Rockefeller University
Digital Commons @ RU

Student Theses and Dissertations

2019

The Role of ZMYNDS in Immunoglobulin Class

Switch Recombination

Daniel Benjamin Rosen

Follow this and additional works at: https://digitalcommons.rockefeller.edu/
student theses and_dissertations

b Part of the Life Sciences Commons



https://digitalcommons.rockefeller.edu?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F503&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F503&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F503&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F503&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1016?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F503&utm_medium=PDF&utm_campaign=PDFCoverPages

The Role of ZMYND8

in Immunoglobulin Class Switch Recombination

A Thesis Presented to the Faculty of
The Rockefeller University
in Partial Fulfilment of the Requirements for

the degree of Doctor of Philosophy

by
Daniel Benjamin Rosen

June 2019



© Copyright by Daniel Benjamin Rosen 2019



The Role of ZMYND8
in Immunoglobulin Class Switch Recombination
Daniel Benjamin Rosen, Ph.D.
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Class switch Recombination (CSR) also known as Immunoglobulin (Ig)
Class switching is a genomic recombination/deletion reaction that diversifies the
effector component of the antibody response but preserves antigen specificity.
CSRis initiated by the enzyme activation induced cytidine deaminase (AID), which
produces nucleotide mismatches in actively transcribed immunoglobulin heavy
chain (/gh) switch donor and acceptor DNA. The 3’ Regulatory Region (3°'RR), a
prototypical super-enhancer located at the 3’ of the Igh locus, is essential for
acceptor switch region transcription, but the mechanism by which it regulates this

process is not well defined.

After targeting by AID, nearby mismatches in the donor switch region are
processed into DNA double strand breaks (DSBs), translocated to DSBs in the
acceptor switch region, and ligated through the DNA Damage Repair (DDR)
pathway, non-homologous end-joining (NHEJ). Critical components of CSR are

53BP1 and its effector RIF1 because they inhibit end resection to promote NHEJ



and oppose competing pathways in DDR. However, the mechanism by which RIF1 effects

end-protection in CSR and binds to 53BP1 is still unknown

In these studies, | identified a novel component of the RIF1 interactome, ZMYNDS,
a chromatin reader and transcriptional repressor that binds to RIF1 and facilitates
effective CSR. Unexpectedly, ZMYND8 promotes CSR independently of RIF1. In B cells,
ZMYNDS8 binds active promoters and super-enhancers, including the Igh enhancer the
3’RR. ZMYNDS8 controls 3’RR activity by regulating polymerase loading. In its absence
there is increased 3’ RR polymerase loading and decreased acceptor region transcription
and CSR. Thus, ZMYNDS8 controls CSR by regulating the activity of the 3’ Igh super-

enhancer.
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Chapter 1: Introduction

1.1 Antibodies and the Adaptive Inmune System

Organisms need to defend themselves against a wide variety of potential
pathogens and foreign organisms. While a limited number of P/MAMPs
(pathogen/microbe associated molecular patterns) like lipopolysaccharides are
genetically hardcoded to be innately recognized as foreign, our bodies rely on the
adaptive immune system to respond to novel and diverse molecular patterns
presented by pathogens. A central challenge of the adaptive immune system is
thus how to create specifically tailored but potentially infinitely variable targeting of
these patterns. When the adaptive immune system is able to recognize such a

molecular pattern as foreign, it is termed an antigen.

B cells are able to recognize and target such antigens by creating antibodies. The
potential antibody-antigen repertoire in humans is immense > 10'!(Glanville, Zhai,
Berka et al. 2009). However, the actual repertoire size is less than that because it
is functionally limited by the total number of B-cells present in the body at a given
time, overlapping specificity for antigens (as a result of clonal expansion and
diversification of selected B cells), and limited encounters with the antigens
themselves. Regardless of these limitations, the size of the human genome is only
3x10° bases and consequently, diversification of antibodies by B cells is

accomplished by the combinatorial rearrangement of multiple gene segments. The



induction, regulation, and translocations of these gene segments to produce
effective antibodies involves elements unique to the immune system (formation of

the breaks) and processes ubiquitous to all cells of the body (DNA repair).

Structure and Function
An antibody or immunoglobulin (Ig) is the secreted form of a B cell receptor (BCR).
They can bind to a wide diversity of antigens and a limited group of effector

molecules and cells.

N

Figure 1 Antibody/Immunoglobulin (Ig) Molecule

Igs are proteins secreted by B cells / plasmablasts. Four polypeptide chains
comprise the antibody. (LEFT) The blue regions are the heavy (IgH) chains and
the grey regions are the light (IgL) chains. Each pair of heavy and light chains is
identical to the other for a particular B cell. Disulfide bridges, indicated by black
lines, link the four chains. Different Ig classes have different structures. (RIGHT)
The N-termini of the heavy and light chains are indicated by N, the C-termini of the
heavy chains are indicated by C. Red highlights the variable region of the heavy
chain (VH). Green highlights the constant region of the heavy chain (CH). Orange
highlight the variable region of the light chain (VL). Purple highlights the constant
region of the light chain (Cv).



Igs are functionally divided into the variable and constant regions. The variable
region comprised of the V1 and VL is diversified through the V(D)J recombination
and later somatic hypermutation (SHM) reactions. The constant region is
comprised of the CL domain, kappa or lambda in mice and humans, and remains
fixed for a particular antibody. It is also comprised of the Cn which confers the
particular isotype to an antibody. The diversity generating reactions VDJ
recombination and SHM do not alter the constant region, but the Cx region, which
defaults to IgM, can undergo the process of class switch recombination (CSR). In
CSR, IgM can be switched to IgG, IgA, IgE or any of their subclasses (identified by
a numerical subscript after the class letter). Functionally, the ability to bind to
different antigens is due to the variable domain, which comprises about the first
110 amino acids of the N-terminus. The ability to interact with effector molecules
and cells is mediated by the constant domain. While every clonally derived
antibody has a unique variable region, the constant region is common to all

antibodies of that particular isotype.

Primary Diversification: V(D)J Recombination

The initial variability of an antibody derives from V(D)J recombination. In the
germline, the immunoglobulin locus has multiple different gene segments. During
the development of B and T cells, one copy of each segment is retained to produce
a functional BCR (B-cell receptor, essentially a membrane bound version of the

antibody encoded by that cell) or TCR, respectively. The other segments are



deleted through a recombination-deletion reaction (Brack et al. 1978), (Kurosawa
et al. 1981). This gene re-arrangement is fundamentally a controlled translocation
event with programmed DNA damage and ligation (Tonegawa 1983; (Schatz & Ji,

2011)).

Although this is a process that is controlled spatially and temporally within the
body, the selection of V(D)J segments for recombination is random. There are >
3.5 million possible combinations for an antibody however, in actuality certain
combinations of V(D)J heavy chain and VJ light chain segments do not make
stable BCRs and thus those combinations never appear in the human repertoire.
In addition to the combinatorial diversity, the enzyme terminal deoxynucleotide
transferase (TdT) add nucleotides at the joining junctions. V(D)J recombination is

mediated by the RAG1/RAG2 recombinases.

Secondary Diversification

Further antibody variability differs from V(D)J recombination in two key elements.
First, the initiating enzyme is Activation Induced Cytidine Deaminase (AID) and not
the RAG complex. Second, the diversification occurs after B cells have developed,
when they are in the periphery—not the originating bone marrow, and after they

have encountered an antigen.



Somatic Hypermutation (SHM)

After the initial rearrangement of gene segments takes place in B cells in the
central lymphoid organs (bone marrow), the immunoglobulin variable region can
further diversify in a process termed somatic hypermutation (SHM). SHM takes
place in the peripheral lymphoid organs. Point mutations are introduced in the
variable region, which increases sequence diversity. B cells interact with T cells in
the germinal center. B cells in which SHM has resulted in variable regions with
better affinity for the antigen presented by a T cell are induced to divide and mutate
more. The process repeats over many cycles, with B cells with high affinity for a
specific antigen evolutionarily outcompeting those that do not. This entire process

is termed affinity maturation.

Class Switch Recombination (CSR)

The previous three mechanisms: V(D)J recombination, junctional diversity, and
SHM all alter the variable region and therefore affect the specificity of the antibody
for an antigen. The last mechanism of antibody diversity in mouse and humans,
isotype switching also known as class switch recombination (CSR), retains the
antigen specificity of an antibody while changing the effector function. This is
accomplished by switching the default constant region of the heavy chain locus
(Constant mu - C, and also Constant delta - Cs) to another constant region. The
following sections will detail the different isotype classes and functions produced

by CSR, and the mechanism by which CSR occurs.



Figure 2: IgH locus recombination/deletion during Class Switch
Recombination

(A) Locus arrangement and antibody production: The /gH locus is arranged on
chromosome 12 of mice. The VDJ region immediately precedes the mu, delta,
gammag, gammal, gamma2b, gammaZ2a, epsilon, and alpha heavy chains (blue,
green, green, green, green, maroon, orange, respectively). Each heavy chain
(except for delta) has an intronic promoter (colored arrow if activated), repetitive
switch region (colored circle), and heavy exons (colored rectangle). Transcription
through mu and delta is constitutive in naive B cells. mRNA from the VDJ region
and Cn region combine to form the Ig heavy chain (color correspond designated
antibody at right).

(B) Activation: with activation in vivo or ex vivo by specific cytokines (here LPS +
IL-4), germ line transcripts (sterile, non-coding) GLT appear at the targeted
acceptor Ix-Sx-Cx locus.

(C) Targeting by AID: AID is guided to the switch regions through multiple
mechanisms detailed later. At the transcribed switch region (donor and acceptor)
AID deaminates cytosine to uracil. Multiple deaminations lead to double-strand
break formation.

