
tion medium to the other wells and incubate at 37 °C for 1 h
before sorting.

. Test sort using a test plate (96-well Nunc flat bottom) and
verify proper placement of the cells (toward the center of a
well). Place the cells to be sorted on ice before taking for
sorting.

. Gate only the viable cells by adding 2 pl of 7 AAD (viability
dye) and index sort the cells using 100 pm diameter nozzle.
Incubate the plate 37 °C with 5% CO2 (see Note 20).

. Leave the plate undisturbed for 7 days and then visualize under
a microscope for the appearance colonies. Score the colonies
based on their morphology after 14 days of culture and geno-
type individual colonies.

. Monitor the sorted gene-modified cells cultured in differentia-
tion medium on alternative days. Based on the size and number
of cells expanded, score the clones as small, medium or large.
Top up the well with another 50 pl of medium if required (see
Note 21).
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Fig. 2 (a) Cas9 RNP—mediated disruption of target region in HSPCs by Synthego ICE software. (b) Editing
frequency and size of the Insertions/Deletions generated at the target region. (c) Adenosine base editor
mediated A to G substitution in the target region in human HSPCs

3.7 Analysis
of Genome
Engineered HSPCs

7.

Transfer the cells to a 48-well plate followed by 12-well as the
cell number increases and perform genotyping and functional
assays.

. Isolate DNA from approximately 50,000 nucleofected HSPCs

(from pooled /clonal populations obtained).

. Perform Sanger sequencing of the target region using suitable

primer and quantify the level of on-target gene editing effi-
ciency using Synthego ICE software (for NHE] and HDR)
(Fig. 2 a, b) and EditR (for Base editing) (Fig. 2¢) by aligning
with the unedited reference sequence.

. To analyze the in vitro colony-forming potential of gene-edited

HSPCs by MethoCult colony-forming assay, premix the
thawed MethoCult (CFU assay medium) with optimized cell
number (500 cells/ml of medium) vigorously to obtain homo-
geneous cell suspension.

. Keep the cell suspension undisturbed for approximately 30 min

at room temperature for the air bubbles to settle.
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Fig. 3 (a) Image representing the sequential stages of HSC toward erythroid lineage differentiation. (b)
Differential expression of erythroid markers during in vitro erythropoiesis. ¢) Morphology analysis of erythroid
maturation using Giemsa stain. (d) Evaluation of percentage of nucleated/enucleated cells with erythroid
differentiation marker CD235a

5. Layer the cell suspension evenly throughout the MethoCult
plate (or 35 mm TC dish) without generating air bubbles.
Incubate the plates at 37° C for 14-16 days.

6. Examine the plates under a light field microscope with 10x
magnification and score the colonies formed based on their
morphology, colour, and number (se¢ Note 22) (Fig. 5a).

7. Genotype the individual colonies to verify the sustainability of
the editing during in vitro multilineage differentiation.

3.8 ExVivo The differentiation of edited HSPCs into different lineages is

Differentiation achieved by altering the culture conditions. The sequential matura-

of Genome tion of the edited HSPCs in the myeloid lineage (Erythroid,

Engineered HSPCs Fig. 3a, and Megakaryocyte, Fig. 4a) is characterized by analyzing
the differential expression of lineage-specific surface markers.

3.8.1 In Vitro 1. Gene modified HSPCs are seeded in varying culture conditions

Erythropoiesis with different concentrations of cytokines that support eryth-

rocyte maturation (see Note 23).

2. The gene-modified HSPCs proliferate and expand logarithmi-
cally in Step-1 erythroid differentiation medium for 7 days
(48 h after nucleofection) with a regular medium change
every 3—4 days.

3. On day 8, replace the culture medium into the Step 2 erythroid
differentiation medium and culture for another 4-5 days. Sub-
sequently, replate the cells in a Step-3 medium for 7-10 days or
until enucleation is observed.
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Fig. 4 (a) Schematic representation of various stages of megakaryocytic differentiation from human HSPCs. (b)
Differential expression of megakaryocyte markers during in vitro megakaryocyte differentiation. (¢) Assess-
ment of DNA ploidy during in vitro megakaryocyte differentiation

4. Monitor the differential expression level of surface markers like
transferrin (CD71) and Glycophorin A (CD235a) using
labelled antibodies through FACS analysis at different stages
of Erythroid maturation (Fig. 3b).

5. Assess the level of enucleation, by adding 10 pl of NucRed
Live-cell stain along with 3 pl of CD235a antibody (Erythroid
surface marker) (see Note 24).

