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Abstract

Proteins play a major role in cellular processes; therefore, it is important to
understand how they perform their biological functions. However, proteins rarely act
independently, but rather they often create “molecular machines” and have intricate
physical and chemical dynamic interactions to undertake biological functions at both
cellular and system levels. A key step towards unraveling the complex molecular
relationships in living systems lies in the mapping and characterization of protein-protein
interactions (PPIs). These interactions form the backbone of signal transduction pathways
and cellular networks in diverse physiological processes. Due to their critical roles in
relaying key cellular signals in both normal and cancer cells; once deemed “undruggable”
PPIs have led to the development of a potential new class of drug targets [for example,
the interaction between p53 and MDM2 (1)].

In this thesis, we try to understand the interactome of APOBEC3B (A3B), a key
molecular driver inducing mutations in multiple human cancers. We utilized an affinity
purification mass spectrometry approach to identify cellular proteins that interact with A3B.
Our results revealed a specific interaction with the cell cycle protein cyclin-dependent
kinase 4 (CDK4). We validated and mapped this interaction by structure guided
mutagenesis and co-immunoprecipitation experiments. Functional studies and
immunofluorescence microscopy experiments in multiple cell lines revealed that A3B is
not a substrate for CDK4-Cyclin D1 phosphorylation, nor is its deaminase activity
modulated. Instead, we found that A3B is capable of disrupting the CDK4-dependent
nuclear import of Cyclin D1. We propose that this interaction may favor a more potent

antiviral response and simultaneously facilitate cancer mutagenesis.



In addition, our studies on the A3B “interactome” led to multiple advancements in
genome engineering, specifically in cytosine base-editing (CBE). With the recent
discovery of base editing systems in which a DNA editing enzyme, such as an APOBEC,
is targeted to a specific base by covalent fusion to a Cas9 nickase (Cas9n) complex the
prospect of precise genome engineering has become reality. However, current CBEs are
prone to undesirable off-target mutations (most frequently occurring as target-adjacent
mutations). Through the identification of novel A3B interacting proteins we developed a
method, termed “MagnEdit”, in which we use these interacting proteins to serve as
“‘magnets” fused to Cas9n in order to attract A3B to single-base editing hotspots. By
untethering A3B from Cas9n and utilizing endogenous A3B “recruiters” we have
dramatically reduced off target editing. These findings, while demonstrated here for A3B
and its interacting proteins, have implications for other editing technologies and other

recruiters such as antibodies, small molecules, and epitope tags.
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APOBEC3B - A brief history

The apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC)
family of enzymes is a group of cytosine deaminases that have evolved in vertebrates,
and particularly mammals, to mutate RNA and DNA at distinct preferred nucleotide
hotspots on foreign genomes. This highly evolved family has gained a substantial amount
of diversity through gene duplications and rearrangements over time (2,3). Phylogenetic
analysis of the APOBEC family reveals its origin is from ancestral activation induced
deaminase (AID) genes that were present in jawless fish over 500 million years ago and
has now expanded to amphibians, birds and mammals (4). In higher primates and
humans, the APOBEC family consists of eleven members, including APOBEC1 (A1), AID,
APOBEC2 (A2), APOBEC3A (A3A), APOBEC3B (A3B), APOBEC3C (A3C), APOBEC3D
(A3D), APOBECS3F (A3F), APOBEC3G (A3G), APOBEC3H (A3H), and APOBEC4 (A4)
(2,5-9) (Fig 1.1A).

Initially, A1 and AID were the most well studied within the APOBEC superfamily.
The founding member of the APOBEC family (and for which the family was named),
APOBEC1, was first identified as the apolipoprotein B (apoB) mRNA editing enzyme in
the 1990s (10). APOBEC1 was further characterized to bind A1CF (APOBEC1
complementation factor) and deaminate cytidine®®® to uridine on the apoB mRNA, thereby
producing two isoforms of apoB proteins with individual and overlapping functions (11,12).
Alternative to mRNA editing, AID plays an essential role in adaptive immunity by regulating
antibody maturation and diversification in activated B cells via deamination of single-
stranded (ss)DNA substrates (13). AID catalyzes the diversification in the sequence of the

immunoglobulin genes through somatic hypermutation and class switch recombination



(14,15). The physiological functions of APOBEC2 and APOBEC4 remain largely unknown,
as neither enzyme has been shown to be catalytically active (16-18).

The APOBEC3 (A3) subfamily of enzymes have gone through a series of
duplications and rearrangements during the evolution of primates leading to seven family
members in humans that are encoded in tandem on chromosome 22 (3-6,8). The A3
enzymes are composed of one or two catalytic zinc-coordinating domains that fall into
three distinct phylogenetic groups, Z1, Z2 or Z3 (5). A3A (Z1), A3C (Z2) and A3H (Z3) all
contain a single cytidine deaminase zinc-coordinating domain, while the remaining four
A3s (A3B, A3D, A3F and A3G) contain both an N-terminal pseudocatalytic or inactive
domain and a catalytically active C-terminal domain (2) (Fig. 1.1A). Although the role for
each A3 may be overlapping or unique within in the cell, the mechanism of deaminating
cytosines to uracils in ssDNA is conserved (Fig. 1.1B).

The APOBEC3 proteins, while distinctly different, are known to have three
physiological functions in human cells. The most well-known function involves
mechanisms of defense against a diverse array of viral pathogens, including retroviruses,
hepatitis viruses, papillomaviruses, and others (19-26). For example, A3D, F, G and H are
most highly expressed in T cells and have been widely studied for their role in retroviral
restriction through hypermutation of viral ssDNA genome intermediates (27,28). An
alternative function of A3s is inhibition of L1 and Alu transposable elements. Several A3s,
including A3A, B and F have demonstrated some capacity to restrict retrotransposition via
enzymatic and non-enzymatic mechanisms (29-38). Lastly, studies have shown that A3A
and other family members have the potential to mediate clearance of foreign DNA via a

deaminase dependent mechanism (25,39,40).



Although many A3 proteins seemingly have overlapping functions, these enzymes
are differentially expressed in tissue and cell types (27,41). For example, different A3
proteins are expressed at various levels in immune cell populations, including CD4"* and
CD8" T cell subsets, B cells and myeloid cells and transcripts for A3 enzymes are also
found in nonimmune tissues such as lung, ovary, breast and adipose tissue (27,28). In
addition to cell type and expression differences, A3 proteins can have different subcellular
localizations. A3D, F, G, and H are found to be cytoplasmic (H can also be nucleolar),
whereas A3A, and C have been reported to localize cell-wide, and A3B is the only A3
enzyme that is constitutively nuclear (42-47). While cytoplasmic A3 enzymes are
compartmentalized away from the genome, effective mechanisms likely exist within the
cell to ensure proper discrimination of host vs non-host DNA for those A3 proteins with
access to the nuclear compartment. However, there is evidence that when misregulated
nuclear A3s, generally A3B (but also A3A and A3H), can act as genomic DNA mutators,
and this poses an intrinsic hazard for the host if the genomic DNA is not properly regulated

or repaired (28,48-60).

Contributions to cancer

In 2013, Burns et al. was the first to discover A3B as a dominant DNA mutating
enzyme in breast cancer (48). Through the use of gene-specific knockdown, over-
expression studies and somatic mutation signature analysis, data combined to show that
A3B was driving mutations that diversified the genetic landscape in a large proportion of
breast cancer cell lines. Additionally, bioinformatic and biochemical analysis of genomic
substrates linked A3B deamination to a preferred sequence context, cytosines preceded

by a 5’thymine and followed by a 3’ adenosine or guanine (40,61-64). These deamination



events result in a genomic DNA uracil that when unfaithfully repaired and present through
DNA replication will result in the transition of a cytosine to a thymine (C-to-T). Alternatively,
this DNA uracil can undergo excision by uracil-DNA glycosylase (UDG) and repair of the
remaining abasic site by REV1, commonly results in the transversion of a cytosine to a
guanine (C-to-G) (65-69). These findings together led to a new class of mutation pattern
deemed the “APOBEC signature”. Subsequently, A3B mediated mutations and elevated
mMRNA expression levels have been identified in many additional types of cancer and have
been linked to poor clinical outcome (discussed later in Clinical impact and association) in
a subset of them (70-78).

Next-generation sequencing (NGS) has revealed an APOBEC-mutation signature
in >50% of human cancer types with variable impact within each tumor ranging from <5%
to >90% of all base substitution mutations (28,49,51). In addition to single base
substitutions, A3s can catalyze clustered hypermutation, or kataegis, in cancer cell
genomes; however, these clusters often associate with recombination breakpoints, such
as sites of chromosomal translocation, and only account for less than 10% of the total
mutation load (52,79). Although a role for A3B in cancer mutagenesis and evolvability has
been well documented, universally accepted genomic substrates have yet to be described.
Conflicting studies show A3B can target transcription-associated substrates as well as
replication and recombination-associated substrates (36,52,80-82). These APOBEC-
mediated mutations are linked in part to R-loops and stalled replication forks, which can
be associated with various types of DNA damage and ssDNA exposure (59,83,84).
Despite lacking commonly accepted A3B genomic targets, two distinct APOBEC

mutational hotspots resulting in PIK3CA activation have been reported (85,86). Altogether,



this supports the association seen between elevated expression of APOBEC3B and more

aggressive phenotypes and recurrence in cancers (48,72,87,88).

Clinical impact and association with cancer

As studies continuously connect the DNA cytosine deaminase A3B to the genetic
evolution of multiple cancers, association of its expression with clinical outcomes is largely
in pursuit. It was recently shown in a large cohort of estrogen receptor-positive breast
cancer patients that those with tumors expressing high levels of A3B were found to
associate with shorter durations of both disease-free and overall survival (89). In addition
to these findings, higher APOBEC3B expression levels are linked with increased
resistance to the estrogen receptor agonist, tamoxifen, in murine models (70). Importantly,
these studies strongly suggest A3B as a marker of pure prognosis and poor outcomes for
estrogen receptor-positive breast cancer.

Broadening the initial breast cancer findings, Cescon et al. reported A3B
expression is associated with clinicopathologic characteristic and unfavorable outcomes
as well as a positive correlation with proliferative features in breast and 15 of 16 other solid
tumor types (except lung squamous cell carcinoma) (73). These other solid tumor types
include: bladder urothelial carcinoma, breast invasive carcinoma, cervical squamous cell
carcinoma, colon adenocarcinoma, head and neck squamous cell carcinoma, kidney renal
clear cell carcinoma, kidney renal papillary carcinoma, brain lower grade glioma, liver
hepatocellular carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, skin
cutaneous melanoma, stomach adenocarcinoma, thyroid carcinoma and uterine corpus
endometrial carcinoma. Together, genetic, cellular, and biochemical studies have

demonstrated that A3B-catalyzed genomic uracil lesions are responsible for a large



proportion of both dispersed and clustered mutations in multiple distinct cancers
(28,48,49,70,72,73,76,77,87,88,90-98). However, additional work and possibly
prospective trials are needed to further evaluate the role of A3B as a prognostic marker

and or contributor to drug resistance and metastasis.

Regulation and misregulation

Since A3B has been shown to play a large role in tumor survival and evolution,
A3B regulation has now become an ever-growing area of cancer therapeutic research
(Fig. 1.2). Both endogenous regulation and chemical modulation of A3B are novel
strategies to rein this mutagenic enzyme. Recent reviews have suggested the
development of small molecule and chemical inhibitors targeting the active site in the C-
terminal domain of A3B; however, the crystal structure of full-length A3B remains to be
solved and only recently did the first single domain crystal structures of A3B emerge (99-
102). With these recent publications, structural-base design of A3B inhibitors can be
pursued for the first time but concerns regarding specificity will remain a challenge. As
one could imagine, non-specific A3B inhibitors targeting other A3s would leave patients
susceptible to infection by viruses and/or retrotransposition.

