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Abstract
DNA damage is a major threat facing our cells on a daily basis. Failure to properly repair
damaged DNA can lead to the development of cancer. REV7 is a small protein that is essential
for two highly distinct DNA repair pathways: double strand break (DSB) repair and translesion
DNA synthesis (TLS). While the TLS function of REV7 has been known for many years, its
involvement in DSB repair and potentially other pathways in just beginning to be unraveled. In
this work I investigate the function and regulation or REV7 in two new contexts, the Fanconi
Anemia (FA) pathway and in DSB repair. I demonstrate the existence of the novel REV7 binding
partner FAM35A/SHLD2 and show that it is an essential player specifically in the DSB repair
branch of REV7 function. I further reveal a unique mechanism of regulation of REV7 dictated by
stable conformational changes, which are controlled in part by the ATPase TRIP13 and its
adaptor subunit p31. By actively remodeling REV7, TRIP13-p31 promote the inactivation of
REV7-dependent complexes, promoting the usage of higher-fidelity alternatives to REV7dependent pathways. Overall, this work reveals a new degree of complexity and importance of
the REV7 protein in controlling DNA repair pathway choice in multiple contexts.
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Chapter 1
Introduction

Chapter 1.1: Introduction to DNA Repair
Chapter 1.1.1: Overview of DNA Repair Pathways
Our cells are faced with a monumental task of maintaining and replicating over 6 billion
base pairs of genomic DNA constantly throughout our lifetime. Only a few unlucky mutations,
which can be caused by defects in DNA repair, replication or mitosis, can cause a previously
healthy cell to transform into a cancer cell1. Unsurprisingly, pathways ensuring the fidelity and
faithful transmission of genomic DNA are conserved across all domains of life2. Naturally,
DNA repair pathways vary across organisms depending on a multitude of factors, such as
exposure to environmental and endogenous mutagens, in order to maximize their Darwinian
fitness. In single-celled organisms, including the heavily studied model organisms, Escherichia
coli and Saccharomyces cerevisiae, this means using all possible avenues to repair DNA damage
to ensure the survival of the organism. In multicellular organisms such as ourselves, the
equation is quite different. The survival of a multicellular organism is not threatened by the
death of a single cell, but can be threatened by the malignant transformation of a single cell. As
such, multicellular organisms must put a much higher premium on high fidelity repair, even at
the expense of sacrificing fitness at the level of the individual cell.
Not surprisingly, cells have a wide array of mechanisms to ensure that DNA replication
and repair are as faithful as possible. First of all, DNA polymerases δ and ε which carry out the
vast majority of DNA synthesis during S-phase in eukaryotes are highly precise in inserting the
correct nucleotide, complementary to the template base. This is not a trivial problem, as these
polymerases must select the correct deoxyribonucleotide triphosphate (dNTP) molecule from a
mixed pool of the four dNTPs (A, G, C and T) and the four ribonucleotide triphosphate (rNTP)
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molecules. This is accomplished through a carefully tuned active site that will not accommodate
mismatches, and a proofreading domain, which can remove a rare, incorrectly inserted base3. On
top of it all, cells across all domains of life have separate mismatch repair (MMR) and
ribonucleotide excision repair (RER) pathways (Figure 1.1A), which surveil the genome for
base mismatches and ribonucleotides, respectively, and correct them following DNA
replication4,5.

Figure 1.1: Overview of simple DNA repair pathways. Minor DNA damage or replication
errors can be corrected by straightforward excision pathways. (A) Ribonucleotide excision repair
uses the specialized RNase H2 to recognize and cut the DNA-RNA duplex. Proper DNA is then
synthesized, and the backbone is sealed by Ligase I. (B) Minor damage to a single base is
repaired by base excision repair in which one of many specialized glycosylases recognizes and
removes its cognate lesion. Glycosylase activity leaves behind an abasic site which is targeted
for repair by APE1, Polβ and Ligase I. (C) Nucleotide excision repair acts on bulky lesions by
unwinding and excising a larger stretch of DNA surrounding the lesion through the cooperation
of various XP (Xeroderma Pigmentosum) proteins.
3

Avoiding errors in DNA replication is clearly a formidable challenge even under the
mildest of circumstances. In a genuine physiological setting, DNA replication is further
challenged by damaged or broken DNA, protein impediments, active transcription, noncanonical DNA structures, and more6. One approach to combat these impediments is to repair
DNA damage outside of S phase when the cell is not actively replicating DNA. Damage to
individual bases such as that caused by reactive oxygen species (ROS), a byproduct of our
aerobic metabolism, can be repaired through a process known as base excision repair (BER), in
which the damaged base is excised by glycosylase enzymes and accurately resynthesized by the
specialized repair polymerase β7 (Figure 1.1B). A similar repair pathway is nucleotide excision
repair (NER), which removes and replaces bulkier lesions affecting multiple bases, such as that
caused by ultraviolet (UV) radiation8 (Figure 1.1C).
A particularly deleterious type of DNA damage is the double strand break (DSB). There
are several factors that make a DSB much more dangerous than a simple mismatch or damaged
base: (1) There is no undamaged template strand; hence it cannot be assured that the repaired
product will be free of mutations. (2) The two ends of the break are no longer covalently linked
and can drift away from each other, making repair more difficult (3) If there are multiple DSBs
at the same time it may not be clear which ends should be ligated together, resulting in
translocations. Translocations are highly deleterious and are common features of many cancers9.
DSBs are repaired by two major classes of repair pathways: homology-dependent repair
(HDR) and non-homologous end joining (NHEJ) (Figure 1.2), the main difference between the
pathways being that HDR uses a homologous template to ensure fidelity of repair, whereas
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NHEJ tries to ligate the ends back together without using a template10. The preferred template
for HDR is a sister chromatid as it is normally an exact replicate of the damaged chromatid,
allowing for error-free repair11. Hence, HDR is mainly useful for repair during S and G2 phases
of the cell cycle. It is also possible to perform HDR using the homologous chromosome as a
template; in fact, this is required during meiosis in order to get genetic recombination in
gametes12. This is, however, highly suppressed in mitotic cells as borrowing sequence from a
homologous chromosome may result in deleterious loss of heterozygosity (LOH)13. NHEJ is a
more versatile pathway as it can be used regardless of cell cycle phase and without expending a
lot of time and energy searching for that template. This comes at a price, as NHEJ repair can be
erroneous and NHEJ is responsible for most translocation events14.

5

Figure 1.2: Overview of major DSB repair pathways. The majority of DSBs are repaired by
either the homologous recombination (HR) pathway or the non-homologous end joining (NHEJ)
pathway. NHEJ is quick and simple, the main requirement is the protection of DNA ends from
processing so that they can be ligated cleanly. HR requires end resection, strand invasion, DNA
copying and resolution. HR ensures repair fidelity by using a template, while NHEJ is potentially
mutagenic.

6

Given the multitude of DNA damaging events a cell may face, it is not realistically
possible for the cell to ensure that a replication fork never encounters damaged DNA. As such,
cells have specialized machinery that allows them to tolerate damage during replication (Figure
1.3). One of the most well-studied DNA damage tolerance (DDT) pathways is translesion DNA
synthesis (TLS). TLS is catalyzed by a host of specialized polymerases which are able to
accommodate damaged bases in the template strand or the primer that would completely stall the
replicative polymerases15. They are able to accomplish this by virtue of their more flexible
active sites, which can fit damaged bases. These flexible active sites; however, are very
dangerous as they are much less selective for the correct dNTP and are thus highly mutagenic3.
Similar to the case of DSB repair, our cells possess intricate, high fidelity pathways to
handle DNA damage in the context of replication, in addition to error-prone TLS. Recent
experiments using electron microscopy to directly observe replication forks from mammalian
cells have found that replication fork stalling and reversal is a universal response to a variety of
replication perturbances16. There are also a host of factors that act to stabilize and protect
reversed replication forks17,18. By stalling and stabilizing impeded replication forks in this
manner, cells can buy time to resolve the offending lesion or utilize the opposite nascent strand
as a template to bypass the blockage (Figure 1.3).

7

Figure 1.3: Translesion synthesis and replication fork reversal are alternative pathways to
tolerate DNA damage during replication. In translesion DNA synthesis, specialized
polymerases are utilized to synthesize DNA using a damaged template. TLS is often mutagenic
due to the lower fidelity of TLS polymerases. An alternative high-fidelity pathway is replication
fork reversal or template switching, where regression of the stalled replication fork anneals the
two nascent strands together. The opposing nascent strand can then be used as an alternative
template to bypass the lesion.

Chapter 1.1.2: DNA repair pathway choice and mutagenesis
Given the existence of high fidelity DNA repair pathways, it is puzzling that a cell in a
complex organism would ever opt for mutagenic pathways. There is, however, clear evidence
that the high fidelity pathways alone cannot handle all types of genetic insults that an organism
may face. For example, human patients with inherited mutations in the TLS polymerase η have
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a variant form of the disease, xeroderma pigmentosum (XP), characterized by extreme sensitivity
to UV-induced DNA damage19. Other TLS polymerases, especially Pol ζ and REV1 are required
for repair of DNA interstrand crosslinks (ICLs), a particularly damaging lesion which is repaired
mainly during replication by coordinating several different DNA repair pathways20,21. Given the
dependence of HDR on the cell cycle phase, it is not surprising that NHEJ is required in many
circumstances. NHEJ-deficient cells are highly sensitive to ionizing radiation-induced DSBs and
patients deficient in NHEJ genes often suffer from neurological defects, perhaps because postmitotic neurons are unable to utilize HDR22,23.
In addition to their usage in times of necessity, mutagenic DNA repair pathways are
heavily relied upon in at least one well-studied case. In contrast to all other known cell types,
our immune system benefits from mutagenesis, most notably in B and T-lymphocytes where the
immunoglobulin and T-cell receptor loci are highly mutagenized to generate antibodies and
receptors that can adapt and respond to novel threats. Class switch recombination (CSR) and
V(D)J recombination both depend on programmed DSB formation and repair through NHEJ to
generate diverse DNA sequences24,25. Immunoglobulin genes are further mutagenized through
somatic hypermutation (SHM), which depends on error-prone DNA synthesis by TLS
polymerases26,27.
While there are clearly cases when low fidelity DNA repair pathways are required,
inappropriate mutagenesis must be strongly suppressed in order to prevent cancerous
transformation. On the other hand, once a cancer has developed, increased use of mutagenic
pathways provides the cancer with several advantages; namely: increased ability to tolerate
replication stress and DNA-damaging chemotherapy, the ability to divide more quickly by
suppressing slower pathways and increased adaptability due to the high rate of mutagenesis. As
9

such, understanding the cellular decision making process between high and low fidelity DNA
repair pathways is of the utmost importance to our understanding of cancer development,
progression and response to treatment.
The small protein, REV7, which is the focus of this work, is very interesting because it is
a link between the two critical decision points discussed above: DSB repair, as a member of the
Shieldin complex and DDT at the replication fork as a member of the Polymerase ζ complex.
While replication-coupled DDT and DSB repair are generally considered to be separate
pathways, there is a body of literature suggesting significant interplay between these pathways.
Furthermore, there are shared DNA structures and therefore shared enzymatic requirements at
stressed replication forks and at DSBs. This interplay and the potential role of REV7 in this
process are discussed in detail below.
Chapter 1.2: Double Strand Break Repair
Chapter 1.2.1: The Non-homologous end joining pathway of DSB Repair
The Ku70/80 proteins, known collectively as Ku, are some of the most highly abundant
nuclear proteins (on the order of 1000 ppm28) and recognize DSBs within one second of their
appearance29. Ku is absolutely essential for a subtype of NHEJ known as “classical” or C-NHEJ.
Cells defective for the Ku proteins are exquisitely sensitive to ionizing radiation, which induces
DSBs, and Ku-deficient B-lymphocytes are defective in CSR and V(D)J recombination30. The
Ku70/80 complex forms a ring that binds tightly around the ends of DNA molecules31 and acts as
a platform for the assembly of the DNA-dependent protein kinase (DNA-PK) complex along
with the large DNA-PK catalytic subunit (DNA-PKcs)32 (Figure 1.4). The binding of DNAPKcs to Ku translocates the Ku ring inward, away from the DNA ends, which are then enveloped
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by DNA-PKcs33-35. The initial presence of Ku at the extreme DNA ends may immediately
protect them from aberrant processing36, explaining the paradoxical observation that Ku inhibits
ligation in the absence of DNA-PK activity37 or inward translocation38.
The kinase activity of DNA-PK depends on the assembly of all three components, which,
in turn, depends on the initial binding of Ku to DNA ends32,33 and this kinase activity is essential
for proper C-NHEJ39,40. Although it phosphorylates many proteins41-43, the only well-understood
target of the DNA-PK kinase is itself; DNA-PK autophosphorylation at several sites is important
for fully functional C-NHEJ44-48. DNA-PK autophosphorylation does not affect kinase activity
or the interaction with Ku8046,48; rather, it is thought to alter the structure of the DNA-PK
complex in a way that controls access to DNA ends by various downstream enzymes45-47.
Several reports have suggested that a major function of DNA-PK is to mediate synapsis
of pairs of DNA ends49-54. DNA-PK catalytic activity appears dispensable for the initial stages
of end synapsis55 – and in fact; synapsis appears to promote DNA-PK autophosphorylation in
trans52,56. More recent biochemical reconstitution experiments have suggested that DNA-PKcs
is, in fact, dispensable for synapsis; and that it depends solely on Ku and downstream repair
factors57-60. This finding is controversial; however, as other recent studies further support an
essential noncatalytic role for DNA-PKcs in early synapsis55,61.
Aside from end recognition and synapsis, Ku is also thought to act as a recruitment
platform for downstream NHEJ enzymes. DNA ligase IV, which is wholly responsible for
ligation of DNA ends during C-NHEJ62,63; along with its constitutive binding partner XRCC46467

, is recruited through a direct interaction with Ku68,69. In addition to XRCC4-Ligase IV, Ku

independently recruits accessory C-NHEJ factors70: XLF71,72 and PAXX73-75 and the C-NHEJ
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associated polymerases: Pols μ and λ76,77. Ligase IV is ideally suited to carry out C-NHEJ as it is
more flexible than the other two mammalian ligases; Ligases I and III. In the case of a “clean”
break with no overhangs or damage near the break site, Ligase IV is uniquely able to ligate blunt
ends with high efficiency37,64. Ligases I and III are proficient at sealing single stranded nicks and
as such can ligate double stranded DNA ends with terminal microhomology (MH)78. XRCC4Ligase IV is also highly efficient at MH-mediated end joining and is preferred in a physiological
context; likely due to the lack of interaction between Ku and DNA Ligases I and III78.
Interestingly, like Ku and/or DNA-PKcs, XRCC4-Ligase IV is also able to bridge DNA
ends and promote synapsis, a function which is independent of its catalytic activity37,59,61,79.
High resolution single-molecule studies have provided novel, albeit contradictory, insight into
this function. Using Xenopus egg extracts and purified proteins, respectively, two groups have
independently uncovered a two-stage synapsis process (Figure 1.4). In Xenopus extracts, the
first, “long-range” synaptic complex, depends only on Ku and DNA-PKcs; whereas the “shortrange” ligation-competent complex requires DNA-PK catalytic activity, XRCC4-Ligase IV and
the accessory factor XLF55. Using purified proteins, it was found that “flexible synapsis”
requires only Ku and XRCC4-Ligase IV; while “close synapsis” requires only the addition of
XLF57. Surprisingly, DNA-PKcs has no effect on synapsis in this system. These systems are
very different – while DNA-PKcs may not be required in the in vitro system, it may be required
in the context of the multitude of other proteins competing for DNA ends in a physiological
context. Additionally, while loss of XRCC4-Ligase IV did not inhibit “long range” synapsis in
egg extracts, this may be due to the presence of other, unknown proteins, in the extract which can
compensate.
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Figure 1.4: Schematic of C-NHEJ Pathway. The Ku70/80 heterodimer immediately binds to
exposed dsDNA ends protecting them from aberrant processing. The large DNA-PK catalytic
subunit is then recruited to Ku70/80 forming the DNA-PK holoenzyme. Ligase IV/XRCC4
13

(obligate dimer, XRCC4 omitted for simplicity) and XLF are recruited via Ku. Following
assembly of the C-NHEJ machinery and end synapsis, DNA-PK autophosphorylates, and Ku is
pushed away from the ends forming the close synaptic complex. DNA end processing can occur
at this point, although this activity is limited to the absolute minimum required for repair.
Finally, Ligase IV catalyzes the ultimate ligation of the two DNA ends.

The accessory factors XLF (XRCC4-like factor) and PAXX (Paralogue of XRCC4 and
XLF) are paralogues of XRCC4 which stimulate the ligation activity of XRCC4-Ligase
IV73,74,78,80-84, possibly by strengthening the synaptic complex55,57,59,61,85. XLF-deficient cells
show clear sensitivity to DSB-inducing agents and defects in V(D)J recombination86-88,
hallmarks of C-NHEJ deficiency. PAXX deficiency, however, confers a milder phenotype which
is severely exacerbated upon concomitant loss of XLF, suggesting overlapping functions74,84,89-93.
The precise function of these proteins has remained elusive, although structural studies
have suggested that XLF directly interacts with XRCC4 to form a filamentous structure94-97.
Such filaments have been shown in vitro to stimulate strong synapsis of DNA ends due to the
numerous XLF-XRCC4 interactions98,99 and could potentially hasten end pairing in vivo by
expanding the synapsis-competent region59. Consistent with this, the XRCC4-XLF interaction is
required for “short-range” synapsis100 and functional C-NHEJ84,96,99,101,102, and XRCC4-XLF has
been observed to spread along DNA adjacent to DSBs in cells, using super-resolution
microscopy59. Importantly, the L115A mutant of XLF, which is proficient for Ligase IV
stimulation, but not DNA bridging, implying a deficit in filament formation, is mostly functional
for C-NHEJ84,103. Furthermore, only a single XLF dimer is required for C-NHEJ in Xenopus
extracts and filaments are not observed in this system100. Taken together, these data indicate that
the essential function of XLF is to promote end synapsis and ligation through an interaction with

14

XRCC4. Extended XLF-XRCC4 filaments likely form in some cases, forming strong DNA
bridges; however, the physiological relevance of such structures remains unclear.
C-NHEJ in higher eukaryotes is remarkable for its flexibility, with the ability to ligate
damaged, mismatched or fully incompatible ends and even across gaps78,83,99,104-107. In addition
to flexibility of Ligase IV itself, prior processing of ends by polynucleotide kinase 3’phosphatase (PNKP)108,109, Tdp1/2110-114 and Aprataxin115 chemically prepare ends for ligation.
Importantly, DNA polymerases and nucleases also work closely with the core C-NHEJ
machinery to generate suitable ends for ligation. X-family DNA polymerases μ and λ have been
clearly demonstrated to be the major C-NHEJ associated polymerases76,77,116,117. The only wellcharacterized C-NHEJ nuclease is Artemis, which opens DNA hairpins associated with V(D)J
recombination43,118 and can trim DNA ends via its endonuclease activity when phosphorylated by
DNA-PK or the DDR kinase, ATM43,119-121; however, the in vivo relevance of Artemis outside of
V(D)J recombination is minimal at best, as Artemis-deficient cells repair DSBs efficiently and
have minimal radiation sensitivity118,122.
Due to this processing, C-NHEJ can be error-prone, generating small insertions and
deletions. In fact – C-NHEJ has a reputation in the field for being highly error-prone, and this is
taken advantage of during V(D)J recombination to generate antibody diversity123 and by
CRISPR-Cas9 technology to mutate genomic loci124. However, mutagenesis during V(D)J
recombination is largely due to lymphoid-specific expression of terminal deoxynucleotidyl
transferase (TdT)125 and site-specific nuclease-induced mutations are due to numerous cycles of
cutting and repair that stop only when the recognition sequence is mutated. Many studies have
shown that C-NHEJ is not only highly accurate126-128 – it is often preferred, even when HDR is
an option, due to its speed129,130. Recent research has revealed that processing during NHEJ is
15