6. Incubate the cells in the dark for 15 min and wash them with
1 xPBS to remove unbound antibodies.

7. Analyze the percentage of enucleated cells in flow cytometry
[14]. Cells positive for the Glycophorin A surface marker and
negative for the nuclear stain are denoted as enucleated cells
(CD235a + veNucRed-ve) (Fig. 3d).

8. Evaluate the growth profile of the gene-edited cells during
erythroid expansion by counting the number of viable cells
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Fig. 5 (a) Representative images of colonies observed in Methocult media after 14 days. (b) Determination of
cell viability using AnnexinV/7AAD

periodically using Trypan blue staining at every medium
change.

9. Calculate fold expansion based on the ratio of total number
cells at a particular time point to the initial number of cells
seeded at the beginning of the experiment.

10. To determine the percentage of cell death during differentia-
tion via apoptosis, add 2 pl of Annexin V and incubate for
15 min.

11. Acquire the sample immediately 5 min after the addition of 2 pl
7AAD in flow cytometry. Cells positive for Annexin V and
7 AAD undergo apoptosis, whereas cells positive for 7AAD
and negative for Annexin V undergo necrosis (see Note 25)
(Fig. 5b).

12. Isolate the RNA and protein from the gene-modified cells by
using either commercially available kits or standard laboratory-
based methods before the cell undergoes terminal
differentiation.

13. Perform qRT-PCR and western blot analysis to validate the
effect of gene modification on transcriptome and translatome
level.

14. Morphological changes of cells during erythroid ditferentia-
tion are observed by cytospin analysis.

15. Cytocentrifuge approximately 50,000 erythroid cells onto the
slides at 200 x g for 5 min and fix them using ice-cold
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3.8.2 InVitro
Megakaryopoiesis

3.9 Engraftment
of Genome Engineered
Cells in NBSGW Mice

3.9.1 Xeno-
transplantation

methanol. Perform Giemsa staining to visualize the morpho-
logical changes (Fig. 3c).

16. Terminate the erythroid differentiation culture by pelleting
down the erythroid cells at 200 x g for 5 min. Resuspend the
cell pellet in Milli-Q water of appropriate volume and sonicate
to extract the cell lysate. Remove the cell debris by spinning at
4 °C and store the supernatant at —80 °C until HPLC is run.

1. Maintain 0.5million HSPCs after gene modification in SFEM
IT medium supplemented with megakaryocyte supplement
(100 pl of 100x supplement in 10 ml of medium). Carry out
half medium change every alternative day up to Day 14.

2. On different days of differentiation stain around 50,000 cells
with CD41a for 15 min and wash with 1 x PBS containing
0.5% BSA and 2 mM EDTA (Fig. 4b).

3. To determine the ploidy level of differentiating cells, wash the
cells after CD41a staining with 1 x PBS containing 0.5% BSA
and 2 mM EDTA (Fig. 4c).

4. Resuspend the pellet in 200 pl of buffer containing 1.25 mM
sodium citrate, 2.5 mM sodium chloride, 3.5 mM dextrose
along with 20 pg/ml propidium iodide and 0.05% Triton
X-100 followed by 15-20 min incubation at 4 °C in the dark.

5. To this add RNase at 0.03 mM concentration and incubate in
the dark for 20-30 min. Analyse the intensity of propidium
iodide in CD41a expressing cells by flow cytometry.

Current mouse models used for transplantation studies show lower
chimerism of human HSCs even after myeloablation. Further, the
analysis of multilineage differentiation potential of engrafted
genome modified cells is challenging as they do not support
in vivo human erythropoiesis, and the mortality rate is also higher
due to damage caused during whole-body irradiation. The
NBSGW (NOD, B6. SCID Il2rg-/-Kit-W41,/W41) mouse
model is superior to NSG ((NOD SCID gamma mouse), exhibit-
ing higher chimerism without irradiation along with enhanced
human erythropoiesis. For long-term engraftment analysis, harvest
the spleen, blood, and bone marrow of the transplanted mice after
sacrificing 16 weeks of transplantation.

1. Select 6-8-week-old female NBSGW mice for transplantation
studies.

2. Transplant around 0.5-1 million of gene-modified HSPCs
through the tail vein or retro-orbital route of administration
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Fig. 6 (a) Short term engraftment potential of genome edited HSPCs in NBSGW mice after 8 weeks of
transplantation. (b) Long term repopulation capacity of genome edited HSPCs in the Peripheral blood, bone
marrow and spleen after 16 weeks of transplantation in NBSGW mice

Short-Term Engraftment
Analysis (Fig. 6a)

Long-Term Bone Marrow
Engraftment Analysis
(Fig. 6b)

using an insulin syringe with a 31 gauge X V4 (0.25 mm x 6 mm)
inch needle.