An alternative approach focuses on targeting regulatory pathways of endogenous
A3B, whether this be transcriptional or post-translational. Within the past three years
numerous studies, including our own, have reported findings on transcriptional regulation
of A3B (21,82,103-107). The primary goal of these studies is to better understand the
mechanisms that regulate A3B expression, thereby providing insight into the processes
driving acquisition of cancer mutations and tumor evolution (Fig. 1.2). These findings have

linked the non-canonical NF-«xB pathway, HPV E6 and E7 viral oncogenes, transcription



factors TEAD, B-Myb and p53 as well as the RB-E2F axis with A3B upregulation in various
normal and cancer cell types (21,82,103-107). It's likely A3B is regulated via different
pathways in a cell-type and stimulus dependent manner. Although it is in its early stages,
these data will likely have important consequences for tumor development and tumor
evolution, including response to therapies and regulation of A3B inflicted mutational

damage.

Post-translational regulation (including protein-protein interactions and post-
translational modifications)

While research on transcriptional regulation of A3B has “taken-off”, understanding
post-translational regulation has been far more difficult due to the limited A3B-specific
reagents in addition to the insoluble properties of A3B. However, post-translational
properties such as localization, modifications and interacting proteins have been recently
reported. As mentioned above, A3B is the only family member shown to be constitutively
nuclear (42-45). After mitosis and nuclear membrane reconstitution, A3B is rapidly
reimported into the nuclear compartment where it remains constitutively present until the
next mitotic cell division (42,43,46). Although the mechanism of nuclear import has yet to
be fully elucidated, the identification of A3B N-terminal domain cis elements required for
active nuclear import has shed light on this mechanism of regulation (43-46). Although,
A3B may still remain an active deaminase, re-localization of A3B to the cytoplasm, and
excluding it from the nuclear compartment where in deaminates the host genome, using
inhibitors of these newly identified residues may serve as a novel therapeutic approach in

future studies.



Alternatively, post-translational modifications of A3B have just recently been
reported as a potential mechanism of A3B inhibition. Matsumoto et al., published findings
of protein kinase A (PKA)-mediated phosphorylation at Thr214 inhibits A3B mutagenic
activity (108). While this in vitro data is convincing for A3Bs cell-type specific HIV-1 viral
restriction role, it is far from complete and provides minimal, if any, cancer/mutation-based
studies. The only other modification studies performed on A3B demonstrate that lysine
residues are unlikely targets of A3B regulation as they are completely dispensable for A3B
mutagenic activity and localization (109). Together, these data provide insights into A3B
post-translational regulation, but further advancements need to be made to better
understand the mechanisms governing the activity, localization and overall regulation of
A3B.

As is known, proteins rarely act alone, but rather they often create “molecular
machines” and have intricate physicochemical dynamic interactions to perform biological
functions at both cellular and system levels. A key step towards unraveling the complex
molecular relationships in living systems is the mapping of protein-protein interactions
(PPIs). These interactions form the backbone of signal transduction pathways and
networks in diverse physiological processes. That being said, few A3B interacting proteins
have been identified and only one to-date has shown a direct mechanism of A3B-
inhibition. The first A3B-interactor identified was hnRNPK in 2008 (110). These findings
showed no form of A3B regulation but rather that A3B was inhibiting hnRNPK-mediated
transcription and expression of HBV genes. Eight years later in 2015, simian
immunodeficiency virus (SIV) Vif proteins were shown to degrade A3B, with SIVmac239
being the most potent (111). This mechanism of degradation is likely to occur through the

canonical polyubiquitination mechanism as A3B protein levels are restored with treatment



of MG132 (111). This was the first report to suggest development of known interacting
proteins, like SIVmac239, @s molecular tools for future studies focused at neutralized A3B in
cancer to halt tumor mutagenesis, prevent therapy resistance, and improve the treatment
and prognosis of cancer patients. Although these studies are interesting and potentially
translational, this is not physiological as SIV (monkey) Vif is not of direct relevance to
human cells. Just two years later in 2017, hnRNPA3 was reported to bind A3B, but again
no findings of A3B regulation (112). Lastly, we published this year (2019) that the Epstein-
Barr virus protein, BORF2, can inhibit cellular A3B through binding of the A3B C-terminal
catalytic domain in addition to re-localization of nuclear A3B to perinuclear bodies (19).
This was the first report to show interaction and inhibition of the A3B catalytic domain
providing a novel break-through in A3B research. In addition to these findings, later
discussed in Chapter 2, we also published in 2019 the interaction between A3B and the
cell cycle protein CDK4 (113). Although we did not find a mechanism of A3B inhibition, we
do propose that this interaction may favor a more potent antiviral response and
simultaneously facilitate cancer mutagenesis through disruption of the canonical G1/S
phase transition. As summarized above, research on post-translational regulation of A3B
are clearly on-going, but only recently did we make great strides towards addressing

mechanisms of A3B inhibition and suppression of cancer progression.
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Advancements in base editing

In parallel to rapidly advancing research on APOBEC3s as antivirals and as cancer
mutagens, as described above, the APOBEC enzymes have also taken center stage in
the area of genome engineering. CRISPR/Cas9 as a genome engineering tool has
revolutionized basic, biomedical, and agricultural research by enabling simple targeting
and manipulation of user-defined locations in the genome. In its simplest form, CRISPR
is an RNA-guided DNA endonuclease that catalyzes DNA double-stranded breaks (DSBs)
that often leads to error-prone repair and permanent genetic scars. Broad application and
innovation of CRIPSR tools has now made it relatively straight-forward to knock out a gene
of interest in a variety of different cell types. Though targeting specific genome sites has
now become relatively simple, the introduction of pre-defined, precise alterations at these
sites has remained a challenge.

In 2016, two groups simultaneously described the development of base editing
(BE) enzymes that couple the genome-targeting features of Cas9, with the direct DNA
modifying activity of cytidine deaminases, such as AID and APOBEC1 (114,115). In this
adapted technology, base editors utilize covalent fusions between a catalytically impaired
Cas9 nuclease, deemed Cas9 nickase (Cas9n or Cas9npioa), and a base-modifying
enzyme that targets the single-stranded (ss)DNA. Upon binding to its target locus in the
DNA, base pairing between the guide (g)RNA and the target DNA strand leads to an RNA-
DNA hybrid and the formation of an R-loop where a segment of ssDNA is displaced (Fig.
1.3) (116). The DNA strand separation positions the deaminase enzyme to induce
cytosine to thymine (C-to-T) transitions within a small nucleotide window at the 5’ end of
the sgRNA target sequence (Fig. 1.3). Importantly, the nickase activity of the Cas9

generates a nick in the non-edited DNA strand to induce cells to repair the non-edited
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strand using the edited strand as a template (Fig. 1.3) (114,115,117). Further, the recent
evolution of non-natural DNA editing enzymes has broadened the scope of base editing
to include adenine base editors (ABEs) that convert adenine to guanine (A-to-G transition
mutations) (117). Collectively, cytosine base editors (CBEs) and ABEs can mediate four
types of transition mutations (C-to-T and G-to-A; A-to-G and T-to-C). The already broad
therapeutic applications for CRIPSR/Cas9 now includes base editing approaches that can
be used to target the many genetic diseases that can be corrected through a single base
mutation rather than the total disruption of the gene.

Even before the development of BE technology, and as mentioned above, it was
known that APOBECs induce C-to-T mutations in both the cellular genome as well as in
complementary DNA that is reverse transcribed from viral RNA genome (16,28,48,118).
Indeed, association between APOBECs and CRISPR/Cas9-mediated gene editing was
discovered early on when trying to understand off-target effects. Tsai et al. found off target
editing of Cas9n and most editing events fell in a C-to-T context, manifesting a typical
APOBEC mutational signature (119). In addition, APOBEC/AID has been largely reported
in targeting of R-loops (which are essentially ssDNA loops created by RNA/DNA hybrids)
(120-126). However, the real landmark series of experiments began with the development
of CBEs. These initiated with the development of the first-generation base editor (BE1), a
construct consisting of rat APOBEC1 fused to catalytically inactive Cas9 (dCas9) through
an XTEN linker, that was able to deaminase cytosines between positions 4 and 8 within
the target sequence at rates of up 7% in cellular based systems (114). Following BE1 was
BE2, a second-generation base editor aimed at inhibiting uracil DNA glycosylase (UNG)
through the fusing of uracil DNA glycosylase inhibitor (UGI), a small protein from

bacteriophage PBS, to the C-terminus of BE1 (114). This addition increased editing
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efficiencies in bacterial cells but only moderately increase editing in mammalian-based
systems (114,127). Shortly after BE2 came BES3, which changed the dead Cas9 (dCas9)
to a Cas9 nickase (Cas9n) (114). As mentioned above, the nickase activity of the Cas9
generates a nick in the non-edited DNA strand to induce cells to repair the non-edited
strand using the editing strand as a template (114,115,117). This dramatically increased
editing efficiencies in mammalian cells, up to 37% across six loci in the initial report (114).
Lastly, BE4 and BE4max were recently published and only differs from BE3 in that it has
an additional copy of UGI and BE4max is codon optimized (Fig. 1.4). Notably, base editing
technology did not ablate the off target indels but it did dampen their frequency compared

to those induced by Cas-mediated DSBs (114).

Base-editing limitations

With these recent technological advancements comes a better understanding of
limitations, off-target frequencies, and remaining challenges. One major limitation to this
technology is the inability to catalyze transversion mutations, purine to pyrimidine and vice
versa. Overcoming this chemistry and protein engineering roadblock would significantly
broaden the applications of this method and provide even more flexibility in genome
engineering. Going hand-in-hand with the first limitation is the need for protein engineering
of Cas9 enzymes that broaden the sequence specificity of a protospacer adjacent motif
(PAM). While this restriction is common to all CRISPR-based tools, it is particularly
important for BE, as effective editing occurs within a small nucleotide window of the R-
loop. Consequently, moving the gRNA target to the nearest PAM can shift the target
nucleotide outside the editing window. Although other species and variants of Cas9 with

alternative PAM sequences exists, current studies are attempting to circumvent this
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limitation by manipulating the window of editing (128). Most importantly, like all genome

engineering systems, BE carries the possibility of off-target effects.

Base-editing precision

To date, fusion of DNA cytosine modifying enzymes (i.e APOBEC) has resulted in
a substantial amount of off-target editing. These editing events can be random genomic
DNA mutations (129-132), RNA editing events (133-135), and most frequently target-
adjacent editing (114,117,129,136-139). Surprisingly, recent whole-genome sequencing
CBE studies in both mice and rice detected significant amounts of off-target C-to-T editing
in transcribed regions, even in the absence of a gRNA (131,132). These results suggest
that the presence of a cytosine deaminase tethered to a Cas9n complex alone are
sufficient for a primed encounter with exposed ssDNA. Nevertheless, the off-targeting
outcomes for BEs and Cas9 alone are not always the same, raising the concern for
separate evaluation methods. In comparison with CBEs, whole-genome sequencing of
ABEs revealed no off-target base editing (above spontaneous mutation rates) in mice
studies (140,141). Together these data largely support a need for a more accurate and
advanced method of targeting and editing specific cytosine bases.

In light of this off target limitation and need for optimized cytosine base editing, we
have devised a method, deemed “MagnEdit”, to attract an endogenous DNA editor to a
target base for efficient and specific editing without gratuitous off-target adjacent damage
(manuscript in review). In this method, later discussed in Chapter 3, we demonstrate the
feasibility of this method using previously validated A3B-interacting proteins to serve as
“‘magnets” fused to Cas9n and UGI, in order to attract A3B to single-base editing hotspots.

The key to this system is removal of the covalent fusion of the deaminase to the Cas9n

14



complex, which traps the tethered deaminase locally and inextricable links both on-target
and target-adjacent cytosine deamination events. We demonstrate that current CBE
methodology generates adjacent off-target editing at a frequency of >25%, while MagnEdit
catalyzes an on-target efficiency of >95% and no significant off-target events mutations.
Overall, our advancements to the genome engineering field demonstrate a modular
system that can be adapted for any recruiter (interacting proteins, antibodies, epitopes
etc.) and base editor system with current studies producing substantially lower off-target

editing than current base editing methodology.
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Concluding introductory remarks and chapter prelude

The APOBEC3 family of DNA cytosine deaminases in important for mutagenesis
in cancer and viral evolution (where viral restriction is merely the outcome for viruses that
fail to evolve and adapt to the host APOBECSs). Importantly, A3B has been identified as a
major source of somatic mutagenesis in cancer cells that drive tumor evolution such as
metastasis, and/or therapy resistance. Although research in this field is in its early stages,
A3B regulation has now become an ever-growing area of cancer therapeutic interest. Both
endogenous regulation and chemical modulation of A3B are novel strategies to rein this
mutagenic enzyme but remain largely unknown. To address this aforementioned “black-
box” of A3B endogenous regulation, we investigated the interactome of proteins that bind
and potentially regulate this mutagenic enzyme. These proteomic efforts led to two
different discoveries, the first being a novel role for A3B and its ability to bind CDK4 and
disrupt CDK4-dependent nuclear import of Cyclin D1 (Chapter 2). In summary, we
propose that this interaction may alter canonical cell cycle progression and favor a more
potent antiviral response and simultaneously facilitate cancer mutagenesis.