tightly coordinated with synapsis and ligation to minimize unnecessary processing and favor an
error-free outcome131,132. Single molecule studies in Xenopus extracts have unambiguously
shown that all forms of processing (Pol μ/λ, PNKP, Tdp1 and nuclease-dependent) depend on
“short range” synapsis and rarely process more than is required for ligation133.
Taken together, these various studies suggest that upon DNA end recognition, the
immediate functions of Ku are to protect DNA ends and mediate synapsis. By binding rapidly,
Ku prevents potentially deleterious processing by nucleases and other enzymes. During or prior
to end synapsis, DNA-PKcs is recruited to Ku-bound DNA ends, causing Ku to move away from
DNA ends, and replacing it as the protector of the ends. Ku then acts as a platform to recruit
downstream factors, most importantly: XRCC4-Ligase IV, XLF and Pols μ/λ. XLF-XRCC4 and
potentially PAXX cooperate to tightly bridge the two DNA ends, which are initially held
tethered together by Ku (possibly with DNA-PKcs), and ultimately bring them into the proper
configuration for ligation. Although end processing enzymes are recruited immediately, their
activity is initially blocked by DNA-PK. Only when the ends are properly synapsed (likely
corresponding to the “short-range” synaptic complex observed in single molecule experiments),
do DNA-PK molecules on opposing strands phosphorylate each other, deprotecting the DNA
ends and allowing for repair to proceed. This protection model is consistent with data that loss of
Ku partially alleviates the defects of ligation-incompetent cells, possibly by allowing processing
and subsequent use of other DSB repair pathways134,135.
Chapter 2.2.2: The homologous recombination pathway of DSB Repair
Unlike C-NHEJ, HDR depends on significant nucleolytic end processing to generate long
3’-overhangs which are used to search for a homologous template136,137. The generation of these
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overhangs is an intricately regulated process that plays a decisive role in repair pathway choice,
and will be discussed in detail in the following section. These overhangs are initially coated by
the ubiquitous single stranded DNA (ssDNA)-binding protein RPA136 (Figure 1.5). RPA is a
trimeric protein that is essential for any DNA metabolic process that produces a single stranded
intermediate, such as DNA replication and repair. ssDNA-binding proteins are essential across
all domains of life as they protect inherently vulnerable ssDNA from aberrant processing or
secondary structure formation138-140. In higher organisms, RPA has additionally acquired critical
signaling functions to direct DNA replication and repair141-143.
In order for HDR to proceed, these tightly bound ssDNA-RPA complexes must be
removed and replaced with the recombinase RAD51, forming a structure known as the
presynaptic filament144,145 (Figure 1.5). RAD51 is a member of a highly conserved family of
proteins that are functionally analogous to the E. coli RecA recombinase146 and catalyze the
homology search and strand invasion reactions to initiate HDR. In mammals, replacement of
RPA with RAD51 is mediated by the BRCA2 breast cancer susceptibility protein147,148, which
binds directly to multiple RAD51 molecules via its BRC repeats149,150. Intriguingly, RAD51
loading in the model organism S. cerevisiae, which lack a BRCA2 orthologue, is carried out by
the Rad52 protein151,152. While a RAD52 orthologue is present in mammals153,154, its function
remains enigmatic as it is does not mediate RAD51 loading147,155 and is dispensable for normal
HDR156,157. Human RAD52 is recruited to DSBs where it binds tightly to RPA-coated ssDNA,
but is mostly evicted upon RAD51 loading158. Human RAD52 also has DNA annealing activities
which have been suggested to assist in later stages of HDR159-161.
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Figure 1.5: Schematic of Homologous Recombination Repair of a DSB. HR begins with 5’-3’
DNA end resection generating 3’ ssDNA overhangs which are rapidly bound by RPA. BRCA2
catalyzes the replacement of RPA with RAD51, forming the RAD51 presynaptic filament. The
RAD51 filament carries out homology search and strand invasion forming the D-loop. The Dloop is used to template repair synthesis and repair is completed by resolution pathways.
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RAD51 has avid ssDNA and dsDNA binding capabilities as well as ATPase
activity162,163, which is essential for its function. Unlike bacterial RecA, human RAD51 has no
polarity bias and can form filaments on 3’ or 5’ overhangs and naked ssDNA155,163. This is likely
because human RAD51 filaments do not form predominantly by expanding from rare nucleation
events like RecA, but rather through many independent nucleation events of RAD51
oligomers164-167. This formation of RAD51 oligomers is likely facilitated by BRCA2 in vivo,
which binds between 4 and 6 RAD51 molecules simultaneously147, matching the average
predicted size of RAD51 nucleation units during in vitro filament assembly165,168. ATP binding,
but not hydrolysis, by RAD51 is required for DNA binding and presynaptic filament
formation163,169,170. Interestingly, RAD51 presynaptic filaments are much more stable and active
under conditions that disallow ATP hydrolysis164,165,170,171. In fact, following RAD51 loading,
BRCA2 is thought to remain bound to the presynaptic filament, where it inhibits ATP hydrolysis
by RAD51, thereby stabilizing the presynaptic filament147.
Following assembly, the RAD51 presynaptic filament is faced with the daunting task of
identifying the proper homologous DNA sequence to use as a template for repair. This is
somewhat simplified by cohesin proteins, which maintain homologous regions of sister
chromatids in close proximity following DNA replication and promote HDR172,173. Surprisingly,
however, recombination has been shown to occur using homologies on entirely different
chromosomes174, indicating that the homology search can encompass, potentially, the entire
genome. Recent studies have provided a higher resolution view of this process in S. cerevisiae.
By using chromatin immunoprecipitation (ChIP) of the Rad51 protein, one study mapped
homology search over time and found that while vast areas of the genome can be searched;
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nearby regions are searched preferentially, and unsurprisingly, the search can take many hours to
reach distant locations175.
It is important to note that chromosomes in the nucleus are intricately arranged in three
dimensions, and hence loci that are quite distant along the chromosome axis or even on different
chromosomes can be in close proximity in 3D space. Indeed, the 3D organization of chromatin
is thought to play an important role in mating type switching in yeast, where programmed
recombination between distal loci is promoted by precise looping of the chromosome to bring the
sites in close proximity176; this propensity to use nearby homologous donors appears to be a
general property of HDR in yeast177. Studies on the kinetics of homology search in higher
eukaryotes are lacking, but the model of searching based on 3D proximity is intuitively sensible
and likely to be broadly conserved across species.
At a molecular level, RAD51 has been shown to have two DNA binding interfaces, one
which binds to ssDNA to form the presynaptic filament (Site I) and another which is required for
strand exchange (Site II), likely through interaction with the homologous duplex178-180. Single
molecule studies have shown that the presynaptic filament interacts with non-homologous DNA
sequences, albeit transiently; suggesting that the first stage of synapsis is non-specific proteinDNA binding181-183, likely mediated by Site II. This is consistent with classical biochemical
evidence that the RecA filament interacts with ss and dsDNA in a sequence-independent
manner184. Interestingly, a single RecA filament can interact with multiple duplex DNA
molecules simultaneously181. Additionally, homology is found much more quickly with longer
RecA presynaptic filaments and when the donor DNA duplex is allowed to naturally coil in
space181. Taken together, these data support a model where a long presynaptic filament can
simultaneously sample numerous DNA sites that are nearby in 3D space through transient
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interactions with Site II, thus rapidly accelerating the homology search process. Consistent with
this, multiple invasion events by single Rad51 filaments have been observed in vitro and in
cells185,186.
Following the identification of homology, the RAD51 presynaptic filament catalyzes
strand invasion, whereby one strand of the homologous donor duplex is displaced by the
invading strand – forming a structure known as a displacement loop (D-loop). The terminus of
the invading strand is then poised to be extended by DNA polymerases until it has been
sufficiently extended to span the break site. Following extension, there are multiple pathways to
resolve the D-loop and complete repair. During mitotic HR, resolution is thought to proceed
primarily through the synthesis-dependent strand annealing (SDSA) pathway, where the D-loop
is unwound by the helicase BLM, and repair is completed by annealing to the second end of the
break187,188. The other major pathway is known as double strand break repair (DSBR)189 and
proceeds by cleaving the 4-way DNA junctions in the D-loop (known as Holliday Junctions).
This pathway is useful during meiotic HR as it allows for crossover formation, but is normally
suppressed in other contexts.
Chapter 1.2.3: Double strand break repair pathway choice
Chapter 1.2.3.1: Lesion recognition and recruitment of early repair factors
We have learned much about the early recruitment of DSB repair factors through studies
of highly localized DSBs introduced by microirradiation190. Remarkably, in a genome as
complex as ours, DSBs are recognized immediately with early response factors visibly
accumulating within less than 1 second29,191. Several DSB repair factors have inherent DNA
end-binding activity, most notably: the Ku70/80 complex, PARP-1 and the MRN complex
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(consisting of MRE11, RAD50 and NBS1)192-194 and as such are able to act as primary DSB
sensors (Figure 1.6). Of these putative DNA sensors, PARP-1 and Ku70/80 are recruited
slightly before MRN (~1 s following damage vs. ~10 s)29,191. Furthermore, MRN recruitment to
DSBs is impaired in the absence of PARP-1191, suggesting that the two major primary DSB
sensors in human cells are PARP-1 and Ku70/80. Despite this attractive model, very little
research has been done on the mechanism and essentiality of PARP-1 in the recruitment of MRN
to DSBs, and MRN is still widely considered a primary DSB sensor. Ironically, PARP-1 is one
of the most heavily studied DNA damage response (DDR) proteins, in large part because PARP
inhibition has proven to be a very effective treatment for cancers that are deficient in the HDR
repair pathway, through a mechanism that is still not understood195.
PARP-1 and Ku70/80 are some of the most highly abundant nuclear proteins (on the
order of 1000 ppm28), approximately 10-fold the abundance of MRN components. Such high
concentrations are required for DSB sensors in order to react virtually instantaneously to DSBs,
which can arise anywhere in the nucleus. The existence of two independent DSB sensors mirrors
the two independent DSB repair pathways – NHEJ and HDR, suggesting a model whereby each
sensor directs repair to the respective branch. In fact, there is evidence supporting this idea.
First of all, Ku is recruited to DSBs irrespective of cell cycle phase; whereas PARP-1 is recruited
specifically during S-phase; mirroring the cell cycle phases where NHEJ and HDR are active,
respectively29. Furthermore, there is clear competition between Ku and PARP-1, they do not
occupy the same DSBs and during S-phase; Ku is actively removed by PARP-129; providing an
attractive explanation for the bias towards HDR in S-phase196.
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Figure 1.6: Schematic of DSB end sensing and resection choice. DNA ends are rapidly sensed
by Ku70/80, PARP-1 and the MRN complex. Ku protects ends from end processing and
promotes NHEJ. Ku can be removed through the action of PARP-1 and/or MRN-CtIP. MRNCtIP carries out short-range end processing. CYREN likely inhibits NHEJ of processed ends in
S/G2. Shieldin binds near DNA ends, dependent on 53BP1 recruitment, possibly interacting with
short stretches of ssDNA generated by MRN-CtIP. BRCA1 can remove 53BP1-Shieldin,
allowing long range end resection by BLM/DNA2 and/or EXO1. Without BRCA1 activity,
Shieldin promotes repair through NHEJ.

Chapter 1.2.3.2: The MRN complex and the initiation of end resection
While this simplistic model discussed above provides a useful starting point, the reality of
DSB repair pathway choice is much more intricate. While loss of PARP-1 does not cause any
overt defects197, loss of any component of the MRN complex is lethal in mammals198-200 - a result
which clearly demonstrates that the major functions of MRN do not depend on PARP-1. Hence,
although MRN is less abundant and its recruitment less rapid than Ku and PARP-1, current
evidence suggests that is a bona fide DSB sensor; and, in fact, the only essential DSB sensor in
mammals.
The MRE11 subunit of the MRN complex is a unique nuclease, having both
endonuclease as well as 3’->5’ exonuclease activity201-203. MRE11 also has inherent dsDNA
binding activity; however, this is not specific to DNA ends204. The RAD50 subunit of the MRN
complex is a DNA-binding ATPase205-207 whose structure is reminiscent of the structural
maintenance of chromosomes (SMC) family. Like SMC proteins such as cohesin, RAD50 has a
bipartite ATPase domain separated by an extended domain that extrudes away from the ATPase
and turns back at a “hinge” domain, forming a coiled-coil structure with itself207-209 The
MRE11-RAD50 (MR) subcomplex has stronger dsDNA binding activity than MRE11 alone,
which is attributed to the RAD50 ATPase domain. Surprisingly, the MR subcomplex does not
show a preference for DNA ends in traditional biochemical assays, although it does appear
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mainly bound to DNA ends in electron microscopy experiments209. The NBS1 subunit is not
known to harbor any catalytic activity, although it has been suggested to enhance the catalytic
function of the MR subcomplex206. The primary function of NBS1; however, is thought to be as
an interaction module with the master DDR kinase ATM194,210 and the critical end resection
factor, CtIP211-213.
Unlike Ku and PARP-1, which have extremely high affinity for DNA ends, and are
thought to find DNA ends through 3-dimensional undirected diffusion, MRN has been observed
in single molecule studies to bind duplex DNA independent of DNA ends and locate ends
through 1-dimensional sliding along the DNA molecule214. Intriguingly, there is a clear
separation of function: RAD50 is solely responsible for nonspecific DNA binding and 1D
sliding, whereas MRE11 recognizes the DSB end and clamps the complex in place214.
Surprisingly, the extended RAD50 coiled-coil domain plays no inherent role in DNA binding or
sliding; its function seems to be to maintain contact between MRN and DNA as MRN traverses
barriers to diffusion, such as nucleosomes214. This mechanism allows the MRN complex to
occupy Ku bound DNA ends without directly competing with the much more abundant and
avidly binding Ku complex.
Several independent lines of evidence had previously indicated that the MRN complex
could remove Ku by nucleolytically incising the DNA distally from the break, such that Ku
remains bound to only a short oligonucleotide215-219 (Figure 1.6). Indeed, this model was
confirmed by subsequent single molecule studies214. Furthermore, this phenomenon appears
more general than Ku removal; MRN endonucleolytically removes a variety of blocks at DSB
ends220, notably DNA damage221, trapped topoisomerase enzymes222,223 and Spo11 during
meiosis224. The Ku complex is a strong block to access by other enzymes, particularly
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exonucleases; hence removing Ku is a critical first step in initiating resection and directing repair
towards the HDR pathway. Recent biochemical evidence suggests that full removal of Ku is not
necessary for initiation of resection and that a simple nick distal to the break from Ku can serve
as an entry point for resection enzymes225. It is not yet clear how physiologically relevant this
finding is, as MRE11 prefers to fully remove Ku in vitro214. Furthermore, this Ku complex
would still need to be removed for strand exchange and subsequent HDR-associated DNA
synthesis. It is intriguing; however, to consider that a break may be resected, and initial
homology search may even be able to occur, all without committing repair to HDR. The
presence of Ku bound to a blunt end means that the break is still fully competent for C-NHEJ
regardless of resection occurring distally to Ku and the break. As I will discuss below, resection
is widely considered the decisive step in committing repair to HDR, but recent evidence may
challenge this notion.
While the endonuclease activity of MRE11 appears to have a clear role in removing
blocks to resection from DNA ends, the function of the exonuclease is less clear. It has been
proposed that following a single strand nick catalyzed by the endonuclease, the exonuclease
processively degrades DNA toward the break. To generate the requisite long stretches of ssDNA
for HDR, another nuclease of the opposite polarity must resect away from the break, hence the
model predicts bidirectional resection226. Mutations to the MRE11 nuclease domain which affect
both nuclease activities are lethal in mice227, attesting to the essentiality of MRE11-mediated
processing of breaks. On the other hand, studies in S. pombe have found that exonucleasespecific mutants show very mild DNA repair defects, whereas deficiency in both activities
produces severe defects228. Recent studies using engineered small molecule inhibitors of either
to exo- or endonuclease activities of MRE11 in human cells have shown that while the
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endonuclease activity commits repair away from C-NHEJ, the exonuclease is required to initiate
resection229. These contradictory findings in human cells and the model organism, S. pombe,
remain to be reconciled in regard to the exonuclease function of MRE11. While it is possible
that the function has diverged, it is also possible that the small molecules used in the human cell
line studies have off-target activities, and as such it will be informative to determine the effect of
exonuclease-deficient MRE11 mutants in mammals.
The nonspecific dsDNA endonuclease and exonuclease activities of the MRN complex
are highly dangerous activities in a cell and are tightly regulated. Ensemble biochemical and
single molecule experiments have independently confirmed that the full MRN complex and ATP
are required for the activation of the MRN endonuclease and removal of protein blocks such as
Ku206,214,230. On the other hand, structural and biochemical studies have found that ATP-bound
RAD50 blocks the MRE11 nuclease domain and corresponding activity231-233. Hence, it appears
that the ATP hydrolysis cycle is somehow required for full nuclease activity of the MRN
complex. There is some evidence that the RAD50 ATPase can locally unwind dsDNA and that
the MRE11 nuclease can then act on the resultant ssDNA even in the ATP-bound MRN
conformation206,234, providing a potential mechanistic explanation. This local unwinding may
depend on proximity to a free DNA end, explaining the specificity of the MRN endonuclease to
DNA ends; however, this specificity is still largely a mystery.
It is unclear how the exonuclease activity of MRE11 is controlled such that it does not
spontaneously degrade DNA ends. One potentially important factor is the inability of MRE11 to
degrade 3’-overhangs as its exonuclease can only act on blunt or recessed 3’ ends201. Under
normal circumstances, blunt ends are rapidly protected by Ku, and perhaps MRE11-mediated
endonucleolytic removal of Ku leaves a 3’-overhang, protecting it from exonucleolytic digestion,
27