(D) Synapsis and Ligation: the upstream switch region synapses with its
downstream counterpart and joins to form a hybrid switch region (ellipse). The
recombined locus will now produce antibodies from the downstream / switched
heavy chain (here IgG1).

(E) Post-switch excision: the excised genomic region is circularized. Transcripts

from the still active downstream intronic promoter can be detected.
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Immunoglobulin Heavy Chain (CH) Isotypes: Structure and Function

The different CH regions of antibody isotype classes determine the interaction
partners and function. First, some isotypes can bind cell surface receptors and
modulate the immune response (i.e. IgG1 and IgG3 bind Fcy receptors on
phagocytic cells) (Nimmerjahn, 2008). Second, some isotypes can bind Fc
transporters to actively transport antibodies (i.e poly-immunoglobulin receptors on
mucosal epithelial cells transport IgA to mucous secretions, tears and milk, and
IgG to the fetal blood circulation by placental transfer) (Kaetzel, 2005). Third, the
Fc can bind the C1q protein to activate complement. Fourth, Fc can bind to other
Fcs to form multimeric structures (i.e. IgM forms pentamers in humans and mice,
IgA forms dimers as the mucosal secretory form) (Stavnezer, Guikema, &

Schrader, 2008).



1.2 Steps of CSR

Abstractly, CSR is an irreversible change in protein expression. The switch from
IgM to another isotype (IgG, IgA, IgE) means that a switch in gene expression
occurs and this switch has multiple possible outcomes. Fundamental questions in
CSR are thus: (1) what activates CSR, (2) what causes isotype specificity, and (3)

how is this mediated at a genetic level?

Transcription and CSR

Early on, CSR was found to be dependent on transcription. In an IgM+ B cell line,
.29 lymphoma, CSR to the IgE, IgA, and IgG2a isotypes correlated with the
expression of non-coding, sterile transcripts to the corresponding Cu region
(Stavnezer-Nordgren, 1986). Similarly, an Abelson murine leukemia virus
transformed pre-B cell line showed analogous sterile transcripts when switching to
IgG2b (Yancopoulos, 1986). In the next few years, GLTs were identified in primary
B cells along with the cytokine combinations that corresponded to specific isotype
switching. LPS stimulates GLT gamma2b and gamma3 and thus switching to IgGzo
and IgGs (Lutzker, 1988), (Severinson, 1990), (Snapper & Paul, 1987). LPS and
IL-4 stimulates GLT gammai and epsilon and thus switching to IgG+1 and IgE
(Lutzker, 1988), (Snapper & Paul, 1987), (Stavnezer, Guikema, & Schrader, 2008).
TGF-B stimulates GLT alpha and switching to IgA (Lebman, 1990) (Shockett &

Stavnezer, 1991). Confirming the necessity of GLT for CSR, deletion of the intronic



promoter for GLT gammai eliminated CSR to IgG1 (Jung, 1993); likewise, the
replacement of the GLT gamma2b promoter, exon and splice donor site with a
NeoR gene in the opposite transcriptional orientation eliminated CSR to Ig2b
(Zhang, Bottaro, Li, Stewart, & Alt, 1993). However, other transcriptional elements
could substitute for intronic promoter. Replacement of the la and exon by a
hypoxanthine phosphoribosyltransferase (HPRT) minigene in the correct
transcriptional orientation was sufficient for CSR to IgA (Harriman, Bradley, Das,

Rogers-Fani, & Davis, 1996).

Transcription and Mutations

Transcription was found to strongly correlate with [what would later be identified
as] AID dependent mutations. Rearranged IgH loci had mutation signatures similar
to SHM. However, in addition to base pair substitutions found in the variable
regions, the switch regions also had deletions, insertions and inversions (Dunnick,
Wilson, & Stavnezer, 1989), (Dunnick, Hertz, Scappino, & Gritzmacher, 1993). By
inserting a promoter upstream of Cn regions, mutations could be induced in the
normally unmutated constant region (Peters & Storb, 1996). These mutations were
later found to be AID-dependent and located 3’ of the intronic enhancers, which
are 5’ of the recombination sites (Nagaoka, Yamamura, Kinoshita, & Honjo, 2002)
(Petersen, et al., 2001). Combination UNG* Msh2’ mice allowed increased
sensitivity to detect AID targeting because deaminations could not be correctly

repaired. Transcription was found to be essential for mutations in dsDNA in vitro

10



(Chaudhuri, et al., 2003) and in bacteria (Ramiro, Stavropoulos, Jankovic, &
Nussenzweig, 2003). In vivo, mutations began 150 bp 3’ of the Transcription Start
Site (TSS) of the S region intronic promoter and continued even beyond the S
region (Xue, Rada, & Neuberger, 2006). Like SHM, there appeared to be no strand

bias and the mutation signature conformed to the RGYW motif.

Discovery of AID as the mutational enzyme

AID was discovered as one of four factors upregulated in a screen of the mouse
CH12F3 (CH12) B cell lymphoma line (Muramatsu, et al., 1999). Specifically,
CH12 cells were activated to undergo CSR from IgM+ to IgA+ and cDNA
subtracted, expressed genes were compared to unactivated (IgM+) cells. AID was
selected for further study because it showed a dramatic increase in transcription
from practically nothing in unactivated CH12 cells to at least a 10-fold increase in
activated CH12 cells. AID was subsequently proved necessary for SHM and CSR
in mice (Muramatsu, et al., 2000) and humans (Revy P, et al., 2000). It was also
shown necessary for gene conversion (a mechanism of generating antibody
diversity not present in mice or humans, but utilized by birds, rabbits, cows and

pigs) in chickens (Arakawa, Hauschild, & Buerstedde, 2002).

Mechanism of Mutation by AID
AID was first recognized as a homolog of APOBEC1 (apolipoprotein B mRNA

editing catalytic polypeptide 1) (Muramatsu, et al., 1999). APOBEC1 is a RNA

11



deaminase, which deaminates cytosine to uracil. AID catalyzes the same reaction

but on DNA (Figure 3).

§

cytosine uracil

Figure 3: Deamination of cytosine to uracil by AID

AID deaminates cytosine to uracil. Note: the name activation induced cytidine
deaminase (AID) is actually a misnomer. Because AID acts on DNA, not RNA the
technically correct name should be activation induced deoxycytidine deaminase.
The cytidine is a holdover from the discovery of AID which was thought to act on
RNA due to its homology to APOBEC1.

Switch Regions: Sites of Recombination
Switch regions are sequences of G-rich, repetitive DNA elements ranging from 1-
12 kb long and precede the constant regions (with the exception of Cs). The

regions contain many RGYW repeats, the preferred deamination targets of AID

12



(Rogozin & Kolchanov, 1992). It was postulated that these regions are the target
sites of recombination because, most IgH locuses of isotype switched cells showed
junctions between upstream S, and downstream acceptor (Sx) regions (Matthews,
Zheng, Di Menna, & Chaudhuri, 2014). Switch regions were shown to be the sites
of recombination when the deletion of Sy1 completely abolished CSR to IgG1 but

left other isotypes unaffected (Shinkura, Tian, Chua, Fujiwara, & Alt, 2003).

AID Targeting

Recombination at the switch regions requires a DNA double-strand break (DSB)
intermediate. However, AID was found to only act on single-stranded DNA
(ssDNA) in vitro (Bransteitter, Pham, Scharff, & Goodman, 2003), (Chaudhuri, et
al., 2003), (Dickerson, Market, Besmer, & Papavasiliou, 2003), (Petersen-Mahrt,
Harris, & Neuberger, 2002), (Pham, Bransteitter, Petruska, & Goodman, 2003),
(Ramiro, Stavropoulos, Jankovic, & Nussenzweig, 2003), and (Sohail, Klapacz,
Samaranayake, Ullah, & Bhagwat, 2003). A solution was proposed where the
transcribed S region, could hybridize with the template strand and form a R-loop
(a RNA:DNA hybrid) which would free the non-template strand as ssDNA for AID
mutation. R loops were experimentally implicated in CSR when a synthetic S
region known to form R loops in vitro facilitated CSR when placed in cells. But, if
the sequence was transcribed in the reverse orientation, precluding R loop

formation, CSR decreased greatly (Shinkura, Tian, Chua, Fujiwara, & Alt, 2003).
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Although R loops are necessary for CSR, it fails to explain how AID targets the
DNA strand still in the RNA:DNA hybrid (the template strand). It was identified that
the RNA exosome accumulates with the IgH locus in an AID dependent manner,
associates with AID and is necessary for efficient CSR (Basu, et al., 2011). The
exosome complex was sufficient to deaminate both strands of a transcribed SHM
substrate in vitro. It is proposed that the exosome degrades the R-loop, an upon
collapse the DNA may misalign, resulting in ssDNA on both the template and non-

template strand (Matthews, Zheng, Di Menna, & Chaudhuri, 2014).

AID is actually a fairly inefficient enzyme. Mutations in the variable regions only
occur at a frequency of about 1 mutation per 1 kb per cell per generation (Yamane,
et al., 2011). While an inefficient enzyme is desirable for the rest of the genome to
prevent potentially oncogenic AID off-target activity (Casellas, et al., 2016), the
mutation rate must be higher to effect the theoretical minimum 4 mutations to

induce CSR within a reasonable time.

In addition to transcriptional dependence and a high concentration of RGYW motifs
present in the switch region, B cells target AID to the switch regions through two
other key mechanisms. It was found that Spt5, a factor associated with stalled RNA
polymerase (Pol Il) recruits AID to sites of stalled transcription (Pavri, et al., 2010).

Additionally, the GLTs undergo RNA processing and in the process excise intronic
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segments. These spliced regions are debranched and form G-quadruplexes which

target AID to S region DNA (Zheng, et al., 2015).

