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ABSTRACT
ELUCIDATING ACTIVATION INDUCED CYTIDINE DEAMANINASE
TARGETING DURING IMMUNOGLOBULIN
CLASS SWITCH RECOMBINATION
By
Ahrom Kim

In antigen-stimulated B cells, the immunoglobulin (Ig) heavy chain constant
region can be changed through a mechanism called Class Switch Recombination
(CSR). This process alters the effector function of the Ig molecule while
maintaining its antigen specificity. Defective CSR may result in hyper-IgM
syndrome, chromosomal translocations, and autoimmune diseases. Thus,
understanding the mechanism of CSR will provide valuable insights into these
diseases. This work used a mouse B cell line (CH12F3) to study the mechanism
of CSR.

CSR is initiated by a B-cell-specific factor called activation-induced cytidine
deaminase (AID), which converts cytosines to uracils in a single stranded DNA at
switch (S) regions. In order for AID to access a S region, germline transcription
(GLT) through that S region is absolutely required. GLT is driven by a cytokine-
dependent promoter upstream of a non-coding exon located upstream of each S
region. GLT is also regulated by a large enhancer complex called the 3' regulatory
region (3'RR) located at the 3'end of the last C region (Ca in mice). One of the
functions of 3'RR is to stimulate and enhance GLT. This 28kb region contains four

enhancers identified as DNase | Hypersensitive (HS) sites with additional spacer



regions between them. Our results demonstrated that the four HS sites contain all
the functional elements necessary for CSR.

Repair of AlD-generated uracils in S regions leads to double strand break
(DSB) formation. A widely accepted hypothesis in the field is that generation of
uracils within close proximity on opposing DNA strands leads to closely generated
nicks, resulting in DSBs. Our results demonstrate that AID deaminates evenly
across the entire S region and to the same extent between the top and bottom
strands. In addition, the AID footprint analyses implicate that DSB formation mostly
results from distally spaced nicks.

Several AID mutations that cause hyper-IgM syndrome have been reported
to possess active deaminase activity in biochemical assays but are defective for
CSR in vivo. Why these mutants cannot support CSR is unknown. We focused on
a mutation that results in C-terminal truncation (AIDAC). Our study shows that AIDA¢
acts as a null allele in the mouse CH12F3 cell line, in contrast to a dominant
negative phenotype in human patients. This raised a possibility of species-specific
regulation of AID in its stability and/or functionality.

These studies have greatly improved our understanding of AlD-targeting
and AID activity involving S regions during CSR. Additionally, the cell lines we
generated are valuable reagents for future mutagenesis studies of cis-acting DNA

elements in 3'RR critical for CSR and AID mutations relevant to human diseases.
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CHAPTER 1: INTRODUCTION



1.1 Overview of Class Switch Recombination

The mammalian adaptive immune response requires B cells to produce
immunoglobulins (lg). Ilg molecules are present as cell surface B cell receptors
(BCR) and secreted molecules, commonly known as antibodies. Igs, or antibodies,
can recognize a vast diversity of antigens on foreign pathogens. They are Y’
shaped molecules that consist of two heavy (50kDa) and two light chains (25kDa),
joined together by disulfide bonds (Figure 1). Ig molecules contain an N-terminal
variable (V) region involved in antigen binding and a C-terminal constant (C) region
that interacts with effector cells and molecules.

The class, or isotype, of an Ig is determined by its heavy chain C region.
Mammals have five different Ig isotypes (IgM, IgD, 1gG, IgE, and IgA). Each Ig
isotype varies in its half-life as well as effector functions, such as neutralization of
pathogens, activation of complement, and recruitment of immune effectors to
eradicate infections.

Three distinct somatic alterations occur in the B cell genome to generate
diverse repertoires of Ig molecules: V(D)J recombination, somatic hypermutation
(SHM) and class switch recombination (CSR). The first two processes are involved
in generating diversity in antigen binding of Ig. V(D)J recombination is a site-
directed recombination event that assembles the V region of an Ig molecule,
whereas SHM introduces point mutations into the V region to enable the production
of higher affinity antibodies. CSR is a region-specific event that changes the C

region of the Ig molecule while maintaining the same V region, allowing the Ig



molecule to recognize the same pathogen but alter its effector function for optimal
pathogen clearance.

The mammalian heavy chain germline locus consists of an array of C region
genes that represent each isotype (u, 0, y3, y1, y2b, y2a, € and a in mice; y, 0, Y3,
v1,a1,y2, v4, € and a2 in humans). Cp is the first constant region downstream of
the V region. Therefore, naive B cells primarily express IgM. In antigen-stimulated
B cells, the Cy constant region can be replaced by one of the downstream C
regions (either Cy, Ce or Ca in mammals) through CSR (Figure 2) [1], [2].

B cells initiate CSR by upregulating a B cell-specific enzyme called
Activation-Induced Cytidine Deaminase (AID). AID is expressed only when B cells
are activated and converts cytosines to uracils in single stranded DNA (ssDNA).
In order for AID to access a S region, germline transcription (GLT) through the
region is absolutely required. GLT is driven by a cytokine-dependent promoter
upstream of a non-coding | exon located upstream of each S region. GLT is also
regulated by a large enhancer complex called the 3' regulatory region (3'RR)
located at the 3' end of the last C region (Ca in mice) [3], [4]. Once AID has access
to the S region, AID deaminates a fraction of cytosines in that region into uracils,
which are then processed by DNA repair factors that ultimately results in DNA
double strand breaks (DSBs). Once DSBs are generated in the donor and acceptor
S regions, the two S regions can be joined together through classical non-
homologous end joining (c-NHEJ) and alternative end joining (A-EJ) pathways.
The intervening DNA is deleted, resulting in the V region being juxtaposed to a

new C region (Figure 3). As there are no consensus recombination sites in S



regions, CSR is best known as a region-specific recombination. Through this
mechanism, only the C region gets swapped; the Ig maintains its antigen specificity
with a different Ig effector function. This process is essential for a robust immune
response [1], [2], [5].

The process of CSR has several requirements including S regions, GLT,

AID, and DNA repair factors, each of which will be discussed below in further detail.

1.2 Switch Region Sequences

Switch (S) regions are intronic DNA sequences located upstream of each
constant region exon. S regions are highly repetitive regions ranging in size from
1-12 kb [6]. Mammalian switch regions are G-rich in the non-template strand and
consist of several tandem repeats which degenerate at the boundaries of the
switch regions [2], [6]-[8]. Certain conserved G-rich pentamer motifs such as
TGGGG, GGGGT, GGGCT, and GAGCT frequently occur within S regions [6]. The
S regions in mice and humans can be classified into two categories with regarding
to repeating motifs: The Sy, Sa, and Se are primarily composed of pentamers,
while the Sy3, Sy1, Sy2b, Sy2a contain 49-52 base-pair repeats enriched with the
pentamers [1], [6].

Large deletions in the Sy region have been shown to severely impair CSR
to all isotypes, whereas deletion of the Sy1 region only abolishes CSR to IgG1 [9],
[10]. Replacing the native Sy1 with an irrelevant intronic sequence cannot rescue
switching [11], while inversion of the Sy1 significantly reduced CSR to IgG1 [12].

In contrast to mammalian S regions, amphibian and reptile S regions are A/T rich



[13], [14]. However, Xenopus S regions are rich in palindromic repeats and have
been shown to partially rescue Sy1 loss in mice [11], indicating that S regions
contain common motifs essential for CSR. Unfortunately, due to the length and
heterogeneity of the S region sequences and random distribution of CSR
breakpoints, it has been difficult to identify features within switch regions that are

important for CSR [1], [2], [15], [16].

1.3 Activation-induced cytidine deaminase

Activation-induced cytidine deaminase (AID) is a B cell-specific enzyme that
converts cytosines to uracils on a single stranded DNA (ssDNA). It is essential for
three important antibody diversification processes: CSR, SHM, and gene
conversion (GC). GC is a major mechanism of antibody diversification in birds
where the V region is partially replaced by a series of homologous pseudogenes
lying upstream on the same chromosome [17]-[19].

AID was discovered as an upregulated factor in the mouse CH12F3 B cell
line upon stimulation for CSR [20]. AID belongs to the apolipoprotein B mRNA-
editing catalytic polypeptide (APOBEC) family of cytidine deaminases with diverse
function in lipid metabolism, inhibition of retrotransposons and retroviruses, and
immune diversification [1], [20], [21]. Due to AID’s homology with APOBEC1, the
only APOBEC protein known to deaminate RNA substrates, AID was initially
hypothesized to be an RNA-editing enzyme [1], [22]. However, preponderant
evidence indicates that AID acts on DNA, more specifically, ssDNA. AID expressed

in E. coli promotes C to T transitions in the genomic DNA; an effect greatly



enhanced upon inactivation of uracil repair [1], [23]. Additionally, recombinant AID
protein can deaminate ssDNA in vitro. Chromatin-immunoprecipitation (ChlP)
experiments have demonstrated that AID is associated with S regions in cells
undergoing CSR [1], [22]. More importantly, ablation of uracil repair by disrupting
both UNG2 and MSH2 totally abolishes CSR and forces all SHM eventsto Cto T
transition, unequivocally pointing to a direct role in deamination of DNA cytosines.

AID is not sequence-specific, but it preferentially deaminates sequences
that conform to WRC (W=A/T, R=A/G) motifs, thus WRC is known as an AID
hotspot [13], [24], [25]. S regions are highly enriched with WRC motifs, mainly in
the form of the AGCT motif that is conserved in all S regions [6], [26]. AGCT is a
palindromic sequence such that the antiparallel DNA strand is also AGCT, thus
two AID hotspots are overlapping each other. AGCT is one of four possible WGCW
motifs (W=A/T) that result in overlapping AID hotspots across two DNA strands. It
has been hypothesized that AID deamination of cytosines on both DNA strands
within the same WGCW motifs would result in closely spaced nicks on both strands,
therefore generating a DSB in these particular S regions. Disruption of the WGCW
motif impairs CSR, indicating that these motifs are functionally important for
efficient CSR [26].