although this has not been determined experimentally. It is also possible that 5’->3’ resection
nucleases are simply faster than MRE11, thus generating 3’-overhangs that are inhibitory to the
MRE11 exonuclease.
The requisite long range 5’->3’ resection for HDR is thought to be carried out by two
partially redundant modules, one mediated by the exonuclease, EXO1 and the other by the
helicase, BLM in conjunction with the ssDNA translocase/nuclease, DNA2235-237 (Figure 1.6).
While EXO1 simply utilizes its 5’->3’ exonuclease activity, the BLM-DNA2 mechanism is
slightly more involved, as BLM is thought to unwind the DNA by translocating in the 3’->5’
direction, while DNA2 translocates on the other strand in the 5’->3’ direction, clipping it at
regular intervals238. Both resection modules are stimulated by MRN237. Mechanistically, EXO1
has been shown to interact directly with MRE11, which greatly increases its processivity214,237.
MRN has been observed in single molecule experiments to translocate with EXO1 during
resection214. It is not clear what functions of MRN mediate this increase in processivity although
one could envision that the DNA binding of MRE11 and RAD50 and/or the RAD50 coiled-coil
domain may anchor EXO1 to its DNA substrate. MRN has been shown to stimulate the helicase
activity of BLM without affecting DNA2 activity in vitro237. The precise nature of the
interaction between MRN is BLM is not known nor is the mechanism through which it enhances
BLM activity, although it is tempting to speculate that MRN tethers BLM to the DNA and
translocates along with it, analogous to what has been observed with EXO1.
It is still not clear why we have evolved two redundant mechanisms for long range
resection, nor is it clear how a given module is chosen. It is worthwhile to note that BLM has
also been shown to stimulate EXO1 in vitro, independent of its catalytic activity235,237,
suggesting some crosstalk between the two modules. Nevertheless, it is difficult to imagine how
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it would be productive for both pathways to act simultaneously, as they are both fully proficient
on their own. It is also not clear how the interaction between the resection modules and MRN is
regulated and if they compete with each other.
Chapter 1.2.3.3: DSB signaling and the activation of end resection
Binding to the MRN complex to DSB ends is the first step in the activation of an intricate
signaling pathway that controls all downstream steps in DSB repair. Central to the DNA damage
response (DDR) in response to DSBs is the kinase, ataxia-telangiectasia mutated (ATM).
Although simple DSBs can be repaired through C-NHEJ without the involvement of ATM, as
described above; DDR signaling is important for the tolerance of more complex DNA damage119.
ATM is recruited to sites of DSBs through a direct interaction with the NBS1 subunit of the
MRN complex194,210, where it becomes activated possibly through autophosphorylation239
(Figure 1.6). The role of autophosphorylation in ATM activation is controversial as mutation of
several autophosphorylation sites does not abolish ATM function240,241; however there are many
confirmed and potential autophosphorylation sites that may be somewhat redundant242,243.
Following activation by MRN, ATM phosphorylates many targets involved in DSB
repair244, as well as proteins controlling cellular checkpoints; notably Chk2245 and p53246. One
important target of ATM is the histone variant H2AX, which is phosphorylated on serine
139247,248 in a region flanking the DSB that can cover megabases249-252. Phosphorylated H2AX
(γH2AX) is rapidly bound by the mediator of DNA damage checkpoint 1 (MDC1) protein253,254.
MDC1 in turn recruits more MRN molecules through a direct interaction with NBS1255,256 which
activates more ATM in a signal amplification loop257. The interaction between NBS1 and
MDC1 is not required for the initial recruitment of MRN or initial activation of the DDR258, but
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is required for checkpoint activation, consistent with a role in signal amplification and
maintenance259. It is not clear whether the catalytic functions of MRE11 or RAD50 are relevant
when it is recruited by MDC1 to DSB-adjacent regions or if merely acts as a signaling factor in
this context.
ATM has been reported to play an important role in initiating long range endresection136,260 and HDR261,262. The literature is contradictory on this point, however, as multiple
groups have subsequently shown that ATM plays no appreciable role in HDR of an
endonuclease-induced break263,264. While detrimental, knockout of ATM is not lethal in mice265,
further supporting the notion that it is not required for all HDR. A possible explanation for this
discrepancy is the clear role of ATM in facilitating DNA repair in heterochromatin by
phosphorylating KAP1266,267. A failure to properly facilitate repair in heterochromatin would
produce a defect in resection and HDR as observed on the scale of the entire nucleus, due to
specific defects in the heterochromatin. On the other hand, one would expect no defect in the
repair of a single break provided it is in a euchromatic region of the genome. Nevertheless, it is
important to note that ATM does directly phosphorylate many resection factors, including
MRN244,268, although the functional significance of these is not clear.
Another important target of the ATM kinase is the essential, yet enigmatic resection
factor CtIP269,270. CtIP is essential for life in mammals271 and is critical for end resection and
HDR at a cellular level137. On the other hand, reconstitution of end resection in vitro with MRN
and EXO1 or DNA2/BLM has been very successful without the presence of CtIP214,237. CtIP has
been shown to interact directly with NBS1, dependent on constitutive CK2-dependent
phosphorylation211-213. Biochemical studies have found that CtIP enhances the endonuclease
activity of MRN137,272 and the long-range resection activity of BLM-DNA2273,274; however, this
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does not explain the absolute requirement in vivo. One curiosity of the MRE11 nuclease activity
in vitro is its apparent dependence on Mn2+, a physiologically rare metal ion that is highly toxic
at the millimolar range concentrations used275,276. Recent work has shown that assembly of a
more physiologically relevant DNA end complex, consisting of DNA-PK, MRN and CtIP,
allows for MRN-CtIP mediated cleavage in the presence of only Mg2+, a more abundant ion and
common enzymatic cofactor277. Hence, the CtIP independent activity of MRN in vitro may be
merely an artifact of unnaturally high Mn2+ concentrations; however, more work will be required
to clarify these observations.
Adding to the mystery of CtIP function are observations of inherent nuclease activity of
the CtIP protein278,279, an important role for CtIP tetramerization280 and direct DNA binding of
CtIP269. Studies have been mixed on whether CtIP truly has nuclease activity and whether it is
important272,277, and as such this function is still very unclear. Interestingly, CtIP tetramerization
has been found to be important in vitro for the stimulation of both MRN and BLM-DNA2
activity272,274. Structural studies have observed an overall “dumbbell” architecture of the CtIP
tetramer, where each has a globular head and an extended tail with coiled-coil architecture. The
coiled-coil domains of each dimer interact with each other forming the full tetramer281. DNA
binding capacity has been observed variously in the C-terminus, N-terminus and central region
of the CtIP protein, encompassing the globular head and the coiled-coil domain269,281,282. While
the precise mechanism of DNA binding by the CtIP tetramer is not yet clear, one tetramer has
been observed to bind 2 DNA molecules, with a preference for blocked DNA ends281.
Taken together, this emerging evidence suggests that CtIP may play a DNA-bridging
function mirroring that of MRN; where globular DNA binding domains are connected by higherorder assemblies of extended coiled-coil domains. It will certainly be interesting to further parse
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out the DNA bridging structure of the MRN-CtIP supercomplex and determine its precise role in
regulating DNA end resection and HDR.
Chapter 1.2.3.4: Regulation of DNA end resection
Once DNA ends have been resected to yield significant 3’-overhangs, it is no longer
possible to repair ends with error-free C-NHEJ. Theoretically, it is possible to fill-in the resected
DNA through priming and synthesis starting near the break and progressing toward the recessed
5’-end and recent studies have produced evidence of this283. Due to the necessity of an RNA
primer by Polα-primase; however, we are faced with the “end replication problem” that arises in
the context of telomere replication284. In the case of telomeres, this is addressed by the
specialized telomerase enzyme; however, we do not currently know of any mechanism to restore
a DSB with a 3’-overhang to a blunt end with no loss of information. Therefore, it is of the
utmost importance that a cell restrains the end resection machinery in contexts where it is not
required and especially in contexts where HDR is not possible, such as in the G1 phase of the
cell cycle285,286.
Although error-free C-NHEJ is impossible following end resection, the mechanisms
through which NHEJ is inhibited by resected ends to prevent error-prone repair are still not well
understood. As discussed earlier, the NHEJ machinery includes nucleases, such as Artemis,
which are capable of trimming overhanging DNA ends to generate a blunt-ended substrate for CNHEJ. Interestingly, recent research has demonstrated the surprising capacity of C-NHEJ to act
on DNA ends with overhangs up to nearly 100 bp upon loss of the Ku-interacting protein,
CYREN287, generating deletions roughly corresponding to the length of the overhangs. While
this study did not address the mechanism through which CYREN prevents NHEJ at DSBs with
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overhangs, an attractive possibility is that CYREN inhibits an unknown nuclease, perhaps
Artemis, that acts in concert with the NHEJ machinery in its absence. Indeed, Artemis has been
shown to exhibit endonuclease activity at ssDNA-dsDNA junctions, dependent on its
phosphorylation by DNA-PK, precisely the activity that would generate the blunt ends required
for C-NHEJ43,121. Further studies exploring the phosphorylation of Artemis in the presence and
absence of CYREN or the ability of constitutively active, C-terminally truncated Artemis288 to
overcome CYREN inhibition, would be very informative in this regard.
Another situation in which DNA ends with overhangs are processed by the C-NHEJ
machinery is in G1-phase telomere fusions that occur upon the loss of the shelterin component,
TRF2289,290. Normally telomeres are protected from aberrant processing by forming a T-loop,
similar to the D-loop formed during HR, by invasion of a 3’-overhang at the end of the
chromosome into the upstream double-stranded telomeric DNA291,292. A 3’ overhang on the
lagging strand chromosome end is an obligatory byproduct of lagging strand synthesis284,
whereas the overhang on the leading strand end is actively generated by the nuclease,
Apollo293,294. What is striking about G1 telomere fusions is that the requisite overhang removal
does not occur in the absence of DNA Ligase IV290, suggesting that their removal is highly
regulated and likely coupled to the formation of the C-NHEJ close synaptic complex.
Interestingly, this overhang removal has also been shown to depend on the nuclease activity of
Mre11295. Taken together with recent data demonstrating novel cooperation between DNA-PK
and MRN277, these data point towards the intriguing possibility that MRE11 can overcome the
block to C-NHEJ imposed by end resection in specific circumstances by cooperating with the CNHEJ machinery. These data also raise many questions, importantly: is this a telomere-specific
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phenomenon or would it also occur for general resected DSBs in G1? And if so, how is this
highly dangerous activity contained under most circumstances?
Chapter 1.2.3.5: Cell cycle control of DNA end resection
Cell cycle progression in human cells is controlled in part by the levels of proteins called
cyclins which dictate the activity of various cyclin dependent kinases (CDKs)296. A major factor
governing the G to S phase transition is CDK2, bound first to cyclin E, followed by cyclin A296.
Along with a myriad of S phase functions, CDK2 phosphorylates and activates several factors
involved in DNA end resection, notably CtIP297-299, NBS1300,301 and EXO1302. By far the most
well-understood of these CDK2 targets is CtIP, particularly the phosphorylation events at
S327298 and T847297. Phosphorylation of CtIP on S327 is required for its interaction with
BRCA1213,298, whereas T847 phosphorylation is required for the stimulation of MRN nuclease
activity272.
BRCA1 is a heavily studied protein, due in large part to its identification as a critical
tumor suppressor303. BRCA1 is a complex and multifunctional protein that, along with its
constitutive partner BARD1, is rapidly recruited to sites of DNA damage304 and promotes
HDR305-308. Through its BRCA1 C-terminal (BRCT) domain, the BRCA1 protein interacts with
multiple phosphorylated partners, forming at least three mutually exclusive complexes: BRCA1A in complex with Abraxas309 and others, BRCA1-B in complex with BACH1310 (also known as
FANCJ) and BRCA1-C in complex with CtIP298. Not surprisingly, the BRCA1-C complex
which forms specifically during S and G2 phases of the cell cycle, dependent on S327
phosphorylation, is of particular importance in DNA end resection213,311. Phosphorylated CtIP
acts as a bridge linking BRCA1 to the MRN complex at DNA ends213. Importantly; however,
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BRCA1 recruitment to DSBs is not dependent on MRN310; in fact, CtIP recruitment to DSBs has
been reported to depend on S327 phosphorylation and BRCA1 interaction312. Hence, BRCA1
and MRN appear to be recruited to DSBs independently and in fact, a major function of BRCA1
may be to facilitate the interaction between MRN and CtIP specifically in the S and G2 phases of
the cell cycle.
Chapter 1.2.3.6: Function of BRCA1-BARD1 in DSB end resection
The BRCA1-BARD1 heterodimer is a ubiquitin ligase enzyme313-315. Ubiquitylation
targets of BRCA1-BARD1 have long been sought out by researchers; however, the situation is
still unclear. BRCA1-BARD1 has been suggested to directly ubiquitylate CtIP; however the
evidence for this is indirect312. In one study, a mutation in BRCA1 inactivating the ubiquitin
ligase activity surprisingly prevented recruitment of CtIP entirely and also prevented its
ubiquitylation. It is entirely possible, however, that the failure to recruit CtIP prevented its
ubiquitylation by a different factor. Furthermore, in vitro studies have shown CtIP to avidly
promote the resection activity of MRN without any requirement for ubiquitylation272. The
failure of ubiquitin ligase-deficient BRCA1-BARD1 to recruit CtIP and the DNA damage
sensitivity of ubiquitin ligase-deficient mutants does, however, attest to the importance of
BRCA1-BARD1 ubiquitin ligase activity312,316. More recent research has indicated that BRCA1BARD1 targets nucleosomes for ubiquitylation, specifically on the H2A subunit at K127 and
K129317. Critically, a recent study found that the ubiquitin ligase activity of BRCA1-BARD1
became dispensable upon ectopic expression of H2A with a C-terminal ubiquitin fusion,
suggesting that H2A is the relevant BRCA1-BARD1 substrate in HDR318. Interestingly, while
the ubiquitin ligase activity is essential for HDR, it appears to be dispensable for other functions
of BRCA1 in DNA replication318.
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Mechanistically, a major function of BRCA1 in promoting resection is through its
antagonism of the anti-resection factor 53BP1. The antagonism between BRCA1 and 53BP1
first came to light from studies in mice. Like most HDR genes, BRCA1 is essential for viability
in mammals319, but strikingly, Brca1 knockout mice were born at normal Mendelian ratios when
53BP1 was concurrently knocked out320. Loss of 53BP1 was found to circumvent the need for
BRCA1 in end resection and HDR320,321. This work also garnered great clinical attention as
53BP1 loss also rendered BRCA1-deficient cancer cells resistant to PARP inhibitors.
53BP1 and BRCA1 are both rapid responders to DSBs and accumulate at large chromatin
domains surrounding the break, dependent on RNF8-RNF168-mediated chromatin
ubiquitylation322-325. RNF8 is recruited to DSBs in a damage-dependent manner through a direct
interaction with MDC1, where it ubiquitylates histone H1326. RNF168 is recruited downstream
of RNF8-mediated ubiquitylation, where it subsequently ubiquitylates histone H2A327,328. 53BP1
interacts directly with ubiquitylated H2A via its ubiquitin-dependent recruitment (UDR)
domain329, whereas BRCA1 interacts with ubiquitylated H2A via its partner RAP80, a
component of the BRCA1-A complex330. Importantly, whereas 53BP1 recruitment via
chromatin ubiquitylation is essential for its anti-resection function329, the BRCA1-A complex is
not required for pro-resection activities of BRCA1331. In fact, loss of RAP80 leads to an increase
in MRN-CtIP-dependent resection332, suggesting that the role of RAP80 may be to sequester
BRCA1 away from MRN-CtIP at the break, thereby restraining resection. While loss of RAP80
was reported to increase resection even in a BRCA1 mutant cancer cell line332, suggesting a
BRCA1-independent role in inhibiting resection, it cannot be ruled out that the mutant BRCA1
protein retained some residual resection function.
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Recent advances in super resolution microscopy have allowed us to study the architecture
of DSB repair foci in greater detail, revealing subtle but important differences in the localization
of BRCA1 and 53BP1. First of all, whereas BRCA1 foci form only in the S phase of the cell
cycle, 53BP1 forms foci in G1, S and G2333. Critically, the accumulation of BRCA1-associated
foci in S phase correlates with a reduction in size of 53BP1 foci and, indeed, this reduction in
size is dependent on BRCA1333. Furthermore, BRCA1 appears to occupy the core region of the
break, colocalizing with CtIP, while 53BP1 is pushed to the periphery333. Conversely, 53BP1
appears to restrict access of BRCA1 to the break site during G1 phase334.
Notably, while BRCA1 is recruited aberrantly to breaks in G1 phase in the absence of
53BP1, it still does not promote significant end resection335. This block to end resection;
however, can be overcome by concurrent expression of the phosphomimetic T847E mutant of
CtIP335. Although not directly addressed, this work implies that S327 phosphorylation of CtIP is
dispensable when 53BP1 is not present, as S327 is not expected to be phosphorylated in G1
phase298. This would further imply that the interaction between CtIP and BRCA1 is only
required in the context of 53BP1, which is consistent with BRCA1-independent resection upon
53BP1 knockout320,321. It is still unclear; however, what functional role the BRCA1-CtIP
interaction plays. CtIP depends on S327 phosphorylation for normal recruitment298, but clearly
this is not the case in the absence of 53BP1335, and BRCA1 recruitment shows no dependence on
CtIP334.
The mechanism through which 53BP1 and BRCA1 counteract each other is also largely
unclear. Given that they are both recruited by the same RNF168 ubiquitin mark on H2A, a
reasonable hypothesis is direct competition for H2A-Ub binding. The lack of any detectable proresection activity for RAP80331,332; however, argues against this model. Recent work has
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implicated the ubiquitin ligase activity of BRCA1-BARD1 directly in the eviction of 53BP1 by
recruiting the chromatin remodeling ATPase SMARCAD1318. Although the precise mechanism
of 53BP1 eviction by SMARCAD1 is not clear, it is worth noting that 53BP1 retention at breaks
is dependent on multiple interactions with nucleosomes, particularly with H2AK15-ub329 and
H4K20me2336. SMARCAD1 has been proposed to play many functions as a chromatin
remodeler, including facilitating heterochromatin formation337 and gene silencing338, as well as
evicting nucleosomes to facilitate DNA repair339. It is thus not difficult to imagine how
chromatin remodeling could be used to regulate the association of 53BP1 with the break site.
Further research will be required to elucidate the mechanistic details of this process.
Chapter 1.2.3.7: The functions of 53BP1 in DSB repair
53BP1 is a large and complex protein with many functions related to DSB repair and
damage signaling. 53BP1 was initially identified as a binding partner and activator of the tumor
suppressor p53340,341, hence the name p53 binding protein 1. The C-terminal BRCT domains of
53BP1 which interact with p53, however, were later found to play no significant role in the DSB
repair functions of 53BP1342. Indeed, several studies have indicated that the p53 regulatory and
DSB repair functions of 53BP1 are distinct and independent343,344. All of the known DSB repair
functions of 53BP1 instead appear to be dependent on the N-terminal region of the protein,
which has 28 ATM-dependent phosphorylation sites345,346. This domain of 53BP1 appears to act
as an ATM-dependent adaptor mediating the interaction of 53BP1 with multiple effector
proteins, most notably RIF1334,347-349 and PTIP350,351.
Historically, the role of 53BP1 in DSB repair has been studied primarily in three related,
but distinct processes: inhibition of resection as discussed above, promotion of class switch
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recombination (CSR) in B-cells and the fusion of dysfunctional telomeres. Interestingly, RIF1
and PTIP interact with different phosphorylated residues in 53BP1 and carry out distinct
functions351. While RIF1 appears to play a role in all three processes, PTIP apparently plays no
role in CSR351. Realistically though, all three of these processes reflect, in part, changes in end
resection capacity. A telomere is a DNA end, indistinguishable from a DSB, other than its
unique telomeric DNA sequence which is bound by the shelterin protein complex352. When
shelterin is dysfunctional, telomeres are recognized as DSBs and processed as such353. As it
does in the context of a DSB, 53BP1 inhibits resection at deprotected telomeres354, which allows
them to more easily be fused through NHEJ. CSR is initiated by the action of activation induced
cytidine deaminase (AID), which deaminates cytidine to uracil in switch regions355,356. Uracil
bases in DNA are subsequently processed by BER, producing ssDNA breaks in close proximity
which ultimately become DSBs357. Recent work has suggested that the two effectors of 53BP1
each inhibit one of the two end resection modules, with RIF1 showing specificity for EXO1 and
PTIP inhibiting BLM-DNA2358, although the details of this specificity remain to be elucidated.
Downstream of 53BP1, the RIF1 branch of the pathway is the more well-elucidated of
the two. Rif1 was first identified as a component of a telomere-associated complex in budding
yeast that protects telomeres ends from activating the DDR and being aberrantly processed by
DSB repair pathways359-361. Interestingly, this function has significantly diverged between
budding yeast and mammals with the telomeric protective functions of budding yeast Rif1
largely replaced by the Shelterin complex362. Instead, human RIF1 has been shown to be required
for the recruitment of REV7 to sites of DSBs through a completely unknown mechanism363,364.
While REV7 is absolutely essential in mediating the anti-resection functions of 53BP1 and RIF1,
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its mechanism of action in the context is also entirely unknown. The major focus of this
dissertation work is to elucidate the function of regulation of REV7 downstream of 53BP1-RIF1.
Chapter 1.3: DNA Damage Tolerance during Replication
Chapter 1.3.1: The replication stress response
Chapter 1.3.1.1: The replisome and replication obstacles
DNA replication is absolutely essential to life as we know it yet is a time of severely
heightened risk to genomic integrity. Small genomic aberrancies such as nicks on a single strand
of DNA or base lesions that cause no trouble to a resting cell, can spell disaster for a cell
attempting to replicate its genome. The process of DNA replication begins during G1 phase of
the cell cycle as the replicative helicase MCM2-7 is loaded onto many sites throughout the
genome marking the sites where DNA replication may begin365. To avoid catastrophic
rereplication of the genome, there is tight temporal control of replicative helicase loading, which
can only happen during G1 phase, and replication origin activation which happens only in S
phase. A side effect of this tight regulation is that it is not possible to load new MCM2-7
helicases “on-the-fly” during S phase to restart replication at will365. The cell’s compensation for
this limitation is twofold: first of all, cells load an excess of the replicative helicase, many of
which are never activated except under circumstances of replication difficulties, and second,
cells possess a variety of strategies to “tolerate” obstacles during DNA replication and ensure its
faithful completion.
The crucial first step in DNA replication is the unwinding of duplex DNA across the
genome by the MCM2-7 helicase in complex with Cdc45 and GINS (collectively known as the
CMG helicase)366-368. Unwinding by CMG is tightly coupled to second strand synthesis by
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Primase-Polα, Polδ and Polε369-372 for priming, lagging strand and leading strand synthesis,
respectively373,374 (Figure 1.7A). This coupling is important to minimize the exposure of ssDNA,
which is prone to secondary structure formation and DNA damage which is much more difficult
to repair faithfully than damage in a duplex owing to lack of an undamaged template375,376. The
supercomplex consisting of CMG, polymerases and other replication factors, known as the
replisome, can face many obstacles during DNA replication including DNA damage, secondary
structures and active transcription6. Some obstacles, such as base damage, or bulky protein
crosslinks on the lagging strand, present an obstacle only to the polymerases, potentially leading
to dangerous uncoupling and ssDNA exposure377-381 (Figure 1.7B). On the other hand,
interstrand crosslinks (ICLs) or bulky leading strand adducts can block CMG progression as
well, requiring distinct mechanisms for resolution21,379,382,383.
Although the obstacles and decision-making process facing the replisome exceed DSB
repair in their complexity, this process remains poorly understood. There are, however, key
similarities between these processes. First of all, aberrant processes in DNA replication may
generate DSBs; second, DNA structures including free DNA ends and four-way Holliday
junctions are common to both DSB repair and replisome-coupled repair; lastly, many DSBassociated proteins play important roles at the replisome even in the absence of DSBs.
Chapter 1.3.1.2: Initial Response to Replication Stress
Although there are a wide variety of issues that can hinder DNA replication, certain
aspects of the cellular response are similar regardless of the specific issue. As such, it is
sometimes useful to talk about generic “replication stress”, an all-encompassing term pertaining
to anything that impedes normal DNA replication6. As mentioned above, there are essentially
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two possible immediate consequences to replication stress - polymerase-helicase uncoupling
when a polymerase, but not the helicase, is affected384, and total replisome arrest, when both the
helicase and polymerase are affected. As will be discussed below, there is further nuance within
each of these broad categories.

Figure 1.7: Immediate consequences of replication stalling. Many common replication
impediments stall only the DNA polymerase, but not the CMG helicase allowing for unwinding
to proceed ahead of polymerization. Normally, the leading strand polymerase ε is tightly coupled
to the replisome (A), but a polymerase-blocking lesion on the leading strand can cause replisome
uncoupling, leading to exposure of long tracts of RPA-bound ssDNA (B).

Likely the more common, and fortunately less dangerous, scenario is the blockage of the
polymerase only, leading to uncoupling. Indeed, it is estimated that base damage and base loss
are extremely common385, with experimental evidence showing an average of 50,000 - 200,000
apurinic/apyrimidinic (AP) sites per human cell at steady state with levels varying by cell
type386. AP sites are both an intermediate in the repair of damaged bases through base excision
repair (BER) and a primary polymerase blocking lesion that can form spontaneously by base
loss. In addition to AP sites, polymerases can be blocked by any damage to the template DNA
that causes structural anomalies387, active transcription388,389, RNA-DNA hybrids (known as Rloops)390,391, DNA secondary structures392-398 and dNTP shortages399.
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Recent studies using in vitro reconstitution of the eukaryotic replisome have provided
novel insight into the immediate consequences of a replisome encountering a lesion with strand
specificity. As would be expected, polymerase blockage on the lagging strand does not
appreciably stall replication, as the next Okazaki fragment is not prevented from forming and the
end result is a ssDNA gap which is at most the length of an Okazaki fragment381. Blockages on
the leading strand, however, cause helicase-polymerase uncoupling and immediate replication
slowing381. Interestingly, this initial slowing appears to be an inherent property of the replisome,
rather than a directed response. Although the precise mechanism of this slowing is not known, a
likely possibility is that the forward progression of the leading strand polymerase ε accelerates or
prevents the backtracking of CMG380. Indeed, there is a tight coupling between CMG and
polymerase ε400,401, unlike the lagging polymerase δ which operates uncoupled from CMG402.
Chapter 1.3.1.3: Activation of the ATR-Chk1 axis by replisome uncoupling
An immediate consequence of replication uncoupling is the exposure of an abnormally
long stretch of ssDNA, which is rapidly bound by RPA387. In addition to protecting exposed
ssDNA, RPA also acts as a platform signaling DNA damage and replication stress403. RPAbound ssDNA is the primary signal activating the master replication stress response kinase,
ATR, through direct interaction with its regulatory partner ATRIP404. Full activation of ATR
then depends on independent recruitment of an ATR activating protein. There are currently two
known ATR activators: TOPBP1405, which is recruited to ssDNA-dsDNA junctions in
conjunction with the replication stress response clamp, 9-1-1 (Rad9-Rad1-Hus1)406,407, and
ETAA1 which interacts directly with RPA408-410.
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ATR phosphorylates many targets; some are well-understood while many more remain
obscure244. One of the key downstream substrates of ATR is the checkpoint kinase Chk1411-413.
Chk1 has multiple targets that it phosphorylates in order to activate the DNA damage checkpoint
response, which immediately halts the cell cycle and slows DNA replication while the cell
determines the appropriate response. Chk1 is an essential gene in mammals413,414 and in the
absence of the checkpoint response, cells display a catastrophic failure to handle replication
stress as replication forks are processed into DSBs415,416. The major function of Chk1 is to
inactivate various cyclin-dependent kinase (CDK) complexes through inactivation of the Cdc25
family of phosphatases417. By inhibiting the S phase CDK2-cyclin E complex, Chk1 prevents the
firing of new origins of replication418, and by inhibiting the mitotic CDK1-cyclin B, Chk1
prevents entry into mitosis during replication stress419.
The inhibition of new origin firing is surprisingly important for the protection of active
forks during replication stress, as inhibition of origin firing through CDK2 or Cdc7 inhibition
largely compensates for Chk1 loss418. One suggestion is that by firing too many origins, the cell
exhausts its limited supply of RPA leading to replication catastrophe420. One can also imagine
that under situations of replication stress, newly fired forks are likely to run into the same
impediments as previously fired forks; hence in addition to RPA, many DNA repair factors may
be in short supply once the number of stalled forks reaches a critical volume. Interestingly, work
using budding yeast proteins has shown that Rad53, the functional orthologue of mammalian
Chk1 can directly inhibit CMG progression in vitro421. Whether this function is conserved in
higher eukaryotes and whether it plays a significant role in the replication stress response
remains to be seen.
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Chapter 1.3.2: DNA damage tolerance
Chapter 1.3.2.1: Overview of DNA damage tolerance pathways
While the checkpoint response mediated by Chk1 protects the cell from certain
catastrophe owing to the exhaustion of replication and repair proteins, specialized mechanisms
are required to replicate the troublesome section and subsequently resume normal replication.
These processes, which allow a cell to replicate its DNA in the presence of damage, are known
as DNA damage tolerance (DDT) pathways. Similar to the case at DSBs, the cell has several
pathways at its disposal which have their own advantages and disadvantages. Unlike the DSB
response, where there is a single decision point largely controlled by DNA end resection, there
are at least two decision points in the DDT and neither is well-understood.
One decision is about which pathway to use to replicate past the lesion. The options
include HR-related mechanisms where the opposing nascent strand (which is identical to the
template strand) is used to template replication of a short stretch and translesion synthesis (TLS)
where specialized polymerases are employed to catalyze synthesis from the damaged template.
The other decision is temporal: whether to halt the replication fork until the lesion can be
bypassed or to simply skip over the lesion and worry about it later (Figure 1.8).
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Figure 1.8: Overview of DNA damage tolerance pathways. Cells possess several pathways to
handle DNA replication blockages. There are two major decision points: the decision between
mutagenic TLS (left) and slower, but higher-fidelity fork reversal (right), and the decision
between bypassing the damage immediately or bypassing the damage and handling it later
(repriming, center).