. Collect peripheral blood via retro-orbital route 8 weeks after

transplantation using a heparin-coated capillary tube and trans-
terring blood into a tube containing heparin.

2. Wash the blood sample with 1 xPBS.
. To the red pellet obtained, add 1 xRBC lysis buffer and place

the tube on ice for 10 min followed by centrifugation at
110 x g tor 5 min.

4. Repeat RBC lysis until the pellet becomes transparent.
. Resuspend the pellet in 150 pl of 1xPBS; add 3 pl mCD45

APC antibody and 5 pl of hCD45 FITC antibody (see Note
26).

. Incubate the tubes in the dark at room temperature with

periodic tapping for 20 min.

. Remove unbound antibodies by washing the cells with

1x PBS.

. Re suspended the final cell pellet in 1x PBS and analyze

using FACS.

. Collect both the tibia and femur bones of transplanted mice

and remove the muscle along with other tissues using a sterile
scalpel or blade.

. Collect the bone marrow cells by syringe flushing or by centri-

fugation process (se¢ Note 27) and seed the cells in a 65 mm
dish with IMDM-GlutaMAX medium.

. Pipette gently and make sure cells are mixed uniformly then

incubate at 37 °C.
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Antibodies combination to analyse for multilineage engraftment potential

S.No Lineage Antibody combination

1 Lymphoid hCD45 + hCD3 + hCD19

2 NK cells hCD45 + hCD56 + hCD16

3 HSPCs hCD45 + hCD133 + hCD34

4 Myeloid cells hCD45 + hCD13 + hCD33

5 Megakaryocyte—erythroid progenitors hCD45 + hCD41a(platelets) + hCD71
6 Erythroid—erythroid progenitors hCD45 + hCD235a + hCD71
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Fig. 7 Multilineage reconstitution potential of genome-edited HSPCs in bone marrow compartment of NBSGW
mice after 16 weeks of transplantation depicting the frequency of (a) myeloid cells, (b) HSPC, (c) lymphoid, (d)
natural killer cells, (e) erythroid
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4.

To 50,000 cells, add 5 pl of hCD45 FITC and 3 pl of mCD45
APC antibody. Wash the cells after 15 min of incubation and
analyze by flow cytometry (see Note 28).

. Incubate 50,000 bone marrow cells with appropriate antibo-

dies as depicted in Table 2 for multilineage analysis and analysis
in flow cytometry (Fig. 7) (see Note 29).

. Stain 50,000 bone marrow cells with 2 pl of CD235a antibody

and analysis through flow cytometry to estimate the percentage
of human erythroid cells present in mouse bone marrow
(NBSGW is reported to support human hematopoiesis due to
hypomorphic mutation in the c-kit gene [23, 24]).

. Collect blood by cardiac puncture and process similarly as in

short term engraftment analysis.

. Collect the spleen and place it in a well of a 12-well plate with

500 pl 1 XPBS.

. Crush the spleen tissue with the end of the syringe plunger and

wash with RBC lysis buffer.

. Add human CD45 and mouse CD45 antibodies and analyze by

flow cytometry.

4 Notes

. Store all the supplements, including cytokines, at an appropri-

ate temperature in multiple small aliquots to minimize repeated
freeze—thaw cycles.

. Fluorescence conjugated antibodies are highly sensitive to tem-

perature and light; therefore, maintain them at 4 °C in the dark.

. Increase the purity of PBMNCs by diluting the blood sample

with a higher volume of 1 xPBS.

. Aspirate carefully the buffy coat containing the PBMNCs to

minimize the contamination with other cells. The presence of
Ficoll in the buffy coat hinders the cells from pelleting down
efficiently during subsequent processes. Eliminate the Ficoll
contamination by multiple washes with 1 xPBS.

. Avoid longer incubation of cells in 1x RBC lysis buffer to

reduce cellular stress.

. To prevent clump formation, perform DNAse-1 treatment for

10mins during the initial resuspension of PBMNCs in 1 xPBS.
Remove persisting clumps after DNAse-1 treatment by filtering
the cell suspension through the 40 pm cell strainer to generate
a homogeneous cell suspension.



328

Nivedhitha Devaraju et al.

7.

10.

11.

12.

13.

14.

15.

16.

Decreasing the number of washes with 1xPBS generates a
higher cell counts. On the other hand, the purity of isolated
cells dramatically improves by increasing the number of washes
with 1x PBS.