Although the Ig locus is the physiological target of AID, AID has been shown
to generate off-target mutations and DSBs in non-Ig genes, such as Myc and Bcl-
6 [27]-[30]. Thus, AID expression is likely subjected to regulation on multiple levels
to prevent off-target mutations and chromosomal translocations [31]. AID is not

expressed in resting naive B cells, resting memory B cells, or plasma cells, but is



instead expressed mainly in germinal center B cells that can be activated through
both T-dependent or T-independent mechanisms. These mechanisms induce AID
expression through activation of both the canonical and non-canonical NF-kB
pathways [32]. AID can be regulated by both post-transcriptional and post-
translational mechanisms. MicroRNAs such as miR-155, miR-181b, and miR-93
can bind to the evolutionarily conserved target sites in the 3'UTR of AID mRNA,
thereby, reducing both AID mRNA and AID protein levels [33]-[37]. Additionally,
post-translational regulation of AID occurs in multiple ways. AID shuttles between
the nucleus and the cytoplasm of B cells that is regulated by a less defined nuclear
localization signal and a well-defined C-terminal nuclear export signal [31], [38].
AID’s function in CSR and SHM has been reported to be regulated by
phosphorylation and dephosphorylation at multiple sites [31], [38].

Over the past ten years, our understanding of the regulation and function of
AID has advanced significantly. However, many questions still remain unanswered.
Precisely how AID is targeted to V and S regions much more frequently than other
genomic loci is still unclear. In addition, it is known that the C-terminus of AID is
essential for CSR, but non-essential for SHM [31], [39]. The function of this C-
terminal region in CSR remains undetermined. The work described in Chapter 3
focuses on elucidating AID action at a nucleotide level and identifying precise

locations and the level of AID deamination activity at S regions during CSR.



1.4 The Role of Transcription in Class Switch Recombination

Each C exon is organized as an independent transcriptional unit consisting
of a cytokine-dependent promoter, | exon, an intronic S region, and a
corresponding C region exon. Each promoter responds to a different combination
of cytokines that directs CSR to a specific S region. For example, interleukin-4
(IL4) promotes CSR to IgG1 and IgE, whereas transforming growth factor (TGF)
B1 promotes CSR to IgA [1], [40].

Germline transcription (GLT) through a S region is required for CSR to the
corresponding isotype. The primary transcript produced by GLT consists of an |
exon, followed by an intronic S region, and C region exons. This primary transcript
is spliced, in which the intronic S region is removed, and polyadenylated as a
typical MRNA. However, the mature transcript does not encode any protein (Figure
4), hence the name “sterile transcript”.

Transcription through the S region is absolutely required for CSR. Deletion
of the germline promoter abolishes CSR to the corresponding isotype, but CSR
can be rescued by insertion of a constitutively active heterologous promoter [41]—
[48], albeit the normal cytokine regulation of the CSR is lost. In addition, GLT is
regulated by a large enhancer region called the 3' regulatory region (3'RR), which
is located at the 3' end of the last C region (Ca in mice). The 3'RR spans ~28kb
and consists of four DNase | hypersensitive (HS) sites (~1kb each). Deletion of
individual HS sites has little effect on GLT or CSR [18]. However, deletion of the
entire 3'RR inhibits S region transcription and severely impairs CSR to most S

regions [49]-[52]. The work described in Chapter 2 focuses on identifying DNA



sequence motifs within 3'RRs that are critical for AID targeting to S regions and
CSR.

GLT is thought to transiently separate the two DNA strands to grant access
to AID to initiate CSR. It has been well established that GLT through S regions
creates R-loops, where the G-rich RNA transcript forms an RNA-DNA hybrid with
the C-rich DNA template strand while the non-template DNA strand is single
stranded [8], [53]-[55]. The extensive single-stranded regions on the non-template
DNA strand was thought to be the binding motif for AID. Elegant mouse studies
from the Alt laboratory has found that inversion of the Sy1 region, which disfavors
R-loop formation, greatly impairs CSR [12], attesting the important role of R-loops
during CSR. However, although the R-loop model explains many features of CSR,
certain aspects are not readily explained, mostly on how AID access the template
strand and why all switch regions are so repetitive.

In addition to transcription itself, it has been suggested that AID is recruited
to the switch regions via interactions with the transcriptional or splicing machinery
[1], [43], [56]. AID interacts with RNA polymerase Il and its associated proteins,
such as Spt5, PAF1, and the FACT histone chaperone complex [56]-[58]. Histone
modifications during transcription may also play a role in AID recruitment to S
regions through the interaction of AID with the modified histones [59]. Although
sterile transcripts do not encode proteins, recent data suggests the intronic S

region RNA may have a role in recruiting AID to the S regions [60].



1.5 Generation and Resolution of DNA Double Stranded Breaks

CSR occurs through the generation and repair of DNA double strand breaks
(DSBs) within the kilobase-long S regions that precede each C region. Once DSBs
are generated in the donor and acceptor S regions, the distal DSBs are joined by
NHEJ. The intervening DNA is deleted, resulting in the V region juxtaposed to a
new C region. The evidence in support of DNA DSBs as essential intermediates
has been abundant. Phosphorylated histone H2AX (y-H2AX), a marker for DNA
DSBs has been shown to be induced at Ig loci of B cells undergoing CSR. DSBs
can be detected via Ligation-Mediated PCR (LM-PCR) [1], [39]. Disruption of NHEJ
factors (e.g. Ku86/70, XRCC4, Lig4) markedly impairs CSR efficiency.

DSBs occur as a result of the processing of AlD-generated uracils in S
regions. Uracils can be repaired via two DNA repair pathways: Base Excision
Repair (BER) and Mismatch Repair (MMR) (Figure 5) [1], [39].

In BER, uracils are recognized and excised by uracil DNA glycosylase 2
(UNG2), generating abasic sites, or apurinic/apyrimidinic (AP) sites [1], [39].
Mammalian cells express four uracil DNA glycosylases: UNG2, SMUG1, MBD4,
and TDG, where UNG2 is the major uracil DNA glycosylase involved in CSR [39].
Studies have shown that B cells from UNG2-deficient mice have impaired CSR
[61], [62], whereas SMUG1-deficient cells did not show any defect in CSR [63].
Additionally, SMUG1 can partially compensate for UNG2 in UNG2-deficient cells.
However, cells lacking both UNG2 and SMUG1 show 5-fold greater reduction in
CSR efficiency compared to cells lacking only UNG2 [64]. AP sites generated by

UNG2 are then cleaved by apurinic/apyrimidinic endonuclease 1 (APE1),

10



introducing nicks to S regions. Normally, the ensuing removal of 5’dRP and re-
synthesis by polymerase beta will restore the DNA to its original C:G pair. In CSR,
it is suspected that APE1 generated nicks are repaired with greatly reduced
efficiency. It is often conceived that two closely spaced nicks on opposite strands
in the S region is a main mechanism for DSB formation [1], [39]. Mammalian cells
express two AP endonucleases: APE1 and APEZ2 [39], [65]. APE1 is the main AP
endonuclease (accounting for > 90% of cellular APE activity) and is essential for
embryonic development in mice and the viability of human cell lines [66]-[68]. On
the other hand, APE2 has extremely low endonuclease activity as such that some
even question if APE2 should be categorized as an APE [69]. Earlier studies
investigating the role of APE1 and APE2 in CSR have shown conflicting results
[70], [71]. A later study establish an essential role of APE1, but not APE2, in CSR
in CH12F3 cells [65].

In MMR, mutS homolog 2 (MSH2)/MSHG6 heterodimer can recognize U:G
mismatches and recruit MutL homolog 1 (MLH1), post-mitotic segregation protein
(PMS2), as well as Exonuclease1 (EXO1) to AID deamination sites. PMS2 has an
endonuclease activity, which may provide an entry point for EXO1. But Exo1 can
also load from an existing nick (e.g. generated by APE1). EXO1 can initiate strand
excision from a nick in a typical patch repair as in any MMR event. It is conceivable
that such resection, upon encountering a nick or another EXO1-dependent
resection on the opposite strand, represent another mechanism of DSB formation

[39], [63], [72].

11



The BER pathway is perhaps the major pathway involved in DSB formation
during CSR. Studies have shown that UNG2 deficiency results in a severe CSR
defect (i.e. 10% of WT level) [61], [62]. MSH2-deficient cells show a modest 2~3-
fold reduction in CSR efficiency [63], [72], [73]. When both UNG2 and MSH2 are
ablated, CSR is completely abolished, indicating both BER and MMR contribute to
the DSB formation [39], [74].

Once DSBs are generated in both donor and acceptor S regions, the
intervening DNA is deleted, and the two S regions are joined to complete the
recombination. The presence of S region DSBs activates several DNA damage
response factors including ATM, 53BP1 and y-H2AX, which are thought to be
involved in recruiting and coordinating DNA repair factors [1], [39], [75], [76]. S
region breaks are predominantly joined by the NHEJ pathway, the major DSB
repair pathway in all mammalian cells. When NHEJ is compromised, joining can
be mediated by less well defined mechanisms collectively called alternative end-
joining (A-EJ), resulting in CSR at reduced efficiency. [1]. Cells lacking any of the
core c-NHEJ factors such as Ku70, Ku86, DNA Ligase IV, or XRCC4 are severely
impaired for CSR (20-50% of wildtype levels) [1], [77], [78]. Although A-EJ is not
well understood, some general DNA repair factors including XRCC1, Ligase Ill,

Mre11, Parp1, and CtIP, have been implicated in A-EJ during CSR [80]-[83].

1.6 CH12F3 - A Cell-line to Study Class Switch Recombination

Our lab studies the mechanism of CSR by performing genetic manipulations

in a mouse B cell line (CH12F3) capable of robust CSR in vitro. CH12F3 cells
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originated from murine B cell lymphoma CH12 cells. CH12 cells were derived in
B10 H-22H-4°/Wts mice when sheep erythrocytes (SRBC) were transferred to
study lymphocyte differentiation [84]. A small portion cells derived from CH12 cells
are capable of switching to IgA expression upon stimulation [85]. However, these
CH12LX cells had two disadvantages for studying the molecular mechanism of
CSR: low frequency and background due to spontaneous switching. To overcome
these problems, Honjo’s group subcloned CH12LX and established CH12F3 [86].