Chapter 1.3.2.2: Template switching and replication fork reversal
As discussed in the previous section, HR is most often thought of in the context of DSB
repair, but it has the potential to be useful in any situation where copying information from a
sister chromatid is useful. A prime example of such a situation is during replication stalling
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where the normal template is blocked. As a bonus, the sister chromatid will always be located
nearby during DNA replication, simplifying the homology search process. Indeed, budding yeast
are able to use canonical, Rad51-mediated, HR to bypass lesions in an error-free manner.
Additionally, they can also use an HR-independent pathway to copy off of the sister chromatid,
known as template switching (TS), which is dependent on Rad5422,423.
A leading hypothesis is that Rad5 catalyzes the reversal of the blocked replication fork by
reannealing the parental duplex and annealing the nascent strands to each other, generating a
four-way structure423. First hypothesized nearly 50 years ago, a reversed replication fork is a
versatile structure, allowing for DNA repair ahead of the fork in the context of a safe duplex and
error-free bypass of the damage using the complementary nascent strand as a template424 (Figure
1.8). Recently, pioneering electron microscopy studies have revealed a remarkably high
frequency of replication fork reversal in response to a wide variety of replication blockages in
human cells16,425, indicating that fork reversal may be an important and highly conserved
process.
Unlike in yeast, however, HR and fork reversal appear to be intimately connected in
higher eukaryotes, as Rad51 is required for fork reversal16. Indeed, Rad51 is normally present at
replication forks in the absence of DSBs and plays an essential role in maintaining normal fork
progression426. The precise Rad51 activities required, however, are not the same - as evidenced
by some very informative separation of function mutants. First are two mutations in the ATPase
domain of Rad51 which were discovered as causative of a novel subtype of Fanconi Anemia
(FANC-R)427,428. These mutations show hyperactive ATPase activity, destabilizing the Rad51
filament. The result of this is a defect in stalled fork repair, with relatively normal capacity to
repair DSBs through HR. Conversely, a point mutant in Rad51 Site II, which is required for
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homology search and strand invasion, but not presynaptic filament formation appears proficient
for fork reversal429. An important caveat of this finding is that reversed forks in Rad51 Site II
mutants have not been unambiguously confirmed through EM, rather indirectly assessed by
monitoring fork degradation after prolonged replication stalling, which is thought to depend on
fork reversal. Importantly, this mutant also failed to promote effective restart of replication forks
after stalling, suggesting that Rad51 plays temporally distinct roles: First in promoting fork
reversal which depends on its tight, stable DNA binding and then in fork restart which requires
Site II DNA binding and possibly strand invasion.
Several enzymes other than Rad51 have clear roles in fork reversal in higher eukaryotes;
Rad5 has two human orthologues: HLTF and SHPRH430-433 and of these, HLTF has been shown
to promote fork reversal434,435. Numerous other ATPases have also been implicated in fork
reversal, but SMARCAL1436,437 and ZRANB3438,439 in particular have a large body of evidence
supporting this function. Mechanistically, these ATPases have dsDNA translocase activity and
are thought to directly remodel the stalled replication fork into a reversed fork structure, an
activity which they display in vitro. Lastly, the MMS22L-TONSL heterodimer has been shown
to promote fork reversal440, likely by promoting RAD51 loading at stalled forks through a
mechanism that is still not fully understood441-444. How these different factors interact and
cooperate at stalled forks is still poorly understood.
Chapter 1.3.2.3: Translesion DNA synthesis
The replicative DNA polymerases, δ and ε, are highly accurate, in large part due to the
precise geometries of their active sites and proofreading exonuclease activities445-447. A
consequence of this high accuracy is the inability of these polymerases to accommodate even
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minor structural anomalies in the template DNA strand as in the case of damaged DNA bases448450

. There are, however, specialized translesion (TLS) DNA polymerases which can

accommodate such anomalies. With the exception of Pol η which is highly specialized to bypass
the ubiquitous thymine dimers induced by UV exposure in an error-free manner448,451-454, TLS is
far more mutagenic than normal replication455-457. In particular, DNA polymerase ζ consisting of
REV3 and REV7, in conjunction with REV1, is responsible for the majority of spontaneous and
damage-induced mutations during DNA replication458-465.
Chapter 1.3.2.4: Pathway choice between fork template switching and TLS
The control of both TLS and template switching has long been associated with PCNA
and its ubiquitylation on a highly conserved lysine residue by Rad6-Rad18466. While
monoubiquitylation is thought to promote TLS467-469, polyubiquitylation mediated by the
ubiquitin ligase activity of Rad5 in yeast promotes template switching422,466. More recent work,
however, has suggested that particularly in higher eukaryotes, PCNA ubiquitination is not
required for TLS470-475. Studies in DT40 chicken cells have suggested a temporal separation of
function where PCNA ubiquitylation is required for post-replicative gap-filling, whereas coreplicative TLS is promoted by the REV7-interacting partner, REV1, independently of PCNAUb476,477. Surprising new research using in vitro reconstituted yeast replisomes has shown that
TLS can not only occur without PCNA ubiquitination but can occur without any accessory
factors aside from the core replisome478. In this system, the only factor preventing TLS from
carrying out synthesis at the replisome is Polδ, which protects the stalled primer-template
junction on both leading and lagging strands. This finding has led to the proposal that the major
function of PCNA ubiquitylation is to aid in the displacement of Polδ by TLS polymerases,
which often have ubiquitin-binding motifs.
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In a genuine physiological setting, however, TLS polymerases compete not only with
Polδ, but with other factors that seek to act on stalled replication forks. The isolation of Proteins
On Nascent DNA (iPOND) technique has provided novel insight into the protein response to
DNA replication stalling479. In addition to the expected DDR factors such as ATR, ATRIP and
TOPBP1; SMARCAL1 and MMS22L-TONSL are rapid responders, irrespective of whether
ATR signaling is inhibited480,481. Interestingly, TLS polymerases are not detected in this
scenario. It is important to note that the majority of iPOND studies induce replication stress
using hydroxyurea (HU), which induces replication stalling by depleting nucleotide pools. TLS
is not expected to be useful in this scenario as there is no lesion to bypass; however, it is not
known whether the cell has any mechanism to distinguish replication stalling and uncoupling
caused by a lesion vs. nucleotide depletion. Perhaps the lesion itself contributes to the
destabilization of Polδ, whereas Polδ remains tightly bound under conditions of nucleotide
depletion.
Conceivably, PCNA ubiquitination could also play a role in determining which repair
factors have access to the stalled replication fork. This model is confounded, however, by the
fact that PCNA ubiquitylation also does not appear to be lesion dependent. Rad6-Rad18 is
thought to interact directly with RPA at uncoupled replication forks482, leading to PCNA
ubiquitylation regardless of what caused the uncoupling483-485. Another possibility is that the
kinetics of PCNA ubiquitylation and polymerase switching may be slightly slower than
SMARCAL1 and MMS22L recruitment as there are more steps involved and hence, fork
reversal may tend to occur more rapidly, meaning that TLS would usually occur only if fork
reversal were inhibited or reversed. A final possibility is that Rad18 and SMARCAL1 may
compete for the same substrate, RPA-bound ssDNA, and so the local concentration of each
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factor may determine which pathway is used. Indeed, Rad18 has been observed to accumulate at
independent of replication suggesting that certain genomic sites could be primed for TLS486.
As mentioned above, while mono-ubiquitination of PCNA is a clear signal for TLS,
polyubiquitylation instead promotes replication fork reversal. Indeed, replacement of PCNA with
mutants defective for ubiquitylation or replacement of ubiquitin with mutants that cannot form
chains severely impairs fork reversal487. This was proposed to be due to the translocase activity
of ZRANB3, which interacts with polyubiquitinated PCNA438 Interestingly, while either
SMARCAL1 or ZRANB3 can promote fork reversal in vitro, they are apparently both required
in order to observe fork reversal in a physiological context439. Although the details of how these
factors cooperate is a complete unknown, this finding implies that PCNA polyubiquitination,
likely by HLTF, is required for bona fide fork reversal. Hence, if this model of cooperation
between SMARCAL1 and ZRANB3 is correct, HLTF-mediated polyubiquitination of PCNA is
expected to play the decisive role in promoting fork reversal over TLS. Some support for this
idea can be found in recent results showing that mutation of the conserved HIRAN domain in
HLTF causes an increase in TLS435.
Chapter 1.3.2.5: The temporal decision and leading strand repriming
Aside from the choice of whether to use high fidelity TS or low fidelity TLS, there is also
the option to delay repair and leave a ssDNA gap in the daughter chromosome. Indeed, it has
long been known that organisms across all domains of life leave gaps in nascent DNA under
conditions of stress488-493. The gaps can be repaired later by mechanisms similar to those used at
the replication fork: either TLS or template switching to the nascent sister. It is trivial to
understand how such gaps can be left behind on the lagging strand, where DNA synthesis is
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inherently discontinuous; but to leave a gap on the leading strand would require a mechanism to
re-prime DNA synthesis. It is therefore reasonable to propose that the temporal decision may
depend on which strand the damage occurs on. Although a strand bias in co-replicative vs. postreplicative repair has not been formally tested, this bias alone cannot explain results that artificial
restriction of TLS factors to G2 phase allows for normal completion of DNA replication494,495 suggesting that post-replicative repair can handle both leading and lagging strand lesions.
Furthermore, electron microscopy analysis has demonstrated the presence of UV-induced gaps
on both leading and lagging strands496.
The identification of human PRIMPOL in recent years has finally provided a mechanistic
basis for how the leading strand can re-prime synthesis downstream of DNA damage497-499.
Indeed, PRIMPOL-deficient cells are sensitive to a wide array of fork-stalling agents.
Intriguingly, PRIMPOL may play a decisive role in the temporal pathway choice at replication
forks, as cells which overexpress PRIMPOL are not only more resistant to cisplatin, but also
show an increased frequency of repriming and decreased fork reversal500. PRIMPOL and fork
reversal factors clearly compete for the same stalled replication fork substrate. In fact,
SMARCAL1 and PRIMPOL both interact directly with the ssDNA-binding complex, RPA501-503.
Further supporting the notion of direct competition between fork reversal and PRIMPOL
mediated repriming are data showing that loss of Rad51, SMARCAL1 or HLTF leads to an
increase in PRIMPOL-mediated repriming435,500.
A simple model to explain these results is that PRIMPOL and fork remodeling factors
compete for the same substrate, likely a stretch of RPA-coated ssDNA at a three-way replication
fork junction. The more abundant protein “wins” more often and processes the stalled fork into
its preferred structure; either a reversed fork or an active replication fork, which are not preferred
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substrates for either pathway leading to the dissociation of both classes of enzymes and
subsequent processing by downstream factors. This raises the interesting question of how the
relative levels of these proteins are controlled. One recent study has shown a regulated increase
in PRIMPOL expression following repeated low-dose cisplatin treatment, dependent on the
replication stress responsive kinase, ATR500. This important result suggests that increased
repriming is an adaptive response to chronic replication stress and may have important clinical
implications in cancer biology.
Chapter 1.4: The Role of REV7 in DSB repair and the DDT
REV7 is a highly conserved protein, first identified in Saccharomyces cerevisiae as a
gene promoting ultraviolet (UV)-induced mutagenesis504. Further research identified budding
yeast REV7 as the small subunit of the DNA Polymerase ζ translesion synthesis (TLS) complex
along with the large catalytic subunit, REV3449,505. The human orthologue of REV7 was
identified shortly thereafter through a yeast two-hybrid screen for interactors of the human REV3
protein506. Curiously, while human REV7 showed roughly 53% sequence similarity with yeast
REV7, it showed equivalent similarity with another human protein, the spindle assembly
checkpoint (SAC) factor, MAD2506. In parallel to the discovery of the human REV7 gene,
researchers working on the SAC identified the same gene as MAD2B based on sequence
similarity with MAD2507.
Chapter 1.4.1: REV7 is a member of the HORMA family
The HORMA family of proteins was named for its three founding members: HOp1, a
meiotic chromosome axis factor, REV7 and MAd2. Although first identified on the basis of
primary sequence similarity in yeast508, their similarity in tertiary structure is far more striking50953
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and is widely conserved across eukaryotes (Figure 1.9A). Along with these founding

members, recent studies have identified the SAC inhibitor p31comet 512 and the autophagy
proteins, Atg13/Atg101513,514 as HORMA family members. Intriguingly, a very recent study
identified HORMA proteins as peptide recognition modules mediating bacteriophage immunity
in bacteria515, suggesting an even deeper evolutionary history of HORMA proteins than
previously thought.
While HORMA proteins have widely disparate cellular functions, they appear to have
highly conserved protein-protein interaction modules and regulatory mechanisms. A key
characteristic of HORMA proteins is a C-terminal region known as the seatbelt, due to its unique
ability to latch onto binding partners516. Although not all HORMA proteins have active seatbelts,
notably p31comet, Atg13 and Atg101 whose seatbelts are locked in static “open” or “closed”
states512,514, a dynamic seatbelt that can latch and unlatch is a common feature among many
HORMA proteins515,517-519.
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Figure 1.9: REV7 is a HORMA protein and is regulated through stable structural
rearrangement. (A) Structures of REV7 and MAD2 in their closed, active forms (PDB ID:
5XPT and 4AEZ, respectively). REV7 and MAD2 show high structural similarity and bind to
their cognate seatbelt binding partners via an identical mechanism. Small seatbelt-binding
fragments of CAMP and CDC20 (Purple) are depicted in these representative structures. All
known HORMA seatbelt binding partners associate though the same mechanism. (B) The
“templating” model for HORMA protein activation: HORMA protein activation proceeds
through a chain reaction mechanism, beginning when the first HORMA molecules are closed
through their interaction with a dedicated activation partner. HORMA proteins can also be closed
through dimerization with an already closed protein, hence the signal can be rapidly propagated
by a small number of activators. The reverse reaction is well-understood and proceeds through
ATP-dependent remodeling of HORMA proteins from closed to open via the TRIP13 ATPase
and the p31 adaptor subunit.

REV7 is unique among HORMA proteins, both in the number of distinct seatbelt-binding
partners and in its involvement in multiple distinct pathways. The REV7 seatbelt has been
definitively shown to bind to the Polζ component, REV3510,520 and to the poorly understood
mitotic factor, CAMP521,522. Some studies have also suggested a seatbelt-dependent interaction
between REV7 and the Cdc20-related APC factor, Cdh1523-525, although recent results suggest
that this interaction is seatbelt-independent526.
Unlike other HORMA proteins, however, the open form of REV7 has never been
observed and the factors controlling the conformational dynamics of REV7 in cells are entirely
unknown. Certain hints about the REV7’s regulation can be gleaned from studies on MAD2,
whose regulation is better understood. Although open Mad2 (O-Mad2) slowly converts to closed
(C-Mad2) over time in vitro517, its activity in vivo is entirely dependent on activation by
Mad1527,528. Mad1, which associates stably with unattached kinetochores, is thought to seed a
chain reaction of Mad2 closing, which is propagated by dimerization of C-Mad2 with O-Mad2,
which promotes the closing of O-Mad2529-532. REV7 also homodimerizes in a manner analogous
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with Mad2533,534. Hence, although a similar templating mechanism for REV7 activation is
certainly possible, there is still no concrete evidence to support this model.
The inactivation of HORMA proteins is similarly important to understanding their
function. Given the extremely high stability of closed HORMA complexes, an active process is
thought to be required to open the HORMA domain and release the binding partner. In the case
of MAD2, the AAA+ ATPase TRIP13 opens MAD2 in conjunction with the adapter protein p31
and is required for the proper function of the SAC535,536. One of the major discoveries of this
work is that TRIP13 and p31 also act on REV7, and in doing so, play an essential role in
controlling DNA repair pathway choice at DSBs and stalled replication forks.
Chapter 1.4.2: REV7 in TLS
REV7 interacts with REV3, the large catalytic subunit of Polζ at two distinct seatbeltbinding motifs (SBMs)520,537, an interaction that is dependent on REV7 adopting the closed
conformation519 (Figure 1.10). The primary function of REV7 appears to be in mediating the
interaction between Polζ and REV1, although recent structural work has demonstrated potential
interactions between REV7 and Pol32 (POLD3 in mammals), a regulatory subunit that is shared
between Polζ and the replicative polymerase δ537, the functional implications of which have yet
to be explored. By linking REV3 to REV1, REV7 acts as a critical lynchpin between the REV1
recruitment module and REV3’s catalytic activity.
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Figure 1.10: Structure of REV7 in Polymerase ζ. Cryo-electron microscopy structure of the S.
cerevisiae DNA Polymerase ζ holoenzyme, consisting of REV3, Pol31, Pol32 and two REV7
molecules (PDB ID: 6V93). REV7 homodimerizes in a head-to-tail manner, forming closed
seatbelt-dependent interactions with two SBMs in REV3. One molecule of REV7 makes
apparent contract with the Pol32 subunit (POLD3 in mammals).

Polζ is unique among TLS polymerases in not interacting directly with PCNA-Ub.
Instead, REV1 is thought to interact directly with PCNA and ubiquitin via its BRCT motifs and
ubiquitin-binding motifs (UBMs)538,539, hence recruiting Polζ indirectly through REV7. The
requirement for PCNA, and especially its ubiquitination, in recruiting Polζ is still heavily
debated, as several studies have suggested that TLS can occur in the absence of PCNA-Ub470-477.
Indeed, REV1 BRCT mutants, which cannot interact with PCNA still localize to sites of DNA
damage and partially restore tolerance to DNA damage538, consistent with some ability to recruit
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Polζ and carry out TLS. One alternative pathway of Polζ recruitment, at least in mammals, is
through the Fanconi Anemia (FA) core complex20,540,541, via a direct interaction between REV1
and the FANCA-binding partner FAAP20542. Whether this allows for PCNA- or PCNA-Ubindependent TLS is an unexplored question, but it is a prime candidate for this mysterious
activity.
Chapter 1.4.3 REV7 in DSB Repair
The involvement of REV7 in DSB repair was uncovered due to the striking finding that
its loss conferred strong PARP inhibitor resistance to BRCA1-deficient cancer cells363 and
suppressed telomere fusions in shelterin-deficient cells364. Given that REV7 consists entirely of a
HORMA domain and that its HORMA functionality plays a clear role in the Polζ complex, it is
highly likely that the REV7 HORMA domain is also involved in DSB repair. Furthermore, given
REV7’s lack of inherent functionality, aside from mediating protein-protein interactions, it is
very likely that there are other factors cooperating with REV7 in controlling end resection.
Elucidating these factors and the manner in which they coordinate with the HORMA
functionality of REV7 is a major focus of the work presented in the following chapters.
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Chapter 2

Identification of REV7 as a Fanconi gene and characterization of REV7 function in ICL
repair

Chapter 2.1: Introduction
Fanconi Anemia (FA) is a debilitating genetic disorder characterized by developmental
defects, shortened life-span and high cancer incidence543. To date, there are 22 genes whose
mutation is known to cause FA and new genes continue to be discovered544. FA genes cover a
wide array of DNA repair-related functions, including replication fork stabilization, homologous
recombination (HR), nucleotide excision repair (NER) and translesion synthesis (TLS). The one
common feature among all FA genes is their involvement in the repair of DNA interstrand
crosslinks (ICL), a particularly perilous form of DNA damage which requires the coordination of
many DNA repair pathways545.
In this work, we characterize the role of REV7 in the FA pathway following the
discovery of a novel mutation in the REV7 from an FA patient in France546. I furthermore
generated several mutations in various known and predicted functional domains of REV7 in
order to evaluate their contribution to the function of REV7 in the FA pathway.
Chapter 2.2: Results
Chapter 2.2.1: Loss of REV7 recapitulates the Fanconi Anemia phenotype in cells
A novel mutation in the REV7 gene (C354T>A) producing the missense mutation V85E
in the highly conserved hydrophobic interior of the REV7 protein was identified in a young FA
patient. Given the lack of mutation in any known FA genes in this patient and the known
involvement of REV7 in DNA repair, we highly suspected that this mutation was causative of a
novel FA-subtype546. To further establish the role of REV7 in the FA pathway, we generated
specific siRNAs to REV7 and knocked it down in the HEK293T cell line. We then subjected
these cells to Mitomycin C treatment and examined metaphase spreads for chromosome breaks
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and radials, a standard diagnostic test for FA. Indeed, we observed an induction of chromosome
breaks and radials specifically upon REV7 loss (Figure 2.1).

Figure 2.1: Loss of REV7 produces a FA-like phenotype in HEK293T cells. (Top):
Representative images of metaphase chromosome spreads from HEK293T cells treated with
either with a non-targeting siRNA (siCtrl, left) or a REV7-specific siRNA (siREV7-3, right) and
20 ng/mL of MMC. Chromosomal abnormalities, including breaks and radials are indicated by
arrows. (Bottom): Western blot showing significant reduction of endogenous REV7 protein
levels following addition of several siRNAs targeting REV7 as compared to siCtrl.

To further rule out nonspecific effects of our siRNAs, as well as eliminate any effects of
residual REV7 protein, we generated genetic knockouts of the REV7 gene in the U2OS cell line
using CRISPR-Cas9-mediated gene editing. Consistent with our expectations, genetic ablation of
REV7 also recapitulated the characteristic MMC-induced chromosome abnormalities observed
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in FA cells. Importantly, exogenous expression of REV7 through retroviral transduction largely
restored a wild-type phenotype to these cells, confirming the specific role for REV7 in mediating
a productive cellular response to MMC treatment (Figure 2.2A,B).

Figure 2.2: Knockout of REV7 recapitulates the FA phenotype. (A) REV7-/- U2OS show high
levels of MMC-induced chromosomal aberrations (top) and radials (bottom). Re-expression of
wild-type (WT) REV7 cDNA reduces aberrations and radials. (B) Western blot showing
complete ablation of REV7 protein in REV7-/- cells and near-endogenous levels of protein
following re-expression. (C) Western blot showing ubiquitylation of the FANCD2 protein
following MMS treatment in both wild-type (WT) and REV7-/- U2OS cells.

FANCD2 is a central player coordinating the downstream steps of the FA pathway and its
ubiquitylation by the FA core-complex is essential to fully activate the pathway. Loss of any FAcore complex subunit completely eliminated FANCD2 ubiquitylation; hence assessing FANCD2
ubiquitylation is a useful assay to determine at what step in the pathway a putative FA player
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acts. We observed robust ubiquitylation of FANCD2 in response to MMC in both wild-type and
REV7-/- U2OS cells, suggesting that REV7 acts downstream of FANCD2 in the FA pathway
(Figure 2.2C). This is consistent with a role for REV7 in TLS, which is thought to be one of the
last steps in ICL repair. Although FANCD2 ubiquitylation still occurs in REV7-/- cells, the
relative intensity of the ubiquitylated band is clearly diminished in REV7-/- cells. This may be a
result of cell cycle differences induced by REV7 loss or a subtle role for REV7 in promoting
FANCD2 ubiquitylation.
Aside from MMC-induced chromosome aberrations, a defect in the FA pathway leads to
several other characteristic responses to MMC treatment; in particular, a pronounced S/G2-phase
cell cycle arrest and increased cell death in response to MMC. Indeed, REV7-/- U2OS cells show
striking sensitivity to MMC treatment and a strong cell cycle arrest, both of which are restored
by re-expression of wild-type REV7 (Figure 2.3). Taken together, these data strongly suggest
that loss of REV7 function causes a phenotype indistinguishable from FA at the cellular level
and is very likely to be causative for FA in the patient of interest.

Figure 2.3: REV7-/- U2OS cells are highly sensitive to MMC treatment. (Left): REV7-/- cells
show an increase in the S/G2 population at baseline conditions which is strongly enhanced by
MMC treatment as compared to the same cells, complemented with wild-type (WT) cDNA.
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(Right): Graph showing clonogenic survival of REV7-/- cells and the same cells complemented
with wild-type (WT) REV7 cDNA following treatment with various doses of MMC.

Chapter 2.2.2: Investigating REV7 function in the FA pathway via structure-function analysis
REV7 is a small protein and a founding member of the HORMA family of proteins. Like
other HORMA proteins, REV7 has a dynamic C-terminal seatbelt, and a potential
homodimerization interface, which are entirely unstudied. Furthermore, the interactions between
REV7 and its TLS partners REV1 and REV3 are well-understood and depend on conserved
residues in REV7. To better understand the function of REV7 in the FA pathway, we generated a
series of mutations, including previously characterized mutations affecting the REV1 and REV3
interactions, novel mutations truncating the C-terminal seatbelt or mutating the putative
dimerization interface and the FA patient-derived V85E mutation (Figure 2.4).