Additionally, our work on A3B interacting proteins led us to develop a novel
technology that merges the current CRISPR/Cas9 cytosine base editing (CBE) technology
with our new understanding of the A3B proteome. This system stems from the current
base editing technology in which a DNA editing enzyme, such as an APOBEC, is targeted
to a specific base by covalent fusion to a Cas9 nickase (Cas9n) complex to thereby
provide precision genome engineering. However, current CBE methods are fraught with
undesirable target-adjacent and off-target mutations. Through the identification of novel
A3B interacting proteins we developed a method, termed “MagnEdit”, in which we use

these interacting proteins to serve as “magnets” fused to Cas9n in order to attract A3B to
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single-base editing hotspots (Chapter 3). By untethering A3B from Cas9n and utilizing
endogenous A3B “recruiters” we have dramatically reduced off-target editing events.
These findings, while demonstrated here for A3B and its interacting proteins, have
implications for other editing technologies and other recruiters such as antibodies, small

molecules, and epitope tags.
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Figure 1.1. The APOBEC family of polynucleotide cytosine deaminases

A, Diagram of the eleven APOBEC family members. Colored arrows represent the
evolutionary conservation of the three zinc-coordinating deaminase domains; green
depicts Z1, orange depicts Z2, and blue depicts Z3. All other colors represent unique
regions to that enzyme.

B, Schematic of APOBEC-catalyzed deamination of a cytosine to uracil in single stranded
(ss)DNA.

This figure was drafted by J. McCann and adapted from (142) .
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Increased mutation

Normal cell Elevated A3B

Tumor initiating event Accelerated tumor evolution

Figure 1.2. Model for APOBEC3B driven tumor evolution

Normal, healthy cells are depicted in yellow while cells in the early stages of APOBEC3B
dysregulation are colored in light orange. Cells undergoing high APOBEC3B expression
and mutagenesis are in dark orange and red. Together this model depicts upregulation of
APOBECS3B in nascent cancer cells or during cancer development and thereby increases
mutation rates and drives tumor evolution.

This figure was drafted by Harris Lab artist Amanda Miller and adapted from (142).
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Figure 1.3. Molecular reactions that underlie cytosine base editing (CBE)

Schematic of a cytosine base editor where the cytidine deaminase is covalently tethered

to Cas9 nickase (Cas9n) and the uracil glycosylase inhibitor (UGI). The target cytosine, in

red, is exposed as ssDNA once the Cas9n gRNA binds to the target DNA strand resulting

in the formation of an R-loop. Deamination of the target C occurs, Cas9n generates a nick

on the non-edited strand (circled in blue) and UGI prevents the U:G mismatch from being

repaired back to a C:G resulting in C-to-T mutation.

This figure was adjusted by J. McCann and adapted from (114).
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Figure 1.4. Model of cytosine base editing advancements

Schematic of the core components of current cytosine base editing technology, including
Cas9 nickase (Cas9n), APOBEC and uracil glycosylase inhibitor (UGI); alongside
modifications that have been introduced to improve editing efficiency and accuracy.

This figure was drafted by J. McCann and adapted from (143).
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Chapter II.
The DNA Deaminase APOBEC3B Interacts with the Cell Cycle Protein CDK4 and

Disrupts CDK4-Mediated Nuclear Import of Cyclin D1

This chapter was adapted with permission from: McCann et al. (2019) Journal of
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Summary

Apolipoprotein B mRNA editing enzyme catalytic subunit-like protein 3B
(APOBEC3B or A3B), as other APOBEC3 members, is a single-stranded (ss)DNA
cytosine deaminase with antiviral activity. A3B is also overexpressed in multiple tumor
types such as carcinomas of the bladder, cervix, lung, head/neck, and breast. A3B
generates both dispersed and clustered C-to-T and C-to-G mutations in intrinsically
preferred trinucleotide motifs (TCA/TCG/TCT). A3B-catalyzed mutations are likely to
promote tumor evolution and cancer progression and, as such, are associated with poor
clinical outcomes. However, little is known about cellular processes that regulate A3B.
Here, we used a proteomics approach involving affinity purification coupled to mass
spectrometry with human 293T cells to identify cellular proteins that interact with A3B. This
approach revealed a specific interaction with cyclin-dependent kinase 4 (CDK4). We
validated and mapped this interaction by co-immunoprecipitation experiments. Functional
studies and immunofluorescence microscopy experiments in multiple cell lines revealed
that A3B is not a substrate for CDK4-Cyclin D1 phosphorylation nor is its deaminase
activity modulated. Instead, we found that A3B is capable of disrupting the CDK4-
dependent nuclear import of Cyclin D1. We propose that this interaction may favor a more

potent antiviral response and simultaneously facilitate cancer mutagenesis.
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Introduction

Human apolipoprotein B mRNA editing enzyme catalytic subunit-like protein 3B
(APOBEC3B or A3B)® is a member of a larger family of zinc-dependent cytosine
deaminases that convert cytosine bases to uracils in single-stranded (ss)DNA
(6,26,48,54,144,145). APOBECS3 family members have overlapping roles in restricting the
replication of a variety of DNA-based viruses. For instance, several APOBEC3 family
members including A3B inflict DNA C-to-U lesions in reverse-transcribing retroviruses and
retrotransposons (23-26). In addition, A3B has elicited restriction activity against EBV,
HBV, papillomaviruses, and polyomaviruses (19-23).

Recently, A3B has also been implicated as a source of mutation in various cancer
types, with major influences in primary breast tumors (comprising 20% of base
substitutions) and in metastatic disease (mutational contribution greater than 50%) (28,48-
58). Additionally, A3B has been correlated with poor clinical outcomes including drug
resistance (70-78). Efforts are being focused on developing therapies to inhibit A3B-
mediated mutagenesis in cancer as an adjuvant to current treatment strategies (146).
However, post-translational regulation of A3B enzymatic activity, the molecular
mechanisms of how it gains access to ssDNA, and how it enters the nuclear compartment
have remained elusive “black-boxes”.

Interestingly, A3B is the only family member shown to be constitutively nuclear
(42-45). After mitosis and nuclear membrane reconstitution, A3B is rapidly reimported into
the nuclear compartment where it remains constitutively present until the next mitotic cell
division (42,43,46). Although the mechanism of nuclear import has yet to be fully
elucidated, the identification of A3B-interacting factors may shed light in this process.

The cell cycle is comprised of a complex set of interacting proteins that tightly

regulate progression through each phase. A key component of cell cycle regulation is the
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family of serine/threonine cyclin-dependent kinases (CDK) (147-151). CDKs cooperate
with various Cyclin proteins to regulate cell-cycle checkpoints (149). Cells must progress
through four phases of the cell cycle to divide and replicate: G1, S phase (DNA synthesis),
G2, and M phase (mitosis). The key regulator of the G1/S transition is CDK4, which forms
a complex with Cyclin D1 (encoded by CCND17) and inactivates the retinoblastoma protein
RB1 through phosphorylation of residue S780 (152,153). This relieves RB1-mediated
inhibition of the transcription factor E2F, which commits the cell to progression through the
cell cycle (151,154-156). Although there are many CDK-dependent points of cell cycle
regulation, the regulation of the G1/S transition via CDK4-Cyclin D1 is perturbed in a large
proportion of human cancers (157-160).

Our studies here began with the goal of identifying direct protein-protein interactors
that post-translationally regulate A3B. We used affinity purification coupled to mass
spectrometry (AP-MS) to identify CDK4 as a high-confidence A3B interactor. AP-MS
results were validated by showing that A3B interacts directly with CDK4 but not with the
closely related family members CDK2 or CDKG6. Additionally, we use structure-guided
mutagenesis to define the regions of both A3B and CDK4 required for interaction. We
could also engraft key residues from CDK4 into CDK2 and endow it with the ability to
interact with A3B. Finally, we demonstrated that both endogenous and exogenous
expression of A3B could disrupt CDK4-dependent import of Cyclin D1, thereby providing

a novel post-translational function for A3B.
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Results
AP-MS revealed a specific interaction between A3B and the cell cycle regulator
CDK4

To identify direct cellular regulators of A3B, we utilized AP-MS to identify A3B-
interacting proteins. We expressed an A3B-2xStrep-3xFlag-tagged (hereafter referred to
as A3B-SF) construct in 293T cells followed by affinity purification via anti-Strep resin and
stringent high salt washes to enrich for tightly bound proteins. Immunoblot analysis,
Coomassie gels, and activity assays using ssDNA oligonucleotide substrates were used
to validate the presence, enrichment, and activity of affinity-purified A3B (schematic in Fig.
2.1A and data not shown). As controls, eGFP-SF, A3A-SF, and A3G-SF constructs were
expressed in 293T cells and affinity purified in parallel. Co-immunoprecipitated samples
were digested with trypsin and subjected to analysis by mass-spectrometry (Fig. 2.1A).
To our surprise, we identified CDK4 as a putative A3B interacting protein based on the
recovery of multiple unique peptides across six independent AP-MS experiments
(cumulatively spanning 24.7% of CDK4 amino acid sequence; Fig. 2.1B-C). Additionally,
CDK4 was not identified in the eGFP-SF, A3A-SF, or A3G-SF control experiments.
Interestingly, even though CDK4 shares high homology with closely related family
members (70% identity with CDK6 and 42% with CDK2), it was the only CDK and the only
cell cycle protein identified in our AP-MS datasets. Furthermore, Cyclin D1, the canonical
binding partner of CDK4, was not present in any of the A3B-SF AP-MS datasets.
Experimental validation of A3B-CDK4 interaction

To validate our AP-MS results implicating an A3B-CDK4 interaction, we performed
an immunoprecipitation (IP) of eGFP-SF and A3B-SF in 293T cells. Immunoblot analysis
confirmed that endogenous CDK4 could IP with A3B-SF but not with eGFP-SF (Fig. 2.2A).

A similar approach was taken to IP endogenous A3B; however, despite multiple attempts
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in various cell lines using several commercial and custom in-house antibodies,
immunoprecipitation of endogenous A3B was unsuccessful due to an overt failure to bind
A3B, cross-reactivity to related APOBEC3s, and/or inferred low affinity (i.e., all were non-
IP grade reagents; data not shown).

To overcome these technical limitations, we further verified the interaction in co-
immunoprecipitation (co-IP) experiments using two different sets of epitope-tagged A3B
and CDK4 constructs. We expressed either Strep- or Flag-tagged A3B and CDK4
constructs in 293T cells and performed co-IPs probing for A3B first, CDK4 second, and
vice versa. Immunoblot analysis of both Strep and Flag co-IPs revealed that, regardless
of resin or epitope-tag, these two proteins reproducibly immunoprecipitated CDK4 (Fig.
2.2B).

While our AP-MS approach was performed in the presence of both DNA and RNA
nucleases, we sought to determine if the A3B-CDK4 interaction could occur in a
heterologous system, which would indicate a direct protein-protein interaction. Utilizing a
His-tagged full-length A3B catalytically dead construct (A3Be2ssa) expressed in E. coli, we
were able to successfully purify co-expressed CDK4 (Fig. 2.2C). These results showed
that no other human protein or specific RNA/DNA intermediate is required for the A3B-
CDK4 interaction, such as the canonical CDK4 binding partner Cyclin D1.