1.3 DSB formation in CSR

DSBs are Essential for CSR
Although AID is essential for SHM and CSR, it does not directly cause the DNA
breaks required for CSR. Instead processing of the deamination site can lead to

non-mutating repair, mutations as in SHM, and DSBs as in CSR.

40 years ago, DSBs were postulated to be essential for CSR (Honjo & Kataoka,
1978). A model called allelic deletion, was theorized by examining the frequency
of heavy chain deletions in mouse myelomas. By comparing the heavy chain
deletions with the corresponding isotype expressed the germline order of heavy
chain segments could be inferred. A looping out mechanism was suggested to
account for these rearrangements. DNA loops as a result of immune recombination
events were detected from variable regions in T cell receptor rearrangement
(Fujimoto & Yamagishi, 1987), (Okazaki, Davis, & Sakano, 1987), (Okazaki &
Sakano, 1988); from variable regions in the IgH locus (Abe & Shiku, 1989), (Toda,
Hirama, Takeshita, & Yamagishi, 1989); and from variable regions in the IgL locus

(Toda, Hirama, Takeshita, & Yamagishi, 1989), (Mccormack, et al., 1989). The
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proposed excision products in CSR were finally able to be isolated (von Schwedler,
Jack, & Wabi, 1990), (Iwasato, Shimizu, Honjo, & Yamagishi, 1990), (Matsuoka,
Yoshida, Maeda, Usuda, & Sakano, 1990), (Yoshida, et al., 1990). Recombination
products due to CSR were fundamentally different than those derived from variable
regions. All variable regions had defined breakpoints encompassing V(D)J (in the
heavy chain, VJ in the TCR and light chain), but CSR has breakpoints that spanned
the entire multi-kilobase switch regions. Thus, breaks in the variable region are

specific, but breaks in the switch regions are variable.

Direct evidence of the DSBs at the switch regions came from Ligation-Mediated
PCR (LM-PCR). Blunt DNA DSBs were detected at Sys in mouse splenic B cells
(Wuerffel, Du, Thompson, & Kenter, 1997), S uin human B cells (Catalan, et al.,
2003); but staggered breaks were found to be much more abundant (Rush,
Fugmann, & Schatz, 2004). These breaks were found to be AID and UNG

dependent (Schrader, Linehan, Mochegova, Woodland, & Stavnezer, 2005).

Factors involved in DSB repair were also detected at the IgH locus, specifically y-
H2AX foci were found at IgH in ex vivo stimulation of splenic B cells, and these foci
were also AID-dependent (Petersen, et al., 2001). Since that time, many DNA DSB
repair factors were discovered to contribute to CSR [reviewed in: (Daniel &

Nussenzweig, 2013), (Alt, Zhang, Meng, Guo, & Schwer, 2013)].
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Deaminating Cytosines creates Uracils, which can be processed into DSBs

Uracils produced by AID targeting can result in accurate repair, mutagenic repair,
or double-strand breaks. The base excision repair (BER) pathway is essential for
all of these functions and the mismatch repair (MMR) pathway primarily contributes
to mutagenic repair but can also take place in DSB formation —although the
mechanism is poorly characterized. Nucleotide excision repair (NER) does not play
a role in uracil processing. An overview of the BER process and DSB formation is
(1) AID deaminates cytosine to uracil, (2) UNG2 (the nuclear uracil-DNA
glycosylase) recognizes the uracil and removes it to create an abasic (AP for
apurinic, apyrimidinic) site, (3) apurinic/apyrimidinic endonuclease (APE) excises
the abasic residue to create a gap or nick in the single-strand. And (4) the presence

of nearby nicks on opposing strands creates a DSB.

Evidence for UNG as a component of the mutational process was first identified in
a bacterial system where deletion of UNG increased the mutational signature of
AID (Petersen-Mahrt, Harris, & Neuberger, 2002). Also, mutational signatures in
UNG" DT40 B cells changed to reflect repair by replication instead of dU removal
(Di Noia & Neuberger, 2002). In mice, UNG deficiency impaired SHM and CSR
(Rada, et al., 2002). A clinical phenotype of blocked CSR and reduced SHM in
several human patients was found to be a result of UNG mutations (Imai, et al.,

2003).
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Two different endonucleases have been implicated in removing the abasic site:
APE1 and APE2 (encoded by the genes Apex1 and Apex2, respectively). Apex1-
~mice and B cells are not viable. Heterozygotes (Apex1+) and Apex2’ mice both
show a mild reduction in CSR, but the combined Apex1+- and Apex2” mouse
shows a much stronger reduction (Guikema, et al., 2007). This would indicate that
both contribute to CSR, but in the CH12 cell line, homozygous deletion of Apex1
results in an 80% reduction in CSR, but Apex2 deletion has no effect (Masani,

Han, & Yu, 2013).

The mismatch repair (MMR) pathway also repairs U:G mismatches caused by AID.
Originally thought to only affect mutations resulting in SHM, MMR works in concert
with BER to generate DSBs [reviewed in (Pena-Diaz & Jiricny, 2012) and thus
facilitate CSR. The MMR pathway is made up of two complexes: MutSa (MSH2
and MSH®6), which recognizes the mismatch, and MutLa (MLH1 and PMS2) which
signals downstream effectors. While MutSa promotes SHM and CSR (Chahwan,
et al., 2012), MutLa only functions in CSR. The specific MMR components that
reduce CSR are: Msh2 and Msh6 (Stavnezer & Schrader, 2006), (Martin, et al.,
2003), (Martomo, Yang, & Gearhart, 2004), (Li, et al., 2004), (Schrader, Vardo, &
Stavnezer, 2002), (Schrader, Edelmann, Kucherlapati, & Stavnezer, 1999); Exo1
(Bardwell, et al., 2004); PMS2 (Ehrenstein, Rada, Jones, Milstein, & Neuberger,
2001), and MLH1 (Chahwan, et al., 2012). It has been proposed that MMR

enhances the activity of BER in forming DSBs by processing more isolated nicks
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from the BER pathway into DSBs. If this is the case, a deficiency in MMR should
result in a reduction in CSR, but a combined deficiency in BER and MMR should
be equivalent to a deficiency in BER. In opposition to this, MSH6 shows no
reduction in CSR by itself, but a double knockout of MSH6 and UNG shows a
greater reduction in CSR than by UNG alone (Shen, Tanaka, Bozek, Nicolae, &
Storb, 2006). MMR must therefore be able to generate DSBs in CSR

independently of the BER pathway.

1.4 Synapsis

The synapsis or the close juxtaposition of DSBs created in activated switch regions
to facilitate end-joining of the DSBs, completes CSR. The resolution of DSBs by
productive CSR is different from the repair of a single pathological DSB or the
DSBs created by V(D)J recombination. In a pathological break, the two ends are
generated simultaneously and are in close proximity to each other. Similarly, the
RAG1/2 endonuclease complex brings the two RSSs into a synaptic complex
before they are cut. CSR does not initiate DSBs and translocate those breaks with
the same spatiotemporal precision. Topologically, CSR requires the efficient
translocation of a DSB in the Su (donor) region to a downstream accepter switch
region potentially over 100 kb distant. Timing-wise, the formation of DSBs is not

sufficient for and can be decoupled from synapsis. Internal deletions in Su are
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common in ex vivo stimulated B cells even if the cells have not yet switched (Alt,
Rosenberg, Casanova, Thomas, & Baltimore, 1982). These deletions without
downstream joining are termed intra-switch recombination reactions and the cells
retain their initial isotype expression. Several proteins have been implicated in the
process of synapsis. 53BP17- and H2AX” B cells have extreme CSR defects but
they do exhibit much higher rates of intra-switch recombination (Manis, et al.,
2004), (Ward, et al.,, 2004), (Reina-San-Martin, Chen, Nussenzweig, &
Nussenzweig, 2007). 53BP1 deficiency also decreases the joining of distal DSBs
more than breaks occurring in close proximity (Bothmer, et al., 2011).
Chromosomal conformation capture experiments have provided a model where
the 5’ and 3’ regions of the IgH locus, termed the Eu (enhancer mu) and 3’'RR (3’
Regulatory Region) come in three dimensional proximity to facilitate synapsis (Ju,
et al., 2007), (Kenter, et al., 2012), (Sellars, Reina-San-Martin, Kastner, & Chan,

2009), (Wuerffel, et al., 2007).

1.5 DSB Repair Pathways in CSR and Beyond

Repair of DSBs in CSR
Double strand breaks (DSBs) are perhaps the most critical type of DNA damage
for cells. A single DSB break in an essential gene is sufficient to induce cell death

or if left unrepaired elsewhere—induce apoptosis (Jackson, 2002). DSBs pose
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such a threat to genome integrity because in addition to the mutagenic nature of
DNA damage, the two free DNA ends in a DSB are no longer held together by
chromatin structure or complementary base pairing. Dissociation of the ends can
result in repair at inappropriate locations—i.e. a chromosomal translocation. Such
chromosomal rearrangements are frequently found in lymphomas, leukemias, and
solid tumors (Kuppers, 2005), (Nussenzweig & Nussenzweig, 2010), (Tsai &
Lieber, 2010), (Zhang, et al., 2010). Moreover, deficiencies in the DNA DSB
Response predispose to carcinogenesis (Jackson & Bartek, 2009), (Ciccia &

Elledge, 2010).

Sources of double strand breaks

DSBs can be classified according to the source and cause (Goodzari & Jeggo,
2013). Accidental or pathologic DSBs can result from exogenous factors (ionizing
radiation or radiomimetic compounds), but also endogenous sources (replication
fork collapse). DSBs can also be programmed as in chromosomal crossover in
meiotic recombination and are extensively utilized by the adaptive immune system

in jawed vertebrates (Cooper & Alder, 2006) in V(D)J recombination and CSR.