Figure 2.4: Summary of REV7 mutations used in this study.
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One of the unifying features of the many FA proteins is that they are all required for
cellular resistance to DNA interstrand crosslinks. We therefore decided to use sensitivity to
MMC as the primary readout of FA pathway function when evaluating functional REV7
mutants. As expected mutations in REV7 functional domains produced varying responses to
MMC (Figure 2.5A). Notably, the FA patient-derived V85E mutation showed a level of MMC
sensitivity comparable to the REV7-/- cells, explaining the severity of the patient’s disease. The
REV3-binding mutant (3BM) also showed MMC sensitivity comparable to the knockout,
attesting to the importance of those residues in mediating the critical REV7-REV3 interaction.

66

Figure 2.5: REV7 mutations cause varying levels of sensitivity to ICL-inducing agents. (A)
Combined survival plot showing the relative sensitivities of REV7-/- cells complemented with
various function mutants to MMC. (B) (top) Western blot showing the expression levels of
endogenous REV7 protein and reconstituted wild-type and ΔC proteins. (bottom) Clonogenic
survival plot showing the sensitivity of REV7-/- cells expressing empty vector (EV), wild-type
REV7 (WT) or REV7ΔC (ΔC) to MMC.
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Interestingly, the purported REV1-binding mutant (1BM) and the C70R mutation,
proposed to inhibit the REV3 interaction functioned similarly to wild-type REV7 in this assay,
suggesting that these residues may not be as critical for these interactions as previously
supposed. The K129A mutant, likely required for REV7 homodimerization, also acted similarly
to wild-type REV7, suggesting that REV7 homodimerization is not required for its Polζ function
in promoting MMC resistance.
One of the most striking findings from this mutational analysis is the extreme sensitivity
of the REV7ΔC mutant to MMC, far exceeding the sensitivity of the REV7-/- cells (Figure 2.5B).
Such a result is unexpected as it suggests that the REV7ΔC mutant is exerting an active effect,
somehow lowering the cell’s capacity to handle MMC-induced damage beyond the mere loss of
REV7. This is even more striking given that the level of REV7ΔC achieved in this experiment is
not particularly high (Figure 2.5B), not even reaching the level of normal, endogenous REV7.
One possibility is that this mutant, which is expected to still be proficient for REV1 binding, may
somehow impair REV1 function in addition to Polζ function.
Chapter 2.2.3: Investigating the role of REV7 in replication fork stability
In addition to removing and bypassing an ICL, many FA proteins also play a role in
stabilizing stalled replication forks. Stalled replication forks can be degraded through a
somewhat unclear mechanism involving MRE11, which impairs the cell’s capacity to tolerate
replication blockages and resume normal replication. Given the recently uncovered role of REV7
in preventing DNA end processing, we decided to investigate whether REV7 similarly prevents
MRE11-dependent processing at stalled replication forks which may contribute to FA-pathway
function independently of Polζ.
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Figure 2.6: REV7 does not promote replication fork stability upon stalling. (A) Schematic of
the DNA fiber approach employed in this experiment. Cells were pulse-labeled with CldU
(green) for 30 minutes, followed by a 30-minute pulse with IdU (red). The labels were then
washed out and cells were incubated with HU for 4 hours to induce replication stalling. (B) Dot
plot showing green (CldU) and red (IdU) fiber lengths in wild-type (WT) and KO (REV7-/-)
U2OS cells. (C) Histogram showing the distribution of fork degradation lengths (CldU length –
IdU length) of individual forks.

For this we utilized DNA combing to assess the stability of individual replication forks
from cells. We first labeled dividing cells with the nucleotide analog CldU, followed by IdU
such that we could determine the direction of fork progression at each fork. We then treated
labeled cells with the fork stalling agent hydroxyurea (HU) for 4 hours to induce fork
degradation (Figure 2.6A). We then spread DNA on specialized coverslips and visualize labeled
replication tracts using immunofluorescence. We observed that REV7-/- cells showed a very
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similar replication fork profile to wild-type cells, both in terms of the absolute lengths of CldU
and IdU tracts (Figure 2.6B) and in rates of fork degradation at individual forks (Figure 2.6C).
These data indicate that REV7 neither affects the rate of replication fork progression under
normal conditions nor appreciably protects stalled forks from nucleolytic degradation. As such,
the function of REV7 in the FA pathway is likely limited to TLS.
Chapter 2.3: Discussion
The FA pathway is made up of an ever-broadening array of DNA repair proteins. Here,
we demonstrate that REV7 is a bona fide FA gene and that it participates in this process through
its interaction with REV3 as part of the Polζ complex. Indeed, the standard model of FApathway function in response to ICLs requires a TLS-dependent step in one sister chromatid to
bypass an unhooked ICL. Thus, TLS genes have long been anticipated and this work provides
the first clinical example.
We further showed that, as expected, the REV3-binding domain of REV7 is essential for
its function in the FA pathway. Through further mutational analysis, we found that expression of
the REV7ΔC mutant, which we predict will abrogate its capacity to adopt the closed
conformation, increased the sensitivity of REV7-/- cells to MMC. This unexpected result not only
demonstrates the requirement for C-REV7 for TLS and FA pathway function, but that O-REV7
may further inhibit ICL repair. This may be mediated through its interaction with REV1, or
alternatively, through a function that is independent of TLS altogether. Further research will be
required to delineate these possibilities.
Chapter 2.4: Materials and Methods.
siRNAs knockdowns
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siRNA knockdowns of REV7 were carried out using Lipofectamine RNAi-max from Invitrogen.
siRNAs target sequences used in this study were: REV7-1: GTGGAAGAGCGCGCTCATAAA,
REV7-2: CCCGTGGGCATCTTCCAGAAA, REV7-3: AAGATGCAGCTTTACGTGGAA,
REV7-4: CACCCGGAGCTGAATCAGTAT. Custom siRNAs were ordered from Qiagen.
Metaphase spreads
Cells were transfected twice with the indicated siRNAs or once with the indicated expression
constructs and incubated for 48 hours with or without the indicated doses of MMC. Cells were
treated for 2 hours with 100 ng/ml of colcemid, followed by a hypotonic solution (0.075 M KCl)
for 20 min and fixed with 3:1 methanol/acetic acid. Slides were stained with Wright’s stain and
50 metaphase spreads were scored for aberrations. The relative number of chromosomal breaks
and radials was calculated relative to control cells or empty vector control as indicated in the
figure legends.
CRISPR-Cas9 knockout cell line generation
Cas9 sgRNAs were designed to target the coding region of REV7 near the N-terminus of the
protein to increase the chances of producing a complete knockout. The sgRNA target sequence
used the generate the REV7-/- cell line used in this study was GAGGTCTTGTCGTGTGAGCG.
Oligos encoding this sequence were ordered from Eurofins genomics and cloned into the Cas92A-GFP vector (Addgene #48138, a gift from Feng Zhang). Cells were transiently transfected
with the Cas9 plasmid, after 48 hours GFP+ cells were isolated through FACS and seeded as
single cells in 96-well plates. Colonies that had grown from single cells were then screened for
clonal REV7 knockout through western blotting.
Protein isolation and western blotting
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Cells were lysed in buffer containing 50 mM Tris-HCl pH 7.5, 0.1% NP40 and 150 mM NaCl,
insoluble cellular debris was removed through centrifugation. Lysates were mixed with LDS
loading dye (Invitrogen) and run on Bis-Tris 4-12% gradient polyacrylamide gels, or 3-8% TrisAcetate gels for FANCD2 ubiquitylation analyses (both from Invitrogen). Separated proteins
were transferred to nitrocellulose membranes and probed with appropriate primary and
secondary antibodies. Antibodies used in this study were: Abcam ab180579 (REV7, 1:1000
dilution), Abcam ab128171 (TRIP13, 1:1000 dilution), Cell Signaling 2144 (Tubulin, 1:5000
dilution), Santa Cruz sc-20022 (FANCD2, 1:1000 dilution).
Cell cycle analysis
Cells were collected in unperturbed condition or after MMC treatment and fixed in cold 70%
ethanol. Cells were then incubated in a mixture of RNase and propidium iodide to stain DNA
(Thermo Fisher) for 30 minutes. Cells were then analyzed for DNA content by flow cytometry
and cell cycle histograms were generated using FlowJo software.
Clonogenic survival assays
Cells were plated in 6-well plates at a density of 1000 cells per well and allowed to settle for 24
hours. The cells were then treated with the appropriate concentration of drug and allowed to
grow for 14 days. Cells were then fixed in 5:1 methanol:acetic acid and stained using 0.1%
crystal violet in 50% methanol. Colonies were counted and data was analyzed using GraphPad
Prism.
DNA fiber assays
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Dividing cells were incubated with 25 μM CldU for 30 minutes, washed 3x with PBS to remove
the label and incubated for a subsequent 30 minutes with 250 μM IdU. Cells were again washed
3x with PBS and released into 4 μM hydroxyurea for 4 hours. Cells were lysed in buffer
consisting of 200 mM Tris pH 8.0, 50 mM EDTA and 0.5% SDS. 5 μL of cell lysate was placed
on a Superfrost Plus Slide (Fisher) and spread by gravity by putting the slide on an incline (~30°
from horizontal). Slides were allowed to dry for at least 1 hour. Slides were then fixed and DNA
denatured by incubation with 2.5 M HCl for 2 hours. Slides were washed 3x with water and 3x
with PBS. Slides were then blocked for 1 hour in 1% BSA in PBS. Slides were incubated with
primary antibodies (Rat αCldU, 1:250, Abcam ab6326; Mouse αIdU, 1:100, BD Biosciences
347580) for 1 hour. Slides were washed 3x in PBS and incubated for 1 hour in secondary
antibodies (1:500, Alexa-tagged αMouse and αRat, Thermo Fisher). Slides were washed again
3x with PBS and mounted using Vectashield mounting medium. DNA fibers were visualized
using fluorescence microscopy and pictures were analyzed using ImageJ. At least 100 fibers
were scored per experimental condition. Graphpad Prism was used for statistical analysis.
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Chapter 3
Characterization of novel REV7 binding partners in DSB repair

Chapter 3.1: Introduction
PARP inhibitors are a recently approved drug class for treating cancers deficient in the
homologous recombination (HR) DNA repair pathway, due to deficiencies in the BRCA1 or
BRCA2 tumor suppressors195. Unlike conventional chemotherapeutics, PARP inhibitors are
highly specific for killing of HR-deficient cancer cells, causing minimal side effects.
Unfortunately, therapeutic resistance, both pre-existing and acquired through restoration of the
HR pathway is a common occurrence, ultimately leading to poor patient survival.
HR is one of the major pathways acting on DNA double strand breaks (DSBs) in human
cells, along with a competing pathway known as non-homologous end joining (NHEJ)10.
Proteins which shield DSB ends from nuclease-mediated processing, notably the Ku complex,
53BP1320,321 and Rif1347,348, favor direct end ligating by NHEJ. On the other hand, HR requires
end processing to generate long single stranded DNA segments which carry out downstream
repair. The HR defect in BRCA1-deficient cells specifically is caused in large part by a failure to
overcome the block to end resection imposed by 53BP1, Rif1 and associated proteins. As such,
loss of proteins in this anti-resection pathway can largely restore HR in BRCA1-deficient cells,
leading to PARP inhibitor resistance.
REV7, a protein widely known for its function in TLS, has recently been identified as a
novel player downstream of Rif1 in blocking DNA end resection and promoting PARP inhibitor
sensitivity in BRCA1-deficient cells363,364. The mechanism through which REV7 carries out this
novel function is entirely unknown; however, it has been found to be independent of known
REV7 binding partners, REV1 and REV3. To gain mechanistic insight into the role of REV7 in
end resection, I used an unbiased proteomics approach to identify REV7 binding partners. Here,
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I present the discovery of a new REV7-binding partner, FAM35A (later named SHLD2) and my
characterization of this new protein.
Chapter 3.2: Results
Chapter 3.2.1: Identification of novel REV7 binding partners
To identify novel REV7 binding partners I generated a tandem affinity tagged, FLAGHA tagged REV7 construct and expressed it in HeLa-S3 cells. Immunoprecipitates were then
subjected to mass spectrometry for protein identification (Figure 3.1). Encouragingly, REV3, the
major known binding partner of REV7 was identified by this analysis, attesting to its utility in
identifying bona fide binding partners. Additionally, the mitotic proteins ZNF828 (also known as
CAMP) and POGZ which had previously been identified as REV7 binding partners521 were also
identified (Figure 3.1B, black arrows). Interestingly, many unidentified proteins and novel
REV7 interactors were identified in this analysis. I elected to follow up on three candidates,
PRKD: encoding the DNA-PK catalytic subunit, an essential NHEJ factor not known to interact
with REV7, the uncharacterized protein FAM35A and the poorly characterized KIAA1967 (also
known as CCAR2), which has been implicated in resection regulation in a genetic screen547
(Figure 3.1B, red arrows).
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Figure 3.1: Identification of REV7 binding protein. (A) Silver stained gel showing proteins
pulled down by the empty vector (EV) or REV7 (R7). M = Marker. (B) Table of highest
confidence REV7 interactors across three replicates.
Chapter 3.2.2: Validation of DNA-PKcs as a REV7 interactor
To verify the interaction between REV7 and each of these candidates in cells, I first set
out to clone each gene and perform reciprocal coimmunprecipitations. Given the large size of
DNA-PKcs, cloning and expressing it in cells turned out to be infeasible. Furthermore, its large
size, as well as its high abundance and DNA binding activity make DNA-PKcs a likely
nonspecific hit, potentially mediated by DNA-binding. To rule out this possibility I expressed
and immunoprecipitated tagged REV7 in the presence and absence of DNase. I also wanted to
determine if the interaction was altered by DNA damage induced by ionizing radiation (IR)
which would suggest a genuine, regulated interaction.
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Indeed, the interaction between REV7 and DNA-PKcs was confirmed to be detectable by
western blot and to be insensitive to DNase treatment, suggesting the formation of DNAindependent protein complex (Figure 3.2). Interestingly, the interaction might be lower (the
REV7 levels are different) following IR treatment, hinting at a regulated interaction. Importantly,
Ku70, another core NHEJ factor and DNA-PKcs partner was not found to interact with REV7
above the level of non-specific binding observed in the empty vector control (Figure 3.2,
compare lanes 1-4 with lanes 5-8). Taken together, these results suggest that REV7 interacts
specifically with DNA-PKcs, but not in the context of the DNA-PK holoenzyme, consisting of
DNA-PKcs, Ku70 and Ku80.

Figure 3.2: REV7 interacts with DNA-PKcs. Western blot showing the immunoprecipitation
of FLAG-EV (Lanes 1-4) and FLAG-REV7 (Lanes 5-8) in the presence or absence of DNase
and 5 Gray (Gy) irradiation.
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Chapter 3.2.3: Investigation of novel REV7 interactors, FAM35A and CCAR2
To validate the novel REV7 interactors, FAM35A and CCAR2, I cloned both cDNAs
from human cells into an N-terminally FLAG-tagged construct and performed reciprocal coimmunoprecipitations. Strikingly, tagged FAM35A strongly co-immunoprecipitated with
endogenous REV7 as detected by western blot (Figure 3.3), an interaction that was largely
unaffected by IR-induced DNA damage. On the other hand, CCAR2 showed very minimal
interaction with REV7 despite being expressed at much higher levels (Figure 3.3). This result
was surprising given the strong interaction detected between REV7 and CCAR2 in the initial IPMS experiment. One possibility is that the CCAR2 interaction was not specific to REV7 and
may have been mediated by the FLAG or HA tag on REV7. Alternatively, the N-terminal FLAG
tag used on CCAR2 in this experiment may have disrupted the interaction with REV7.

Figure 3.3: REV7 interacts with FAM35A. Western blot showing the co-immunoprecipitation
of FLAG-tagged empty vector (EV), FAM35A and CCAR2 in the presence or absence of DNA
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damage induced by IR (5 Gy, 2 hours). The first 6 lanes show input (whole cell lysate) and the
last 6 show the FLAG-immunoprecipate.
Chapter 3.2.4: FAM35A promotes PARP inhibitor sensitivity
I next proceeded to evaluate the three primary candidates: DNA-PKcs, CCAR2 and
FAM35A for their ability to confer PARP inhibitor sensitivity in BRCA1-deficient cells, as that
is the REV7-related phenotype of primary interest to this study. For this, I first generated human
RPE-1 cells knocked out for the TP53 gene (hereafter known as cell line I26) using CRISPRCas9 gene editing. I subsequently knocked out the BRCA1 gene in I26 cells, which tolerated the
loss due to their p53 deficiency. I isolated two p53-/-/BRCA1-/- clones (hereafter known as cell
lines B31 and B40, Figure 3.4A). I confirmed that these two cell lines show severe sensitivity to
the PARP inhibitor Olaparib and reduced IR-induced RAD51 focus formation, consistent with
BRCA1 deficiency (Figures 3.4B and C).
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Figure 3.4: Generation of p53-/-/BRCA1-/- RPE-1 cell line. (A) Western blot showing the
expression of BRCA1, vinculin and p53 in parent RPE-1 cells, I26 cells (p53-/-), B31 cells (p53-//BRCA1-/-), B40 cells (p53-/-/BRCA1-/-) and MDA-MB-436 cells (BRCA1-deficient breast cancer
cell line). (B) Quantification of RAD51 focus forming capacity of I26, B31 and B40 cells 6
hours following 5 Gy IR. (C) Cytotoxicity assay showing the sensitivity of I26, B31 (Clone #1)
and B40 (Clone #2) cells to the PARP inhibitor Olaparib.

I then used specific siRNAs to knock down each candidate gene in B40 cells and
assessed whether the knockdown of each conferred PARP inhibitor resistance, similar to REV7
(Figures 3.5A and B). Interestingly, knock down of FAM35A produced a strong resistance to
Olaparib, similar in degree to the resistance induced by knocking down REV7 or 53BP1 (Figure
3.5). On the other hand, knockdown of DNA-PKcs or CCAR2 produced no appreciable Olaparib
resistance in B40 cells (Figure 3.5A). Knockdown of FAM35A also increased the formation of
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IR-induced RAD51 foci in B40 cells, similar to knockdown of REV7, consistent with FAM35A
playing a cooperative role with REV7 in inhibiting DNA end resection and HR.
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Figure 3.5: Loss of FAM35A expression produces PARP inhibitor resistance. (A)
Clonogenic survival assay showing the sensitivity to Olaparib of BRCA1-deficient B40 cells
following siRNA knockdown of various genes. (B) Chart showing the quantification of
FAM35A mRNA levels following knockdown using RT-qPCR. (C) Chart showing level of
RAD51 focus formation in B40 cells either without treatment (NT) or following IR treatment (5
Gy, 6 hours). Cells were either transfected with the indicated siRNA or BRCA1 cDNA (+B1).

To more conclusively demonstrate that loss of FAM35A function leads to PARP inhibitor
resistance in BRCA1-deficient cells, I proceeded to use CRISPR-Cas9 to generate FAM35A
knockouts in the B40 cell line. I was able to isolate two stable clones containing homozygous
FAM35A mutations only after transfection with Cas9 and sgRNAs targeting the C-terminus of
FAM35A (Figure 3.6A, referred to as cell lines F3 and F6). Whether this reflects a lack of
viability in cells following mutation of the N-terminus of FAM35A or low efficiency of Nterminally targeted guide RNAs is not known. As a control, I also generated a REV7-/- clone in
B40 cells (referred to as cell line A3).
Despite containing a mutation only in the C-terminus these FAM35A mutant cell lines
showed strong resistance the Olaparib, exceeding even the resistance observed in REV7-/- cells
(Figure 3.6B). Additionally, these mutant cell lines showed an increase in focus formation of
RPA phosphorylated on S33 (Figure 3.6C). Phosphorylation on this site is dependent on the
ATR kinase, and is a useful readout of end resection at DSBs. The strong phenotype observed in
FAM35A C-terminal mutants suggests that either these truncations in the C-terminus are
sufficient to destabilize the entire protein, or that the C-terminus has a specific function in
inhibiting end resection.
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Figure 3.6: FAM35A knockout produces an increase in DNA end resection in BRCA1deficient cells. (A) Genomic DNA sequence showing the frameshift mutations in exon 13 of
FAM35A in clone #1 (F3) and clone #2 (F6). (B) Clonogenic survival plot showing the relative
sensitivities of various cell lines to Olaparib. FAM35A is also known as SHLD2. (C) Chart
showing quantification of pRPA (S33) foci formed in B40 and the two FAM35A knockout
clones (F3 and F6). NT = Not treated, IR = 6 hours following 5 Gy IR.

Chapter 3.2.5: FAM35A also promotes sensitivity to Mitomycin C
In addition to its function in inhibiting DNA end resection, REV7 is also required for
TLS and is a component of the Fanconi Anemia (FA) pathway. To test whether FAM35A is also
involved in this aspect of REV7 function, I analyzed the sensitivity of FAM35A knockout cell
lines F3 and F6 to the interstrand crosslink (ICL) inducing agent MMC. Interstrand crosslink
repair is a complex repair process mediated by the FA pathway and requires TLS in order to
complete repair. As such, REV7-/- cells are extremely sensitive to MMC treatment. Interestingly,
FAM35A knockout cell lines do not show any MMC sensitivity; in fact, they are more resistant
to MMC than their parental B40 cell line (Figure 3.7A). This result suggests that not only is
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FAM35A not required for TLS, but that the increase in HR usage following its loss confers
resistance to ICL-inducing agents, as well as Olaparib. To further bolster this result, we analyzed
chromosome aberrations and radial formation following MMC treatment. In addition to cell
lethality, a failure to repair ICLs produces clearly visible chromosome abnormalities in
metaphase spreads. Strikingly, both FAM35A knockout cell lines showed a clear reduction in
chromosome aberrations and radials, attesting to their increased ICL tolerance (Figures 3.7B, C
and D).

Figure 3.7: Loss of FAM35A confers MMC resistance in BRCA1-deficient cells. (A)
Clonogenic survival plot showing MMC sensitivity of various cell lines. FAM35A is also known
as SHLD2. (B) Representative images of metaphase spreads showing normal and aberrant
chromosomes. (C) Quantification of chromosome radials following MMC treatment in various
cell lines. (D) Quantification of other chromosomal aberrations following MMC treatment in
various cell lines.
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Chapter 3.2.6: FAM35A interacts with the N-terminus of REV7 and plays a downstream function
To gain more insight into the function of FAM35A, I generated a series of mutations in
FAM35A guided by a structural model of FAM35A, generated using the structure prediction
software, RaptorX548 (Figure 3.8A). This model revealed a short, structured domain at the
extreme N-terminus, followed by an unstructured domain, a highly structured domain, predicted
to form OB-folds, and a short unstructured domain at the C-terminus. The OB-fold domain is
particularly interesting as OB-folds are known to mediate ssDNA binding, an activity which may
be relevant to a DNA repair function. To assess the function of these various domains I
generated two N-terminal truncations: ΔN70, removing the structured domain at the extreme Nterminus and ΔN434, removing the entire N-terminus up to the OB-fold domain, a truncation of
the C-terminus downstream of the OB-folds (ΔC30) and several point mutations of predicted
charged residues in the OB-fold domain (OB). I assessed each of these mutants for their ability
to bind REV7 in cells using co-immunoprecipitation. Both N-terminal truncations failed to pull
down REV7, while the OB mutant and C-terminal truncation showed strong REV7 binding
(Figure 3.8B), suggesting that REV7 interacts with the structured domain at the extreme Nterminus of FAM35A.
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Figure 3.8: FAM35A interacts with REV7 via its N-terminus and functions downstream
(A) Structural prediction of FAM35A generated using RaptorX. Discrete predicted domains are
colored distinct colors. Predicted unstructured regions have been omitted from this model. (B)
Western blot showing immunoprecipitation of various mutant FAM35A constructs. The top two
slices show the same section of the blot at different exposures so that the input and
immunoprecipitated proteins can both be visualized. (C) Chart showing the quantification of IR
induced REV7 focus formation following knockdown of various genes.