CH12F3 cells switch efficiently from IgM to IgA upon stimulation with
cytokines (IL4 and TGF-31) and CD40 ligand (CD40L) [23]. CSR efficiency can be
measured by stimulating cells and stain them for IgA surface expression using a
FITC-conjugated anti-mouse IgA antibody. CSR efficiency is determined by the
percentage of IgA (switched) cells in the culture. CH12F3 cells have a stable, near-
diploid genome. In the particular subclone (CH12F3.2A) used in this study (still
called CH12F3), the nonproductive allele has already switched. Therefore, only
the productive V4 allele (harboring functionally rearranged VDJ exon) is in the
germline configuration, allowing one-step gene targeting to study cis-acting DNA

elements at IgH locus important for CSR [16], [23].

1.7 Clinical Significance

CSR is a unique region-specific recombination event that ensures an
effective humoral immune system against pathogen infection. Defects in CSR lead
to Hyper-IgM syndrome due to failure to make lg isotypes other than IgM, resulting

in chronic respitory infections. Dysregulated CSR can contribute to autoimmunity

13



and lymphoid malignancies. For example, human Sporadic Burkitt's lymphomas
harbor hallmark c-myc translocations to Ig S regions [19], [87]-[90]. Understanding

the mechanism of CSR is highly significant to human health.
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CHAPTER 2: MUTAGENESIS OF 3'RR TO IDENTIFY DNA SEQUENCE

MOTIFS CRITICAL FOR AID-TARGETING TO S REGIONS

The work in this chapter is published in the following research article:
Kim, A., Han, L., Santiago, G., Verdun, R., and Yu, K.; (2016); Class-Switch
Recombination in the Absence of the IgH 3' Regulatory Region; Journal of

Immunology; 197 (7) 2930-5.
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2.1 Introduction

Class switch recombination (CSR) occurs through the generation and repair
of DNA double strand breaks (DSBs) within kilobase long switch (S) regions that
precede each constant (C) region. Through this mechanism, only the C region is
changed, thus antigen specificity is maintained with different immunoglobulin (lg)
effector functions. This process is essential for an effective immune response [1],
[2], [93].

CSR is initiated by the enzyme called activation-induced cytidine
deaminase (AID), which converts cytosines to uracils within the S region [1], [2].
Another factor that is absolutely required for CSR is germline transcription (GLT)
through an S region for the corresponding isotype. It is well established that AID
only targets cytosines in these actively transcribed regions. As AID is a single
strand-specific deaminase [25], [94]-[97], transcription separates the two DNA
strands (at least transiently), potentially providing AID an access to ssDNA. Each
S region is preceded by a cytokine-dependent | promoter and a noncoding | exon
[1], [2]. At the onset of CSR, | promoters are selectively activated by cytokine
signals that drive the synthesis of a primary transcript. The primary transcript
produced by GLT consists of an | exon, followed by an intronic S region, and the
C region exons. This primary transcript is spliced to form a ‘sterile transcript’, which
does not encode proteins. Transcription of the donor (u) and acceptor (y, €, a) S
regions is differentially regulated [4], [52], [98]. Although the Sp GLT is
constitutively expressed, transcription of acceptor S regions is regulated by

cytokine signaling and depends on a large enhancer complex called the 3'
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regulatory region (3'RR) located 3' of the last C region (Ca in mice) [4], [52], [98].
The 3'RR spans ~28kb, which consist of four DNase | hypersensitive (HS) sites
(~1kb each). The four HS sites are in the order of HS3a, HS1,2, HS3b, and HS4,
separated by larger spacer regions. Deletion of individual HS sites has minimal
effect on GLT or CSR [4]. However, deletion of the entire 3'RR inhibits S region
transcription and severely impairs CSR to most downstream isotypes. Each
individual HS site is a weak enhancer but together, they form a strong enhancer
and a locus control region that confers position-independent B cell lineage-specific
expression to associated transgenes [99].

It has been widely accepted that the 3'RR has multiple functions in CSR
(e.g., enhancing transcription, recruiting AlID, promoting S region synapsis) [4], [93].
However, because the 3'RR is essential for GLT, it has been difficult to distinguish
whether 3'RR has a transcription-independent function in AID targeting. The cis-
elements responsible for the multiple proposed functions of 3'RR have not been
well characterized.

Historically, the 3'RR has been difficult to study by gene-targeting strategies
because of its size and sequence complexity. In this study, the 3'RR in a mouse B
cell line was deleted and replaced with test sequences to explore the role of the

3'RR in AID targeting during CSR.
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2.2 Materials and Methods

2.2.1 Reagents, cell culture, and CSR assay

CH12F3 cells were cultured in RPMI 1640 medium supplemented with 10%
(v/v) FBS and 50 mM B-mercaptoethanol. For CSR assays, viable CH12F3 cells
were seeded at 5 x 10%cells/ml in medium containing 1 mg/ml anti-CD40 Ab
(eBioscience), 5 ng/ml IL-4 (R&D Systems), and 0.5 ng/ml TGF-1 (R&D Systems)
and grown for 72 hr. Cells were stained with a FITC-conjugated anti-mouse IgA Ab
(BD Biosciences) and analyzed on an LSR Il flow cytometer (BD Biosciences).
CSR efficiency was determined as the percentage of IgA*cells. Rat anti-
human/mouse AID Ab used for Western blotting was purchased from eBioscience.
Anti-AID Ab for chromatin immunoprecipitation (ChIP) analyses was purchased

from Active Motif. ChIP assays were performed by a collaborator [100].

2.2.2 Gene targeting

Each homology arm (~2 kb) for gene targeting was PCR amplified from the
CH12F3 genomic DNA and cloned into the targeting vector (Figure GA). A
linearized targeting vector was transfected by electroporation with an Amaxa
Nucleofector Il device, according to the manufacturer’s instructions (Kit V, Program
K-005). Ten million transfected cells were distributed in five 96-well plates.
Puromycin was added to a final concentration of 1 mg/ml at 48 hr post-transfection.
Puromycin-resistant colonies were selected after 7-10 d and screened by PCR.

Candidate clones were further analyzed by Southern blotting to confirm the desired
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genotype. CRISPR/Cas9-mediated genome editing [101] was carried out by co-
transfecting 1 mg each of the hCas9 and gRNA vectors into 2x10° cells.
Transfected cells were allowed to recover for 48 hr before seeding into single wells
in 96-well plates by limited dilution. Cell clones were selected and analyzed by
PCR, followed by Sanger sequencing of the PCR products to confirm the desired

indels.

Table 1. Oligonucleotides used to amplify homology blocks
Homology block 1 Fwd | ' CTTTGGCCCAGAAATCACAT 3'

Homology block 1 Rev | 8 ACCCCAGCTAGCTCACTTCA 3'

Homology block 2 Fwd | ' CATGGGTTCACGTGAGAATG 3'

Homology block 2 Rev | ' CAGAGGCCATGTACCCTGTT 3'

Homology block 3 Fwd | 5 GCATGCAGAGAAGGCATGTA 3'

Homology block 3 Rev | §' TGACTAGGTTCGCAGGAG 3'

Homology block 4 Fwd | §' TGGGTGGAAGTTGACGTGTA 3'

Homology block 4 Rev | ' AACTCCCTGGGACACAGATG 3'

2.2.3 Recombinase-mediated cassette exchange

5ug of exchange vector and 1ug of Cre-expression vector were co-
transfected by electroporation. Transfected cells were seeded in 96-well plates at
~100 cells/well and grown for 72 hr before ganciclovir (GANC) was added to a final
concentration of 2 mg/ml. GANC-resistant colonies were screened by PCR,

followed by Southern blot analyses.
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2.2.4 RT-PCR

Cells were cultured to a density of 4x10° cells/ml before cytokines (CIT: anti-
CD40, IL4, and TGF- B) were added. 24 hr after the addition of cytokines, total
RNA was extracted using TRIzol reagent (Life Technologies), according to the
manufacturer’s instructions. 1ug of RNA was reverse transcribed into cDNA with
random hexamers and Superscript |l reverse transcriptase (Life Technologies) in
a 20pl reaction. Two microliters of the reverse transcription mixture were used as

a template for the PCR reactions. B-actin was used as an internal control.

Table 2. Oligonucleotides used in RT-PCR

la-Ca Fwd 5' CCTGGCTGTTCCCCTATGAA 3'

la-Ca Rev 5' GAGCTCGTGGGAGTGTCAGTG 3'

|u-Cu Fwd 5" CTCTGGCCCTGCTTATTGTTG 3'

|lu-Cp Rev 5' GAAGACATTTGGGAAGGACTGACT 3

B-actin Fwd | 5' TCAGAAGGACTCCTATGTGG 3

B-actin Rev |5 TCTCTTTGATGTCACGCACG 3'
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2.3 Results

2.3.1 Gene targeting of 3'RR

The large size(~28kb) of endogenous 3'RR makes performing mutagenesis
directly on the entire 3'RR very difficult. To facilitate mutagenesis of 3'RR, a two-
step gene-targeting strategy was carried out to replace 3'RR on the productive IgH
allele (rearranged VDJ) in the CH12F 3 cell line with an RMCE cassette [26] (Figure
6A). The Sp and Sa of the nonproductive IgH allele in this cell line are already
recombined [102]; therefore, the nonproductive allele hybridizes to the 3' probe but
not the 5' probe (Figure 6B). First, gene targeting was performed to introduce a
LoxP site to the upstream of 3'RR (Figure 6A, step 1). This step deletes HS3a and
leaves a LoxP site at the upstream of the remaining enhancers. The second step
of gene-targeting inserts an RMCE cassette at the downstream of HS4 (Figure 6A,
step 2). This cassette contains puromycin resistance and thymidine kinase genes
flanked by one wild-type and one mutant LoxP sites. The 5' LoxP site of the RMCE
cassette is identical and in the same orientation as the LoxP site introduced in step
1 (Figure 6A). A subsequent Cre/LoxP deletion removed the entire 28-kb 3'RR,
leaving the RMCE cassette that can be used to insert test sequences (Figure 6A).
Three independent clones (#3, #6, and #12) were obtained, which are hereafter
termed 3'RR-RMCE. For RMCE, a test sequence is cloned into an exchange
plasmid flanked by the same pair of heterologous LoxP sites as those on the
chromosome (Figure 6C). Co-transfection of the exchange plasmid and a Cre-

expressing plasmid results in a swap of the LoxP-flanked sequences between the
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chromosome and the exchange plasmid (Figure 6C). A successful exchange event
was identified via GANC selection, as cells lose the thymidine kinase gene (Figure

6C), then confirmed by PCR and Southern Blot.