Recognition of the DSB and Repair Pathway Choice

Various DSBs require different modes of repair. The location of the break, phase

of the cell cycle, and origin of the break dictate repair choices. Although pathway

21



choice begins as early as the primary detection of the break site, the irreversible
decision point is the amount of DNA resection. Classic Non-homologous end
joining (c-NHEJ) requires minimal end-resection, while homologous recombination
(HR) requires extensive end-resection. Two alternative pathways, alternative

NHEJ (a-NHEJ) and single-strand annealing (SSA), also require end-resection.

classic Non-homologous End-Joining (c-NHEJ)

Originally discovered in higher eukaryotes because yeast predominantly use HR,
c-NHEJ is the primary joining pathway for two-ended DSBs like those occurring
from irradiation, V(D)J recombination, and CSR (Goodzari & Jeggo, 2013). c-NHEJ
quickly ligates broken DNA to suppress chromosomal translocations
(Difilippantonio, et al., 2000). Cells depend on c-NHEJ during the G1 phase
because it does not require a homologous template for repair. The fast kinetics
and template independence result in a slight loss of information—about 1-4 nt

resection at the break site.

Three steps comprise c-NHEJ repair of DSBs: (1) binding and stability, (2)
processing, and (3) ligation. First, the Ku70/Ku80 toroidal heterodimer (Ku) binds
to a DSB initiates c-NHEJ. Ku is sequence agnostic because it binds to the sugar
backbone of DNA and not the bases themselves (Walker, Corpina, & Goldberg,
2001). Ku recruits DNA-PKcs (DNA Protein Kinase catalytic subunit) in a DNA

dependent manner (Gottlieb & Jackson, 1993) to form the DNA-PK holoenzyme
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(Uematsu, et al., 2007). DNA-PK phosphorylates other NHEJ factors (Meek,
Douglas, Cui, Ding, & Lees-Miller, 2007) itself via autophosphorylation which is
essential for NHEJ (Chan & Lees-Miller, 1996), (Douglas, et al., 2007), (Cui, et al.,
2005), (Soubeyrand, Pope, Pakuts, & Hache, 2003). DNA-PK regulates the NHEJ
pathway by preventing extensive end-processing (along with other factors),
inactivating itself, and dissociating for the following steps (Neal & Meek, 2011).
The next steps and components in c-NHEJ are not inherently sequential; they are
flexible depending on the nature of the DNA damage and potential differences in
ligation method (Lieber, 2008), (Ma, et al., 2004), (Reynolds, et al., 2012). (2)
Ligation of a DSB requires 5’ phosphate and 3’-OH compatible ends. DSBs
generated from exogenous DNA damage or endogenous physiologic damage (as
in V(D)J or CSR do not have these structures. The DSB break must be processed
by nucleases and polymerases to facilitate ligation. These nucleases include:
Artemis, Werner (WRN), and. APLF. Artemis has 5 endonuclease activity and
produces a blunt duplex end by nicking 5’ overhangs. It can also remove 5 —3’
ssDNA via it’s exonuclease activity. Finally, Artemis can remove 3’-
phosphoglycolate groups from DNA termini (Ma, Pannicke, Schwarz, & Lieber,
2002), (Povirk, Zhou, Zhou, Cowan, & Yannone, 2007). WRN binding to Ku and
the factor XRCC4 activates it’s 3'>5’ exonuclease activity (Cooper, et al., 2000),
(Kusumoto, et al., 2008), (Perry, et al., 2006). APLF is an endonuclease and can
also facilitate binding by resection 3’25’ overhangs (Kanno, et al., 2007). If there

is sufficient complexity in the break, gaps in DNA can be filled in by the family X
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polymerases. Polymerase [ is template dependent and can polymerize across a
discontinuous strand using dNTP and rNTP (Nick McElhinny & Ramsden, 2004).
Polymerase A is template independent and can remove deoxyribosephosphates
(Ramadan, Shevelev, Maga, & Hubscher, 2004), (Daley, Laan, Suresh, & Wilson,
2005). In V(D)J rearrangement in pro-B cells and developing T-cells, the terminal
deoxynucleotidyl transferase (TdT) add nucleotides between the gene segments
(Chang & Bollum, 1986). (3) Ligation of the processed DSBs occurs by Ligase IV
(Lig 1V), the NHEJ specific ligase (Grawunder, et al., 1997), (Teo & SP, 1997),
(Wilson, Grawunder, & Lieber, 1997), XRCC4 stabilizes the interaction and also
serves as a platform for other factors with Ku (Li, et al., 1995). The protein XLF
(Cernunnos) (Ahnesorg, Smith, & Jackson, 2006), also promotes NHEJ by
repriming Lig IV and XRCC4 (Riballo, et al., 2009), and an XLF deficiency leads to
immunodeficiency and radiosensitivity (Menon & Povirk, 2017). XLF is technically
redundant in normal cell lines, and the persistence of NHEJ is due to paralogue of
XRCC4 and XLF (PAXX) (Kumar, Alt, & Frock, 2016), but in cells deficient for
ataxia telangiectasia-mutated (ATM) DSB response factor (a key component of the

DSB sensing and repair pathway) it is essential.

Homologous Recombination (HR)
Cells can use the sister chromatid as a template to repair DSBs. This process,
termed homologous recombination (HR), requires the cell to be in S/G2 phase,

after DNA duplication has occurred (Johnson & Jasin, 2000). The homologous
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chromosome in cells that have not replicated their DNA cannot be used for HR,
presumably due to sequence differences preventing heteroduplex formation. HR
primarily acts at the replication fork in fork restart and the repair of one-ended
DSBs (Adamo, et al., 2010), (Petermann & Helleday, 2010). The steps of HR are:
(1) 8’ single ended DNA (ssDNA) formation, (2) coating the ssDNA with RPA, (3)
displacement of RPA by RAD51 to form a nucleoprotein filament, (4) formation of
heteroduplex DNA and the Holliday junction (Bzymek, Thayer, Oh, Kleckner, &
Hunter, 2010), (5) branch migration and (6) resolution. Because HR is not utilized
in CSR, the following description of HR will focus on the characterization of HR as
a mutually exclusive pathway to NHEJ. While HR is functionally unavailable in G1,
it must outcompete NHEJ in S/G2 phases. This is accomplished in two ways: (1)
displacement of NHEJ promoting factors at the DSB, and (2) activation of HR
promoting factors. Because Ku shields DNA from exonucleases and is quickly
recruited to DSBs, Ku must be displaced to permit end resection. Ku displacement
has been proposed to occur by the ATM dependent phosphorylation of CtIP
displaces Ku in the S/G2 phase of the cycle to permit HR (Chanut, Britton, Coates,
Jackson, & Calsou, 2016) and the phosphorylation of Ku itself (Lee, et al., 2016).
Additionally, extensive resection of the DSB is facilitated by the activation of
helicases and nucleases: DNA2, BLM, WRN, CtIP, and Exo1 (Symington &

Gautier, 2011), (Sturzenegger, et al., 2014).
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Chromatin at the DSB: 53BP1 and Pathway Choice

In addition to factors that bind directly to DNA as a result of a DSB, the chromatin
surrounding the break is heavily modified to facilitate repair (Price & D'Andrea,
2013). First, the DSB is recognized by the MBRN (MRE11-RAD50-NBS1) complex.
The NBS1 subunit recruits ATM (ataxia-telangiectasia mutated) (Lee & Paull,
2005), (You, Chahwan, Bailis, Hunter, & Russell, 2005), a serine/threonine kinase
member of the phosphatidylinositol-3-kinase-like kinase family (PIKK) (Maréchal
& Zou, 2013). The autophosphorylated and active form of ATM then
phosphorylates the histone variant H2Ax, becoming YH2AX. Mice lacking this
histone variant display the hallmarks of deficient DSB repair, including
radiosensitivity and immune deficiency (Celeste, et al., 2002). The MDC1
(mediator of damage checkpoint protein 1) protein then recognizes the YH2AX and
recruits more MRN and ATM to the chromatin (Stewart, Wang, Bignell, Taylor, &
Elledge, 2003), (Lou, et al., 2006). ATM and MDC1 then recruit the E3 ubiquitin
ligase RING finger 8 (RNF8), which also a second E3 ubiquitin ligase, RNF168.
Through a longer cascade, H2AK13 and H2AK15 are ubiquitinated which
recruits 53BP1 along with H4K20me1 andH4K20me2 (Panier & Boulton, 2014).
53BP1 blocks homologous recombination by inhibiting DNA end-resection
(Bunting, et al., 2010). It does so, by excluding another factor in HR, BRCA1

(Chapman, Sossick, Boulton, & Jackson, 2012), (Bouwman, et al., 2010).
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1.6 RIF1

RIF1 is an essential protein for NHEJ and CSR. It is the single, phospho-
dependent interactor and effector of 53BP1 to promote these processes. In this

section | will cover the background of RIF1 as a protein and its known functions.
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Figure 4: Schematic of RIF1 protein from M. musculus

Diagram of RIF1 protein sequence highlight N-terminal HEAT/armadillo domains
(light blue) and C-terminal RxVF/Protein Phosphatase 1 (PP1) binding (red) and
BLM binding (purple) domains. C-terminal region necessary for oligomerization is

underlined.