Although CDK4 was not identified in our A3A or A3G AP-MS data sets, sequence
homology between A3B and these APOBEC3 family members is high (89% homology
between A3A and A3B C-terminal domain and 57% homology between A3G and A3B).
Therefore, we sought to reconfirm our AP-MS results by directly examining the ability of
A3A and A3G to interact with CDK4. As shown in Fig. 2.2D, A3B is the only deaminase

able to co-IP CDKA4.
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A3B is comprised of two deaminase domains, an N-terminal domain (NTD) and a
C-terminal domain (CTD). The CTD is catalytically active and responsible for deaminating
cytosines in ssDNA. The N-terminal domain (NTD) is catalytically inactive and implicated
in protein oligomerization and mediating interactions with nucleic acids (81,161). To begin
to determine the binding interface for CDK4, we performed comparative co-IPs with full-
length Strep-tagged A3B (A3BrL), A3Bntp, and A3Bctp constructs. These experiments
revealed that CDK4 could IP with A3Br. and A3Bntp, but not with A3Bctp (Fig. 2.2D).

To address whether this interaction was occurring endogenously within a cell, a
proximity ligation assay (PLA) was performed using A3B, CDK4, and Cyclin D1 antibodies
to visualize these interactions in MCF 10A cells treated with 25 ng/ml phorbol 12-myristate
13-acetate (PMA) to induce A3B expression. Notably, A3B and CDK4 showed PLA foci in
the nuclear compartment, whereas CDK4 and Cyclin D1 PLA foci were cell-wide (Fig.
2.2E). In further support of our proteomics results, A3B and Cyclin D1 did not form PLA
foci.

CDK4 does not affect A3B phosphorylation, localization or DNA deaminase
activity

Interestingly, we noticed that A3Br. and A3Bntp displayed altered mobilities in co-
IP experiments with overexpressed CDK4 (seen throughout Fig. 2.2A-D). It is well known
that altered mobility of protein species in SDS-PAGE can be attributed to post-translational
modifications such as phosphorylation (162,163). This raised the possibility that A3B may
be phosphorylated by CDK4.

We used kinase prediction algorithms [GPS 2.0 and Scansite 2.0 (164,165)] to
identify putative phosphorylation sites in A3Bntp that could be targeted by CDK4. These
programs identified a ®TPxP% motif within A3Bnto that closely resembles the S/TPxK

consensus motif recognized by CDK4 (166-170). To determine if CDK4 was capable of
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phosphorylating A3B, we performed an in vitro kinase assay by incubating purified RB1-
3xHA (positive control), A3G-3xHA (negative control), A3B-3xHA, and two phopho-
mutants at amino acid T95 (phospho-null A3Brgsa and phospho-mimetic A3Brgsp) with
active recombinant CDK4-Cyclin D1 in the presence of [y-**P]-ATP. Autoradiograph and
immunoblot analysis revealed [y-*?P] incorporation into RB1 but not into A3G or A3B,
suggesting that the altered migration of A3B observed in Fig. 2.2 is not due to CDK4-
mediated phosphorylation (Fig. 2.3A).

Several studies have demonstrated that A3Bnrto contains cis elements that are
required for active nuclear import (43-46). Since CDK4 is also actively imported into the
nuclear compartment (153), we were curious if it is required for nuclear import of A3B. To
address this idea, we challenged A3B nuclear import with knockdown of CDK4. Despite
binding the localization domain of A3B, CDK4 depletion did not seem to alter the steady-
state accumulation of A3B within the nuclear compartment (Fig. 2.3B).

Next, because DNA deamination is the canonical activity of APOBEC3 enzymes,
we asked whether CDK4 alters A3B deaminase activity. U20S cells were engineered to
stably express either an A3B-specific short hairpin (sh)RNA construct (shA3B) or a
nonspecific ShRNA construct as a control (shCTRL), and they were then transfected with
either a CDK4-specific small interfering RNA (siRNA) or scrambled siRNA as a control.
Using an established ssDNA deamination assay and immunoblots as additional controls,
we observed that CDK4 depletion does not cause a major alteration in the enzymatic
activity of endogenous A3B (Fig. 2.3C).

A3Bnro residues required for CDK4 binding

We next sought to map the surface(s) of the NTD that mediate the interaction with

CDKA4. As illustrated in Fig. 2.4A-B, structural knowledge of A3Bntp and A3A was used to

inform the construction of a series of chimeric proteins to map the CDK4 interaction
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(101,102,171). A3A was chosen as a chimeric partner because it displays cell-wide
localization in many cell types, it is represented by multiple high-resolution crystal
structures, and it does not interact with CDK4 (43,101,171,172) (Fig. 2.2D). A comparison
between A3A and A3Bnrp structures (PDB 4XXO and 5TKM respectively) led us to focus
on four surface exposed regions with major differences in amino acid composition
(sections 1-4 in Fig. 2.4A). Co-IPs and immunoblot analysis were performed with cells co-
expressing CDK4 and A3A/Bi4 chimeric constructs. Interestingly, A3A/B1.3 proteins
showed wild-type binding to CDK4, whereas A3A/B4 had a compromised capacity to bind
(Fig. 2.4C). These results suggested that amino acid residues 80-85 may be required for
mediating the interaction with CDK4 (highlighted in blue in Fig. 2.4B). Because the A3Bntp
nuclear localization surfaces defined by residues D19, E24, and T95-A102 do not overlap
with these CDK4 binding residues, our results implicate a distinct A3B protein surface in
the interaction with CDK4.
N-terminal region of CDK4 is required for A3B binding

As described above, CDK4 is unlikely to be using obvious mechanisms to regulate
A3B activities. We therefore hypothesized instead that A3B could be regulating CDK4. As
CDK4 family members serve different functions, we initially wanted to establish which
family members bind to A3B. Similar to APOBEC3s, the CDK family shares high homology
in protein sequence and function (e.g., CDK4 and CDK2 alignment in Fig. 2.5A). CDK4 is
one of four classical cell cycle CDKs, sharing the most sequence homology with CDK6
and CDK2 (70% and 42% identity respectively), both of which regulate cell cycle
progression (149,150). Co-IP of CDK4, 2 and 6 was performed in the presence of A3B
followed by immunoblot analysis. As shown in Fig. 2.5B, A3B bound to CDK4, but not to

CDK®6 or CDK2, further indicating a specific interaction.
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Next, we wanted to delineate the CDK4 interaction surface to better understand
what biological role the complex might play. We generated several reciprocal chimeras
that exchanged surface exposed regions of CDK4 with CDK2. CDK2 was used as a
chimeric partner for several reasons. First, CDK2 is negative for A3B binding. Second,
available high-resolution crystal structures allow for structure-guided mutagenesis
(147,173). Third, CDK2 binds an alternative cyclin (Cyclin E) (150) thereby providing
clarity for lack of Cyclin D1 in proteomics and A3B-CDK4 binding. Chimeric junctions were
guided by available crystal structures as well as by amino acid conservation between the
protein coding sequences (Fig. 2.5A). Co-IPs and immunoblot analysis were performed
on cells co-expressing A3B and CDK4/2x.c chimeras. As described above, CDK2 serves
as a negative control and does not bind A3B. Interestingly, all CDK4/2x.c chimeric
constructs had the ability to bind A3B, indicating that region “A” (aa 1-96) is sufficient for
binding (Fig. 2.5C). To further support this finding, a reciprocal CDK2/45 chimera was
constructed and used for co-IP. This construct lost the ability to bind A3B, confirming that
region “A” of CDK4 is necessary for binding to A3B (Fig. 2.5D). Having identified a variant
of CDK4 (CDK2/44) defective for binding A3B, we also sought to reconfirm that the ssDNA
deaminase activity of A3B is not altered by this interaction. HelLa cells were transfected
with either wild-type A3B-HA or the catalytic mutant (A3Bcu-HA) in the presence of either
empty vector (ev) or Flag-tagged CDK constructs. As above, DNA deaminase activity
assays and control immunoblots combined to show that neither CDK4 nor the A3B-binding
mutant (CDK2/4,) alters A3B deaminase activity (data not shown).

A3B disrupts CDK4-dependent nuclear import of Cyclin D1

Interestingly, the N-terminal region of CDK4 identified for A3B binding also

contains the known CDK4-Cyclin D1 binding interface (152), which together with the

aforementioned data suggests that these interactions may be mutually exclusive. This
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observation may also explain why Cyclin D1 was not identified in our proteomics analysis,
why no exogenous Cyclin D1 is needed for co-IP validations, and why CDK4,/CDK2 (68%
CDK2 residues) retains the ability to bind to A3B [even though CDK2 normally binds a
different Cyclin (166)]. These insights, along with domain mapping of the A3B-CDK4
interaction above, support a model in which A3B and Cyclin D1 share an overlapping
binding interface on CDK4.

To ask whether A3B binding to CDK4 could disrupt the nuclear import of Cyclin
D1, A3B-eGFP was expressed in HelLa cells and immunofluorescence microscopy was
used to examine Cyclin D1 localization. We observed that CDK4 and Cyclin D1 are both
predominantly nuclear in the absence of exogenous A3B, as anticipated from prior studies
(153) (see untransfected GFP-negative cells in Fig. 2.6A and quantification in Fig. 2.6B).
However, in the presence of A3B-eGFP, A3B and CDK4 were found to co-localize in the
nuclear compartment, whereas Cyclin D1 became more cell-wide (see transfected A3B-
eGFP-positive cells in Fig. 2.6A and quantification in Fig. 2.6B). Additionally, A3B-eGFP
expression caused significant accumulation of Cyclin D1 in foci that appeared to form
within the nuclear compartment (Fig. 2.6 C). In support of these observations, endogenous
A3B depletion in U20S cells caused significant Cyclin D1 relocalization (increased nuclear
to cytoplasmic expression ratios) and a trend toward fewer Cyclin D1 foci, in comparison

to control short-hairpin RNA transduced cells (shA3B versus shCTRL in Fig. 2.6D-G).
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Discussion

A3B is unique among the human APOBEC3 family of DNA cytosine deaminase
enzymes in that it constitutively localizes to the nucleus and is upregulated in several
different cancer types. Here, we use a combination of AP-MS, structural-guided
mutagenesis, genetic, and immunofluorescence microscopy approaches to demonstrate
that CDK4 is a cellular A3B interacting protein. We show that A3B, and not homologous
family members A3A and A3G, can specifically co-IP with CDK4. In addition, we
demonstrate that A3B does not co-IP with other closely related CDK family members such
as CDK2 and CDK®6. Using structure-guided analysis of recently solved crystal structures
and co-IP techniques we show that the interaction between A3B and CDK4 is mediated
through the N-terminal domain of A3B (utilizing but not limited to aa 80-85) and the N-
terminal region of CDK4 (aa 1-96). Additionally, we conclude that CDK4 is not likely to be
regulating A3B via established mechanisms (CDK4-Cyclin D1 phosphorylation or CDK4-
dependent nuclear import) or a potentially novel mechanism (DNA deamination inhibition).
Lastly, PLA and immunofluorescence microscopy studies show A3B and CDK4 co-
localization in the nuclear compartment, as well as aberrant Cyclin D1 localization.

Our results favor a model in which A3B may regulate CDK4-Cyclin D1 by
sequestering CDK4 in the nuclear compartment, which in turn disrupts Cyclin D1
localization, likely via the secondary consequence of less available CDK4 for Cyclin D1
interaction (Fig. 2.7). A3B binds the N-terminal region of CDK4 and thereby disrupts
CDK4-dependent import of Cyclin D1, likely due to overlapping and therefore competing
binding surfaces. This is supported by studies that mapped the CDK4-Cyclin D1 binding
interface and identified the N-terminal domain, specifically CDK4 residues 50-56
(PISTVRE), as the Cyclin D1 binding surface (152). Additional evidence supporting a

mutually exclusive interaction for A3B-CDK4 is as follows: Cyclin D1 was not identified in
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proteomics analysis; exogenous Cyclin D1 is not needed for co-IP validations; and
CDK44/CDK2 (68% CDK2 residues) retained the ability to bind to A3B, even though CDK2
normally binds to a different Cyclin (166). Additionally, aberrant localization of Cyclin D1
is only observed in cells expressing A3B-eGFP as neighboring untransfected cells show
normal nuclear enrichment for Cyclin D1. Our studies thereby demonstrate that A3B
disrupts CDK4-dependent import of Cyclin D1, which may perturb cell cycle regulation and
stall cells in G1/S.