2.3.2 Reduced CSR in 3'RR-deleted CH12F3 cells

Studies performed in mouse models have shown that deletion of 3'RR on a
bacterial artificial chromosome—derived transgene [50], [98] and at the
endogenous IgH locus [52] abolishes GLT (except for Sy1) and CSR to all acceptor
S regions. Unexpectedly, replacing entire 3'RR with an RMCE cassette in the
CH12F3 cell line only reduces CSR to IgA. Reduction in CSR is more dramatic at
earlier time points, suggesting slower CSR kinetics. However, within 72 hr, CSR
levels reached 20-40% of wild-type (WT) controls in the three clones tested
(Figure 7). Although CSR efficiency varied among the three clones, all had
displayed substantial CSR. This is markedly different from the complete inhibition
of CSR in 3'RR-deleted mice [50], [52], [98]. Because Sa GLT is dependent on
3'RR in mouse models, a steady-state level of Sy and Sa GLT in 3'RR-deficient
cells was measured by semi-quantitative PCR. Consistent with mouse models, Sy
GLT was minimally affected, with or without cytokine stimulation, in WT or 3'RR-
deficient CH12F3 cells (Figure 7B). In contrast, although present at low levels in
unstimulated WT cells, Sa GLT was undetectable in unstimulated 3'RR-deficient
cells (Figure 7B). However, upon cytokine stimulation, 3'RR-deficient cells
expressed abundant Sa GLT that was only slightly lower than that observed in

stimulated WT cells (Figure 7B). Among the three clones, clone #12 showed the
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lowest level of GLT, which likely accounts for its lower CSR efficiency. These data
suggest that 3'RR is not absolutely required for Sa GLT in stimulated cells, which
is consistent with the observed CSR in 3'RR-deleted cells. AlID expression was not
significantly changed upon deletion of 3'RR (Figure 7C).

In order to rule out an artifact caused by the RMCE cassette in these 3'RR-
deleted cells, the cassette was removed via exchange with an empty exchange
vector (Figure 8A, 8B). As expected, removal of the RMCE cassette did not alter
CSR efficiency (Figure 8C). To determine whether the 3'RR on the nonproductive
allele can promote CSR on the productive allele in trans, a large deletion on the
nonproductive allele (from the 5 of Ju1 to the 3' of HS4) was performed by
CRISPR/Cas9-mediated genome editing (Figure 9A, 9B); this resulted in a cell line
lacking the 3'RR on both alleles. This deletion had no effect on CSR in the 3'RR-
RMCE clones (Figure 9C), indicating that CSR in these cells is not mediated in
trans by the 3'RR on the nonproductive allele. This experiment also eliminated the
possibility that the observed CSR was actually trans CSR between two interallelic

S regions (Figure 9A, 9B).

2.3.3 Hyper-CSR upon knock-in of the four HS sites

To determine which elements within the 3'RR are required to facilitate WT
CSR, a fragment (~2.5 kb) containing only the four HS sites was inserted into the
RMCE cassette (Figure 10A, 10B). The DNA fragment was made based on studies
showing that deletion of the four HS sites on a bacterial artificial chromosome

transgene inhibited GLT and CSR to the same degree as deletion of the entire
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3'RR [103]. Although the spacer regions were not deemed dispensable, it appears
that the primary regulatory elements are located within these enhancers. Moreover,
a DNA fragment containing the four HS sites adjacent to one another was used
previously to drive B cell-specific gene expression in transgenic mice, suggesting
this fragment can function as a locus control region [99]. Introducing just the four
HS sites resulted in a hyper-CSR phenotype in many of the daughter clones
(Figure 10C). This was observed with all three 3'RR-RMCE clones (Figure 10D).
These data strongly suggest that the four HS sites are the primary drivers of the
CSR-enhancing functions of 3'RR. As a control, a size-matched irrelevant DNA
fragment from mouse Lig4 intron 1 was tested in parallel and failed to restore CSR
in all of the three 3'RR-RMCE clones (Figure 10D). Two of the HS knock-in
subclones (#3.5 and #3.3) that displayed the largest range in CSR efficiency were
selected for GLT analyses (Figure 10C). Although only clone #3.5 had detectable
GLT without stimulation, both clones expressed comparable levels of GLT after
stimulation (Figure 10E). Thus, the differences in CSR efficiency after introducing
the four HS sites cannot be directly explained by different levels of GLT. As
expected, knock-in of the four HS sites did not alter AID expression (Figure 10F).
AID recruitment to S regions was examined by ChIP analyses. AID occupancies
at Sy and Sa were not affected by the deletion of 3'RR or by knock-in of the four
HS sites (Figure 10G). The slightly reduced ChlIP signal for Sa in clone #12 may
reflect the relatively low GLT in this clone. These data indicate that 3'RR is not

required for recruitment of AID to S regions in CH12F3 cells.
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2.4 Discussion

This study shows that deletion of the 3'RR in the CH12F3 cell line only
modestly reduces CSR to IgA, which is different from mouse models. It has been
suggested that the 3'RR may have distinct functions at different stages of B cell
development [104]. Thus, the difference between mouse models and the cell line
could be explained by the fact that the 3'RR is absent throughout B cell
development in 3'RR-deleted mice, whereas in the CH12F3 cell line, the loss of
the 3'RR occurs at the brink of CSR. It is possible that 3'RR may have a critical
role in establishing a local chromatin structure that is conducive to S region
transcription prior to the onset of CSR. Once this permissive environment is
established, the CSR reaction itself, including AID recruitment, is no longer highly
dependent on the 3'RR. In this regard, CH12F3 may represent a developmental
stage that is slightly beyond that of naive splenic B cells. Although naive splenic B
cells require the 3'RR for activating germline transcription, CH12F3 cells seem to
be already primed for Sa transcription, even in the absence of the 3'RR. A
noticeable difference between CH12F3 and naive B cells is that GLT of acceptor
S region is undetectable in naive B cells prior to cytokine stimulation, whereas Sa
GLT is detectable in unstimulated CH12F3 cells, implicating a different epigenetic
status of the IgH locus between these two cell types.

Transcription is absolutely required for CSR to occur. Thus, transcription
control elements are speculated to have an important role in CSR as a whole, but
also in the targeting of AID to the S region. The primary transcriptional control

elements in CSR are GLT promoters and the 3'RR. Studies have shown the GLT
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promoters can be replaced with a heterologous promoter [43]-[48], leaving the
3'RR to be the primary element that defines AID-targeting specificity. In fact, the
3'RR contains many transcription factor binding sites, including E2A sites that have
been implicated in recruiting AID [105]-[107]. However, direct analysis of the role
of the 3'RR in AID targeting has been difficult because of its essential role in
supporting germline transcription in mouse models. The significant level of GLT
and CSR in this 3'RR-deleted cell line strongly suggests that AID targeting to IgH
can occur without the 3'RR.

Understanding the components that specify AID targeting of the IgH locus
remains unrealized. One possibility is that the region being transcribed (i.e., S
region) plays a more prominent role in AID targeting during CSR than previously
thought. S region transcription can induce a secondary DNA structure known as
an R-loop, which contains an extensive stretch of ssDNA that may facilitate AlID
binding [12], [53]. Alternatively, AID may bind to the G-quartet motifs on the GLT
and be targeted back to S regions via an RNA-guided mechanism [108]. The V
region is not G rich and does not form an R-loop; thus, AID targeting to V regions
during SHM may still require a specific set of transcription factors. It was reported
that SHM is greatly reduced in 3'RR-deleted mice [109]; however, there is also a
marked reduction in V region transcription [110]. Therefore, the role of the 3'RR in
targeting AID to V4 during SHM remains unknown.

A recent study showed an important role of the palindromic structure of the
3'RR in AID targeting to the Vy region and SHM [111]. When the palindromic

structure was disrupted, it reduced the Vu region transcription and SHM, but CSR
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was minimally affected as long as all four enhancers were present [111]. The
finding that HS knock-in (i.e., without the palindromic spacer regions) fully restores
CSR is certainly in agreement with that study. Many of the HS knock-in clones
displayed the hyper-CSR phenotype, suggesting that there may be negative-
regulatory elements in the 3'RR that are located in the spacer regions or are
dependent on the overall architecture of the 3'RR. One possible element is the
“like-switch” sequences in the 3'RR that mediate “suicide recombination” [112],
which was proposed to play a role in B cell homeostasis [112]. The 3'RR-RMCE
platform established in this study will be a useful tool for dissecting the cis-acting

elements within the 3'RR that positively or negatively regulate CSR.
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CHAPTER 3: ELUCIDATING AID-MEDIATED DEAMINATION DURING CLASS

SWITCH RECOMBINATION
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3.1 Introduction

Immunoglobulin (Ig) gene, encoding protein molecules commonly known as
antibodies, undergo multiple rounds of genetic diversification to facilitate more
effective pathogen clearance. Antigen stimulated B cells make changes in Ig genes
via somatic hypermutation (SHM) and class switch recombination (CSR). SHM
introduces point mutations at Ig variable (V) regions (encoding the antigen binding
domain of Ig) for a chance to produce high affinity antibodies, whereas CSR
changes the heavy chain constant (C) region resulting in an altered effector
function of the antibody. CSR is achieved by generation and joining of DSBs within
the switch (S) regions, deleting the intervening DNA, and juxtaposition of a new C
region immediately downstream of the V region [1], [2].