Structure of RIF1

Murine RIF1 is a large (2462 aa) protein. The N-terminal half of the protein contains
several a-helical HEAT/Armadillo domain repeats which are required for IR
induced foci formation (Escribano-Diaz, et al., 2013). The C-terminal end contains
a FxVF domain that interacts with Protein Phosphatase 1 (PP1), Bloom syndrome
protein (BLM) and is required for oligomerization of RIF1 proteins (Silverman,
Takai, Buonomo, Eisenhaber, & De lange, 2004), (Sreesankar, Senthilkumar,
Bharathi, Mishra, & Mishra, 2012), (Xu, et al., 2010). The c-terminal domain, 3’ of
the RxVF domain is required to exclude BRCA1 G1 foci formation (Escribano-Diaz,

et al., 2013).
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Discovery and Function of RIF1

RIF1 was originally identified in yeast as an interactor of Rap1 (TERF2IP in
humans) to maintain telomere length (Nakamura, et al., 2006), (Marcand, Gilson,
& Shore, 1997) (Wotton & Shore, 1997). However, in vertebrates, RIF1 is a
diverged ortholog and not part of the telomeric complex, i.e. deficiency alone does
not result in telomere defects. Instead, vertebrate RIF1 affects DNA metabolism
(Buonomo S. , 2010), (Yamazaki, Hayano, & Masai, 2013). It is recruited to DNA-
damage foci by irradiation (Silverman, Takai, Buonomo, Eisenhaber, & De lange,
2004), replication stress (Buonomo, Wu, Ferguson, & de Lange, 2009), and
telomere deprotection (Xu & Blackburn, 2004). Rif1 was also found to be important

in homology directed repair (Buonomo, Wu, Ferguson, & de Lange, 2009).
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Figure 5: Schematic of RIF1 Interaction with 53BP1

N-terminal ST/Q phosphorylation sites (red bands) on 53BP1 are necessary for
the interactions with PTIP and RIF1. The mechanism by which RIF1 interacts with
the phosphorylated form of 53BP1 is unknown. C-terminal domains of 53BP1 are
responsible for promoting binding to damaged chromatin (oligo), binding to
H3K20me2 (tudor), H2A-K15Ub (UDR), and the DNA repair in heterochromatin
(BRCT [BRCA1 C-terminal domain]) Note: BRCT is dispensable completely for
repair in CSR and mostly not needed for repair at dysfunctional telomeres. Figure

adapted from (Zimmerman, Lottersberger, Buonomo, Sfeir, & de Lange, 2013).

RIF1 and the Interaction with 53BP1

RIF1 had been found to interact with the p53-binding protein, 53BP1—a central
mediator of double strand break signaling and repair, by mass spectrometry (Huen,
Sy, & Chen, 2010), and was found to be dependent on 53BP1 for recruitment to
DSBs measured by formation of IR induced foci (Silverman, Takai, Buonomo,
Eisenhaber, & De lange, 2004). However, RIF1 emerged as the key DNA damage

dependent effector of 53BP1 with the discovery that it’s recruitment to DNA
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damage is dependent on ATM-mediated phosphorylation of S/TQ sites on 53BP1
(Di Virgilio, et al., 2013). Like 53BP1 (Manis, et al., 2004), (Ward, et al., 2004),
RIF1 deficiency resulted in a profound decrease in CSR (Escribano-Diaz, et al.,
2013), (Chapman, et al., 2013), (Di Virgilio, et al., 2013). The defect in CSR
resulted from increased 5’ end resection (Zimmerman, Lottersberger, Buonomo,
Sfeir, & de Lange, 2013), (Escribano-Diaz, et al., 2013), (Feng, Fong, Wang,
Wang, & Chen, 2013), (Chapman, et al., 2013), (Di Virgilio, et al., 2013). This was
consistent with 53BP1’s role in preventing 5’ end resection at DSBs, (Bothmer, et
al., 2010), (Bunting, et al., 2010), and was also mechanistically consistent
because the phosphomutant form of 53BP1, 53BP128A, could not prevent resection
at DSBs (Bothmer, et al., 2011) or telomeres (Lottersberger, Bothmer, Robbiani,

Nussenzweig, & de Lange, 2013).

Genome-wide, RIF1 functions epistatically to 53BP1. These include: decreased
cell survival (Silverman, Takai, Buonomo, Eisenhaber, & De lange, 2004), (Feng,
Fong, Wang, Wang, & Chen, 2013), (Chapman, et al., 2013); impaired DSB repair,
as measured by the increased persistence of yYH2AX foci (Escribano-Diaz, et al.,
2013), (Chapman, et al., 2013); increased 5’23’ end resection, as measured by
the accumulation of RPA a ssDNA binding protein essential for HDR, (Zimmerman,
Lottersberger, Buonomo, Sfeir, & de Lange, 2013), (Escribano-Diaz, et al., 2013),
(Feng, Fong, Wang, Wang, & Chen, 2013), (Chapman, et al., 2013), (Di Virgilio, et
al., 2013), and also the accumulation of RAD51, a downstream effector of RPA (Di

Virgilio, et al., 2013). MEF knockouts of 53BP1, RIF1, and both factors showed the

30



same amount of increased 5 end resection (Zimmerman, Lottersberger,
Buonomo, Sfeir, & de Lange, 2013). Additionally, phosphorylation at Ser345 of
ChK1, a marker of RPA-ssDNA on 5’ recessed DNA, was equal between all three

genetic backgrounds (Chapman, et al., 2013).

RIF1 differences from 53BP1

RIF1 recruitment to sites of DNA damage is more phosphorylation dependent than
53BP1 (Silverman, Takai, Buonomo, Eisenhaber, & De lange, 2004), (Escribano-
Diaz, et al., 2013), (Chapman, et al., 2013). This is presumably due to 53BP1 being
recruited by histone marks as well as yH2AX (Kleiner, Verma, Molloy, Chait, &
Kapoor, 2015), while RIF1 is solely recruited by the phosphodependent interaction
with 53BP1. Dysfunctional telomeres were also found to join at a higher rate in
Rif1 cells (Zimmerman, Lottersberger, Buonomo, Sfeir, & de Lange, 2013). In
terms of cell survival, RIF1 was found to have a slightly reduced amount of cell
death (Chapman, et al., 2013), and in one study was only found to affect cell
survival in DT40 cells when they DNA damage was induced in G1 phase of the

cell cycle (Escribano-Diaz, et al., 2013).

While 53BP17 mice were found to be viable but radiosensitive and
immunodeficient (Ward, Minn, van Deursen, & Chen, 2003), (Morales, et al.,
2003), Rif1”- mice were embryonic lethal (Buonomo, Wu, Ferguson, & de Lange,

2009). Interestingly, when such mice were outbred, they were viable, but at 50%
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of the expected mendelian ratio (Chapman, et al., 2013). RIF1 also displayed
phenotypes that were completely separate from 53BP1, specifically increased
sensitivity to replication stress and alteration in replication timing domains
(Buonomo, Wu, Ferguson, & de Lange, 2009), (Cornacchia, et al., 2012),

(Yamazaki, et al., 2012), (Xu, et al., 2010).

Remaining Questions about RIF1

Critical questions in the 53BP1-RIF1 DSB repair axis, are (1) how does RIF1
protect DNA DSBs from 5’ end resection, and (2) how does it interact with 53BP1.
Recently, studies have shown that mouse RIF1 was found to engage DNA
cruciform structures (Sukackaite, et al., 2014); bind ssDNA in vitro (Xu, et al.,
2010); and yeast RIF1 encases DNA ends (Mattarocci, et al., 2017) to promote
NHEJ and prevent telomere fusion. This is potentially relevant for vertebrate RIF1,
because RIF1 was found to mediate this function in the absence of the Rap-1
interacting domain. However, neither of those studies explain the interaction
between 53BP1 and RIF1. Specifically, because the interaction with 53BP1 is
phosphodependent, it would be expected to find DNA damage responsive,
phospho-interacting domains, like BRCT (Leung & Glover, 2011), in the RIF1
protein. This could point to a separate interactor mediating the phosphodependent

association of RIF1 and 53BP1.
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1.7 ZMYNDS8

ZMYNDS is the novel effector of CSR that was uncovered in this study. It has
previously been implicated in the DDR and suppression of transcription at DSBs.

In this section | will cover the background of ZMYNDS as a protein and it’s known

11

0 1235

functions.

N-

PHD
MYND
O

Figure 6: Schematic of ZMYND8 protein from M. musculus

Diagram of Zmynd8 protein sequence highlighting N and C termini, total length,
and relevant domains (PHD Plant homeobox domain; BRD Bromodomain; PWWP
pro-trp-trp-pro; MYND myeloid-Nervy-DEAF-1). Domains are to scale with respect
to the length of the protein.

Zmynd8 (Zinc finger, MYND-type containing 8) protein [also called: RACK?7,
PRKCBP1, and in very few cases SPIKAR] is encoded on mouse chromosome 2:
165784155-165899016 (mm10 build), negative strand. Multiple isoforms
potentially exist, ranging from 1094 aa to 1235 aa. For this study, any reconstituted

proteins used the 1235 aa isoform. The APPRIS principle isoform is 1199aa.
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Structure of ZMYNDS8 and Functional Domains

Relevant domains from N to C termini of ZMYND8 include:

PHD domain, located from 112-157 aa. Plant homeobox domain (PHD) finger is a
methyl reader domain. This PHD domain is a zinc finger—CsHC4 conserved motif
coordinates two Zinc ions (Sanchez & Zhou, 2011). Various PHD domain families

bind H3K4me3 or alternatively the unmethylated form H3K4meO.

BRD domain, located from 189-259 aa. Bromodomain is an acetylation-binding
module (Brand, et al., 2014). It targets acetylated lysines on histones. A conserved

arginine (N252) residue is crucial for Zmynd8-BRD function (Savitsky, et al., 2016).

PWWP domain, located from 301-351 aa. PWWP for (pro-trp-trp-pro) modules
contain a conserved aromatic cage for histone methyl-lysine recognition. They
synergistically bind histones and DNA. Zmynd8 has a conserved phenylalanine

and tryptophan residues that form this aromatic cage (Savitsky, et al., 2016).