It is possible that the A3B-CDK4 interaction benefits the innate antiviral response
of cells. The APOBEC3s can restrict a wide variety of DNA-based pathogens and have
been shown to be induced by viral infection (7,19,21,47,82,174-176). Divergent viral
families manipulate the cell cycle in an attempt to optimize viral growth conditions and/or
viral fithess. Manipulation of the cell cycle for optimized viral fitness may aid in overcoming
mechanisms of APOBEC3-mediated restriction. For example, the EBV protein BORF2
causes cell cycle arrest of host cells undergoing lytic viral DNA replication, and it also
binds and inhibits A3B in order to prevent hypermutation of the EBV genome (19,177). As
a second example, the HIV-1 Vif protein has been reported to cause host cells to arrest in
the G2 phase of the cell cycle, and it too binds APOBEC3 proteins and targets them for
proteasomal degradation in order to escape restriction (178,179). Additionally, irregular
cell cycle phenotypes such as cell cycle arrest, cell cycle delay, and aborted cell division
(multi-nucleation) have been reported in the literature for A3B but remain poorly
understood (43,180-182).

Interestingly, many viruses that are susceptible to DNA deamination by A3B,
including EBV and HPV, also subvert the cell cycle to their advantage. For instance,
EBNA3C (encoded by EBV) and E7 (encoded by HPV) are able to perturb the control of

G1/S phase transition in order to replicate their genomes at the same time as cellular DNA
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replication (183-185). Other viruses can induce a G2/M arrest to provide an optimized
cellular environment for maximal levels of viral replication (186-188). One speculation for
how this might facilitate an antiviral response is by altering the cell cycle to expose more
viral ssDNA replication intermediates to A3B mutagenesis. One example for this is the
recent study on A3B and the herpesvirus EBV (and KSHV) where hypermutation of the
viral genome is driven by A3B during lytic replication (19). In addition to EBV, studies on
BK and JC polyomaviruses have indicated that the preferred trinucleotide motifs of A3B
are depleted from viral genomes, specifically on the DNA strand that is most likely to be
single-stranded [i.e. the nontranscribed strand or the DNA replication lagging strand
template (20)]. Despite these and other possible models, full elucidation of the molecular
mechanism and potential benefits of the A3B-CDK4 interaction to the cell will require
systematic studies with different viruses in pathologically relevant systems.

Itis also possible that the A3B-CDK4 interaction plays a role in healthy, uninfected
cells. However, A3B expression appears to be kept at very low levels in normal cell types,
and it is more likely that the cell-cycle phenotype described here could become
exacerbated upon A3B overexpression in cancer (potentially benefitting the evolvability of
different tumor cell types). One canonical role of CDK4 is to control the nuclear import of
Cyclin D1, which facilitates the downstream progression of the G1/S phase transition
(153,189-194). Several different cancer types have been shown to upregulate A3B, which
may lead to G1/S phase stalling via its interaction with CDK4. As the G1/S phase transition
involves numerous points of exposed ssDNA (DNA replication, transcription, and DNA
repair), this may result in increased substrate availability and could lead to increased
genomic DNA deamination, non-clustered and clustered mutation, and overall genomic
instability. Although a role for A3B in cancer mutagenesis and evolvability has been well

documented, universally accepted genomic substrates have yet to be described.
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Conflicting studies show A3B can target transcription-associated substrates as well as
replication and recombination-associated substrates (36,52,80-82). Therefore, it is
plausible that A3B-mediated mutagenesis can be exacerbated during G1/S stalling, which

may create more exposed ssDNA substrates.
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Methods

Constructs — Strep and Flag epitope tagged constructs were cloned into pcDNA4/TO
using standard PCR cloning techniques. C-terminal 2xStrep and/or 3xFlag tags were
cloned into pcDNA4/TO using Xhol-Apal. N-terminal 3xFlag tag was cloned into
pcDNA4/TO using Hindlll-Notl. The full set of pcDNA3.1 (+) human APOBEC-HA
expression constructs have been described (7) [A3A (GenBank accession NM_145699),
A3B (NM_004900), A3G (NM_021822)]. CDK2 (BC003065.2), CDK4(CR542247.1), and
CDK6 (BC052264) were cloned into pcDNA4/TO-2xStrep using Hindlll-Nofl and N-
terminally tagged pcDNA4/TO-3xFlag using Notl-Xbal. RB1 (NM_000321.2) was cloned
in the pcDNA3.1 (+) — 3xHA using Hindlll-Kpnl. A3B phosphorylation mutants were
generated using standard PCR based site-directed mutagenesis techniques. The A3Bi-
GFP construct has been described (43). A3B-eGFP-pQCXIH was made by cloning A3B-
eGFP into pQCXIH using Notl-Agel. Chimeric A3A/Bi4, CDK4/2ac, and CDK2/4x
constructs were cloned using standard overlap PCR methods. Bacterial expression
constructs were cloned into pRSF-Duet using Sbfl and Hindlll for A3B and Nael and Pacl
for CDK4. A3B knockdown and control shRNA constructs were validated previously
(48,98).

Cells — 293T and HelLa cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) and penicillin-streptomycin. 293T cells stably expressing A3B-eGFP
were made by transducing 293T cells with A3B-eGFP-pQCXIH virus following an
established protocol (195). MCF10A cells were cultured in DMEM/F12 supplemented with
5% equine serum, EGF (20 ng/ml), insulin (10 ug/ml), hydrocortisone (0.5 mg/ml), cholera
toxin (100 ng/ml), and penicillin-streptomycin. U20S cells were cultured in McCoy’s 5A

medium supplements with 10% FBS and penicillin-streptomycin.
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Affinity purification - mass spectrometry— 293T cells were transfected with
pcDNA4/TO-A3B-2xStrep-3xFlag, A3A-2xStrep-3xFlag, A3G-2xStrep-3xFlag or eGFP-
2xStrep-3xFlag using Transit LT1 (Mirus). Cells were harvested in 1xPBS 48 hours post-
transfection. Cells were washed two times in 1xPBS followed by lysis [50 mM Tris-HCI pH
8.0, 1% Tergitol, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM DTT, 1x
Protease Inhibitor (Roche), RNase and DNase]. Lysates were subjected to sonication prior
to clearing by centrifugation. Cleared lysates were then added to Strep-Tactin Superflow
resin (IBA) followed by end-over-end rotation for 2 hours at 4°C. Following IP, the anti-
Strep resin was washed three times in high salt wash buffer [20 mM Tris-HCI pH 8.0, 1.5
mM MgClz, 1 M NaCl, 0.2% Tergitol, 0.5 mM DTT and 5% glycerol] followed by three
washes in low salt wash buffer [same as high salt but with 150 mM NaCl]. To remove
detergents for proteomics submission, samples were subjected to three washes of no-
detergent wash buffer [20 mM Tris-HCI pH 8.0, 1.5 mM MgCl,, 150 mM NaCl, 0.5 mM
DTT and 5% glycerol]. Protein was eluted from the resin in elution buffer [100 mM Tris-
HCI pH 8.0, 150 mM NaCl and 2.5 mM desthiobiotin]. Samples were validated using
immunoblotting, DNA deaminase activity assays (discussed below), and Coomassie
staining. In-solution samples were analyzed by LC-MS/MS at the Harvard Proteomic Core.
Co-immunoprecipitation experiments and immunoblotting — Semi-confluent 293T
cells were transfected with plasmids using TransIT-LT1 (Mirus) per manufacturer’s
protocol. Cells were harvested in 1xPBS 48 hours post-transfection. Cells were washed
two times in 1xPBS followed by lysis [150 mM NaCl, 50 mM Tris-HCI pH 8.0, 0.5% Tergitol,
1x Protease inhibitor (Roche), RNase and DNase]. Cells were vortexed vigorously and
incubated at 4°C for 30 minutes prior to clearing by centrifugation. Cleared lysates were
then added to Strep-Tactin Superflow resin (IBA) or anti-Flag M2 Magnetic Beads (Sigma

M8823) followed by end-over-end rotation overnight at 4°C. Beads were then washed
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three times in lysis buffer followed by elution in elution buffer [lysis buffer + 0.15 mg/mL
Flag Peptide (Sigma) or 2.5 mM desthiobiotin]. Protein was analyzed by immunoblot.
Antibodies used include mouse anti-Flag 1:10,000 (Sigma F1804), rabbit anti-HA 1:5000
(Cell Signaling C29F4), rabbit anti-APOBEC3B 1:2000 [5210-87-13 (196)], rabbit anti-
Strep Tag Il 1:5000 (Abcam, ab76949), and mouse anti-CDK4 1:2000 (Santa Cruz, sc-
23896).

DNA deaminase activity assays — Deamination reactions were performed at 37°C for 2

hours using purified protein, 4 pmol of oligonucleotide(5'-

ATTATTATTATTCAAATGGATTTATTTATTTATTTATTTATT T-fluorescein), 0.025 units
uracil DNA glycosylase (UDG), 1x UDG buffer (NEB), and 1.75 units RNase A, as
described in (70). Reaction mixtures were treated with 100 mM NaOH at 95°C for 10 min
to achieve complete backbone breakage. Reaction mixtures were separated on 15% Tris-
borate-EDTA (TBE)-urea gels to separate substrate from product. Gels were scanned
using a Fuijifilm FLA-7000 image reader.

Protein purification from E. coli — pRSF-Duet-A3Be2s54 and pRSF-Duet-A3Be2ssa-CDK4
were transformed into BL21 CaCl; E. coli and colonies were used to inoculate 1L 2xYT
media. Cultures were grown to an OD of 0.5 and 50 uM Zn sulfate was added 30 minutes
prior to induction with ITPG to a final concentration of 0.5 mM. Induced cultures were
grown overnight at 16°C and pelleted. Pellets were resuspended in lysis buffer [1%
TritonX-100, 50 mM HEPES (pH 7.4), 150 mM NaCl, 1x Protease Inhibitor (Roche), 0.1
mg/ml RNase A, 0.1 mg/ml DNase, 100 ug/ml lysozyme, 5 mM imidazole and 1.5 mM
MgCl;] incubated on ice for 10 minutes and sonicated (Branson Sonfier). Lysate was
cleared with centrifugation and insoluble pellet and input lysate were collected and boiled
forimmunoblot. Cleared lysate was subjected to protein purification using Ni-NTA Agarose

(Qiagen). Bound protein was washed in lysis buffer (without RNase A, DNase and
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lysozyme) and purified protein was eluted by boiling. Samples were run for immunoblot
analysis for confirmation of expression and purification.

mRNA quantification — CDK4 mRNA was quantified by RT-qPCR relative to the stable
housekeeping transcript, TBP, using specific primers and probed (Roche Lightcycler).
RNA isolation and RT-qPCR methods have been described (27).

SiRNA knockdown — siRNA targeting CDK4 (Dharmacon, L-003238-00) and control siRNA
(Dharmacon, D-001810-10-05) were purchased and diluted to a working concentration of
20 uM. A final concentration of 20 nM was used in 293T cells stably expressing A3B-
eGFP. siRNAs were delivered to cells using Lipofectamine RNAIMAX (Thermo Fisher
Scientific) per manufacturer’s protocol.

Proximity ligation assay — MCF10A cells were treated with 25 ng/ml of PMA for 18 hours.
Cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PFA in PBS) for
15 minutes at room temperature. Cells were permeabilized using 0.5% Triton X-100 for
10 minutes at 4°C. The remainder of proximity ligation assay was performed using Duolink
In Situ Red Starter Kit Mouse/Rabbit (Sigma, DUO92101). Antibodies were mouse anti-
CDK4 1:50 (Santa Cruz, sc-23896), rabbit anti-Cyclin D1 1:100 (Abcam, ab134175), rabbit
anti-APOBEC3B (1:50) [5210-87-13 (196)], and mouse anti-Cyclin D1 1:100 (Santa Cruz,
sc-20044).