Activation-induced cytidine deaminase (AID) is a B cell-specific factor that
initiates both SHM and CSR [17], [18]. It is a single-strand specific cytidine
deaminase that converts cytosines to uracils [1], [2]. During CSR, AlD-generated
uracils are recognized by Uracil DNA Glycosylase 2 (UNG2)-dependent base
excision repair (BER) or MutS homolog 2 (MSH2)-dependent mismatch repair
(MMR) [1], [2]- When uracils are generated within close proximity on opposing DNA
strands, two closely positioned nicks across the DNA strands can occur, resulting
in a double strand break (DSB). Joining of distal DSBs from the ‘donor’ and
‘acceptor’ S regions through non-homologous end joining (NHEJ) completes CSR
and juxtaposes a new C region to the V region. Alternatively, MMR factors can
recognize U:G mismatches and initiate a patch repair (i.e. migration of a strand

break) that connects discontinuous strands of DNA strands located far apart and
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ultimately results in a DSB. Loss of either UNG2 or MSH2 results in impaired CSR
[61], [72], while loss of both results in total ablation of CSR [74]. UNG2 deficiency
alone results in a severe CSR defect, whereas MSH2 deficiency only moderately
impairs CSR [61]-[63], [72].

AID is not sequence specific, but prefers cytosines within the WRC (W=A/T,
R=A/G) motif (also referred to as AID hotspots) [13], [24], [25]. The WRC motif is
highly enriched in S regions, mostly in the form of AGCT. AGCT is one of the
WGCW motifs (W=A/T), which the complementary strand is also WGCW, resulting
in overlapping AID hotspots across the two DNA strands. From a previous study
in the lab, it has been shown that the overlapping AID hotspots are important for
efficient CSR [26], consistent with the general assumption that closely positioned
nicks across the two strands initiate DSB formation. However, how AID
deaminates S regions during CSR has not been studied in detail. The abundance
and precise positions of AID deamination events during a typical CSR cycle is
unknown. It is possible that AID deaminations are clustered at a S region (i.e. DSB
by close by nicks) or scattered (i.e. rely on MMR-mediated strand excision). It is
also unknown the number of and specific location of AlID-generated uracils per S
region per cell cycle Due to this gap of knowledge, the process by which uracil
repair in the S region leads to DSB formation remains mostly speculative.

Mutations in AID can result in type 2 hyper IgM syndrome type (HIGM2),
where patients are characterized by normal or elevated level of IgM but lack IgG,
IgA, and IgE. These patients are profoundly susceptible to bacterial infections and

develop lymphadenopathies [113]. Most AID mutations that leads to HIGM2 are

30



inherited as autosomal recessive (AR) traits [19], [114]. Interestingly, several AID
mutations (e.g. AC10, S43P, L98R and R174S) have been reported to possess
deaminase activity in biochemical assays but are defective for CSR in vivo [19],
[91]. Why these AID mutants cannot support CSR despite being an active enzyme
is intriguing.

In this study, we aimed to elucidate how AlD-generated uracils are
distributed in S regions as an important step towards a better understanding of
how S region uracils are processed to result in DSBs. We determined the exact
positions and abundance of uracils generated by the WT AID as well as a mutant
AID, AIDR190X that is truncated and lacks 9 amino acids from its C-terminus. In
previous experiments, AIDR'9X demonstrated higher enzymatic activity in bacterial
antibiotic resistance reversion assays [115]-[118]. Most interestingly, some HIGM
patients with the R190X mutation have one WT allele and one mutant allele; thus,
the R190X mutation exerts a dominant negative effect [119]. Patients with the
R190X mutation appear to have normal levels of SHM [119]. Thus, the R190X is

a rare AID mutation that results in separate phenotypes for SHM and CSR.
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3.2 Materials and Methods

3.2.1 Reagents, cell culture, and Class Switch Recombination assay
CH12F3 cells were cultured in RPMI 1640 medium supplemented with 10%
(v/v) FBS and 50 uM beta-mercaptoethanol. For CSR assays, viable CH12F3 cells
were seeded at 5 x 10* cells/ml in medium containing 1 mg/ml anti-CD40 Ab
(eBioscience), 5 ng/ml IL-4 (R&D Systems), and 0.5 ng/ml TGF-1 (R&D Systems)
and grown for 72 hr. Cells were stained with an FITC- conjugated anti-mouse IgA
Ab (BD Biosciences) and analyzed on an LSR Il flow cytometer (BD Biosciences).
CSR efficiency was determined as the percentage of IgA* cells. Rat anti-
human/mouse AID Ab from eBioscience and human anti-mouse MSH2 Ab from

Santa Cruz Biotechnology were used for Western blotting.

3.2.2 Gene targeting

CRISPR/Cas9-mediated genome editing [101] was carried out by co-
transfecting 2x10° cells with 1 mg each of the hCas9 and gRNA vectors.
Transfected cells were allowed to recover for 48 h before seeding into single cells
in 96-well plates by limited dilution. Cultured clones were selected and analyzed
by PCR, followed by Sanger sequencing of the PCR products to confirm the

desired indels.
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3.2.3 Recombinase-mediated cassette exchange

Exchange vector (5ug) and Cre-expression vector (1ug) were co-
transfected into 2x10° cells by electroporation. Transfected cells were seeded in
96-well plates at ~100 cells/well and grown for 72 hr before the selection agent
ganciclovir (GANC) was added to a final concentration of 2 mg/ml. GANC-resistant

colonies were screened for exchange event by PCR,

3.2.4 Uracil-DNA glycosylase assay

1x108 cells were collected and resuspended in 50ul 20mM Tris-Cl pH7.5,
100mM NaCl, 10mM EDTA, and 0.5% Igepal CA-630. The resuspended cells were
frozen at -80°C and thawed twice, then centrifugated at 15,000 rpm from 10 min to
remove insoluble cell debris. Uracil-DNA glycosylase assays were carried out by
mixing 2ul of the resulting supernatant (whole cell extract) with 5 pmoles of
fluorescein-labeled oligonucleotide substrate in a final volume of 10yl for 10 min at
37°C. 1M NaOH was then added and incubated at 95 °C to induce DNA strand
breaks. The reaction was terminated by the addition of 11pul of formamide loading
dye (Amersham Pharmacia) and the products were resolved on 10% TBE-urea
polyacrylamide gels. The reaction products were visualized using a Typhoon

phosphorimager (Amersham Pharmacia).

3.2.5 AID footprint analysis

AID deamination was measured in CH12F3 cells, which are MSH2 and

UNG2 deficient, and contain a 1.1kb long core Sa fragment inserted by RMCE to
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replace the entire endogenous Sa [26]. UNG2 and MSH2 deficiency prevents
normal processing of AlD-generated uracils in S regions, therefore these uracils
remain in the S region of the cells. Upon DNA replication, any Us present within
the DNA template strand will be paired with an A in the newly synthesized strand.
Then, during the second round of DNA replication, the A in the template strand will
pair with T, ultimately resulting in a C to T transition from the original sequence (G
to A on the bottom strand). This C to T transition is an indication of AID-mediated
cytosine deamination, and is referred to as an “AlD-footprint” (Figure 11). These
cells are stimulated with CIT medium (RPMI medium with CD40L, IL4, TGF31) for
the indicated length of time.

For bulk analysis, CIT medium was removed after the stimulation, then the
core Sa was amplified by PCR and cloned into a cloning vector for sequencing.
For individual cell analysis, after stimulation, single cells were plated into 96-well
plates, and cultured to increase the cell number, allowing for the core Sa from each
clone to be amplified and sequenced. Amplified core Sa will contain two
heterogeneous molecules; one from the top and one from the bottom DNA strand.
Because AID is a deaminase for single stranded DNA, deaminated sites can be
identified by overlapping peaks in the sequence chromatogram, with both the
original and mutated base represented at a single position. Heterogeneity of the
sequence is then confirmed by sub-cloning and sequencing the PCR product

(Figure 12).
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3.3 Results

3.3.1 Time-lapsed accumulation of AID deamination

In order to illustrate AID deamination, or AID footprints, in CH12F3 cells,
several genetic modifications are required. Uracils incorporated in DNA are
normally processed by UNG2-mediated BER or MSH2-mediated MMR pathways.
To preserve the AID footprints, both BER and MMR pathways need to be disrupted.
Thus, UNG2 and MSHZ2 were sequentially disrupted using CRISPR-Cas9 genome
editing. Additionally, endogenous S regions are long, repetitive, and GC-rich,
which is difficult to amplify by PCR. Thus, the S region under investigation needs
to be shortened to an extent that would support efficient CSR but amenable to
PCR amplification. To this end, the endogenous Sa was replaced with a 1.1kb
“core” fragment using the recombinase-mediated cassette exchange (RMCE)
technology [26]. The resulting cell line upon completion of the three genetic
manipulations is hereafter referred to as Sa®™-DKO. The 1.1kb core Sa represents
the most uniformly repeated region of Sa and has been shown to support CSR at
30% to 40% of the WT Sa sequence [26].

To measure the accumulation of AID footprints over time, Sa®"™-DKO cells
were stimulated with CIT for either one week or four weeks (with necessary split
once the culture reached confluency). Because CH12F3 cells can only switch from
IgM to IgA, AID footprints were measured in the donor Sy and acceptor Sa regions.

As shown in Figure 13A, each sequenced molecule contains at least one C

to T conversion (an AID footprint) and up to more than ten mutations (Figure 13A).
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We estimated that CH12F3 cells double every 12-16 hr when cultured in CIT-
containing medium [78]. Therefore, over a span of a week, there are 10-12
generations. Based on this estimation, we calculated that an average of less than
one (0.7-0.9) AID deamination event occurs at the 1.1 kb core Sa per cell per
generation. We observed AID footprints were roughly equally distributed between
the top and the bottom DNA strands (48% vs 51% at one week and 44% vs 56%
at four weeks of stimulation, respectively), and the AID footprints are evenly
distributed across the entire S region (Figure 13C, 13D). This observation is
consistent with the collapsed R-loop model in which a DNA secondary structure
plays a major role in generating ssDNA substrates for AID (Figure 17).