. For long term storage, store sgRNA aliquots in —80 °C imme-

diately after reconstitution. Handle the sgRNA aliquots in an
RNAse-free environment to prevent degradation.

. Equilibrate nucleofection solution at room temperature for

15 min before the experiment. Adding cold nucleofection
solution will affect the viability of the cells and decreases the
editing efficiency.

Deletion depends on the individual sgRNA efficiency in caus-
ing double-strand break and also the total size of the deletion.
RNP complex for each sgRNA is prepared separately and mixed
before electroporation.

Wash the cell pellet with 1x PBS to remove any medium
component like salts that would interfere with electroporation.
Incubation of cells in nucleofection solution for an extended
period is toxic to cells. Make sure that the final solution makes
proper contact with the sides of the well, and the volume does
not exceed 20-25 pl inside each well.

After the electroporation, a summary of the nucleofection
process results will be displayed on the Lonza 4D nucleofector

[T

system. A colour code depicts the overall result: Green “+
symbol denotes successful nucleofection, whereas yellow “+”
means nucleofection passed with reduced efficiency, and red

«“

+” means unsuccessful nucleofection.

The total size of ssODN ranges from 50 to 400 bp inclusive of
the homology arms but rAAV6 is approximately 4.2 kb with
~400 bp homology arm. Titrate the ssODN concentration to
achieve good viability after nucleofection. Large gene inser-
tions can be performed efficiently with the rAAV6 donor deliv-
ery system. Successive HR with two delivery vectors can be
performed for the addition of genes larger than 4 kb. The
efficiency of integration will be higher when the modification
is proximal to the DNA cleavage site.

IDLV (integrase-deficient lentivirus) based delivery of ABE 8 is
better suited in clinical applications over lentiviral delivery.

For efficient virus production, low passage 239 T cells are
preferred, and transfection is carried out at optimal confluency
(80-90%).

Make a circular mark in the ultracentrifugation tubes at one
bottom corner and place the tube accordingly so that the virus
pellet would be confined with a circle and is easy to obtain.
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Adding Cyclosporin H to HSPCs before transduction at a
higher concentration will affect the viability of cells.

Linearizing the plasmid using suitable restriction enzymes (giv-
ing blunt end or 5’ staggered cut) before amplification would
be a better strategy to obtain template mRNA synthesis.

The rate of base conversion varies between different versions of
base editors. ABE7.1 takes 5 days, whereas ABE 8e shows
optimal conversion after 24 hrs of nucleofection.

Exclude preapoptotic cells while performing single-cell sorting
by gating only the live population using a viability stain.
Monitor every alternative day for the appearance of colonies
and check for the level of PBS in the side wells of the plate.

Methocult medium is highly susceptible to bacterial contami-
nation it is enriched with nutrients and cytokines. Therefore,
handling the medium in sterile conditions with utmost care is
essential. Add water to outer space surrounding the wells in the
Methocult plates or place additional wells containing water to
prevent evaporation. Stemgrid (#27000) from Stemcell Tech-
nologies provides a grid background for easy counting of the
colonies.

The cell pellet becomes red in colour during the initial ery-
throid expansion in Step 2 medium, and progressively the
colour changes into dark brick red colour during the terminal
differentiation stage. Cells are maintained at high culture den-
sity in subsequent stages of erythroid differentiation. Each
donor exhibits differences in the duration of erythroid expan-
sion and erythroid differentiation profile.

Hoechst staining can be used as an alternative to NucRed to
stain the nucleus.

Cells positive for Annexin V and 7 AAD undergo apoptosis,
whereas cells positive for 7AAD and negative for Annexin V
undergo necrosis.

The total number of events in the flow-cytometry analysis
increases if there are any residual RBCs present in the sample,
which leads to the reduced live cell population. To overcome
the issue, increase the number of PBS washes and acquire a
higher number of total events.

Syringe flushing of bone marrow is performed by dissecting the
ends of the bone and flushing the cells out using an insulin
syringe with 1x PBS. Pellet down the bone marrow cells from
the final soup. In the centrifugation method, the bones are cut
down proximal to the knee-end and placed downward in a
0.5 ml centrifuge tube perforated at the bottom. Stack the
perforated tube inside a 1.5 ml centrifuge tube and spin
down for 30 s at maximum RPM. Culture the red pellet



330

Nivedhitha Devaraju et al.

containing bone marrow cells in the appropriate medium for
further processing. [25].

28.

The ratio of human CD45 to the total CD45 expressing cells

(including mouse and human) determines the percentage of
human engraftment [26].

29.

Proceed with multilineage engraftment analysis only if there is

a significant amount of human CD45 expression.
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