MYND domain, located from 1064-1098 aa. MYND (myeloid-Nervy-DEAF-1) is a
CeHC zinc finger binding motif found in other nuclear proteins but does not bind
DNA (Gross & McGinnis, 1996). MYND domains are putative protein-protein

interaction domains in mammalian species (Liu, et al., 2007).
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Only 5 proteins in mice contain all three N-terminal domains (PHD-BRD-PWWP):

Zmyndi1, BRPF1, BRPF3, BRD1, and ZMYNDS8 (Onodera, et al., 2012).

Discovery of ZMYND8

Zmynd8 was discovered as a binding partner of RACK1 (receptors for activated C-
kinase) and originally designated PRKCBP1 (Fossey, et al., 2000). Soon after it
was identified as a cutaneous T-cell lymphoma associated antigen (Eichmuller, et
al., 2001). It was later defined as binding partner of FHOD1 using a yeast-two-

hybrid screen (Westendorf & Koka, 2004).

ZMYNDS8 and Transcription

Insight into Zmynd8’s function came with the discovery that it interacts with
RCOR2, a REST corepressor (Zeng, Kong, Li, & Mao, 2010). Localization via a
fused GAL4 (DNA binding domain) resulted in gene repression. Continuing with
the identification as a transcriptional silencer, knockdown of Zmynd8 was able to
reactive a silent GFP reporter in HeLa cells (Poleshko, et al., 2010). Multiple
complex partners were then identified including a transcriptional complex
containing ZNF687 and ZNF592 [also a hit in the I-DIRT in this study]. Interestingly,
Zmynd8 also bound to the POLR2A subunit of the RNA Polymerase [l complex
(Malovannaya, et al., 2011). Although Zmynd8 is often referred to as a
transcriptional repressor, it is clear that it can upregulate and downregulate certain

genes, as (Li, et al., 2016) showed in the DU145 prostate cancer line (2,629 genes
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upregulated, 2,551 downregulated). Knockout in a breast cancer cell line revealed
that not only were nearby genes upregulated, but enhancer RNAs (eRNA) were as

well (Shen, et al., 2016).

ZMYND8 and Cancer

Zmynd8 was more expressed in high-grade cervical intraepithelial neoplasia and
squamous cell carcinoma (Bierkens, et al., 2013). Although a highly referenced
paper for Zmynd8 entries online, its function as a driver in an acute myeloid
leukemia (AML) case is more likely due to the constitutive expression of the RELA
fused protein and the consequent activation of NFkB (Panagopoulos, et al., 2013).
However, this is noteworthy because it highlights that Zmynd8 is constitutively
expressed. In fact every tissue expresses Zmynd8 (Fossey, et al., 2000),
(Zmynd8, n.d.), (Gene: Zmynd8, n.d.). Zmynd8 was found to be upregulated in
certain cancer cell lines (DU145) and xenotransplant model in zebrafish. According
to one group, knockdown of Zmynd8 reduced Vegfa transcription and inhibited
cancer angiogenesis and progression (Kuroyanagi, et al., 2014). However, in
another group, the same cancer cell line and xenotransplant model found that
Zmynd8 knockdown increases invasiveness and metastasis (Li, et al., 2016).
Clinically, Zmynd8 was found to a prognostic marker for shorter survival of breast

cancer patients (Yu, et al., 2017), (Chen, et al., 2017).

36



ZMYND8 Genomic Distribution
ZMYND8 was shown to primarily occupy promoter regions (Li, et al., 2016),
(Spruijt, et al., 2016); transcriptional start sites (Savitsky, et al., 2016); and

(super)enhancers (Spruijt, et al., 2016), (Savitsky, et al., 2016).

ZMYNDS8 and the Interaction with Epigenetic Marks

In accordance with the presence of PHD-BRD-PWWP N-terminal domains,
ZMYNDS8 interacts with epigenetic marks: H3.1K36me2, H4K16Ac (Adhikary, et
al., 2016); the PHD-Bromo domain reads H3K4me0/1-H3K14ac (Li, et al., 2016);
enhancers marked by H3K4me1, H3K27ac, DNase1, no HeK4me3 (Spruijt, et al.,
2016); actively transcribed genes marked by H3K4me3 and H3K9, K14 (at TSSs)
(Savitsky, et al., 2016); K27ac (Spruijt, et al., 2016); H3K4me1 and H3K27ac at
superenhancers and not H3K4me3 and H3K27ac (Shen, et al., 2016). These are
just a subset of the reported epigenetic correlations. Zmynd8 clearly interacts with
modified histones, but the exact combinatorial epigenetics remains to be

elucidated.

ZMYNDS8'’s role in DNA Damage

The Miller group showed Zmynd8 functions represses transcription in response to
DNA damage (Gong, et al., 2015). Zmynd8 was shown to have H4-acetylation
dependent recruitment to sites of DNA damage by laser micro-irradiation. It also

confirmed the association of TRIM24 (Poleshko, et al., 2010) as a DNA damage
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dependent recruitment factor with Zmynd8. Interestingly, Zmynd8 knockdown
prevented S345p phosphorylation of Chk1. It should be noted that while S345p is
reported in some cases to be associated with ionizing radiation (IR) from X-ray
irradiation or '3’Ce vy-irradiation, it is primarily elicited by hydroxyurea (replication
stress) and UV irradiation (primarily NER, nucleotide excision repair) (Liu Q. ,
2001). Consistent with this difference, S345P is mediated by ATR (Jossé, et al.,
2014) and not ATM (Hickson, et al., 2005). Zmynd8 was shown to function in HDR
because it is required for repair in the DR-GFP assay (Pierce, Johnson,
Thompson, & Jasin, 1999), and it was required for Rad51 recruitment to sites of
endonuclease DSB damage (lacovoni, et al., 2010). Furthermore, Zmynd8 was
only required for recruitment of the HDR factor Rad51 at endonuclease sites in
actively transcribed genes, while it was dispensable for the recruitment of NHEJ
factor XRCC4, which correspond with inactive genes (Aymard, et al., 2014).
Zmynd8 was further implicated in transcription-coupled DNA repair because
treatment with the RNA Pol Il inhibitor, DRB (5,6-dichlorobenzimidazole riboside),
abolished the recruitment to sites of laser micro-irradiation. DRB inhibits
phosphorylation of the CTD (C-terminal domain) of Pol Il (Dubois, Nguyen, Bellier,
& Bensaude, 1994), which prevents new Pol Il from moving from the initiation
phase to the paused (S5-P) and elongation (S2-P) of transcription. Zmynd8 was
later shown to immunoprecipitate only with S5-P Pol II, and not S2-P Pol I

(Adhikary, et al., 2016).
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Zmynd8 was recruited to sites of endonucleases Fokl, Iscel (Xia, et al., 2017) and
AsiSI DSBs, (Gong, et al., 2015), but not oxidative damage (Xia, et al., 2017).
Zmynd8 recruitment to DSBs in actively transcribing genes resulted in
demethylation of H3K4me3 (Gong, Clouaire, Aguirrebengoa, Legube, & Miller,
2017). Interestingly, recruitment to DSBs by ZFN endonucleases was mediated by
BRD2 and was excluded from the actual DSB site (+/- 0.5kb) and restricted to

flanking regions (Gursoy-Yuzugullu, Carman, & Price, 2017).

Remaining Questions about ZMYND8

A model has emerged where Zmynd8 is recruited to sites of DNA damage in
transcriptionally active regions and suppresses transcription by recruiting various
complexes (NuRD, Co-Rest, and Integrator) (Savitsky, et al., 2016). While
Zmynd8-- mice are embryonic lethal (Zmynd8, n.d.), deletion in various cancer cell
lines seem to have mild effects, mostly increased growth and invasiveness (Li N. ,
2016), (Shen, et al., 2016). This is somewhat contradictory with clinical data as
higher Zmynd8 expression correlates with poor outcomes (Yu, 2017), (Chen,
2017). A fundamental question is what are the cellular consequences of Zmynd8
knockdown and how do those translate to the organism at large? Specifically, what
is the link between repressed transcription at transcriptionally active sites post

break and cell function?
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1.8 The IgH 3’ Regulatory Region (3’RR): The Prototypical Super-

Enhancer

The 3’ RR is a ~28 kb region downstream of the Ca region, the most 3’ of the IgH
constant genes in mice. It is comprised of 4 enhancers, HS3a, HS1,2, HS3b, and
HS4a (in order extending 3’ from the Ca region). The entire region is required for

CSR (Vincent-Fabert, et al., 2010) and SHM (Rouaud, et al., 2013).

Discovery of the 3’ RR

The discovery of the 3’RR was preceded and prompted by characterization of the
5’ enhancer of the IgH constant region (E,). This enhancer is located between the
3’ Ju segment and the 5’ Cu region (Baneriji, Olson, & Schaffner, 1983), (Gillies,
Morrison, Oi, & Tonegawa, 1983), (Neuberger, 1983). E, caused IgH genes to be
expressed in B cells when transfected. However, there was evidence of a second
control element for B cells. First, B cell lines that had deleted E. could still express
IgH (Eckhardt & Birshtein, 1985), (Zaller & Eckhardt, 1985). This transcriptional
redundancy could account for the expression of c-myc in c-myc:IgH translocations
in Burkitt lymphoma (human) and mouse and rat cancers with orthologous
translocations (Pettersson, Cook, Bruggemann, Wiliams, & Neuberger, 1990). The
requirement in secondary diversification reactions was confirmed in transgenic
models where deletion of E, caused V(D)J recombination reduction and reduced

B cell numbers, but B cells that were produced could undergo CSR and SHM
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(Perlot, Alt, Bassing, Suh, & Pinaud, 2005). The 3’ RR was identified first in mice
as HS 1,2 for two DNase | hypersensitive sites (Lieberson, Giannini, Birshtein, &
Eckhardt, 1991). Later other DNase | hypersensitive sites 3’ of Ca were identified

in mouse and humans and are reviewed in (Birshtein, 2014), (Pinaud, et al., 2011).