In the core Sa region, after one week of stimulation, 6.8 x10-* mutations per
base had accumulated. When grown to four weeks under stimulation condition, the
mutation frequency increased to 1.3 x102 mutations per base, which is ~2-fold
higher compared to cells grown for one week. The majority of deaminations
occurred in AID hotspots at a similar frequency over time (89% and 80%, respect
to time), whereas deamination at cold spots increased at four weeks of stimulation.
This suggests a depletion of AID hotspots occurred over extended periods of
stimulation and forced AID to seek non-AlID hotspot motifs to deaminate (Figure
13C, 13D). We also examined a small region upstream of the donor Sy, called pre-
Su. This region was chosen in a number of earlier studies as a proxy to Sy due to
the difficulty of PCR amplification of the intact Sp region. Similar to that of the core
Sa, AID deaminates pre-Sp fairly equally between the two DNA strands. There

was a slightly higher number of deaminations at the AID cold spots (25% after one
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week and 27% after four weeks of stimulation) (Figure 13F, 13G). These results
indicate that AID targets both DNA strands and prefers cytosines in the WRC motif
in vivo, in line with its WRC preference in vitro shown by numerous biochemical

assays [25], [120].

3.3.2 AID footprints analysis at a single cell level

DSB formation at the donor and acceptor S regions is essential for CSR.
AID initiates the DSB formation by targeting cytosines in S regions and converting
them to uracils [1]. However, precisely which cytosines within any given S region
are deaminated to uracils, especially the relative positions of uracils on the two
DNA strands of the same molecule, have not been determined. This information is
key to our understanding of the DSB formation mechanism. Like most studies
reported so far, the experiments described above were done with pools of cells.
During the PCR process, the top and bottom strands each gives rise to a separate
PCR product. Thus, it is impossible to reconstitute AID footprints on both strands
of the same DNA molecule. To elucidate the specific cytosines involved in DSB
during CSR, we performed AID footprint analysis at the single cell level. Sac°re-
DKO cells were stimulated with CIT medium for 24hr before cytokines were
withdrawn, and the cells were plated in growth medium by limited dilution to
develop single clones. The stimulation was carried out for 24hr because AID
expression reaches the highest level at this time point [100]. The choice of cell
clone versus single cell as the PCR template is due to the technical difficulty of

amplifying Sa region from a single cell, especially when there is only one IgH allele
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in CH12F3 cells (i.e. just one molecule) [26]. Within each cell clone, only two PCR
products are generated, one from the original top strand and one from the original
bottom strand. Therefore, the integrity of the top and bottom strand information
from a single cell is preserved.

Using this method, a total of 307 PCR reactions (from individual cell clones)
were sequenced by Sanger sequencing, of which 18 products showed one or more
overlapping peaks in the chromatogram (at Cs, or Gs if deamination is on the
bottom strand) (Figure 12), indicating two populations exist in that PCR reaction.
These 18 PCR products were individually cloned into a plasmid, and transformed
to E. coli to separate the two species within each PCR product. After Sanger
sequencing of 8-12 bacterial clones from each PCR product, AID deamination
profiles on both DNA strands from those individual B cells were reconstituted
(Figure 14). In 16 cases, both top and bottom strand-derived sequences were
successfully obtained. In the other two cases, only the WT sequences were found
after sequencing the bacterial clones, suggesting that the initially observed
overlapping peaks on the chromatogram are likely sequencing noises. All but one
AID deamination occurred at WRC motif.

Out of the 16 molecules which top and bottom stands are no longer
complementary due to AID deamination, 8 molecules had deamination events on
only one of the strands, the other 8 molecules contained deaminations on both
strands (Figure 14). From this limited number of molecules obtained, we made the
following unexpected discoveries. First, the amount of AID deamination events

occurred at the entire Sa region within one cell cycle is rather sparse, despite the
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peak expression of AID at that time point. It is important to note that AID-generated
uracils in normal B cells do not persist to the next cell cycle. They are either
faithfully repaired to be restored to the original Cs, or replicated over to generate
C to T mutations. In this regard, only the uracils generated within a single cell cycle
participate in DSB formation. Thus, our data suggest that DSB is formed from a
very limited number of uracils generated by AID in each cell cycle. Second, there
is only one molecule showing overlapping deamination at WGCW/WGCW motif
(Figure 14, #14), a previously widely conjectured mechanism for DSB formation.
In CSR assay, Sa®" cells are capable of switching to ~5% at 24hr of
stimulation. Out of 307 amplicons that were sequenced, approximately 3% of the
molecules showed at least one mutation on both strands, which can be viewed as
molecules that are potentially forming DSB. This suggests that even though AID is
capable of targeting multiple cytosines, the minimum requirement for DSB
formation might be as low as one deamination event on each DNA strand (Figure

14).

3.3.3 R190X AID in CH12F3

Several AID mutations, (e.g., R190X, S43P, L98R, and R174S) described
in HIGM2 syndrome patients, retain catalytic activity in vitro but cause defective
CSR in vivo. Among these mutations, AIDR'%X is the most interesting because it
exerts a dominant negative effect in human patients [119]. However, there has not
been a cell line, or a mouse model for this particular mutation, to elucidate the

molecular basis for the dominant negative effect.
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To investigate the alterations of AID footprints caused by AIDR'9X
AID2Egqaee-DKO was generated. The AID gene in these cells has been
engineered by CRISPR/Cas9 genome editing to remove Exon 5. An earlier study
using retroviral transduction to complement AID-deficient mouse splenic B cells
has reported that AID2FS has a similar phenotype to AIDR'9X [121].When
overexpressed, AID*E® or AIDR'®%%reduce CSR efficiency mediated by a WT copy
of AID cDNA. The caveat of this kind of approach is that retroviral transduction
often results in magnitude orders of overexpression of the transgene; leading to
artifacts in many occasions [121]-[124]. In this study, two different methods
(RMCE and CRISPR-Cas9 genome editing) were used to modify the AID gene in
CH12F3 cells at its endogenous locus. These methods preserve the transcriptional
regulatory elements intact and effectively avoid the artificial over-expression
associated with retroviral transduction.

For RMCE, the entire AID coding region sequences (CDS) was replaced
with a Puro-ATK positive/negative selection cassette (by homology-based gene
targeting) followed by a cassette exchange with a synthetic DNA fragment
containing the AID CDS with the R190X mutation (Figure 15A). Because the
endogenous S regions are not shortened, direct AID footprint analysis is not
practicable. Nevertheless, this engineered cell line is usable for testing for a
potential dominant negative effect caused by the R190X mutation of AID. To
generate AIDR"%* ysing RMCE, first the region spanning exons 2 to 4 of the AID
locus was replaced with an RMCE cassette on one of the two alleles in the CH12F3

cell line. This design allows the mutation of any amino acid of AID except for the
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first 3 a.a. encoded by Exon 1. Once AIDRMCE* cells were obtained, a cassette
containing a fragment bearing the R190X mutation was used to replace the
chromosomal cassette (Figure 15A). Loss of one chromosomal copy of AID results
in a haploinsufficient phenotype [125]. If R190X has a dominant negative effect,
then CSR efficiency would be reduced in AIDR'X* cells. Surprisingly, we
observed AIDR®%%* cells were capable of switching to IgA at ~50% of the WT level
(Figure 15C). Therefore, instead of a dominant negative effect, the R190X
mutation in this mouse cell line displayed a null phenotype in regards to CSR.
These results contrast the reduced CSR observed in human patients with
AIDR19X* " or mouse B cells with retroviral vector-mediated overexpression of
AIDAES,

In parallel to the RMCE approach, CRISPR/Cas9 genome editing was used
to generate AID*ES* and AIDAE¥2ES cells from WT CH12F3 cells. Two Cas9P104
nickases with targeting sites flanking exon 5 (Figure 15B) were introduced into
CH12F3 cells. It is widely acknowledged that genome editing mediated by two
proximal Cas9 nickases generates minimal off-target mutations in the genome
[126], [127]. Similar to AIDR'9X* cells generated via the RMCE approach, AIDAE5+
cells are capable of switching to IgA at ~50% of WT levels while AIDAEAES cells do
not switch at all (Figure 15C). These data strongly suggest that the C-terminal
truncation of AID in this mouse B cell line behaves as a null phenotype rather than
a dominant negative mutation shown in human patients. Because there was no
antibody available to detect C-terminal truncated AID, the protein levels of AIDR190X

or AID*5 were not determined. Therefore, there is a possibility that the null
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phenotype of AIDR'9X or AID2E® in CH12F 3 cells is a result of the lack of truncated
protein, which may be due to the instability of the protein.

In order to determine whether the C-terminal truncated AID deaminates S
regions in CH12F3 cells, CRISPR/Cas9 genome editing was performed in Sac°'e-
DKO cells to generate AID 2E5AESgqgcere-DKO cells, which were stimulated with CIT
for one week and analyzed for AID footprints. The Pre-Sy and Sa®°™ regions were
PCR-amplified and sequenced. Several published studies have examined the
frequency of mutations caused by retrovirally expressed AID (or AIDA®) in CH12F3
or mouse primary B cells [118], [121]. Typically, the C-terminal truncated AID
produces more mutations at pre-Sp region than the WT AID when retrovirally
transduced. In contrast, we observed no significant deamination at both Pre-Sp
and Sa regions in cells with endogenous AIDE® (Figure 16), indicating that AID C-

terminal truncation in CH12F3 cells represents a loss of function mutation.
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3.4 Discussion

This study provides many valuable insights into how AlD-deamination
occurs within the entire S region, which have not been reported previously. First,
we observed that AID is able to target top and bottom strands at a similar frequency.
Because AID is a ssDNA deaminase, we had hypothesized AID to target the non-
template (top) strand more frequently than the template (bottom) strand by forming
an R-loop structure. One possible explanation for our results could be based on a
recently reported crystal structure of AID. It was suggested that AID has two DNA
binding grooves, resulting in higher binding affinity and deamination activity for
structured DNA substrates such as branched or G4 structures [128]. This may
allow for AID to bind both DNA strands at the same time and perform deamination
at a similar frequency, potentially preferring a different secondary structure known
as a collapsed R-loop. R-loops are known to collapse upon RNase H-mediated
degradation to generate ss loops on both DNA strands due to switch repeats
misalignment [53] (Figure 17). Second, we observed AID deamination evenly
across the entire core S region. This is consistent to the mutation profile of V
regions during SHM, where the mutation frequency rises up at ~150 bp
downstream of the promoter and gradually tails off over a 1.5 kb region with a
noticeable peak above the ~400 bp V region [129]. It is possible that the same
distribution may occur in the S region based on the observation that small amounts
of AID deamination were present at non-S sequence region positioned after the

core Sa. This data is also consistent with the hypothesis that AID associates and
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travels with the RNA polymerase Il complex, and AlD’s access to ssDNA relies on
strand separation behind the polymerase due to superhelical tension [130], [131].