I next wanted to assess whether FAM35A operates in the same linear pathway as REV7.
Previous work has demonstrated that REV7 is recruited to DSBs downstream of a cascade
depending on MDC1 -> RNF8 -> RNF168 -> 53BP1 -> ATM -> RIF1 in that order. To
87

determine whether REV7 recruitment to DSBs is also dependent on FAM35A, I assessed IRinduced REV7 focus formation following knockdown of FAM35A. While 53BP1 knockdown
abolishes REV7 focus formation, FAM35A knockdown had little effect on IR-induced REV7
focus formation (Figure 3.8C). Taken together, these data suggest that while REV interacts with
FAM35A, this interaction is not required for REV7 recruitment. As such, FAM35A likely plays
a downstream role, possibly by interacting directly with ssDNA.
Chapter 3.3: Discussion
In this work, I have identified and characterized several REV7 binding partners,
specifically DNA-PKcs, CCAR2 and FAM35A. Particular focus was given to FAM35A, an
entirely uncharacterized protein whose loss is phenotypically similar to REV7 in regard to
inhibiting DSB end resection, but not in mediating TLS. While this work was in progress, several
other groups published on the discovery of the Shieldin complex which consists of REV7,
FAM35A (renamed SHLD2), SHLD1 and SHLD3549-555. Consistent with this work, these groups
found that the REV7-Shieldin complex is required for inhibition of DNA end resection and
PARP inhibitor sensitivity in BRCA1-deficient cells. Furthermore, these publications also
confirmed the direct interaction between REV7 and SHLD2 via the SHLD2 N-terminus and that
SHLD2 is recruited to DSBs downstream of REV7.
While these publications are largely consistent with my findings, one interesting
inconsistency is the response of SHLD2/FAM35A deficient cells to ICL-inducing agents. Tomida
et al.549 reported that knockdown of FAM35A in BRCA1 wild-type human HEK293T cells
resulted in MMC sensitivity, whereas Gao et al.553 observed no change in sensitivity of BRCA1
wild-type chicken DT40 cells to the ICL-inducing agent cisplatin following knockout of
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FAM35A. The most similar experiment to that which I have presented here came from Dev et
al.555 who showed that knockout of FAM35A/SHLD2 or SHLD1 in BRCA1-/- human RPE-1 cells
increased their sensitivity to cisplatin, the exact opposite of my result in the same genetic
background and cell line. One possible explanation for this result is that the CRISPR-induced
mutations in my FAM35Amut cell line may have still allowed for the expression of a partially
functional protein while theirs was a complete knockout. If this is the case, it implies that
FAM35A has at least two separable functions, one in DSB end resection and the other in ICL
repair. Furthermore, it implies these mutations in the C-terminus specifically impair the end
resection function, but not ICL repair. Confirming these findings more rigorously may provide
new insight into Shieldin function.
While CCAR2 and DNA-PKcs were not found to be definitively involved in the end
resection function of REV7 that was the focus of this study, further research into their function
may still be fruitful. Although DNA-PKcs loss does not seem to directly impact end resection, it
does appear to be a bona fide REV7 interactor. One possibility is that it the interaction between
REV7 and DNA-PKcs promotes NHEJ downstream of end resection inhibition. CCAR2 on the
other hand interacted weakly with REV7 under the conditions tested here; however, this may
have been due to the tag used in that experiment. Lastly, several other proteins including POGZ,
CAMP and GTF2I were found to be strong interactors of REV7. They were not followed up on
in this study due to their known functions outside of DNA repair. However, their strong
interactions with REV7 suggest that the interaction is meaningful and points to coordination
between DNA repair and mitosis (in the case of CAMP and POGZ) and transcription (in the case
of GTF2I). Further investigating these interactions will likely prove fruitful in understanding the
full range of REV7 function.
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Chapter 3.4 Materials and Methods
Construction of stable FLAG-HA-REV HeLa S3 cells
REV7 cDNA was cloned in frame with a FLAG-HA tag in the pOZ vector. pOZ was
used to generate retrovirus encoding FLAG-HA-REV7 and FLAG-HA empty vector which was
used to infect HeLa S3 cultures. Stably transduced cells were selected after three days using αIL2 antibody (Millipore 05-170) conjugated to magnetic beads (Invitrogen).
Immunoprecipitations
Cells were first lysed in buffer containing Tris-HCl pH 7.5, 0.1% NP40, 300 mM NaCl
and 0.5 mM EDTA and clarified by centrifugation. Lysates were then incubated with the
appropriate antibody-bead conjugate (αFLAG from Sigma, αHA from cell signaling) from 4
hours to overnight at 4 °C. Beads were washed at least 3x in lysis buffer and eluted
competitively using FLAG or HA peptide (Sigma).
Mass spectrometry analysis of Tandem Affinity Purified protein complexes
Purified protein complexes from three independent biological replicates were analyzed by
mass spectrometry as described with minor modifications: Cysteine residues were first reduced
with 10 mM DTT for 30 minutes at 56 °C in the presence of 0.1% RapiGest SF (Waters) and
subsequently alkylated with 20 mM iodoacetamide for 20 minutes at room temperature in the
dark. Proteins were digested overnight at 37 ºC using 5 micrograms of trypsin after adjusting the
pH to 8.0 with Tris. Digests were acidified by adding trifluoroacetic acid (TFA) to a final
concentration of 1% and incubated at 37°C for 30 minutes. Cleaved RapiGest products were
pelleted at 20.000 × g at room temperature for 10 minutes. Supernatants were desalted by batch-
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mode reverse phase (Poros 10R2, Applied Biosystems) solid phase extraction and concentrated
in a vacuum concentrator. Peptides were solubilized in 0.1% Formic Acid containing 25%
Acetonitrile and further purified by batch-mode strong cation exchange (Poros 10HS, Applied
Biosystems). Peptides were finally eluted with 0.1% formic acid containing 25% acetonitrile and
300 mM KCl and concentrated by vacuum centrifugation. Purified peptides were loaded onto a
precolumn (4 cm × 150 µm POROS 10R2, Applied Biosystems) and eluted with an HPLC
gradient (NanoAcquity UPLC system, Waters; 10%–40% B in 60 min; A = 0.2 M acetic acid in
water, B = 0.2 M acetic acid in acetonitrile). Peptides were resolved on a self-packed analytical
column (50 cm × 150 µm Monitor C18, Column Engineering) and introduced in the mass
spectrometer (Q Exactive HF mass spectrometer, Thermo) equipped with a Digital PicoView
electrospray source platform (New Objective). The spectrometer was operated in data-dependent
mode where the top 10 most abundant ions in each MS scan were subjected to HCD
fragmentation (30% normalized collision energy) and subjected to MS2 scans. Dynamic
exclusion was enabled with a repeat count of 1 and exclusion duration of 30 seconds. Peak lists
were extracted using multiplierz scripts and converted into a Mascot generic file format (.mgf).
Spectra were searched using Mascot (version 2.6) against three appended databases consisting
of: i) human protein sequences (downloaded from RefSeq on 07/11/2011); ii) common lab
contaminants and iii) a decoy database generated by reversing the sequences from these two
databases. Precursor tolerance was set to 10 ppm and product ion tolerance to 0.02 Da. Search
parameters included trypsin specificity with up to 2 missed cleavages, fixed
carbamidomethylation (C, +57 Da) and variable oxidation (M, +16 Da). Spectra matching to
peptides from the reverse database were used to calculate a global false discovery rate and were
discarded. Data were further processed to remove peptide spectral matches (PSMs) to the
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forward database with an FDR greater than 1.0%. Peptides shared by two or more genes were
excluded from consideration when constructing the final protein list. Protein abundance was
estimated based on the average MS signal response for the three most intense gene-unique tryptic
peptides. We generated the final list of binding partners as follows: Proteins identified in any of a
set of 108 negative control TAP experiments or in any of the 3 control TAP experiments
performed alongside the 3 REV7 TAP experiments were excluded from consideration. Finally,
we only considered binding partners identified and quantified in at least 2 of the 3 replicate
REV7 purifications.
Generation of CRISPR-Cas9 knockouts
All CRISPR-Cas9 knockout cell lines used in this study were generated through transient
Cas9-sgRNA expression using the Cas9-2A-GFP vector (a gift from Feng Zhang). Cells were
transfected with the appropriate construct and transfected cells were enriched by sorting GFP+
cells through FACS. GFP+ cells were seeded as single cells in 96-well plates and allowed to
grow for several weeks. Resultant colonies were screened for gene knockout by western blot
and/or genomic DNA sequencing. The following sgRNA targets were used in this study:
GATCCACTCACAGTTTCCAT (p53), TCTTGTGCTGACTTACCAGA (BRCA1),
GCGTTAATGACTGCCATTGA (FAM35A), GAGGTCTTGTCGTGTGAGCG (REV7).
Focus formation
Cells were cultured on glass coverslips and subjected to appropriate experimental
conditions. Cells were first fixed in 4% PFA for 10 minutes at 4 °C, permeabilized for 5 minutes
in 0.5% Triton-X at room temperature and blocked for 1 hour in 3% BSA. Fixed cells were then
incubated with primary antibody solution in blocking buffer over night at 4 °C. The next day,
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cells were washed 3x in PBS and incubated with secondary antibodies for 1 hour. The cells were
washed again 3x in PBS and mounted in slides using Vectashield mounting medium with DAPI.
Focus formation was scored by manually counting foci under a fluorescence microscope with the
scorer blinded to experimental conditions. Antibodies used for focus formation were Novus
NB100544 (pRPA32 S33, 1:500 dilution), Santa Cruz sc-8349 (RAD51, 1:100 dilution) and
AlexFluor secondary antibodies (Thermo Fisher).
Clonogenic survival assays
Cells were plated in 6-well plates at a density of 1000 cells per well and allowed to settle for 24
hours. The cells were then treated with the appropriate concentration of drug and allowed to
grow for 14 days. Cells were then fixed in 5:1 methanol:acetic acid and stained using 0.1%
crystal violet in 50% methanol. Colonies were counted and data was analyzed using GraphPad
Prism.
siRNA knockdowns
siRNA knockdowns were carried out using Lipofectamine RNAi-max from Invitrogen. siRNAs
target sequences used in this study were: AAGATGCAGCTTTACGTGGAA (REV7),
AAGTATCCGTGTAGAATCAAA (FAM35A), AAGAAGGACGGAGTACTAATA (53BP1),
AAGTACCTTCGAACTATAAGC (CCAR2) and TTCGGCTAACTCGCCAGTTTA (DNAPKcs). Custom siRNAs were ordered from Qiagen.
Metaphase spreads
Cells were transfected twice with the indicated siRNAs or once with the indicated expression
constructs and incubated for 48 hours with or without the indicated doses of MMC. Cells were
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treated for 2 hours with 100 ng/ml of colcemid, followed by a hypotonic solution (0.075 M KCl)
for 20 min and fixed with 3:1 methanol/acetic acid. Slides were stained with Wright’s stain and
50 metaphase spreads were scored for aberrations. The relative number of chromosomal breaks
and radials was calculated relative to control cells or empty vector control as indicated in the
figure legends.
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Chapter 4
TRIP13 Regulates DNA Repair Pathway Choice through REV7 Conformational Change

Chapter 4.1: Introduction
Our genomes face many threats, both from DNA damage and from aberrancies during
cell division556. Failure to protect the genome can cause alterations and ultimately result in
oncogenic transformation557. Double strand breaks (DSBs) are a particularly perilous type of
DNA damage and can be repaired by homology-directed repair (HDR) or non-homologous end
joining (NHEJ)10. NHEJ is a simpler pathway that re-ligates the ends; however, its inappropriate
use can lead to harmful deletions and translocations558,559, whereas HDR ensures fidelity by
using the sister chromatid as a template.
Recently, REV7 and the Shieldin complex, comprising SHLD1, SHLD2 and SHLD3,
along with the CST complex and DNA Polymerase α, have emerged as critical regulators of
repair pathway choice between HDR and NHEJ by acting downstream of 53BP1 and RIF1 to
counteract 5’-3’ DNA end resection that commits repair to HDR283,363,364,549-553,555,560,561. The
tumor suppressor BRCA1, in contrast, promotes end resection and HDR318. Therefore, BRCA1deficient tumors are HDR-defective, and susceptible to poly-ADP ribose polymerase (PARP)
inhibition562,563. Importantly, loss of 53BP1, RIF1 or any Shieldin, alleviates the HDR defect of
BRCA1-deficient cells, thereby conferring PARP inhibitor (PARPi) resistance320,349,559,564. Hence,
understanding the function and regulation of REV7-Shieldin is essential to combat
chemotherapeutic resistance.
REV7 is a small protein with no catalytic activity that bridges the interaction between
SHLD2 and SHLD3 in the Shieldin complex550-552. Similarly, REV7 links REV1 and REV3 in
the translesion synthesis (TLS) Polymerase ζ complex15,565. This error-prone polymerase can
bypass replication blockages and is required for interstrand crosslink (ICL) repair as part of the
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Fanconi Anemia (FA) pathway20,546. REV7 also plays a poorly understood role in mitosis in
complex with the zinc finger proteins, CAMP and POGZ521,566. Despite the various important
functions of REV7, little is known about its regulation.
REV7, along with the spindle assembly checkpoint (SAC) protein MAD2, the meiotic
regulators HORMAD1/2 and the autophagy proteins ATG13-ATG101, are members of the
HORMA family516. While HORMA proteins perform widely disparate cellular functions, they
are remarkably alike in tertiary structure. A key feature is their C-terminal seatbelt domain,
which latches over partners. MAD2 and Hop1 (yeast HORMAD1/2) exist in two conformational
states, where the seatbelt is either “open” in an unliganded state or “closed” over a partner517,518.
In the case of MAD2, conformational switching is essential for its function. Only the
closed form of MAD2 (C-MAD2) is active, capable of CDC20 binding and SAC activation517,532.
The conformational dynamics of MAD2, and therefore its activity, is tightly regulated by two
opposing proteins: MAD1 which promotes closing of MAD2 over CDC20 to activate the SAC,
and the AAA+ ATPase TRIP13 which opens MAD2, thus turning off the SAC535,567.
Intriguingly, published structures of REV7 with either REV3 or CAMP reveal a
conformation resembling C-MAD2510,522,565. However, an inactive open form of REV7 and the
factors that regulate its conformation are unknown. Here, we demonstrate that REV7 can stably
adopt distinct open and closed conformations, and that only the closed conformation is proficient
for Shieldin and Pol ζ complex formation. Additionally, we identify TRIP13 as a modulator of
REV7 conformation, making TRIP13 a key regulator of pathway choice at both DSBs and
replication blockages. Importantly, we find that overexpression of TRIP13, a common feature in
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cancer, causes PARPi resistance through disruption of the REV7-SHLD3 interaction, and
correlates with poor patient survival.
Chapter 4.2: Results
Chapter 4.2.1: REV7-Shieldin physically interacts with TRIP13
To identify REV7 regulators, we purified tandem affinity-tagged REV7 complexes and
subjected them to mass spectrometry (Figures 4.1A and B). Interestingly, a top hit was the
AAA+ ATPase TRIP13, a negative regulator of the HORMA proteins MAD2 and HORMAD1/2
(Supplementary Figure 4.1A). We confirmed the interaction through reciprocal IP of TRIP13,
which pulled down endogenous REV7 (Figure 4.1C). We also found that SHLD1-3 are able to
co-IP TRIP13, indicating that it interfaces with the REV7-Shieldin complex (Supplementary
Figure 4.1B). The interaction between TRIP13 and SHLD3 was particularly strong; consistent
with the direct REV7-SHLD3 interaction551. Interestingly, the interaction between REV7 and
TRIP13 was not affected by X-ray or UV radiation nor Olaparib and Mitomycin C (MMC)
(Figure 4.1C and Supplementary Figures 4.1C and D), similar to the damage-independent
interaction between REV7 and Shieldin551.
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Figure 4.1: TRIP13 promotes Olaparib resistance by negatively regulating REV7. (A)
Silver-stained gel of FLAG-HA empty vector (EV) and FLAG-HA-REV7 (R7) purifications. (B)
Table of high confidence REV7-interacting proteins and average abundance of proteins
recovered from 3 biologically independent experiments. (C) Western blot of FLAG IP from
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HEK293T cells transfected with empty vector or FLAG-TRIP13 with or without DNA damage.
(D) 14-day clonogenic survival assay of USOS wild-type, REV7-/-, and TRIP13-/- cell lines
treated with varying Olaparib doses, n=3 independent experiments, wild-type vs. TRIP13-/- #3: p
= 0.0001, wild-type vs. TRIP13-/- #7: p = 0.002 (2-Way ANOVA). (E) 14-day clonogenic
survival assay of wild-type or TRIP13-/- cells with or without expression of TRIP13 cDNA upon
treatment with Olaparib, n=3 biologically independent experiments, wild-type vs. TRIP13-/- +
Empty vector: p = 0.002, TRIP13-/- + Empty vector vs. TRIP13-/- + TRIP13: p = 0.002 (2-Way
ANOVA). (F) 14-day clonogenic survival assay of U2OS wild-type and REV7-/- with or without
TRIP13 overexpression treated with varying Olaparib doses, n=3 biologically independent
experiments, Wild-type + Empty vector vs. wild-type + TRIP13: p = 0.005, REV7-/- + Empty
vector vs. REV7-/- + TRIP13: p = 0.31 (2-Way ANOVA). (G) 5-day cytotoxicity analysis of
HCC1937 SHLD2-deficient cells infected with pBabe-empty vector or pBabe-TRIP13 treated
with the indicated doses of Olaparib. n=5 biologically independent experiments, p=0.58 (2-Way
ANOVA). All error bars indicate SEM. Immunoblots are representative of at least 2 independent
experiments.

Chapter 4.2.2: TRIP13 promotes PARPi resistance via REV7-Shieldin
To test whether TRIP13 negatively regulates REV7 in the context of Shieldin, we
generated TRIP13-/- U2OS cell lines (Supplementary Figure 4.1E). We observed that TRIP13-/had increased sensitivity to Olaparib, which could be rescued by TRIP13 cDNA expression,
contrasting with the resistance of REV7-/- cells546 (Figures 4.1D and E), and consistent with an
antagonistic role. As the PARPi resistance associated with Shieldin inactivation is clinically
relevant, we wondered whether this could be achieved by TRIP13 over-expression. Indeed,
U2OS cells stably overexpressing TRIP13, but not the ATPase dead E253Q mutant, exhibited a
modest induction of PARPi resistance (Supplementary Figures 4.1F and G). Importantly,
knockdown of the canonical TRIP13 substrate, MAD2, had no effect on Olaparib resistance or
HDR as measured by the DR-GFP assay (Supplementary Figures 4.1H-J)568.
To definitively place TRIP13 in the REV7 pathway for PARPi resistance, we queried
epistasis by overexpressing TRIP13 in REV7-/- cells. While TRIP13 overexpression in REV7
wild-type cells conferred Olaparib resistance, it had no effect in REV7-/- cells (Figure 4.1F),
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consistent with our model. Additionally, knocking out REV7 in TRIP13-/- cells suppressed their
Olaparib sensitivity (Supplementary Figures 4.1K and L). Finally, we overexpressed TRIP13
in the SHLD2-deficient HCC1937 breast cancer cell line549. Consistent with the REV7-/- case,
TRIP13 overexpression had no effect in HCC1937 cells (Figure 4.1G and Supplementary
Figure 4.1M), indicating that TRIP13 promotes Olaparib resistance via regulation of REV7Shieldin.
Chapter 4.2.3: Purified REV7 adopts two conformations in solution
TRIP13 regulates MAD2 by catalyzing its transition from a closed (C-MAD2) to an open
(O-MAD2) conformation, thereby releasing its binding partner CDC20517,535. Published crystal
structures of REV7 bound to REV3 and CAMP reveal a conformation analogous to CMAD2510,522,565 (Figure 4.2A); however, no REV7 form corresponding to O-MAD2 has been
observed thus far.
To determine whether REV7 also exists in two conformations, we purified REV7 from E.
coli. For this, we utilized the well-characterized REV7R124A mutant that cannot form dimers, but
maintains interactions with binding partners534, an approach previously used with MAD2517. As
expected, purified REV7R124A was predominantly monomeric (Supplementary Figure 4.2A).
O- and C-MAD2 can be separated through anion exchange chromatography (AEC)517, so we
asked whether distinct REV7 conformers could be similarly detected. Indeed, when we
performed AEC on REV7R124A, we observed two discrete populations, one eluting at ~100 mM
NaCl (REV7-F1) and the other at ~350 mM NaCl (REV7-F2) (Figure 4.2B). Western blots
confirmed that these two fractions were both REV7 (Supplementary Figure 4.2B).
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Figure 4.2: REV7 exists in two functionally distinct conformational states. (A) Crystal
structures of C-REV7 and O/C-MAD2 with the dynamic seatbelt region in green. Purple
indicates the REV7-binding fragment of REV3. Constructed from 3VU7 and 3GMH. (B) (Top)
UV absorbance trace at 280 nm showing elution of purified REV7 upon AEC. (Bottom)
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Coomassie-stained gel of the corresponding fractions. (C) 15N-labelled HSQC NMR spectrum of
REV7-F1 (blue) and REV7-F2 (red). (D) Western blot of AEC fractions of purified REV7R124A
and REV7R124A, Δseatbelt. (E) Schematic showing the requirement of TRIP13 ATPase activity for
the C-REV7 to O-REV7 transition in cells upon seatbelt binding motif (SBM) binding. (F)
Western blot of AEC fractions of REV7R124A upon overnight incubation at 4 °C (top) or 37 °C
(bottom) with or without SBM. (G) Pulldown of C-REV7 and O-REV7 by GST-SHLD3 at the
indicated time points. Coomassie stained gels and immunoblots are representative of at least 2
independent experiments.