In vitro kinase assay — Purified RB1-3xHA and A3-3xHA proteins were produced in in
293T cells, purified using Anti-HA magnetic beads (ThermoFisher 88836), and validated
using immunoblot techniques. Recombinant CDK4-Cyclin D1 proteins were produced in
Baculovirus-infected Sf9 cells (Abcam, ab55695). Purified proteins were incubated with

0.1 ng of recombinant CDK4-Cyclin D1 in kinase reaction buffer [50 mM HEPES (pH 7.5),

10 mM MgCl,, 2.5 mM EGTA, 20 uM DTT, 0.1 mM ATP and 5.4 uCi [y-*?P]-ATP
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(PerkinElmer) at 30°C for 2 hours. Reactants were subjected to SDS-PAGE and proteins
were detected by immunoblot while phosphorylated proteins were detected by
autoradiography.

Immunofluorescence microscopy — Microscopy procedures have been described
(197). HeLa cells were seeded on glass coverslips in 6 well plates and were transiently
transfected with 500 ng each of A3B-eGFP or empty vector (Mirus, Transit-LT1) and
incubated for 48 hours. The cells were fixed with 4% PFA in PBS for 15 minutes at room
temperature. Cells were permeabilized using 0.5% Triton X-100 for 10 minutes at 4°C.
Slides were blocked in 5% normal goat serum, 4% bovine serum albumin in PBS for 1
hour at room temperature. Primary antibodies were diluted in blocking buffer and slides
were incubated in primary antibody overnight at 4°C. Antibodies were mouse anti-CDK4
1:50 (Santa Cruz, sc-23896), rabbit anti-Cyclin D1 1:100 (Abcam, ab134175), anti-rabbit
Cy5 (Abcam, ab6564), and anti-mouse AlexaFluor 594 (Invitrogen, A11032). All slides
were treated with 0.1% Hoechst dye to stain nuclei. The slides were mounted with 50%
glycerol and imaged using a Nikon inverted Ti-E deconvolution microscope. All images
were analyzed for foci and nuclear-to-cytoplasmic ratio using ImageJ-Fiji Software and P

values were calculated using an unpaired student’s t-test.
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Figure 2.1. AP-MS reveals an interaction between A3B and CDK4
A, Schematic of the AP-MS workflow used to identify A3B interacting proteins.
B, Summary of the total spectral counts (SC) and percent coverage for A3B and CDK4.

C, Amino acid sequence of CDK4 with AP-MS peptides highlighted in red.
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A, Co-IP of endogenous CDK4 in 293T cells transfected with A3B-SF. Parallel reactions

with eGFP-SF serve as a negative control. Upper two immunoblots show the indicated

proteins in whole cell lysates (input), and the bottom two immunoblots show the
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immunoprecipitated samples (elution). kDa markers are shown to the left of each blot and

the primary antibody used for detection is shown to the right.

B, Co-IP results for Strep- and Flag-tagged CDK4 (upper blots) and Strep- and Flag-
tagged A3B (bottom blots) from 293T cells. The asterisk denotes residual signal from the

IP antibody due to insufficient stripping.

C, Immunoblots showing an interaction between E. coli expressed His-tagged A3Be2ssa
and untagged CDK4. Immunoblot labels are as follows: insoluble pellet (P), lysate (L) and

His-purification (H).

D, Co-IP of the indicated Flag-tagged CDK4 constructs with Strep-tagged A3 constructs

in 293T cells.

E, Fluorescence microscopy images of PLA results showing the interaction between A3B
and CDK4 as well as CDK4 and Cyclin D1 in MCF10A cells treated with PMA to induce

A3B expression (scale bar, 50 um).
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Figure 2.3. Multiple A3B properties are not altered by CDK4

A, In vitro kinase assay of indicated HA-tagged proteins in the presence of recombinant
CDK4-Cyclin D1 and [y-*2P]-ATP. The top two panels show immunoblots of the indicated
proteins, and the bottom panel shows a representative autoradiograph of the same

reaction following separation by SDS-PAGE.

B, Fluorescence microscopy of 293T cells stably expressing A3B-eGFP following
transfection with siCtrl or siCDK4 RNAs (scale bar, 20 um). Histogram showing CDK4

MRNA levels from RT-qPCR relative to TBP mRNA (TATA-binding protein).

C, PAGE analysis of DNA deamination reaction products following incubation of ssDNA
substrates with U20S whole cell extracts plus/minus A3B and CDK4 depletion as
indicated (see text and methods for details). Recombinant A3A and no APOBEC3 provide

positive and negative controls, respectively. Immunoblot controls are shown below.
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Figure 2.4. CDK4 interacts with a N-terminal region of A3B

A, Amino acid alignment of A3Bnto and A3A with chimeric junctions indicated in red and
structural elements shown above the alignment (alpha helices, beta strands, and loop
regions).

B, Ribbon schematic overlay of the crystal structures of A3Bnto (red, PDB 5TKM) and A3A

(grey, PDB 4XXO). A3Bnro residues 80-85 are highlighted in blue (see text for details).

C, Anti-Flag (CDK4) co-IP of indicated Strep-tagged A3Bnto constructs from 293T cells.
Parallel reactions were done with empty vector and A3A-S as negative controls. See Fig.

2A legend for a description of the IP labeling scheme.
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Figure 2.5. N-terminal region of CDK4 is required for A3B binding

A, Amino acid alignment of CDK4 and CDK2 with chimeric junctions indicated in red and

structural elements shown above the alignment (alpha helices, beta strands, and loop

regions).

B-D, Anti-Strep (A3B) co-IPs of the indicated Flag-tagged CDK constructs from 293T cells.

See Fig. 2A legend for a description of the IP labeling scheme.
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Figure 2.6. A3B disrupts CDK4-dependent nuclear import of Cyclin D1

A, Three sets of representative immunofluorescence microscopy images of HelLa cells
transfected with A3B-eGFP and stained for endogenous Cyclin D1, endogenous CDK4,
and DAPI (60x magnification image scale bar, 20 um). A 100x magnification of boxed
regions is also provided for Cyclin D1-stained, A3B-eGFP expressing cells for better

visualization of Cyclin D1 redistribution and foci (white arrows).

B-C, Whiskered dot plots for quantification of nuclear to cytoplasmic ratio of Cyclin D1 as
well as number of Cyclin D1 foci, respectively (n=20 cells; p-values calculated using an

unpaired student’s t-test).

D, Immunoblots showing A3B levels in U20S cells stably expressing an A3B-specific short
hairpin RNA construct (shA3B) or a nonspecific shRNA construct as a control (shCTRL).
E, Two sets of representative immunofluorescence microscopy images of U20S cells
stably expressing shCTRL or shA3B constructs and stained for endogenous Cyclin D1

and DAPI (scale bar, 10 um).
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F-G, Whiskered dot plots for quantification of nuclear to cytoplasmic ratio of Cyclin D1 as
well as number of Cyclin D1 foci, respectively (n=20 cells; p-values calculated using an

unpaired student’s t-test).
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Figure 2.7. Working model for A3B-CDK4 interaction
A cartoon depicting the normal nucleo-cytoplasmic shuttling of CDK4 and CDK4-Cyclin
D1 complexes (left panel). In comparison, A3B-mediated sequestration of CDK4 in the

nuclear compartment causes a cell-wide distribution of Cyclin D1 (right panel).
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Summary

Although CRISPR/Cas9 technology has created a renaissance in genome
engineering, particularly for gene knockout generation, methods to introduce precise
single base changes are also highly desirable (139,198). The covalent fusion of a DNA
editing enzyme such as APOBEC to a Cas9 nickase (Cas9n) complex has heighted hopes
for such precision genome engineering (114,117). However, current cytosine base editors
(CBEs) are prone to undesirable off-target mutations (most frequently target-adjacent
mutations)(114,117,138,139). Here, we report a method to “attract” an endogenous DNA
deaminase, APOBEC3B (A3B), to a target cytosine base for specific editing with minimal
damage to the rest of the cellular genome. The key to this system is fusing an APOBEC-
interacting protein (not APOBEC itself) to Cas9n, which attracts nuclear A3B transiently
to the target site for editing. Several A3B interactors were tested and one, hnRNPUL1,
demonstrated proof-of-concept with successful C-to-T editing of episomal and

chromosomal substrates with negligible target-adjacent affects.
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Article

The original CBE (BE3) is comprised of the rat APOBEC1 deaminase fused to the
N-terminal end of a Cas9 nickase [Cas9n (D10A)](114). Appropriate guide (g)RNAs are
able to target this assembly to genomic cytosine bases and facilitate high frequency
editing (10-90% depending on a number of variables including distance between target C
and PAM) (114,117). However, this technology is prone to a number of off-target effects
including RNA editing (135,199), random genomic DNA editing (129-132), and most
frequently target-adjacent editing (114,129,136,137). The latter problem is due to
deamination of single-stranded (ss)DNA cytosines located adjacent to the desired target
cytosine in the same gRNA-displaced R-loop. This issue has been diminished — but not
eliminated — by mutating APOBEC1 (137,200), trying different DNA deaminase family
members (133,134,201,202), mutating Cas9 (200,203,204), and trying different Cas
enzymes/complexes(200,205-207). However, an invariant feature of all current designs is
covalent fusion of the deaminase to the Cas9 complex, which traps the tethered
deaminase locally and inextricably links both on-target and target-adjacent cytosine

deamination events (schematic in Fig. 3.1A).

We hypothesize that non-covalent methods to “attract” a DNA cytosine deaminase
to a particular genomic cytosine target will decouple the fates of on-target and target-
adjacent editing events and thereby enhance the likelihood of achieving precise single
base substitution mutations. A key to implementing this non-covalent strategy is identifying
appropriate APOBEC-interacting proteins, which bind the deaminase without blocking
access to the active site. Such interacting proteins can then be tethered to a Cas9n/gRNA

complex and used to “attract” a co-expressed APOBEC enzyme (exogenous or
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endogenous) to edit a particular genomic target cytosine. Inspired by an analogy to

magnetism, this novel system is called MagnEdit (schematic in Fig. 3.1B).

As an initial test of MagnEdit, we fused A3B-interacting proteins from the literature
[SIV Vif (111), hnRNPK (110)] and proteomic screens [CDK4 (113) and hnRNPULA1
(McCann et al., unpublished)] to the N-terminal end of Cas9n and asked whether these
complexes are able to recruit A3B to edit an episomal eGFP reporter (134) in 293T cells
(TC to TT schematic in Fig. 3.1B and actual eGFP gRNA target sequence in Fig. 3.1C
inset). Due to simultaneous overexpression of reaction components following co-
transfection, including A3B, a low level of eGFP-positive cells (~1-2%) was observed in
the absence of a gRNA and a candidate interacting protein (reactions represented by gray
and black bars in Fig. 3.1C). Interestingly, addition an eGFP Leu202-targeting gRNA
(again without an interactor) enabled higher levels of eGFP editing by A3B (~5-7%; empty
Cas9n plus gRNA reaction in Fig. 3.1C). Unfortunately, most MagnEdit complexes failed
to stimulate editing beyond these background levels or those caused by a non-interacting
blue fluorescent protein (BFP)-Cas9n control (Fig. 3.1C). SIV Vif (SLQ-AAA)-Cas9n even
yielded lower overall frequencies of background editing, likely due to poorer expression
relative to other MagnEdit constructs [the SLQ-AAA was necessary to prevent Vif from
binding ELOC and triggering A3B degradation (111)]. However, one MagnEdit construct,
hnRNPUL1-Cas9n, was clearly capable of recruiting A3B in a dose-dependent manner to
catalyze editing and activation of the eGFP reporter (Fig. 3.1C). Editing frequencies due
to hnRNPUL1-Cas9n were at least 2-fold higher than the BFP-Cas9n/gRNA-induced
background in these transient transfection experiments (p<0.0001 by unpaired student’s

t-test).
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Next, we analyzed chromosomal DNA editing by MagnEdit. The same eGFP
Leu202 reporter was integrated into the genome of 293T cells by low MOI lentiviral
transduction followed by hygromycin selection to ensure that every cell has one editing
target (uniform mCherry-positive population confirmed by flow cytometry). This pool was
then transfected, as above, with the panel of A3B interactor-Cas9n complexes with or
without the Leu202 targeting gRNA in the presence or absence of exogenous A3B. Also,
as above, empty-Cas9n and BFP-Cas9n were used as negative controls, and most
MagnEdit complexes showed no activity above background levels. Flow cytometry noise
was the likely source of these low background levels of eGFP positivity because no
difference was seen here with/without the eGFP Leu202 targeting gRNA or different
amounts of A3B. However, in agreement with episomal editing data, hnRNPUL1 MagnEdit
complexes yielded a dose-dependent increase in A3B editing (quantification and
representative immunoblots in Fig. 3.2A; p<0.0009 by unpaired student’s t-test). As
expected, all components of the MagnEdit reaction were required for chromosomal DNA

editing (hnRNPUL1-Cas9n complex, Leu202 gRNA, and A3B-HA,; Fig. 3.2B).