Function of the 3’'RR

Early clues to the 3’RR function were found in low-producing plasmacytomas,
where the entire 3° RR was spontaneously deleted (Michaelson, Giannini, &
Birshtein, 1995), (Gregor & Morrison, 1986). Later, endogenous deletions would
show reduced IgM in plasma cells, and that the 3’'RR was required for CSR
(Vincent-Fabert, et al., 2010) and SHM (Rouaud, et al., 2013) but did not impair
V(D)J recombination (Rouaud, et al., 2012). Partial deletions of the IgH 3’RR give
heterogeneous results with respect to CSR. For example, deletion of Hs3b and
HS4 together eliminated class switching for everything except IgG1 (Pinaud, et al.,
2001). Other combinations of enhancer deletions or sequence inversions give

different results for CSR by isotype and SHM.

Chromatin Looping via the 3’RR

The mechanism of action for the 3’RR is still being dissected. However, interaction
of the 3’ RR with the IgH locus is required for function. This 3D interaction can be
measured via chromosome conformation capture (3C) and expanded

technologies. Briefly, in 3C, cross-linking fixes chromatin in 3D space. The DNA is
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then digested and re-ligated in that 3D context. As a result, the anchor points of a
DNA loop may be re-ligated to each other. Primer pairs and PCR then amplify
those alternate linkages for detection. 3C found that in resting B cells loops form
between 3’RR and VDJ- E, but this loop does not exist in T cells (Wuerffel, et al.,
2007). Additionally, upon activation for CSR, the loop also includes a contact point
with the activated intronic enhancer. Furthermore, the degree of looping was
proportional to the amount of class switch derived from that enhancer (i.e. in LPS
+ IL-4 stimulation, ly1 had the greatest looping, but in LPS only stimulation, lyz was

greater).

Histone Modifications due to 3’'RR

The 3’RR and histone modifications have been implicated in targeting AID and
RNA pol Il to s regions in CSR. H3K4me3 decorates the S, region constitutively,
but appears on downstream S regions after activation (Kuang, Luo, & Scharff,
2009). Deletion of the FACT complex in CH12 cells reduced H3K4me3 of switch
regions but did not reduce AID or GLT expression (Stanlie, Aida, Muramatsu,
Honjo, & Begum, 2010). Deletion of the Methyl transferase complex (Mixed-
lineage leukemia 3 (MLL3/KMT2C) - MLL4/KMT2D setl-like lysine
methyltransferase complex) reduced CSR, slightly by 1.6 times in IgG1, and 2-fold
in 1lgGs but did not decrease GLT of Sy1 or Sys (Starnes, et al., 2016). In humans,
Kabuki syndrome results from KMT2D mutations and presents in part as immune

deficiency due to hypogammaglobulinemia (Stagi, Gulino, Lapi, & Rigante, 2015).
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While the former modifications are dependent on activation for CSR but
independent of AID expression, H3ac appears to be AID dependent (Wang,
Whang, Wuerffel, & Kenter, 2006). Like H3K4me3, H3K9ac and H3K14ac
(together H3Kac) constitutively decorates the Sy region, presumably due to
constant expression of GLT Sy, but unlike H3K4me3, H3Kac also increases as a
result of activation (Wang, Wuerffel, Feldman, Khamlichi, & Kenter, 2009).
However, at downstream acceptor regions H3Kac is deposition correlates with
H3K4me3, that is to say it correlates with GLT specific transcription and is low or
undetectable prior to activation and GLT transcription. Interestingly, artificially
increasing H3Kac with histone deacetylase inhibitors (HDACSs) led to higher CSR
independent of any dysregulation in AID (Wang, Wuerffel, Feldman, Khamlichi, &

Kenter, 2009).

Connecting back to the 3’RR, Saintamand and colleagues found that in 3’'RR
deficient mice the histone modifications due to increased GLT and activation were
reduced at acceptor regions. Specifically, H3K4me3 is reduced at S acceptor
regions including, Sy1, Svs, S yab, and Se (Saintamand, et al., 2015). H3K9ac, Pol
II, and AID were also reduced at these regions. However, the donor region Sy did
not show a reduction in H3K4m3, and the reduction in H3K9ac was minimally

reduced and at the 3’ end of the S region.
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Overall, the 3’RR is poorly conserved between species and aside from the well-
defined function to promote CSR and SHM, the contribution and mechanism of

individual enhancers and intervening segments is still an open question.

Summary and Outlook

Class Switch Recombination (CSR) is a DNA recombination reaction that
diversifies the effector component of antibody responses. CSR is initiated by
activation-induced cytidine deaminase (AID), which produces nucleotide
mismatches in transcriptionally active immunoglobulin heavy chain (/gh) switch
donor and acceptor DNA. The process of CSR requires a functional DNA damage
response that facilitates ligation of the upstream donor and downstream acceptor
regions via NHEJ. 53BP1 and its effector RIF1 are critical to this process because
they inhibit end resection to promote NHEJ. However, the mechanism by which

RIF1 effects end-protection in CSR and binds to 53BP1 are still unknown.

In Chapter 2 | will describe experiments where we use proteomics to identify the
RIF1 interactome in actively switching B cells. In Chapter 3 | utilize the emerging
CRISPR-Cas9 system to orthogonally screen candidates from the proteomics
screen for functionality in CSR in the CH12 B cell lymphoma line. In Chapter 4 |

assess the newly identified candidate in DNA repair and CSR, ZMYNDS, for effects
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on CSR prior to DSB break formation. In Chapter 5, | assess ZMYNDS for effects
in the DNA DSB repair process. In Chapter 6, | investigated the interaction
between ZMYNDS8 and transcription. In Chapter 7, | repeated the investigations

from Chapters 4-6 in a new conditional knockout mouse.
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Chapter 2: RIF1 Interactome in Activated B Cells

2.1 Validation of the Rif1F//H mouse for I-DIRT

We utilized an [-DIRT (/sotopic Differentiation of Interactions as Random
or Targeted) (Tacket, 2005) to investigate the RIF1 protein interactome in actively
switching primary B-cells. To increase the efficiency of RIF1 pull-down we utilized
a FLAG-tag (FT) fused RIF1 recombinant mouse strain. Before performing the
actual I-DIRT we needed to confirm that the knock in protein and cells behaved
similarly with respect to RIF1++ B-cells. To demonstrate this, we isolated
splenocytes from Rif1FH#FH mice (Cornacchia et al., 2012). These mice express a
knock-in RIF1 fused with 1xFLAG-2xHA N-terminal tags. The Rif1FH/FH mice
express RIF1 at physiologic levels in B-cells as demonstrated by Western blot
(Figure 2.1a). Additionally, the B-cells proliferate at comparable rates to Rif1++ B-
cells when measured by CFSE staining (Figure 2.1b). Importantly, the Rif1™/FH B-
cells undergo CSR at similar rates to Rif1++ B-cells in ex vivo stimulating conditions

(Figure 2.1c LEFT representative FC graph, and RIGHT summary CSR data).

Note: figures below are adapted to/from the final publication: (Delgado-Benito, et

al., 2018)
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Figure 7: Rif1FH/FH B-cells express physiological levels of RIF1 protein and

support wild-type CSR levels.

(A) Western blot analysis of cell extracts from Rif1++(WT) and Rif1FHFH B-cells.
Triangles at the top of the graph indicate three-fold dilution. Negative control at the
left is Rif” (flox) Cd19°¢* mice loaded at dilution equivalent to highest Rif1++(WT)
and Rif1FH/FH B-cells.

(B) Flow cytometry histograms measuring B-cell proliferation by CFSE dye dilution
96 h post stimulation with LPS, IL-4, and RP105.

(C) Left: Representative flow cytometry plots measure CSR to IgG1 under the

same conditions. Right: summary of three independent experiments (n = three

mice per genotype).
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2.2 Identification of RIF1 Interacting Proteins in Primary B-Cells

The I-DIRT approach in actively switching B cells was used to capture the RIF1
interactome with respect to CSR. We also irradiated the cells prior to collection to
enrich for Rif1 interactions in the DDR. Figure 2.2a shows a flow chart of the
experiment. The solubilized protein complexes were immunoprecipitated with FT
specific antibodies conjugated to magnetic beads. The complexes were natively
eluted with 3x FT peptides. The samples were digested with trypsin and run with
LC-MS/MS (liquid chromatography-tandem mass spectrometry) and the results

were analyzed with MaxQuant proteomics software (Cox & Mann, 2008).

We determined that a 96 h growth period in activating SILAC media was sufficient
for the majority incorporation of the heavy-labeled amino acids (Figure 2.2Bi, ii, iii
and Figure 2.2C). Each heavy and light peptide pair identified showed the 6
molecular weight increase and possessed an arginine or lysine at the C-terminus.
This confirms the incorporation of a single heavy-labeled arginine or lysine per

trypsin-digested peptide.