To study the dynamics of the REV7 pools, we isolated REV7-F1 and REV7-F2 and ran
them through the AEC protocol again. We observed very little conversion of F1 to F2 and
absolutely no conversion of F2 to F1 (Supplementary Figure 4.2B), implying mostly stable
populations. Given the low level of F1-to-F2 conversion, we wondered whether it would
proceed to completion over time. Indeed, REV7-F1 left overnight at 37 °C converted entirely to
F2 (Supplementary Figure 4.2B).
As a complementary approach to query REV7 conformation, we purified 15N-labelled
REV7 and assayed each pool by HSQC nuclear magnetic resonance (NMR) spectroscopy. The
NMR spectra of the two populations were remarkably different (Figure 4.2C), signifying largescale structural changes and consistent with our model. Strikingly, the REV7-F1 spectrum is
similar to that of partner-bound REV7534, suggesting correspondence to C-REV7.
Chapter 4.2.4: REV7 adopts an active “closed” form and an inactive “open” form
To determine if the peaks correspond to open and closed REV7, we purified a REV7R124A,
Δseatbelt

mutant lacking the C-terminal 10 amino acids, which is homologous to a MAD2 mutant

that cannot adopt the closed conformation. Consistent with our prediction that this mutant can
exist in only one conformation, we saw only a single population eluting at the same salt
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concentration as REV7-F2 (Figure 4.2D). This indicates that REV7-F2 is most likely O-REV7,
while REV7-F1 corresponds to C-REV7, consistent with the NMR data (Figure 4.2C).
It is puzzling that the ATPase TRIP13 should be required to convert C-REV7 to O-REV7
given that C-REV7 can spontaneously convert to O-REV7 at a physiological temperature
(Supplementary Figure 4.2B). However, the true substrate for TRIP13 is C-REV7 in complex
with a seatbelt binder (Figure 4.2E). To test if C-REV7 is stabilized upon partner binding, we
utilized a known REV7 seatbelt-binding motif (SBM) peptide derived from its Pol ζ-binding
partner, REV3. Strikingly, pre-incubation of REV7 with the SBM peptide stabilized C-REV7,
preventing any conversion even after overnight incubation (Figure 4.2F), likely explaining the
ATPase requirement.
Chapter 4.2.5: Closed REV7 specifically interacts with SHLD3 through a seatbelt binding
mechanism
Crystal structures of REV7 in complex with REV3 and CAMP reveal a common binding
mechanism, wherein the REV7 seatbelt domain binds to a short conserved SBM:
(R/K)PxxxxP(T/S) (Supplementary Figures 4.2C and D)510,522. Interestingly, SHLD3 also
harbors an SBM in its REV7-interacting region (Supplementary Figure 4.2D)551, suggesting
that SHLD3 is a seatbelt interactor as well. To test this, we purified GST-tagged SHLD3 from E.
coli and incubated it with either REV7R124A or REV7R124A, Δseatbelt. As expected, GST-SHLD3
could pull down full length REV7, but not the Δseatbelt mutant (Supplementary Figure 4.2E),
implying that REV7 and SHLD3 bind through a seatbelt-SBM interaction. Furthermore, when
we incubated GST-SHLD3 with isolated REV7 fractions, we observed that only C-REV7 was
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able to bind (Figure 4.2G). Together, these data indicate a remarkable regulatory mechanism in
DNA repair wherein REV7 is controlled by conformational alteration.
Chapter 4.2.6: TRIP13 can dissociate C-REV7:SHLD3 complexes in vitro
As TRIP13 inactivates MAD2 by releasing its seatbelt interactor CDC20, we tested
whether purified TRIP13 could similarly disassemble C-REV7:SHLD3 in vitro. Purified
TRIP13 exhibited robust ATPase activity (Supplementary Figures 4.3A and B) and dissociated
in vitro assembled REV7-SHLD3 complexes in an ATP-dependent manner, as evidenced by
release of REV7 from immobilized GST-SHLD3 complexes (Figures 4.3A-C). Thus, TRIP13
ATPase activity can disrupt the REV7-Shieldin complex in vitro via disengagement of the
seatbelt interactor SHLD3 from REV7.
Chapter 4.2.7: TRIP13 antagonizes REV7 function in cells
To determine whether TRIP13 similarly affected REV7 dynamics in cells, we performed
IPs with GFP-tagged SHLD3 in wild-type, TRIP13-/-, and TRIP13-overexpressing cells.
Consistent with our in vitro findings, TRIP13-/- cells showed increased REV7-SHLD3
interaction, whereas TRIP13 overexpression decreased the interaction (Figures 4.3D and E).
Furthermore, we observed the same effect in multiple cell lines and with FLAG-tagged SHLD3
(Supplementary Figure 4.3C). Importantly, the REV7-SHLD1 association was unaltered in
TRIP13-/- cells (Supplementary Figures 4.3D and E), consistent with reports that SHLD1 binds
to REV7 through a distinct interface from SHLD3 (Figure 4.3F)552.
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Figure 4.3: TRIP13 negatively regulates REV7 activity. (A) Schematic showing the
remodeling and release of REV7 from SHLD3 complexes upon action of the TRIP13 ATPase.
(B) Western blot showing glutathione bead-bound GST-SHLD3 and the release of REV7 into the
unbound fraction over time in the absence or presence of ATP or the non-hydrolysable ATP
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analog AMP-PNP. (C) Quantification of ATP-dependent release of REV7 from SHLD3 over
time by TRIP13. n=3 independent experiments, -ATP vs +ATP: p = 0.006, +ATP vs. +AMPPNP: p = 0.002 (2-way ANOVA). (D) Western blot of GFP IP from U2OS wild type, TRIP13-/-,
pBabe and pBabe-TRIP13 cells transfected with GFP-tagged SHLD3. (E) Quantification of
western blot in (d). (F) Schematic for TRIP13 counteraction of REV7 seatbelt closure,
preventing the formation of functional Shieldin complex. (G) Focus formation of REV7 6 h after
irradiation in U2OS wild-type, REV7-/- and TRIP13-/- cells (Scale bar: 10 μm). (H) Quantification
of REV7 foci for (g). n=6 biologically independent experiments (Except for TRIP13-/- #7, n=3),
Wild Type vs. TRIP13-/- #3: p = 0.01, Wild Type vs. TRIP13-/- #7: p = 0.02, Wild Type vs.
REV7-/-: p = 0.002, (Student’s t-test, 2-tailed), error bars represent SEM. i. Gel filtration elution
profiles of REV7 from U2OS wild-type and three TRIP13-/- clones. All immunoblots are
representative of at least 2 independent experiments.

We next asked whether TRIP13 status altered the recruitment of REV7 to DNA damage
via SHLD3 (Figure 4.3F). Indeed, TRIP13-/- cells exhibited an increase in REV7 focus
formation upon DSB induction by ionizing radiation (IR) (Figures 4.3G and H). Conversely,
overexpression of TRIP13 reduced REV7 focus formation (Supplementary Figures 4.3F and
G). We observed the same effect on REV7 recruitment when we queried its chromatin
association after IR (Supplementary Figure 4.3H). Importantly, focus formation of 53BP1 and
RIF1 was unaffected by TRIP13 status (Supplementary Figures 4.3I and J), indicating that
DSB repair kinetics and upstream components are unaltered.
It is not possible to directly assess the conformational status of REV7 in cells using AEC
as REV7 binding partners would affect the elution profile. However, since C-REV7 can form
seatbelt-dependent complexes while O-REV7 cannot (Figure 4.2G), we expected that C-REV7
will more often exist as a part of large complexes, whereas O-REV7 will not. To assay this, we
performed SEC on cell lysates from wild-type and TRIP13-/- cells. Consistent with our
expectations, we observed a higher proportion of low molecular weight REV7 in wild-type cells
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as compared to TRIP13-/- (Figure 4.3I). Together, these results indicate that TRIP13 is a
negative regulator of REV7 seatbelt association, and thereby activity, in cells.
Chapter 4.2.8: TRIP13 promotes resection and homologous recombination
As TRIP13 negatively regulates REV7, an anti-resection factor, we expected that TRIP13
should enhance end resection and promote HDR. We first assayed resection using the single
molecule analysis of resection tracts (SMART) method569. In TRIP13-/- cells, we observed a
significant decrease in resection tract lengths (Figures 4.4A and B), consistent with REV7Shieldin hyperactivation. On the other hand, REV7-/- cells showed longer resection tracts
(Figures 4.4A and B). TRIP13 overexpression conferred a similar increase in resection
(Supplementary Figures 4.4A and B), likely via REV7-Shieldin inactivation.
As a complementary approach, we monitored phosphorylation of the ssDNA binding
protein RPA on S33, which marks resected DNA570. Consistent with our SMART results, fewer
TRIP13-/- cells had pRPA foci following IR treatment, whereas REV7-/- and TRIP13
overexpressing cells showed an increase (Figures 4.4C and D and Supplementary Figure
4.4C). Similar results were observed in HeLa cells and by western blotting (Supplementary
Figures 4.4D-F). Importantly, this was not rescued by expression of the ATPase-dead form of
TRIP13 (Supplementary Figure 4.4F).
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Figure 4.4: TRIP13 promotes homologous recombination. (A) Quantification of resected
ssDNA in U2OS wild-type, TRIP13-/- (two clones) and REV7-/- cells measured by SMART assay,
~100 fibers were counted per experiment, Wild Type vs. TRIP13-/- #3: p < 0.0001, Wild Type vs.
TRIP13-/- #7: p = 0.004, Wild Type vs. REV7-/-: p < 0.0001 (Mann-Whitney test, two-tailed), bars
indicate mean and SEM. (B) Representative images for (a), with BrdU in exposed ssDNA tracts
labeled red. (Scale bar: 1 μm) (C) Proportion of U2OS cells with greater than 10 p-RPA32(S33)
foci 6 hours following IR treatment. n=3 biologically independent experiments, Wild Type vs.
TRIP13-/- #3: p = 0.001, Wild Type vs. REV7-/-: p = 0.01 (Student’s t-test, two-tailed). (D)
Representative images of data in (c) (Scale bar: 10 μm). (E) Proportion of U2OS cells with
greater than 10 RAD51 foci 6 hours following IR treatment. n=6 biologically independent
experiments, Wild Type vs. TRIP13-/- #3: p = 0.01, Wild Type vs. REV7-/-: p = 0.02 (Student’s ttest, two-tailed). (F) Representative images of data in (e) (Scale bar: 10 μm). (G) Percentage of
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GFP-positive cells following infection of U2OS DR-GFP cells with I-SceI adenovirus with
knockdown of BRCA2 or TRIP13. n=3 biologically independent experiments, siCtrl vs
siBRCA2: p = 0.0004, siCtrl vs. siTRIP13-1: p = 0.004, siCtrl vs. TRIP13-6: p = 0.01 (Student’s
t-test, two-tailed), all error bars indicate SEM.

Following end resection, RPA is replaced by the recombinase RAD51 for HDR to
proceed10. TRIP13-/- cells were compromised for RAD51 focus formation, while TRIP13
overexpressing cells showed an increase (Figures 4.4E and F and Supplementary Figure
4.4G), consistent with its posited REV7-antagonistic function. We again recapitulated these
results in HeLa cells (Supplementary Figure 4.4H). Notably, a role for TRIP13 in RAD51
loading during meiotic recombination has been reported, although the mechanism remained
elusive571. Our findings shed light on this curious result; however, further studies on REV7Shieldin in meiotic recombination are required.
To assay the effect of TRIP13 on HDR completion, we utilized the DR-GFP reporter
cassette assay568. Expectedly, we observed a modest decrease in HDR following TRIP13
knockdown, and an increase upon overexpression (Figure 4.4G and Supplementary Figures
4.4I and J). Taken together, these data demonstrate that TRIP13 promotes HDR through
inactivation of REV7-Shieldin.
Chapter 4.2.9: TRIP13 also modulates REV7 function in translesion synthesis
REV7-mediated TLS is essential for ICL repair, and homozygous mutation of REV7
causes Fanconi Anemia, a genetic disease characterized by ICL repair deficiency546. We found
that overexpression of TRIP13 resulted in cellular sensitivity to MMC and increased formation
of chromosome aberrations and radials (Figures 4.5A-C), which are hallmarks of defective ICL
repair, indicating that TRIP13 also affects REV7 function in ICL repair. TRIP13 overexpression
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similarly sensitized cells to UV-induced base damage (Figures 4.5D). Additionally, knockdown
of TRIP13 increased UV-induced mutagenesis, as measured by the SupF assay (Supplementary
Figure 4.5A and Figure 4.5E), further supporting the notion that TRIP13 negatively regulates
REV7 in the Pol ζ context.
Intriguingly, TRIP13-/- cells were not resistant to UV and ICL-inducing agents
(Supplementary Figures 4.5B and C), suggesting that hyperactive TLS serves only to increase
mutation frequency without conferring a survival advantage. Along these lines, knockdown of
TRIP13 did not affect radial chromosome prevalence (Supplementary Figure 4.5D). It did,
however, result in severe cohesinopathy (Supplementary Figure 4.5D), likely due to
dysfunction of the SAC through MAD2567.
We suspected that TRIP13 regulates TLS by antagonizing the seatbelt-dependent REV7REV3 interaction. To test this, we expressed a GFP-tagged fragment of REV3 containing the
REV7-binding SBM and performed immunoprecipitations. As expected, TRIP13-/- cells showed
greater REV7-REV3 association, whereas TRIP13-overexpressing cells exhibited a decrease
(Figures 4.5F and G). These results imply that TRIP13 operates in a similar fashion, whether it
is engaged with Pol ζ or Shieldin, thereby regulating two distinct DNA repair pathways.
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Figure 4.5: TRIP13 antagonizes REV7 function in the translesion synthesis/FA pathway.
(A) 14-day clonogenic survival assay of U2OS wild-type expressing pBabe-empty vector or
pBabe-TRIP13 and REV7-/- cell lines treated with the indicated mitomycin C (MMC) doses. n=4
biologically independent experiments (Except for REV7-/-: n=3), Wild-type + Empty vector vs.
Wild-type + TRIP13: p = 0.02, Wild-type + Empty vector vs. REV7-/-: p < 0.0001 (2-Way
ANOVA). (B) Average number of chromosomal aberrations per cell in baseline condition or
following treatment with 20 ng/mL of MMC, with or without TRIP13 overexpression. n=3
biologically independent experiments. (C) Percentage of cells with radial chromosome formation
in baseline condition or following treatment with 20 ng/mL of MMC, with or without TRIP13
overexpression. n=3 biologically independent experiments. (D) 14-day clonogenic survival assay
of U2OS wild-type expressing pBabe-empty vector or pBabe-TRIP13 and REV7-/- cell lines
treated with the indicated UV doses. n=4 biologically independent experiments, Wild-type +
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Empty vector vs. Wild-type + TRIP13: p < 0.0001, Wild-type + Empty vector vs. REV7-/- : p =
0.002 (2-Way ANOVA). (E) Relative UV-induced mutation frequencies in HEK293T cells
transfected with nontargeting, REV7- or TRIP13-targeting siRNAs as measured by the SupF
assay. n=3 biologically independent experiments (Except for REV7-/-: n=2), siCtrl vs siTRIP13-6:
p = 0.0006 (Student’s paired t-test, two-tailed). (F) Western blot of GFP IP from U2OS wild
type, TRIP13-/-, pBabe and pBabe-TRIP13 cells transfected with GFP-tagged REV3 binding
domain (REV3-BD). (G) Quantification of western blot in (f). All error bars represent SEM.
All immunoblots are representative of at least 2 independent experiments.

Chapter 4.2.10: TRIP13 is often overexpressed in breast cancer and correlates with BRCA1
deficiency
The function of REV7-Shieldin in DSB repair is clinically important because it affects
the sensitivity of cancer cells to PARPis195. As TRIP13 overexpression enhances HDR and
PARPi resistance even in HDR-proficient cells (Figure 4.4) and is frequently observed in many
types of cancer (Supplementary Figures 4.6A and B), we wondered whether TRIP13
overexpression is a clinically significant factor in HDR-deficient cancer cells.
We first analyzed breast cancer data from the Cancer Genome Atlas (TCGA).
Importantly, while the HDR defect of BRCA1-deficient cells can be rescued by Shieldin loss, the
same is not true for BRCA2-deficient cancers, as BRCA2 acts downstream of resection555.
Consistent with this, BRCA1-mutant breast cancers showed a significant increase in TRIP13
expression compared to BRCA-proficient cells, whereas BRCA2-deficient cells did not (Figure
4.6A). This suggests that TRIP13 upregulation may be clinically significant in BRCA1-deficient
cancers.
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Figure 4.6: TRIP13 overexpression correlates with poor prognosis in BRCA1-deficient
breast cancer and enhances homologous recombination in a cell line model. (A) Expression
Z-scores of TRIP13 in all, BRCA1 mutant and BRCA2 mutant breast cancers from TCGA. All: n
= 1898 distinct patients, BRCA1 mut: n = 38 distinct patients, BRCA2 mut: n = 44 distinct
patients. All vs. BRCA1 mut: p = 0.0008, All vs. BRCA2 mut: p = 0.06 (Mann-Whitney test, twotailed). Boxes represent median and quartiles, whiskers represent minima and maxima (B)
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Relative contribution of HR deficiency mutational signature (Signature 3) in breast cancer
patients from TCGA cohort stratified by TRIP13 expression levels. TRIP13 high: n = 480
distinct patients, TRIP13 low: n = 480 distinct patients, ***p<0.0001 (Mann-Whitney test, twotailed). (C) Kaplan-Meier overall survival plot of BRCA1-deficient breast cancer patients
stratified by median TRIP13 expression level, TRIP13 high: n = 19 distinct patients, TRIP13
low: n = 19 distinct patients (Gehan-Breslow-Wilcoxon test). (D) 14-day clonogenic survival
assay of SUM149PT cells with nontargeting or TRIP13-targeted shRNAs treated with indicated
Olaparib doses, n=2 biologically independent experiments. (E) Representative images of IRinduced RAD51 foci in SUM149PT cells. (Scale bar: 10 μm) (F) Proportion of SUM149PT cells
with more than 10 RAD51 foci 6 h following IR treatment. n = 3 biologically independent
experiments, siCtrl vs siTRIP13: *p = 0.04, siCtrl vs. siREV7: p = 0.71, siCtrl vs. si53BP1: p =
0.43 (Student’s t-test, two-tailed). All error bars indicate SEM.