To further investigate the mechanistic requirements for MagnEdit, we asked
whether the nuclear import activity of A3B is required. A3B is the only constitutively nuclear
human APOBEC family member (42,43,46) and nuclear localization is predicted to be
essential for MagnEdit. Recent studies have combined to delineate a non-canonical
nuclear import mechanism involving multiple A3B surface residues in two distinct patches
(46). Indeed, two previously characterized import-defective mutants, Val54Asp (42) and
chim 22-32 (46), were no longer capable of editing the chromosomal eGFP Leu202
reporter (Fig. 3.2C). These amino acid substitutions localize to the N-terminal regulatory

domain of A3B and the editing phenotype is indistinguishable from that of a C-terminal
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domain catalytic mutant (CM in Fig. 3.2C). Additionally, the chromosomal DNA editing
reaction can be suppressed in a dose-dependent manner by BORF2, a recently

discovered A3B antagonist encoded by Epstein-Barr virus (19) (Fig. 3.2D).

Last, DNA sequencing was used to compare the ratios of on-target and target-
adjacent editing by a current CBE (A3B-Cas9n)(134) and the MagnEdit complex described
here (A3B plus hnRNPUL1-Cas9n). A3B-Cas9n was used for these comparisons because
its catalytic domain is less promiscuous than BE3 (134) and it provides an isogenic
comparison for covalent versus non-covalent editing reactions catalyzed by A3B. As
above, chromosomal DNA editing was performed by transfecting Cherry-positive 293T
pools with the eGFP Leu202 gRNA expression vector and plasmids encoding either A3B-
Cas9n or hnRNPUL1-Cas9n with a separate vector for A3B. FACS was used 72 hours
post-transfection to isolate eGFP-positive positive pools for target recovery and deep
sequencing. As indicated by bright eGFP-positive signals in each editing reaction 72 hours
post-transfection, both editing technologies activated the reporter with the A3B CBE
appearing only 4-fold more efficient (6.1% for A3B-Cas9n and 1.5% for A3B plus
hnRNPUL1-Cas9n; Fig. 3.3A). In each instance, FACS resulted in enrichment of similar
numbers of eGFP-positive cells for deep sequencing (98% for A3B-Cas9n and 99% for

A3B plus hnRNPUL1-Cas9n).

As negative controls, parallel reactions without gRNAs were directly converted to
genomic DNA for deep sequencing and no target cytosine mutations were observed. In
contrast, as anticipated above and from prior studies (134), the inclusion of a gRNA
enabled both technologies to restore functionality to eGFP codon 202 [TCA (Ser) to TTA

(Leu); represented by a red T and normalized to 1 for comparisons in Fig. 3.3B]. However,
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target-adjacent editing frequencies were clearly different for these two different base
editing technologies. The covalently tethered A3B-Cas9n CBE caused high frequencies
of target-adjacent editing within the R-loop created by gRNA-binding region (27% at the -
5 position and 16% at the -7 position in Fig. 3.3B). In contract, the hnRNPUL1-Cas9n
MagnEdit system showed much lower target-adjacent editing within the gRNA-binding
region (0.9% at the -5 position and 3.6% at the -7 position in Fig. 3.3B). Thus, our results
combine to demonstrate that MagnEdit is capable of yielding high frequencies of on-target

editing with significantly lower frequencies of target-adjacent editing events.

This study is the first to describe a fundamentally different approach to single base
editing through the use of non-covalent interactions to “attract” a DNA cytosine deaminase
to a single target cytosine. A3B is particularly attractive for this application because it is
normally  nuclear (not shutting or cytoplasmic like related family
members)(42,43,46,208,209) and, due to active site structural constraints (100,146),
unlikely to elicit RNA level off-target editing events as documented recently for BE3 and
A3A CBEs (135,199). A variety of techniques may be utilized in the future to identify
additional APOBEC-interacting “baits” for the MagnEdit system (proteomic, genetic,
directed-evolution, etc.) or different interactors for the adenosine base editing systems. In
general, proteins such as hnRNPUL1 that interact with the non-catalytic N-terminal
domain of A3B may be more effective than those that bind the catalytic C-terminal domain
simply because they are less likely to interfere with catalytic activity. For instance, EBV
BORF2 is the only A3B catalytic domain interactor described to-date (19) and, as shown
here, it potently blocks editing in the MagnEdit system. However, not all A3B-interacting
proteins are likely to be effective in the MagnEdit system because affinities may be too

low, nuclear access may not be allowed, and/or binding confirmations may be
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unproductive (e.g., CDK4, hnRNPK, and SIV Vif). Nevertheless, the single “hit-and-run”
kinetics of the non-covalent MagnEdit system is attractive for helping to minimize off-target

effects and ultimately enable true single base editing.
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Methods

Cell lines —293T and 293T-Leu202 cells were cultured in RPMI 1640 supplemented with
10% fetal bovine serum (FBS) and penicillin-streptomycin. Chromosomal 293T-Leu202
reporter line was constructed using viral transduction followed by hygromycin selection

(detailed below).

Constructs —The rat APOBEC1-Cas9n-UGI-NLS construct (BE3) was provided by David
Liu (114). Interactor cDNA sequences were amplified using standard PCR techniques and
cloned into the BE3 vector in place of APOBEC1 using standard PCR subcloning
methods. GenBank accession numbers for BFP (MK178577.1), CDK4 (NM_000075.4),
hnRNPK (NM_031263.4), and hnRNPUL1 (EU831487.1). SIV-Vif was subcloned from
previously reported construct (111,210) using standard PCR techniques. Leu202 gRNA,
NS gRNA, empty-Cas9n-UGI-NLS and Leu202 reporter (pLenti-CMV-mCherry-T2A-
eGFP) have been reported (134).

pcDNA3.1-3xHA, A3Bi-3xHA and A3Bivssp-3xHA have been reported (42), and A3Bchim2z-
32-3XHA was subcloned from a previously reported construct (46) using standard PCR

cloning techniques. BORF2-3xFlag has also been reported (19).

Episomal base editing experiments —Semi-confluent 293T cells in a 6-well plate format
were transfected with 200 ng gRNA, 400 ng reporter, 600 ng Cas9n-UGI-NLS, and either
600 ng pcDNA3.1-3xHA, 300ng pcDNA3.1-3xHA and 300 ng A3B-3xHA or 600 ng A3B-
3xHA [25 min at RT with 3:1 ratio of TransIT LT1 (Mirus) and 250 pul of serum-free RPMI
1640 (Hyclone)]. Cells were harvested following 72 hrs incubation for editing quantification

by flow cytometry.
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Chromosomal base editing experiments — Semi-confluent 10 cm plates of 293 T cells
were transfected with 8 ug of an HIV-1 Gag-Pol packaging plasmid, 1.5 ug of a VSV-G
expression plasmid, and 3pug of pLenti-CMV-mCherry-T2A-eGFPieu202-IRES-Hygro.
Viruses were harvested 48 hrs post-transfection and used to transduce target cells. 48 hrs
post-transduction cells were selected using 250 pg/ml Hygromycin. Transduced, mCherry-
positive cells were transfected with 600 ng Cas9n-UGI editor, 200 ng of Leu202 or NS-
gRNA and either 600 ng pcDNA3.1-3xHA, 300ng pcDNA3.1-3xHA and 300 ng A3B-3xHA
or 600 ng A3B-3xHA. Cells were harvested 72 hrs post-transfection and editing was
quantified by flow cytometry (fraction of eGFP and mCherry double-positive cells in the

total mCherry-positive population).

MiSeq — eGFP target sequences were amplified using Phusion high-fidelity DNA
polymerase (NEB) and previously reported primers (134). To add diversity to the
sequence library, zero, one, or two extra cytosine bases were added to forward and
reverse primers for each amplicon. Barcodes were added to generate full-length lllumina
amplicons. Samples were analyzed using Illlumina MiSeq 2 x 75-nucleotide paired-end
reads (University of Minnesota Genomics Center). Reads were paired using FLASh (211).
Data processing was performed using a locally installed FASTX-Toolkit. Fastx-clipper was
used to trim the 3' constant adapter region from sequences, and a stand-alone script was
used to trim 5’ constant regions. Trimmed sequences were then filtered for high-quality
reads using the Fastx-quality filter. Sequences with a Phred quality score less than 30
(99.9% base calling accuracy) at any position were eliminated. Preprocessed sequences
were then further analyzed using the FASTAptamer toolkit (212). FASTAptamer-Count
was used to determine the number of times each sequence was sampled from the

population. Each sequence was then ranked and sorted based on overall abundance,
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normalized to the total number of reads in each population, and directed into
FASTAptamer-Enrich. FASTAptamer-Enrich calculates the fold enrichment ratios from a
starting population to a selected population by using the normalized reads-per-million
(RPM) values for each sequence. Sequences at abundances lower than 5 RPM in the A3-
editosome samples were discarded. For reporter and A3-editosome comparisons,
sequences that appeared only in the A3-containing samples (with an RPM value over 5),
or, sequences that occurred at a frequency below 5 RPM in the no-gRNA controls were

included for analysis.

Immunoblots — 1x10° cells were lysed directly into 2.5x Laemmli sample buffer,
separated by 4-20% SDS-PAGE, and transferred to PVDF-FL membranes (Millipore).
Membranes were blocked in 5% milk in PBS and incubated with primary antibody diluted
in 5% milk in PBS supplemented with 0.1% Tween20. Secondary antibodies were diluted
in 5% milk in PBS supplemented with 0.1% Tween20 and 0.01% SDS. Membranes were
imaged with a LI-COR Odyssey instrument. Primary antibodies used in these experiments
were rabbit anti-Cas9 (Abcam ab189380), mouse anti-Tubulin (Sigma T5168), rabbit anti-
HA (Cell Signaling 3724S) and mouse anti-Flag (Sigma F1804). Secondary antibodies
used were goat anti-rabbit IRdye 800CW (Licor 827-08365) and goat anti-mouse Alexa

Fluor 680 (Molecular Probes A-21057).
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Figure 3.1. Covalent CBE versus non-covalent MagnEdit technology for DNA
cytosine base editing

A, Schematic of current CBE methodology with APOBEC-Cas9n/gRNA editosome
engaging the eGFP Leu202 reporter. Target-adjacent mutations are indicated by red X’s.
B, Schematic of MagnEdit with interactor-Cas9n/gRNA complex recruiting untethered A3B
to the eGFP Leu202 reporter.

C, Quantification of episomal eGFP reporter editing activity of the indicated MagnEdit
complexes in 293T cells (n=3 biologically independent experiments, average + SD,

p<0.0001 by unpaired student t-test for circled reactions). The immunoblots below are
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from one of these experiments. The inset schematic shows the eGFP Leu202 reporter,

the DNA region matching the gRNA, and the target cytosine in red.
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Figure 3.2. Chromosomal DNA editing by MagnEdit
A, Quantification of chromosomal eGFP reporter editing activity of the indicated MagnEdit
complexes in 293T cells (n=3 biologically independent experiments, average + SD,

p<0.0009 by unpaired student t-test for circled reactions). The immunoblots below are

from one of these experiments.
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B, Chromosomal eGFP editing activity for MagnEdit reactions containing the indicated
components (n =3, average + SD). The immunoblots below each histogram are from one
of the experiments.

C, Chromosomal eGFP editing activity for MagnEdit reactions containing A3Bwr, A3Bcwm,
and A3B localization mutations (A3Bvssp and A3Bchim22-32, as mut 1 and mut 2 respectively)
(n=3, average + SD). The immunoblots below each histogram are from one of the
experiments.