A full scale I-DIRT detected thousands of proteins (Figure 2.2D). The proteins were
sorted according to their abundance/enrichment ratio as determined by the
proportion of heavy peptides to total peptides (heavy and light) detected. The most

enriched and also most abundant protein detected was RIF1. The next protein was
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the phospho-dependent interactor of Rif1 (53BP1). Most of the proteins detected
displayed an abundance ratio characteristic of non-specific pull down (average of
0.49 +0.10 standard deviation). These points confirmed, respectively, that (a) Rif1-
FH was efficiently immunoprecipitated, (b) growth and immunoprecipitation
conditions were sufficient to identify 53BP1, a known DDR- dependent physiologic
interactor of Rif1, and (c) the heavy and light samples were combined at a 1:1 ratio.
Highly enriched co-immunoprecipitated proteins (i.e. abundance ratios > p + 0)
included several transcription factors (Figure 2E), as well as many proteins

implicated in DDR (Chapter 3)
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Figure 8: Identification of RIF1 interacting proteins in primary B cells
undergoing CSR

(A) I-DIRT Schema in ex vivo cultures of splenocytes. Abbreviations: GA
(glutaraldehyde); LC-MS/MS (liquid chromatography-tandem mass spectrometry).
Rif17#FH and wild-type Rif1++ splenocytes were isolated and cultured in SILAC
media supplemented with isotopically heavy '3C Arginine and Lysine (Rif1FHFH) or
light (normally abundant) '2C Arginine and Lysine (Rif1++). The cells were grown
their respective media and activated with LPS, IL-4 and RP105 for 96 h. Cell
cultures were irradiated with 20 Gy, allowed to recover for 45 min, and flash frozen
as pellets in a liquid N2bath. The pellets from heavy and light samples were added
in equal mass amounts and cryolysed. The cryolysed powder was extracted in
soluble form with sub-stoichiometric treatment with glutaraldehyde in order to
stabilize labile and/or transient interactions without alternative the native
composition of protein complexes (Subbotin and Chait, 2014). Protein complexes
were co-immunoisolated, trypsinized and analyzed via mass spectrometry.

(B) Mass spectrometry graph of heavy amino acid incorporation test. Primary B
cells were cultured for 96 hr in activating (LPS, IL-4, RP105) conditions in SILAC
media supplemented with '3C labeled arginine and lysine. Representative mass
spectrometry graph of proteins(peptides) (B.i) ActG1 (VAPEEHPVLLTEAPLNPK)
(B.ii) Actb (ACFPSIVGR) (B.iii) Aldoa (IGEHTPSALAIMENANVLAR)

(C) Summary of three representative peptides and L > H shift. Abbreviations:
UniProtkKB (UniProtein Knowledge Base entry); H M/Z (heavy molecular

weight/charge of peptide); L M/Z (light molecular weight/charge of peptide); Z
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(peptide charge); (H-L)*Z (difference in molecular weight/charge ratio multiplied by
charge to return the difference in MW between the heavy and light forms).

(D) Graph of proteins identified in the RIF1 I-DIRT. The proteins are arranged from
highest H/(H+L) (abundance ratio) to lowest. Error bars represent the standard
error of the abundance ratio mean for all peptides identified for each protein. Only
proteins with peptide counts > 4 and posterior error probabilities < 104 are
included. The central line is the mean (0.49) and the o is the standard deviation of
the distribution. Top: chart with proteins RIF1, 53BP1, and ZMYNDS8 identified.
Bottom: chart with regions defined as hits (red), non-specific interactors (purple),
and contaminants (blue) marked.

(E) Potential transcription related RIF1 interactors found among identified proteins

with abundance ratios > 2 o above the mean.
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Candidate Peptide Count H/(H+L)
53BP1 72 0.91
DYNLLA 5 0.68
ZMYND8 15 0.85
MGA 57 0.88
ZNF592 6 0.85
BACH2 14 0.83
TCEB1 4 0.70
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2.3 Confirmation of Zmynd8 and RIF1 Interaction

To validate the Zmynd8 association with RIF1 discovered in the |-DIRT, we
performed reciprocal co-immunoprecipitation experiments in primary B cells.
Zmynd8 efficiency co-immunoprecipitates with RIF1, and vice versa (figure 9a and
b). RIF1 involvement in DNA damage repair is dependent on ATM phosphorylating
53BP1. The phosphorylated 53BP1 then recruits RIF1 to the site of DNA breaks
(Chapman, et al., 2013), (Di Virgilio, et al., 2013), (Escribano-Diaz, et al., 2013),
(Feng, Fong, Wang, Wang, & Chen, 2013), (Zimmerman, Lottersberger,
Buonomo, Sfeir, & de Lange, 2013). To determine if the RIF1-Zmynd8 interaction
is also DNA damage-dependent, we co-immunoprecipitated each protein in the
presence or absence of IR-induced DNA damage, and the presence or absence
of an ATM inhibitor. While we confirmed that the association between RIF1 and
53BP1 is both DNA damage and ATM dependent (Figure 9a) (Di Virgilio, et al.,
2013), Zmynd8 co-precipitated with RIF1 and vice-versa regardless of DNA
damage or ATM activity (Figure 9a, Figure 9b). Therefore, Zmynd8 interacts with

RIF1 in vivo, independently of DNA damage.
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Figure 9: The interaction between ZMYND8 and RIF1 is DNA damage-
independent.

(A-B) Western blot analysis of anti-FLAG(RIF1) (A), and anti- ZMYNDS8 (B)
immunoprecipitates from WT and Rif1F7FH B lymphocytes either left untreated or
irradiated (10 gray (Gy), 45-min recovery) in the presence or absence of the ATM
kinase inhibitor KU55933 (ATMi). Data are representative of at least two

independent experiments for each co-immunoprecipitation.
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Chapter 3: RIF1 Interactors and CSR

3.1 CRISPR Cas9 Screen Design for CSR in CH12 cells

To validate the top hits in the I-DIRT we designed an orthogonal screen to assess
proteins for function in CSR. We utilized the newly functionalized S. pyogenes
CRISPR-Cas9 system (Ran, et al., 2013) in order to somatically target genes.
Specifically, the Cas9 nuclease cuts the gene at a site specified by the gRNA.
Repair by the error-prone NHEJ pathway leads to insertions and deletions (indels)
at the DSB. Indels are statistically likely to lead to frameshift mutations, which
create downstream premature stop codons, and hence delete the protein. We used
the CH12F3 (CH12) cell line, a B-cell ymphoma cell line derived from B10 H-2aH-
4bp/Wts mice (Kunimoto, Harriman, & Strober, 1988) which robustly switches from
IgM to IgA (Nakamura, et al., 1996) to measure defects in CSR caused by
CRISPR-Cas9-mediated deletion. The CH12 cell line has been extensively utilized

as a model system to explore CSR.
The CRISPR Cas9 screen in CH12 cells is similar to strategies from the Basu

(Pefanis, et al., 2014) and Martin (Le, et al., 2016), (Ramachandran, et al., 2016)

laboratories.
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We transiently expressed Cas9+gRNA with the px458 plasmid (Figure 10a) (Ran,
et al., 2013) via nucleofection into the CH12 cell line. Cas9 expression directly
correlates with GFP expression due to a 2A linker. GFP+ cells were sorted 2 days
post nucleofection and grown for 3 days in culture (Figure 10b). This time period
allowed for protein depletion as existing protein turned over and was not
replenished. Cells were then activated for 48 h and assessed for CSR to IgA by

flow cytometry.

gRNAs targeting the candidate genes were designed by accessing the APPRIS
principal isoform on ensembl. The first two gRNAs for each of the 5’ two terminal
exons were generated using the Zheng lab/MIT CRISPR design software (CRISPR
Design, n.d.). Exons unique to the APPRIS principal isoform were excluded. We
endeavored to create indels as close to the 5’ end of the gene as possible to

exclude the possibility of producing truncated but still function proteins.
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Figure 10: CRISPR Cas9 Screen Design to Assess CSR in CH12 Cells

(A) Plasmid map of pSpCas9(BB)-2A-GFP (PX458) deposited to Addgene
(plasmid # 48138) by Feng Zhang. A 2A linker allows linked translation of GFP and
the Cas9 protein.

(B) Experimental design of CRISPR-Cas9 CH12 cell screen. Log phase,
unactivated, cells are nucleofected at day 0. A percentage of cells successfully
acquired the plasmid. These GFP+ cells are detected and isolated by flow assisted
cytometric sorting (FACS). Cells are grown in culture for 3 days to allow recovery
from sorting, and for the preexisting protein to degrade after somatic deletion of
the target gene. At day 5, cells are activated for switching to IgA and measured by

flow cytometry at day 7.
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3.2 CRISPR Cas9 CSR Screen of I-DIRT Targets

The I-DIRT screen revealed many novel proteins in the B-cell RIF1 interactome.
167 proteins were identified with an abundance ratio greater than 1 standard
deviation above the mean in one or more of the I-DIRT replicates (pilot
experiments V1_10, V1_25, or V1_50 or full-scale experiments V2.1 or V2.2). We
used the CRISPR Cas9 system to orthogonally screen candidates that when

deleted showed, like RIF1, a defect in CSR.

Of the 167 statistically significant proteins, 17 (Fig 11a) were selected as initial
candidates for CSR testing. The 17 proteins were filtered through literature
searches identifying these candidates as possible components of the DDR, CSR,
and/or pathways also attributed to RIF1. Some candidates were selected for
further study if it had been identified in other screens, specifically proteomic or

CSR based (i.e. ZRANB2 from (Pavri, et al., 2010)).
For each candidate, 4 gRNAs for the first two earliest possible exons were
designed according to the criteria in Chapter 3.1. An example schematic for

Zmynd8 targeting is shown in figure 11b.

Each experiment included an empty (non-targeted) px458 vector as a negative

control and px458 with gRNAs against AID as a positive control. Example flow
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cytometry results can be seen in Figure 11b. For targets that showed a reduction
in CSR, Western Blot analyses were performed. An example for Zmynd8 is in

Figure 11c.

Figure 11d shows CSR normalized to empty vector for all the 17 candidates. Of
those tested, only Zmynd8 showed consistently down-regulated CSR. However,
not all gRNAs effectively deleted the target protein (as can be seen for Dynll1).
The positive hit, Zmynd8, was retested in 3 biologically independent repeats to
confirm a role in CSR (figure 11e). Bulk testing found that two different gRNAs

against different exons in Zmynd8 showed a 40-50% reduction in CSR.

It is noteworthy that gRNA against AID incompletely abrogated CSR (figure 11b
and all experiments as a positive CSR reduction control). This could either indic