As AID footprints from a pooled population of cells can only show the
distribution of deamination events, we took additional steps to determine the AID
deamination action during one cell cycle. From the limited amount of data, we
observed the AID deamination events mostly occurred distally during one cell cycle,
This challenges two of the widely accepted hypotheses of AID action and DSB
formation in S regions. One, DSB formation at S regions was thought to occur
when the nicks are closely positioned on both the top and bottom strands, thus
making overlapping AID hotspots the most likeable AID target to facilitate DSB
formation [1]. Consistent with this hypothesis, it had been shown that short
sequence motifs containing overlapping AID hotspots in the form of WGCW (e.g.
AGCT) in the S regions are critical for efficient CSR [26]. In contrast, we only
observed this pattern in 1 of the 16 molecules analyzed. Contrarily, our data
showed only one molecule that had the pattern supporting this idea. Additionally,
our data suggests distal nicks may contribute to DSB formation which could explain
why the MMR pathway is also required for efficient CSR. As suggested previously
[132], [133], EXO1 mediated strand excision might be a mechanism of migrating
strand discontinuity on both strands to proximal sites , thus leading to DSB. There
can be an alternative explanation for the lack of overlapping deamination at
WGCW sites. For example, in collapsed R-loop structure, uracils between the top
and bottom strands for many of the molecules shown in Figure 14 actually may be

much close to each other (Figure 17), which is sufficient to generate a DSB. This
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hypothesis needs to be tested experimentally in the future. Two, another general
assumption in the field is that AID deaminates multiple sites during CSR for DSBs.
However, our data suggest that the minimum requirement for DSB formation could
be as low as one deamination event on each DNA strand.

Due to the disadvantages of Sanger sequencing, we explored the option of
a new, or third generation, sequencing method called “Nanopore” sequencing.
Sanger sequencing is low throughput, requires multiple steps in addition to PCR,
and most importantly, may suffer from amplification biases introduced by PCR. In
contrast, third generation sequencing is purported to provide ultra-long reads, is
high throughput, and does not suffer from amplification biases. We explored
Nanopore sequencing in an attempt to make more efficient progress on the project.
Unfortunately, the data obtained using Nanopore was unreliable based on the
control experiments. Thus, we will continue to use the original strategy despite a
slower pace in order to yield a stronger and more reliable conclusion. Additionally,
we plan to explore additional high throughput third generation sequencing
strategies (e.g., PacBio) to obtain corroborating data for AID footprints at the single
cell level.

In addition to the WT AID, we aimed to delineate the functional defect of
AID mutations that cause HIGM2 syndrome. In this study, we focused on AIDR190X,
where the last 9 amino acids from its C-terminus have been deleted. This particular
mutation was shown to have a dominant negative effect in human patients as well
as in mouse B cells that overexpress this mutant protein[119], [121]. The C-

terminus of AID encodes a nuclear export signal that shuttles AID out of the
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nucleus [123], it is therefore somewhat counter-intuitive that the C-terminus of AID
is required for CSR, which occurs in the nucleus. It has been reported that nuclear
AID is subjected to proteasome-mediated degradation [134]. Therefore, C-terminal
truncated AID (AID~®) is unstable due to its primary residence inside the nucleus.
In studies where AIDAC was transduced with a retrovirus, the overexpression
masks some of the instability associated with the C-terminal truncation. The
majority of studies have used fusion proteins at the C-terminus of AID which further
stabilizes AID*® [123], [124], [135]. Our study raised the possibility of AID having
a species-specific mechanism. It may be that truncated AID protein in human cells
does not operate in mouse cells, accounting for the difference of the dominant
negative effect. Recently, a mouse model of C-terminal AID truncation was
generated (unpublished, personal communication with Dr. Jayanta Chaudhuri). In
this mouse model, AIDR'9X pehaves as a null allele, just like what we have
observed in the CH12F3 cell line. It is possible the dominant negative effect shown
in previous studies is an artifact of an overexpression. The overexpression of
AIDE® showed an increased amount of deamination events in the donor S region,
which correlates with the hypothesis that AID*%® loses the C-terminal nuclear
export signal and accumulates in the S regions, inhibiting the binding of other DNA
repair factors from completing steps in the CSR process (e.g. DSB formation, end-
joining).

Our study indicates that the endogenous mouse AIDR'9X as well as AIDA55
is unable to efficiently deaminate cytosines in CH12F3 cells. The reduced amount

of AID deamination may be due to defects in AID protein stability or targeting to S
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region. Another possibility is that even though AIDR'9%X is stable and can be
targeted to the S region, it may be unable to stay bound to deaminate cytosines.
Further analysis of AID footprints made by AID*E5 as well as other AID mutations
using Sae-DKO cells, that were established in this study, may provide additional
information regarding organismal differences of AID between mice and humans

and why they cause defects in CSR.

47



CHAPTER 4: SUMMARY AND CONCLUDING REMARKS
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Class Switch Recombination (CSR) is one of the processes that diversifies
immunoglobulin (Ig) molecules for the effective immune system. CSR is a region-
specific event that changes the constant (C) region of the Ig molecule while
maintaining the same variable (V) region, allowing the Ig molecule to recognize the
same pathogen but alter its effector function. Many proteins are involved in the
process, of which activation-induced cytidine deaminase (AID) is a B cell-specific
protein that initiates the process. One of the unanswered questions in the field is
how AID targets and acts on the switch (S) regions during CSR.

In Chapter 2, we provided evidence that the 3' regulatory region (3'RR) is
not absolutely required for recruitment of AID to S regions in CH12F3 cell line. We
showed deletion of the entire 3'RR in CH12F3 cell line resulted in a modest
reduction rather than complete abolishment of CSR. This suggests 3'RR may have
a more prominent role is chromatin remodeling compared to its role in transcription
or AlD-targeting. Additionally, replacing 3'RR region with just the 4HS sites
resulted in hyper-CSR phenotype, indicating these sites are the most critical
elements of 3'RR for CSR. This hyper-CSR phenotype also suggests the possibility
of negative regulatory elements in the 3'RR. The 3'RR-RMCE platform established
in this study will serve as a useful tool for dissecting these cis-acting elements
within the 3'RR that positively or negatively regulate CSR.

In Chapter 3, we focused on elucidating how AID-generated uracils are
distributed in S regions, which will provide a better understanding of the
mechanism of double-stranded DNA breaks (DSBs) formation during CSR. Two

DNA repair pathways are involved in processing AlD-generated uracils, which can
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ultimately result in nicks on ssDNA strand. It has been hypothesized that the nicks
on the two strands need to be created at near proximity to lead to DSB formation
that facilitates CSR. Additionally, it has been hypothesized that AID needs to
deaminate many cytosines in S regions to uracils to effectively generate DSBs.
Our data suggests that DSB formation does not necessarily need proximal nicks,
or perhaps distal nicks can be brought to proximity (i.e., collapsed R-loop).
Although AID is capable of deaminating multiple sites, the minimum amount of
AID-generated uracils can be as low as one on each strand. This profile of AID
deamination at the core S region at a single cell cycle level has never been shown
before.

Finally, we aimed to delineate the CSR defect associated with the R190X
mutation of AID, in which 9 amino acids are absent from the C-terminus. The C-
terminus of AID includes a nuclear export signal (NES) that regulates the location
and function of AID. Loss of this region somehow causes type 2 HIGM syndrome
in human patients in a dominant negative fashion. Previously, there has been no
cell line or mouse model to study the R190X mutation, making us the first group to
have made a cell line to study this mutation. In our studies, the AIDR'X did not
exhibit the dominant negative phenotype in the mouse B cell line. Instead, the
R190X acted as a null allele and resulted in aa haploinsufficient phenotype. In
addition, AID footprints in the mouse B cell line with AIDAE¥2ES demonstrated a
basal level of deamination in both pre-Sy and Sa. Thus, AID*®® is unable to
deaminate cytosines in S regions even when there is an active catalytic domain

present. This suggests there may be a species-specific mechanism of AID
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regulation, or AID protein itself, that allows AIDR'"% to be stable in humans and
override the action of WT AID. In mice however, the AIDR%% |oses this stability
and the WT AID continues to function. To test this hypothesis, using RMCE
strategy, an AIDR'9X fused with GFP at the C-terminus to help with protein stability
could be generated in future studies. In addition to the data generated, the Sac°r-
DKO cell line and AID footprint platform established in this study have many
potentials. They will be useful tools for testing deamination of AID and AID
mutations in the S region and targeted sequences. Also, the Sa®-DKO cell line
and AID footprint platform can be used to determine the effect of other proteins
that may participate in AID action, targeting, stability, etc.