D, Chromosomal eGFP editing activity for MagnEdit reactions containing increasing ratios
of BORF2-F to A3B-HA (n=3, average + SD). The immunoblots below each histogram

are from one of the experiments.
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Figure 3.3. Target-adjacent editing by CBE versus MagnEdit

A, Quantification of eGFP-positive 293T cells (Leu202 edited) post-editing and post-
enrichment by FACS for the indicated editing reactions (n=3 technical replicate
experiments, average + SD).

B, Sequence logos summarizing MiSeq data from the same reactions as panel (a). The
consensus sequence matches the ssDNA region displaced by gRNA annealing with the
target cytosine. Red coloring highlights base substitution mutations that occurred in >5%
of the MiSeq reads for each reaction (numbers are nucleobase distances 5’ or 3’ of the

target “C”).
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Conclusion
Chapter Il: The DNA Deaminase APOBEC3B Interacts with the Cell Cycle Protein
CDK4 and Disrupts CDK4-Mediated Nuclear Import of Cyclin D1 (113)

Since the discovery of APOBECS3B as a major contributor to mutagenesis in breast
and other cancer types, the modes by which this enzymatic protein are regulated has
proven to be a difficult paradox to address (28,48). Many studies have shown potential
axis by which A3B can be transcriptionally regulated, while only a handful have reported
mechanisms of post-translational regulation, specifically A3B interacting proteins [SIV Vif
(111), hnRNPK (110), hnRNPA3 (112), CDK4 (113), BORF2 (19)]. To further complicate
the story, only one study, aside from our work, has provided any insight into a functional
relevance for a proclaimed A3B interacting protein (110). Cumulatively, these data are
incomplete and merely scratch the surface of the dire need for APOBEC research aimed
toward addressing mechanisms of A3B inhibition and suppression of cancer progression.

Here, we used a proteomics approach involving affinity purification coupled to
mass spectrometry in human 293T cells to identify cellular proteins that interact with A3B.
Through this approach we identified a cohort of proteins that specifically bind A3B,
including the cell cycle protein CDK4. Using co-immunoprecipitation experiments we
validated and mapped this interaction to both the N-terminal domain of A3B and CDK4.
Functional studies and immunofluorescence microscopy experiments in multiple cell lines
revealed that A3B is not a substrate for CDK4-Cyclin D1 phosphorylation nor is its
deaminase activity modulated. Instead, we found that A3B is capable of disrupting the
CDK4-dependent nuclear import of Cyclin D1. We concluded that this interaction between
A3B and CDK4 proves a novel role for this mutagenic enzyme and likely supports a more

effective antiviral response and may simultaneously facilitate cancer mutagenesis.
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Chapter lll: MagnEdit — Interacting Factors that Recruit DNA Editing Enzymes to
Single Target Bases

Base editing is a recently developed gene-editing system that has been
successfully applied in many species to induce targeted base substitutions in both DNA
and RNA with high precision and efficiency (139,143). This newly developed technology
has the ability to revolutionize applications in basic biology (e.g. directed gene evolution
and identification of functional amino acids via genetic screening), medicine (e.g.
correction of disease-causing mutations) and agriculture (e.g. crop improvement).
However, like any new technology, it has several limitations that need to be overcome to
make it as efficient and useful as possible. One large hindrance is the production of
undesirable target-adjacent and off target mutations that can result in nonsynonymous
mutations.

In light of this off target limitation and need for optimized base editing we have
devised a method (manuscript in review), deemed “MagnEdit”, to attract an endogenous
DNA editor to a target base for efficient and specific editing without gratuitous off-target
adjacent damage. In this method, discussed in Chapter 3, we demonstrate the feasibility
of this method using previously validated A3B-interacting proteins to serve as “magnets”
fused to Cas9n and UGI, in order to attract A3B to single-base editing hotspots. We
demonstrate that current CBE methodology generates adjacent off-target editing at a
frequency of >25%, while MagnEdit catalyzes an on-target efficiency of >95% and no
significant off-target events mutations. Overall, our advancements to the genome
engineering field demonstrate a modular system that can be adapted for any recruiter
(interacting proteins, antibodies, epitopes etc.) and base editor system with current studies

producing substantially lower off-target editing than current base editing methodology.
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Discussion
Functional insight into APOBEC3B using interacting proteins

Human APOBEC3B (A3B) is unique among the APOBEC3 family of DNA cytosine
deaminase enzymes in that its nuclear localization allows for A3B-mediated mutations to
arise in cellular genomic DNA, thereby contributing to the development and progression
of cancer. Thus, targeting A3B by inhibiting its activity, localization and/or overall function
could result in new opportunities for diagnostic and therapeutic development. Therefore,
it is crucial to study the potential interactions of A3B with other cellular proteins to further
characterize and understand their contributions toward cancer progression.

Through carefully controlled proteomic affinity purification — mass spectrometry,
structural-guided mutagenesis, genetic, and immunofluorescence microscopy
approaches, we identified the cell cycle protein, CDK4, as a specific A3B interacting
cellular protein. Our findings demonstrate A3B perturbs a key step in the G1/S phase
transition of the cell cycle, the nuclear import of Cyclin D1, via its interaction with CDK4.
These results advance multiple current models for A3B regulation, the first being a
potential role for tight regulation of A3B throughout the phases of the cell cycle. While this
may seem obvious, irregular cell cycle phenotypes such as cell cycle arrest, cell cycle
delay, and aborted cell division (multi-nucleation) have been reported in the literature for
induced/upregulated A3B but still remain poorly understood (43,180-182). However, these
studies agree that when A3B is overexpressed it elicits a cell cycle response, and for cells
to tolerate the expression of this mutagenic enzyme, a balance needs to occur within the
regulatory mechanisms in place to avoid catastrophic damage to the host genome. As our
findings demonstrate, the A3B-CDK4 interaction perturbs a crucial step in the G1/S phase
transition, playing into the phenotypes mentioned above. As the G1/S phase transition

involves numerous points of exposed ssDNA (DNA replication, transcription, and DNA
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repair), this may result in increased substrate availability and could lead to increased
genomic DNA deamination, non-clustered and clustered mutation, and overall genomic
instability. One could imagine that other imbalances such as defects in the DNA damage
response pathway could also result in accumulation of genomic mutations. For example,
a recent study showed p53 inactivation renders cells more permissive for A3B
mutagenesis (181). This model also explains why somatic TP53 mutations were identified
as a significant global correlate with A3B overexpression in cancer (28). Collectively, these
data synergize to demonstrate a post-translational mechanistic insights into the intricate
balance between cell cycle and A3B.

These proteomic studies also synergize with an additive model for transcriptional
regulation of A3B. Playing into the cell-cycle arrest studies mentioned above, A3B has
been implicated as a cell cycle regulated gene as its expression is highly correlated with
both proliferative features as well as the E2F family of cell cycle transcription factors
(73,82). Therefore, it is plausible to link these two models with a potential negative-
feedback loop. As one could image, in a normal cell A3B becomes grossly overexpressed
by an unknown mechanism (ex. viral infection of HPV), it binds CDK4 and elicits a G1/S
phase stalling (21,113). This would suppress its own expression and act as a fail-safe
and/or cell-cycle checkpoint mechanism for the cell, thereby avoiding transformation into
a pre-cancerous cell or spread of viral infection. As is known, a hallmark of cancer is the
disruption of the controlled/normal cell cycle progression; thereby, if A3B induction occurs
within a cell harboring one or more driving alterations (ex. inactivated RB) within their
compartments, this may provide a survival edge and allow for escape from A3B-mediated
cell cycle arrest (214). This would ultimately lead to continued expression of A3B and
genomic DNA damage accumulation. While these models are enticing, many questions

still remain in regard to A3B regulation, its association with the cell cycle, and its
73



contribution to A3B-mediated mutagenesis in cancer. For example, a complete
understanding of how A3B becomes grossly overexpressed in cancer has remained
elusive. Utilizing CRISPR-Cas9 knock-in methods and CRISPR library screens, an
endogenous epitope tag (such as GFP) could be engineered on A3B followed by a
CRISPR library screen to reveal novel players in A3B regulation. Additionally, little is
known about A3B target substrates within a cell; ChlP-seq of A3B along with whole
genome sequencing could provide insights on A3B genomic occupancy as well as editing.
However, the proteomic insight into A3B interacting proteins has advanced the
understanding of both known A3B phenotypes, as well as documenting a novel role for
this enzyme.
Achieving true single-base editing

Base editing is a powerful and rapidly advancing field. The applications of this
technology are vast and highly impactful, but we and others are always expanding with
new editors that target different bases, have altered editing windows, increased
efficiencies and target more accurately. A bottleneck in this process has been the need
for covalent fusion of the editor to the Cas9 complex, which traps the tethered enzyme
locally and links both on-target and off-target mutational events. The non-covalent method,
MagnEdit, described here can be used to decouple the fates of on-target and target-
adjacent editing events and thereby increase the likelihood of achieving precise single
base editing. Although we demonstrate A3B and hnRNPUL1 here as a proof-of-concept
with successful C-to-T editing of both episomal and chromosomal substrates with
negligible target-adjacent affects, the MagnEdit system has implications for other editing
technologies and other recruiters such as antibodies, small molecules, and epitope tags.
The system is transferable to many cell types and presents both promise in base editing

evolution as well as high throughput screening applications for potential A3B inhibitors
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using both cDNA and small molecule libraries in addition to A3B functional mutation
screens. While the future applications of this system will require further optimization, the
Harris lab has generated preliminary data supporting the use of this system for these
operations.

In addition to reporting a novel system to “attract” an endogenous DNA deaminase,
we also reveal another A3B interacting protein from our AP-MS studies, hnRNPULA1.
When challenged against published A3B interactors hnRNPUL1 was the only one capable
of recruiting A3B to the chromosomal target site. Although not directly tested here, this
could be due to increased affinity and/or binding conformation. Nevertheless, the single
“hit-and-run” kinetics of the non-covalent MagnEdit system, along with the newly identified
A3B interacting protein, is a fundamentally different approach to single base editing and
provides a new unexplored route for base editing improvements.

Advancements to the base editing field thus far, including the work described here,
focus on improving the specificity, efficiency and delivery of editing complexes. A
significant trade-off has been seen between specificity and efficiency; when specificity
increases, efficiency decreases, and vice-versa. So, here comes the big question: will truly
pure single nucleotide editing be achieved? Perhaps some targets with accessible
chromatin status, optimal base editing windows (i.e. placement of the target cytosine
relative to the PAM), and a low number of neighboring cytosines will be successful.
However, many therapeutic targets do not fall into this small category, but despite these
limitations | believe that MagnEdit is another step forward in achieving this overarching

goal.
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Closing remarks

Historically, the study of protein-protein interactions has proven to be integral in
regard to understanding oncoproteins, tumor suppressors, and many other key biological
functions in the context of both normal, healthy cells as well as virally infected and/or
cancer cells. Since A3B has been shown to play a large role in tumor survival and
evolution, understanding modes of A3B regulation has now become an ever-growing area
of cancer therapeutic research. The primary goal of my thesis has been to better
understand how the cancer-associated mutagenic enzyme, APOBEC3B (A3B), binds
and/or is regulated by interacting cellular proteins. Here | have shown through an affinity
purification mass spectrometry approach a specific interaction between A3B and the cell
cycle protein CDK4 (Chapter 2). These studies revealed that A3B is capable of disrupting
the CDK4-dependent nuclear import of Cyclin D1, thereby providing novel insights into an
alternative function of A3B. Additionally, these proteomic studies on A3B interacting
proteins, have led me to develop a novel technology that merges the current
CRISPR/Cas9 cytosine base editing (CBE) technology with our new understanding of the
A3B proteome. This system, termed “MagnEdit” relies on these interactors to serve as
“‘magnets” fused to Cas9n to hone A3B to single-base editing hotspots (Chapter 3). This
is the first fundamentally different approach to single base editing through the use of non-
covalent interactions to “attract” editors to single target sites. This method largely
advances single base editing technologies due to its novelty and highly specific on-target
editing frequency with implications for other editing technologies and alternative recruiters
such as antibodies, small molecules and epitope tags. Together, these studies combine
to provide novel insights into the complex interplay between A3B and cellular proteins

thereby proving both an alternative function for this mutagenetic enzyme as well as
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CRISPR/Cas9 base editing advancements through the repurposing of these known

interactions as added tools in the ever-expanding genome engineering “toolkit”.
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