In summary, the studies presented in this dissertation have increased our
understanding of the mechanism of CSR. In addition, the cell lines created as a
part of these studies will serve as important tools to study the cis-elements
responsible for the multiple proposed functions of 3'RR. The cell lines and methods
developed in our studies can also be used in the future to elucidate factors that
control AID activity and contribute to the defects that occur in patients with HIGM2

syndrome.
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APPENDIX A: Chapter 1 Figures

Figure 1. Structure of an Immunoglobulin Molecule. Immunoglobulin, or an
antibody molecule consists of two heavy and two light chains which are joined by
disulfide bonds. They have an N-terminal Variable(V) region (red) and a C-terminal
Constant (C) region (blue). The polypeptide chains, light chains, heavy chains,

disulfide bonds, variable and constant regions are indicated.
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Figure 2. Overview of Class Switch Recombination. The Ig heavy chain locus is depicted. Orange rectangle represents
variable (V) region. pink rectangles represent constant (C) region exons, colored circles represent switch (S) regions and
blue oval represents 3'RR. Each S region precede its corresponding constant region. DSBs occur in donor (Su) and acceptor

(Sa) then are joined together by NHEJ. The V region is juxtaposed to new constant regions; thus, CSR occurs. Intervening

DNA is deleted.
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Figure 3. Molecular Mechanism of Class Switch Recombination. Cytokine-
dependent promoter initiates the GLT. Transcription through S regions results in
the formation of secondary structures such as R-Loops and G4s. This provides
single-stranded DNA substrate for the action of AID, which converts cytosines into
uracils. AlD-generated uracils are recognized and processed by UNG2 mediated
Base Excision Repair (BER) or MSH2-mediated Mismatch Repair (MMR)
pathways This generates nicks in the S region which can result in DSBs. DSBs are
recognized and synapsed, a process that involves multiple factors such as y-H2AX,
53-BP1 and ATM. The DSBs in the donor and acceptor S regions are joined by

NHEJ pathways to complete the recombination process.
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Figure 4. Germline Transcription during Class Switch Recombination. Upon
cytokine stimulation, transcription activates by the cytokine-dependent promoter.
The primary transcript consists of the | exon, intronic switch region and the
constant region exons. The primary transcript is spliced to produce the germline
transcript that consists of | exon and constant region exons. VDJ, rearranged
variable region; I, | exon; S, switch region; C, constant region exons; SD, splice

donor; SA, splice acceptor.
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Figure 5. Formation of Double Stranded DNA Break during Class Switch
Recombination. AID deaminate cytosines within S region into uracils. AlD-
generated uracils are processed through BER or MMR. In BER, which is
considered to be the main pathway of uracil processing, UNG2 recognize and
remove uracils leaving abasic sites. These abasic site is then targeted by APE1
which generate nicks resulting in a DSB. In MMR, MSH2/MSHG6 heterodimer
recognize U:G mismatch, recruits MMR machinery including MLH1, PSM2 and
EXO1. MMR induces gaps with long overhangs that are processed to generate a

blunt ended DSB.
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APPENDIX B: Chapter 2 Figures

Figure 6. Gene targeting to replace 3'RR with an RMCE cassette.
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(Figure 6 cont’d.)

A. Strategy to replace 3'RR with an RMCE cassette. Step 1: insertion of a LoxP
site (red triangle) in front of 3'RR. Step 2: insertion of an RMCE cassette and
deletion of 3'RR. B. Southern blot analysis of the targeted allele. The 5' probe only
hybridizes to the productive allele. The 3' probe hybridizes to both alleles. C.
RMCE. Exchange plasmid containing floxed mutant sequence and Cre expression
plasmid are co-transfected into 3'RR-RMCE cells. Successful exchange events

are enriched by counterselection against the TK gene using GANC. E, EcoRV.
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Figure 7. Reduced Class Switch Recombination in 3'RR-deleted (from the

productive allele) cells.
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(Figure 7 cont’d.)

A. A time course of CSR over a period of 72 h for the three independent (#3, #6,
and #12) clones from which 3'RR was deleted and replaced with an RMCE
cassette (on the productive allele). Error bars indicate SE of three independent
experiments. B. Semi-quantitative RT-PCR of GLTs (3-fold serial dilution of cDNA).
Total RNA was harvested at 24 h after cytokine stimulation. C. Western blot
analyses of AID expression in WT and 3'RR-RMCE clones. Cells were harvested
after 24 h of stimulation. CIT, mixture of anti-CD40 Ab, IL-4, and TGF-B1 used to

stimulate cells to undergo CSR.
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Figure 8. Class Switch Recombination in 3'RR-deficient cells after removal

of the RMCE cassette.
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(Figure 8 cont’d.)
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(Figure 8 cont’d.)

A. RMCE between the chromosome cassette and the empty cassette on the
exchange vector results in the removal of the PGK-PuroATK selection module from
the chromosome. B. Southern blot analysis of three successfully exchanged
clones (A3'RR #1, #2, and #3). C. A time course of CSR for the RMCE cassette

removed clones (dashed lines) over a period of 72 h. B, Bgl Il.
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Figure 9. Class Switch Recombination in cells with a deletion of 3'RR on both

alleles.
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(Figure 9 cont’d)
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(Figure 9 cont’d)

A. Deletion of 3'RR on the nonproductive (NP) allele by CRISPR/Cas9-mediated
genome editing. The two red arrows indicate Cas9-targeting sites. The region
between these two sites is deleted. The vertical dashed line on the Southern blot
indicates the position from which two irrelevant lanes were removed. B.
Sequences of the junction generated by CRISPR/Cas9-mediated deletion on the
NP allele. Two red arrows indicate the original cleavage sites by the Cas9 nuclease.
End resection is revealed by DNA sequencing of the final junction. C. CSR
efficiency is unaltered upon the further removal of 3'RR on the productive allele.

Boxed areas indicate post-switched IgA* populations.
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Figure 10. Knock-in of four DNase | HS sites restores Class Switch

Recombination.
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(Figure 10 cont’d)

A. A fragment consisting of four HS sites juxtaposed in tandem in the natural order
was knocked-in by RMCE to replace the deleted 3'RR on the productive allele. B.
Southern blot analysis of seven successfully exchanged clones. C. CSR of the
seven clones contains the four HS sites in place of 3'RR. Four of the seven clones
display a hyper-CSR (>WT) phenotype. All clones switch more efficiently than the
parental 3'RR-RMCE clone (#3). D. RMCE with the four HS sites or an irrelevant
DNA fragment derived from Lig4 intron (Lig4In) was performed in all three 3'RR-
RMCE clones (#3, #6, and #12). E. Germline transcription measured by
semiquantitative RT-PCR in two representative HS-exchanged clones (clone 3.5
displayed hyper-CSR phenotype, whereas clone 3.3 displayed only a moderate
increase in CSR that was still lower than WT). F. Western blot analysis of AID
expression in 3'RR-RMCE and HS knock-in clones. G. AID recruitment to Sy and
Sa by ChIP analyses. ChlIP signals from WT cells stimulated for 16 h were set to

1. Error bars indicate the SE of three independent experiments.

71



APPENDIX C: Chapter 3 Figures
Figure 11. Analysis of AlD-footprints. \When uracil-processing elements are disrupted, AID- generated uracil is no longer

processed. Upon DNA replication, AlID-generated uracils can be identified by C to T (or G to A) transition.
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Figure 12. Occurrence of AlD-generated mutation. Representative chromatogram containing double peaks, an indication

of heterogeneous PCR products. Sequence heterogeneity was confirmed by cloning of PCR product followed by Sanger

sequencing.
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Figure 13. Analysis of AID footprints in pooled populations of Sa"-DKO cells after 1 or 4 weeks of CIT stimulation.
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(Figure 13 cont’d.)

A. Mutation load among the Pre-Sp or Sa region sequences from CIT stimulated Sa¢-DKO cells. The number in the center
of the pie chart is the number of sequences determined, with each slice of the pie indicating the proportion of sequences
with 1 to more than 10 mutations. Mutation frequency per base shown under each pie chart. B-G. Distribution of AID
footprints across Pre-Spy or Sa region sequences from CIT stimulated Sa®™-DKO cells at each timepoint. Each bar
represents percentage of mutations at that location out of total number of molecules sequenced. Mutations at C shown on
the top and mutations at G shown on the bottom of the strand. Red bars represent AID hotpsots and blue bars represent
AID coldspots. B. Pre-Sp sequences without CIT stimulation C. Pre-Sy sequences at one week of CIT stimulation D. Pre-
Su sequences at four weeks of CIT stimulation E. Sa sequences without CIT stimulation F. Sa sequences at one week of
CIT stimulation G. Sa sequences at four weeks of CIT stimulation. CIT, mixture of anti-CD40 Ab, IL-4, and TGF-31 used to

stimulate cells to undergo CSR.

81



Figure 14. AlID-footprints in Sa region. Sa region sequences from Sa®"-DKO
cells stimulated with CIT for 24 hours. Each line is a sequence, with mutations at
G on bottom strands and mutations at C on top strands. AID hotspots are indicated

in red and coldspots indicated in blue.
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Figure 15. Genome editing at AID locus
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(Figure 15 cont’d.)

A. Gene targeting to replace AID with a RMCE cassette. Strategy to replace AID
with a RMCE cassette. Exchanged plasmid containing R190X mutation sequence
and CRE expression plasmid are co-transfected into AID?* cells and selected with
ganciclovir. B. CRISPR-mediated genome editing at AID locus. pAK48 and pAK47
are gRNA vectors that target Cas9 nickase to Exon 5 of AID locus which will
generate AE5. Coding regions are indicated in red. C. CSR efficiency of mutant
AID cells. CSR efficiency of multiple clones containing AIDR9X* = AIDAES* and
AIDAESAES CSR efficiency is determined as the percentage of IgA+ cells after 72hrs
of stimulation with CIT. CIT, mixture of anti-CD40 Ab, IL-4, and TGF-31 used to

stimulate cells to undergo CSR.
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Figure 16. Analysis of AID footprints in pooled populations of AID E52E5Sqcore.DKO cells after 1 week of CIT

stimulation
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(Figure 16 cont’d.)

A-B. Distribution of AID footprints across 5'Su or Sa region sequences from AID ES2E5Ggcore-.DKO cells stimulated with CIT
for 1 week. Each bar represents percentage of mutations at that location out of total number of molecules sequenced.
Mutations at C shown on the top and mutations at G shown on the bottom of the strand. Red bars represent AID hotpsots
and blue bars represent AID coldspots. A. 5’Sy sequences at one week of CIT stimulation D. 5'Sa sequences at one week

of CIT stimulation. CIT, mixture of anti-CD40 Ab, IL-4, and TGF-B1 used to stimulate cells to undergo CSR.
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Figure 17. Model of DSB formation by distally position AlD-generated uracils
in a collapsed R-loop structure. An example of distally positioned AlD-generated
uracils shown in red stars (*). In R-loop, DNA strands are linear where uracils are
positioned far from one another. Upon RNase H treatment, S region repeats
misalign to form collapsed R-loop which can potentially bring the two uracils to

proximity, thus leading to DSB formation.
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