BRCA1 mutations are relatively rare in breast cancer; however, functional HDR
deficiency is more prevalent. To correlate TRIP13 expression with functional HDR deficiency
in breast cancer, we queried the prevalence of mutation signatures that are associated with
defects in different DNA repair pathways572. For this, we used a cohort of 960 breast cancer
tumors that had been analyzed for mutation signatures573. We found that only Signature 3,
indicative of HDR deficiency, was differentially prevalent between TRIP13 high and low
expressing tumors (Figure 4.6B). Tellingly, it was elevated in high TRIP13-expressing tumors,
implying that HDR-deficient tumors up-regulate TRIP13 expression.
We then asked whether TRIP13 expression correlates with survival among BRCA1deficient breast cancer patients in TCGA. Though these patients were not treated with Olaparib,
BRCA1-deficient cancers are mainly triple negative cancers and treated with chemo and radiation
therapy to which HDR-deficient cells are also sensitive. We found that patients with high
TRIP13 expression had significantly worse overall survival than those with low TRIP13
expression (Figure 4.6C), suggesting that high TRIP13-expressing cancers are more resistant to
treatment, potentially through HDR restoration.
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Chapter 4.2.11: TRIP13 overexpression promotes HDR and PARPi resistance in BRCA1deficient breast cancer cells
We proceeded to directly assay the effect of TRIP13 in BRCA1-deficient breast cancerderived cell lines. We assessed TRIP13 protein levels in a panel of normal and cancer cell lines
and observed wide variation (Supplementary Figure 4.6C). We focused on the SUM149PT
cell line, as it is a widely used BRCA1-deficient model with high TRIP13 expression. Despite
their BRCA1 deficiency, SUM149PT cells were partially HDR-proficient as monitored by
RAD51 focus formation and Olaparib resistance (Figures 4.6D-F). We therefore asked whether
TRIP13 promotes HDR in these cells. Indeed, knockdown of TRIP13 significantly impaired
both RAD51 focus formation and Olaparib resistance (Figures 4.6D-F and Supplementary
Figure 4.6D). Interestingly, knockdown of REV7 or 53BP1 did not appreciably increase
RAD51 focus formation in SUM149PT cells (Figures 4.6E and F and Supplementary Figure
4.6E), unlike other BRCA1-deficient contexts320,363. This is likely because the 53BP1-REV7Shieldin axis in these cells is already inactivated by their high TRIP13 expression.
Having shown that TRIP13 expression is necessary for PARPi resistance in a cancer cell
line (Figure 4.6), we wanted to determine if it is sufficient for induction of resistance in an
engineered BRCA1-mutant RPE-1 cell line574. We confirmed that knockdown of REV7 partially
restored Olaparib resistance in this cell line (Supplementary Figure 4.6F). Overexpression of
TRIP13 in this setting led to a striking induction of Olaparib resistance (Supplementary Figure
4.6G), demonstrating that TRIP13 overexpression is a bona fide mechanism of PARPi
resistance.
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Chapter 4.3: Discussion
Post-translational regulation of proteins is ubiquitous in the DNA damage response
(DDR)575,576. Unlike conventional covalent modifications of residues, we unveil a posttranslational regulatory mechanism, unprecedented in the DDR, wherein REV7 is regulated by
stable modifications to its tertiary structure. Additionally, we pinpoint the REV7-interacting
protein, TRIP13, as a negative regulator of REV7 by promoting its conformational transition.
Given the importance of the Shieldin complex in dictating PARPi resistance, its
mechanism of regulation is an important open question. Here, we reveal a significant player in
the conserved AAA+ ATPase TRIP13; however, the stimuli that control the action of TRIP13
and association and dissociation of REV7-Shieldin, remain enigmatic. Additionally, unbound CREV7 rapidly converts to inactive O-REV7, thus strongly suggesting that the generation of CREV7 is an active process requiring other factors, discovery of which will shed light on REV7
function.
We have shown that TRIP13 regulates REV7 function in two distinct complexes:
Shieldin and Pol ζ. It is curious that cells use the same regulatory system for multiple DNA
repair pathways. While the pathways have not previously been known to be linked, they are
related in that both DSBs and replication blockage present a decision point for the cell. A DSB
can be repaired via quick, albeit error-prone, NHEJ or through high-fidelity HDR. Similarly, a
replication fork can proceed past a lesion using mutagenic TLS or more energy- and timeintensive, error-free pathways of fork regression or template-switching bypass6. TRIP13 is thus
positioned to play a critical role in the choice between mutagenic and high-fidelity pathways.
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We further show that TRIP13 activity is clinically relevant. Previous studies have noted
that TRIP13 is overexpressed in various cancers and is a negative prognostic marker577-579.
Intriguingly, biallelic loss-of-function TRIP13 mutations were recently reported in Wilms
tumors, and these cells expectedly have an SAC defect580. Whether they additionally have lower
HDR capacity and chemotherapeutic resistance is an important question for future study.
While we have learned a great deal about PARPi resistance mechanisms through the
discovery of 53BP1, RIF1, Shieldin and CST-Polα, there has been little progress in identifying a
druggable target. As an enzymatic, negative regulator of the Shieldin complex, TRIP13 is an
ideal drug target. It is of great clinical importance to further explore the utility of TRIP13
inhibition to potentiate the clinical effectiveness of PARPis.
Chapter 4.4: Materials and Methods
Cell Culture and transfections
Human HeLa, HEK293T and U2OS cells were grown in DMEM (Invitrogen),
SUM149PT and RPE-1 cells were cultured in DMEM-F12 (Invitrogen), and HCC1937 cells
were maintained in RPMI (Invitrogen) medium, all supplemented with 10% Fetal Calf Serum
(FCS) and penicillin-streptomycin (1%). Breast and ovarian cell lines used in Fig. 6 were
cultured according to recommendations in the literature. DNA transfections and siRNA
knockdowns were performed using Lipofectamine LTX (Invitrogen) and RNAiMax (Invitrogen)
respectively according to the manufacturer’s protocols. RNAi target sequences used in this study
are: CAGGGTATCGACGATTACAAA (siCtrl), AAGATGCAGCTTTACGTGGAA (siREV7),
TTGGGACAGCTTGGTATACGA (siTRIP13-1), AAGCAAATCACTGGGTTCTAC
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(siTRIP13-6), TGTCTGATCACTGAACGGAAA (siMAD2),
TTGAAGAATGCAGGTTTAATA (siBRCA2).
Antibodies and chemicals
Antibodies used in this study were: Santa Cruz sc-135977 (REV7, IF, 1:100 dilution),
Abcam ab180579 (REV7, IB, 1:1000 dilution), Abcam ab128171 (TRIP13, 1:1000 dilution),
Cell Signaling 2144 (Tubulin, 1:5000 dilution), Novus NB100544 (pRPA32 S33, IF, 1:5000
dilution), Santa Cruz sc-8349 (RAD51, IF, 1:100 dilution), Cell Signaling 4937 (53BP1, IF,
1:1000 dilution), Bethyl A300-569A (RIF1, IF, 1:1000 dilution), Santa Cruz sc-138 (GST,
1:1000 dilution). Mitomycin C (MMC) was purchased from Sigma and Olaparib was purchased
from Selleckchem.
Mass spectrometry analysis of Tandem Affinity Purified protein complexes
Purified protein complexes from three independent biological replicates were analyzed by
mass spectrometry as described with minor modifications: Cysteine residues were first reduced
with 10 mM DTT for 30 minutes at 56 °C in the presence of 0.1% RapiGest SF (Waters) and
subsequently alkylated with 20 mM iodoacetamide for 20 minutes at room temperature in the
dark. Proteins were digested overnight at 37 ºC using 5 micrograms of trypsin after adjusting the
pH to 8.0 with Tris. Digests were acidified by adding trifluoroacetic acid (TFA) to a final
concentration of 1% and incubated at 37°C for 30 minutes. Cleaved RapiGest products were
pelleted at 20.000 × g at room temperature for 10 minutes. Supernatants were desalted by batchmode reverse phase (Poros 10R2, Applied Biosystems) solid phase extraction and concentrated
in a vacuum concentrator. Peptides were solubilized in 0.1% Formic Acid containing 25%
Acetonitrile and further purified by batch-mode strong cation exchange (Poros 10HS, Applied
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Biosystems). Peptides were finally eluted with 0.1% formic acid containing 25% acetonitrile and
300 mM KCl and concentrated by vacuum centrifugation. Purified peptides were loaded onto a
precolumn (4 cm × 150 µm POROS 10R2, Applied Biosystems) and eluted with an HPLC
gradient (NanoAcquity UPLC system, Waters; 10%–40% B in 60 min; A = 0.2 M acetic acid in
water, B = 0.2 M acetic acid in acetonitrile). Peptides were resolved on a self-packed analytical
column (50 cm × 150 µm Monitor C18, Column Engineering) and introduced in the mass
spectrometer (Q Exactive HF mass spectrometer, Thermo) equipped with a Digital PicoView
electrospray source platform (New Objective). The spectrometer was operated in data dependent
mode where the top 10 most abundant ions in each MS scan were subjected to HCD
fragmentation (30% normalized collision energy) and subjected to MS2 scans. Dynamic
exclusion was enabled with a repeat count of 1 and exclusion duration of 30 seconds. Peak lists
were extracted using multiplierz scripts and converted into a Mascot generic file format (.mgf).
Spectra were searched using Mascot (version 2.6) against three appended databases consisting
of: i) human protein sequences (downloaded from RefSeq on 07/11/2011); ii) common lab
contaminants and iii) a decoy database generated by reversing the sequences from these two
databases. Precursor tolerance was set to 10 ppm and product ion tolerance to 0.02 Da. Search
parameters included trypsin specificity with up to 2 missed cleavages, fixed
carbamidomethylation (C, +57 Da) and variable oxidation (M, +16 Da). Spectra matching to
peptides from the reverse database were used to calculate a global false discovery rate and were
discarded. Data were further processed to remove peptide spectral matches (PSMs) to the
forward database with an FDR greater than 1.0%. Peptides shared by two or more genes were
excluded from consideration when constructing the final protein list. Protein abundance was
estimated based on the average MS signal response for the three most intense gene-unique tryptic
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peptides. We generated the final list of binding partners as follows: Proteins identified in any of a
set of 108 negative control TAP experiments or in any of the 3 control TAP experiments
performed alongside the 3 REV7 TAP experiments were excluded from consideration. Finally,
we only considered binding partners identified and quantified in at least 2 of the 3 replicate
REV7 purifications.
Immunoprecipitation
Cells were first lysed in 150 mM NaCl NP40 buffer for 30 minutes with rocking at 4 °C.
Clarified lysates were then incubated with the appropriate antibody-bead conjugate from
between 2 hours to overnight at 4 °C. Beads were washed at least three times with 150 mM
NaCl NP40 buffer and immunoprecipitates were eluted either by competition with 0.5 mg/mL
FLAG peptide or by boiling.
Drug sensitivity and functional cell-based reporter assays
To assess clonogenic survival, cells were twice transfected with the indicated siRNAs
over 48 h, collected and seeded at a low density (1000-3000 cells/well) in 6-well plates in
triplicates. Drugs at the indicated doses were added after 12 hours and cells were allowed to
grow for 14 days. Colony formation was scored by fixing and staining with 0.5% (w/v) crystal
violet in methanol. For short term survival assays, siRNA-transfected cells were plated in 96well plates at 1000 cells/well, and treated with drugs at the indicated concentration after 12
hours. Three days later, cellular viability was assayed using CellTiterGlo (Promega). Survival at
each drug concentration for both clonogenic and CellTiterGlo assays was calculated as a
percentage relative to the corresponding untreated control. Direct repeat homologous
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recombination efficiency was measured using the U2OS DR-GFP reporter cell line as previously
described.
Generation of knockout cell lines with CRISPR-Cas9
All guide RNA sequences were cloned into the pSpCas9(BB)-2A-GFP vector, a gift from
Feng Zhang (Addgene plasmid # 48138). Cells were transfected with Cas9-gRNA plasmids and
48 hours later, GFP+ cells were selected and seeded as single cells using a BD FACSAria II cell
sorter. Single cells were grown for approximately three weeks and colonies were screened for
knockouts by western blotting. The guide RNA target sequences used in this study were
GAGGTCTTGTCGTGTGAGCG (REV7), CGAGTCGCCAACGGTCCACG (TRIP13 #1),
CACGTGGACCGTTGGCGACT (TRIP13 #2).
Cellular fractionation and immunoblot analysis
Cells were lysed with NP40 buffer (1% NP40, 300 mM NaCl, 0.1 mM EDTA, 50 mM
Tris pH 7.5) supplemented with protease inhibitor cocktail (Roche). Cell lysate was resolved by
gel electrophoresis using NuPAGE Novex gels (Invitrogen), and proteins were transferred onto
nitrocellulose membranes, sequentially incubated with primary and secondary antibodies and
detected by chemiluminescence. For chromatin fractionation, cell pellets obtained above were
resuspended in MNase buffer (1% NP40, 150 mM NaCl, 1 mM EDTA, 50 mM Tris pH 7.5,
0.5% NP40, 10% Glycerol, 2mM CaCl2) with MNase (Roche) at a final concentration of 3 U/ul
and incubated at 37 °C with shaking for 15 minutes. An equal volume of 2X HA-IP buffer (1%
NP40, 150 mM NaCl, 1 mM EDTA, 50 mM Tris pH 7.5, 0.05% NP40, 10% Glycerol) was
added and tubes were incubated on ice for 15 minutes. The supernatant was collected after
spinning at maximum speed, and chromatin-bound proteins were precipitated using 50% TCA
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(trichloroacetic acid) and resuspended in NP40 buffer. Fractions were probed with different
antibodies using gel electrophoresis.
Protein purification
cDNA encoding REV7R124A and REV7R124A, Δseatbelt were cloned into the pET28a vector
with an N-terminal His-tag fusion. TRIP13 and SHLD3 cDNA were closed into pGEX-GP6
with an N-terminal GST-tag fusion, TRIP13 was cloned with a TEV-cleavable His tag Cterminal to GST. Proteins were expressed in BL21 (DE3) or BL21 (DE3) Rosetta E. coli strains
(EMD Millipore). Expression was induced by addition of 1 mM IPTG at 16 °C to
logarithmically growing cultures. Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 350
mM NaCl, 20 mM Imidazole, 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF, 10% Glycerol for Hispurification; 1xPBS + 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF for GSTpurification) by successive freeze-thaw cycles followed by sonication. Lysates were incubated
with Ni-NTA agarose (Qiagen) or Glutathione agarose (Life technologies) for 1-4 hours and
beads were then washed with wash buffer (50 mM Tris-HCl, pH 7.5, 1 M NaCl, 20 mM
Imidazole, 0.5 mM TCEP, 10% Glycerol for His-purification; 1xPBS + 350 mM NaCl, 0.5 mM
TCEP for GST-purification) and eluted with 300 mM Imidazole for His-purification or 10 mM
reduced glutathione for GST-purification. The GST tag was cleaved from TRIP13 using
Prescission protease (GE Healthcare) and His-TRIP13 was subjected to another round of
purification using the above protocol. The His-tag was subsequently cleaved by TEV protease
(Sigma Aldrich).
Analytical and Preparative Protein Chromatography
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Size exclusion and anion exchange chromatography were performed using an
AKTApurifier system. SEC was performed using the Superdex Increase 10/300 column (GE
Healthcare) and AEC was performed using the HiTrap Q HP 1 mL column (GE Healthcare). For
purified REV7, the eluate was concentrated to 500 μL and injected onto the SEC column
equilibrated with buffer A (20 mM Tris-HCl, pH 7.5, 20 mM NaCl, 0.5 mM TCEP, 10%
Glycerol), 500 μL fractions were eluted and analyzed by SDS-PAGE and Coomassie Blue
staining. Fractions containing monomeric REV7 were pooled and directly injected into the AEC
column, 500 μL fractions were eluted as a gradient of 0%-50% Buffer B (20 mM Tris-HCl, pH
7.5, 1 M NaCl, 0.5 mM TCEP, 10% Glycerol). Fractions were again analyzed by SDS-PAGE
and either Coomassie staining or western blotting. The REV3 SBM used for C-REV7
stabilization experiments was N-terminally biotinylated RTANILKPLMSPPSREEIMA
(Selleck). For SEC on cell lysates, 300 μL of clarified cell lysate was injected onto the SEC
column equilibrated with 50 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 10% Glycerol and
500 μL fractions were collected. To enhance signal, proteins in each fraction were precipitated
using TCA and the protein was dissolved in 20 μL SDS loading buffer and loaded for SDSPAGE. Endogenous REV7 was visualized by western blot.
15

N-labelled HSQC NMR
The 15 N-HSQC spectra of 15 N-labeled REV7 proteins were acquired in 20 mM

HEPES, 100 mM NaCl, 10 mM DTT, pH 7.4 with 10% D2O at 25°C, on a 600 MHz Bruker
Avance II spectrometer with a Prodigy cryoprobe. The data was collected with 48 number of
scans, 512 complex points in the direct 1 H dimension and 64 complex points in the 15 N
indirect dimension.
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GST pulldowns
GST-tagged proteins were expressed in the Rosetta (DE3) E. coli strain by induction with
1 mM IPTG overnight at 16 °C. Lysates were incubated with glutathione agarose beads
(Thermo Scientific) for 4 hours. Beads were then washed sequentially with PBS with 300 mM
NaCl and PBS with 500 mM NaCl. Beads were then rinsed with 150 mM NaCl NP40 buffer and
purified REV7 was added, after adjusting salt concentrations to 150 mM NaCl as required.
Beads-REV7 mixture was then incubated overnight with rocking at 4 °C. The beads were
washed at least three times with 150 mM NaCl NP40 buffer and GST-protein complexes were
eluted with 10 mM reduced glutathione and analyzed by western blotting.
ATPase Assays
TRIP13 ATPase activity was measured using the ADP-Glo Kit (Promega). Purified
TRIP13 was diluted to the appropriate concentration in ATPase dilution buffer such that the final
buffer makeup was 25 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM MgCl2, 1 mM DTT, 5%
glycerol with 1 mM Ultrapure ATP (Promega). 5 μL reactions were set up in triplicate in opaque
384 well plates and allowed to proceed for various times. The reaction was stopped by the
addition of 5 μL ADP-Glo reagent. 10 μL of Kinase detection reagent and ATP consumption
was measured by the luminescence generated from each well.
In vitro TRIP13 dissociation assays
Glutathione-agarose bound REV7-SHLD3 complexes were pre-assembled by incubation
of beads with GST-SHLD3 followed by incubation with His-REV7 and washing to remove any
unbound protein. The SHLD3:REV7 bound beads were then incubated with purified TRIP13 in
assay buffer (25 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM MgCl2, 1 mM DTT, 5% glycerol)
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with or without addition of 2 mM ATP or AMP-PNP. The tubes were shaken at 37 °C. At
various timepoints, aliquots were collected from the reaction and the soluble, unbound fraction
was separated from the complex-bound beads using spin columns (EMD Millipore). The
collected samples were then analyzed by SDS-PAGE and western blotting for REV7.
SMART DNA fiber assays
The SMART assay procedure was largely performed as described. Cells were grown in
the presence of BrdU for 24 hours to label genomic DNA. Cells were then exposed to X-ray
irradiation to induce DSB formation. Cells were harvested 6 hours following irradiation. To
avoid DNA breakage, cells were encased in low melting point agarose plugs prior to lysis
overnight in 0.5 M EDTA, 1% Sarkosyl with proteinase K (Fisher) at 50 °C. Genomic DNA
containing plugs were then washed with TE buffer. The plugs were then placed in spreading
buffer (0.5 M MES pH 5.5) and melted at 68 °C; agarose was digested by overnight incubation at
42 °C with β-Agarase (NEB). The next day, the genomic DNA solution was spread onto
silanized coverslips using the Fiber Comb system (Genomic Vision). Combed coverslips were
then dried in a 65 °C oven for 2 hours prior to blocking with 3% BSA for 30 minutes at 37 °C.
Coverslips were then incubated with primary αBrdU antibody (GE Healthcare) in 3% BSA
overnight at 4 °C. The following day, coverslips were washed with PBST and incubated with
secondary Alexa 594 labelled Goat αMouse antibody (Life Technologies) for 30 minutes at 37
°C. Coverslips were again washed and mounted on slides with Vectashield mounting medium
(Vector laboratories). Images were captured using a Zeiss AX10 fluorescence microscope and
Zen software and fiber lengths were measured using ImageJ. At least 100 fibers were scored per
condition.
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Immunofluorescence assays
Cells were plated on glass cover slips in 12-well plates the previous day. They were then
either left untreated or irradiated at the indicated doses and harvested at the indicated time points
by pre-extracting with 0.5% Triton X-100 for 5 min, followed by fixation with 4%
paraformaldehyde for 10 min at 4 °C. For REV7 foci, an additional 10 min methanol extraction
step was performed. The wells were washed three times with PBS, blocking was done with 3%
BSA in PBS for 1 hour at room temperature, followed by primary and secondary antibody
incubations for 1 hour at room temperature or overnight at 4 °C. The coverslips were then
mounted into glass slides with DAPI-containing medium (Vector Laboratories). Foci were
scored and images were captured using a Zeiss AX10 fluorescence microscope and Zen
software. At least 100 cells were counted for each sample.
Chromosomal breakage analysis
HEK293T cells were transfected twice with the indicated siRNAs or once with the
indicated expression constructs and incubated for 48 hours with or without the indicated doses of
MMC. Cells were treated for 2 hours with 100 ng/ml of colcemid, followed by a hypotonic
solution (0.075 M KCl) for 20 min and fixed with 3:1 methanol/acetic acid. Slides were stained
with Wright’s stain and 50 metaphase spreads were scored for aberrations. The relative number
of chromosomal breaks and radials was calculated relative to control cells or empty vector
control as indicated in the figure legends.
SupF mutagenesis assay
SupF assays were performed mainly as described previously. In brief: HEK293T cells
treated with the indicated siRNAs were transfected with either undamaged or UVC-treated (1000
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J/m2 using a 2400 UV Stratalinker) pSP189 plasmid using Lipofectamine LTX reagent. Repair
was allowed to proceed for 48 hours, after which plasmid DNA was retrieved from the cells
using the Wizard Plus SV miniprep kit (Promega). Unreplicated plasmid DNA was eliminated by
a DpnI digest and repaired plasmid was precipitated by ethanol and electroporated into
MBM7070 reporter bacterial strain with an amber mutation in the β-galactosidase gene.
Transformed bacteria were plated onto media containing 100 μg/ml ampicillin, 1mM isopropyl1-thio-b-D-galactopyranoside (IPTG) and 100 μg/ml X-gal. Mutant colonies were detected as
white colonies, and mutation frequency was scored as the ratio of white to total number of
colonies.
TCGA data acquisition and analysis
TCGA mutation and expression data was downloaded from cBioportal. The METABRIC
data set was used for survival analysis and TRIP13 expression in BRCA1 mutant breast cancers.
For the breast cancer analysis, tumors were stratified by median TRIP13 expression, ovarian
cancers were stratified by presence or absence of TRIP13 amplification. Mutation signature
analysis was done for breast cancer using the TCGA 2012 dataset, with signature data acquired
from mSignatureDB. For this analysis, tumors were stratified by median TRIP13 expression.
Statistics and reproducibility
Data are represented as mean ± SEM for n=3 or more independent experiments. For
clonogenic survival assays, significance was calculated using 2-way ANOVA tests. For focus
formation and DR-GFP assays, significance was calculated using the Student’s 2-tailed t-test.
For the SMART assay, significance was determined using the Mann-Whitney test. For survival
analysis of TCGA data, significance was determined using the Gehan-Breslow-Wilcoxon test.
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For mutation signature and TRIP13 expression analysis from TCGA data significance was
determined using the Mann-Whitney test. All statistical analysis was performed using GraphPad
Prism 6 software (GraphPad Software). For the SupF mutagenesis assay in Figure 5e, 14-day
clonogenic assay in Figure 6d, and RAD51 focus formation assay in Extended Data Figure 4h,
data are from two independent experiments.
Data availability
Mass spectrometry data have been deposited in MASSive data repository and are freely available
at: ftp://massive.ucsd.edu/MSV000084515/.
All TCGA breast cancer data was accessed from the METABRIC study through cBioportal
(https://www.cbioportal.org/study/summary?id=brca_metabric).
Mutation signature data was accessed from mSignatureDB
(http://tardis.cgu.edu.tw/msignaturedb/).
All other data supporting the findings of this study are available from the corresponding author
on reasonable request.
Chapter 4.5: Author contributions
Connor S. Clairmont: Generated all DNA constructs, generated cell lines for IP-MS and carried
out the experiments and data analysis in collaboration with the DFCI mass spec core (Guillaume
Adelmant and Jarrod A. Marto), purified all proteins used in study and carried out all
biochemical experiments (Mainly figures 2 and 3), optimized and supervised SupF (Fig. 5E) and
SMART assays (Fig. 4A) which were carried out by lab technicians (Karthik Ponnienselvan and
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Lucas D. Galli, respectively) and performed computational analyses of cancer genome data (Fig.
6).
Prabha Sarangi (D’Andrea lab postdoc): Carried out most cell biological experiments (Drug
sensitivity, focus formation, etc.) and immunoprecipitations demonstrating differential REV7
binding in TRIP13 knockouts.
Connor and Prabha worked closely in conjunction with Alan D’Andrea on the design of
experiments and interpretation of results and authored the manuscript collaboratively.
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Chapter 5
p31comet promotes homologous recombination by inactivating REV7 through the TRIP13
ATPase

Chapter 5.1: Introduction
Cells need to maintain the integrity of their genomes in the face of attack by endogenous
and exogenous DNA damaging agents556. One of the most challenging lesions is the double
strand break (DSB), the repair of which depends on cell cycle phase10,581,582. In G1 phase,
classical non-homologous end joining (C-NHEJ) is quick and efficient, entailing the re-ligation
of broken ends with minimal processing10. However, in S, G2, or M phases, cells invoke the
more complicated but high fidelity homologous recombination (HR) repair pathway that uses the
sister chromatid as repair template for synthesizing DNA across the break583,584. The first step of
HR is resection of the DSB ends, and is highly regulated because it commits repair to HR, thus
dictating repair pathway choice and outcome582.
End resection is normally repressed by a signaling cascade comprising the 53BP1, RIF1,
REV7-Shieldin (SHLD1-3) and CST-Pol α proteins283,363,364,549-555,585. The ssDNA-binding of
SHLD2 and the fill-in activity of CST-Pol α impedes and counteracts end resection, respectively
283,550,586

. This brake on end resection is relieved specifically in S and G2 phases by the BRCA1-

BARD1 complex, at least partly by repositioning and dephosphorylating 53BP1, and recruiting
CtIP, a component of the end resection machinery583. Thus, cells deficient for BRCA1 cannot
mount an HR response, resulting in sensitivity to the PARP inhibitor, Olaparib587. However,
when these cells concurrently lose any member of the 53BP1-RIF1-REV7-Shieldin anti-end
resection cascade, they re-acquire the ability to perform HR and become resistant to
Olaparib283,363,364,549-555,585. We recently revealed another route to Olaparib resistance through upregulation of the ATPase TRIP13, an enzyme that inactivates REV7 through a conformational
change519.
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REV7 is a founding member of the HORMA protein family, also comprising the meiotic
factors Hop1 and HORMAD1/2, the spindle assembly checkpoint (SAC) protein MAD2, and the
autophagy proteins Atg101 and Atg13508,516. This family is defined by the high structural
similarity of its members, a key feature of which is their C-terminal seatbelt region516. This
“seatbelt” clamps down on an interacting partner in a so-called active “closed” form516,588. In the
Shieldin complex, the REV7 seatbelt engages SHLD3 upon closure, which is required for the
recruitment of SHLD1 and SHLD2519,550,552,555,589.
Another commonality amongst HORMA family members , albeit demonstrated to
different degrees, is their inactivation by the highly conserved ATPase TRIP13588. Shown most
convincingly for MAD2, TRIP13 binds to the N-terminus of closed-MAD2, destabilizing critical
contacts and causing its C-terminal seatbelt to unlatch and transition to an “open” conformation,
thereby releasing its seatbelt-binding partner590-592. The critical seatbelt-binding partner of
MAD2 is CDC20, such that MAD2 closed over CDC20 is proficient for SAC activation, while
remodeled open-MAD2 without CDC20 associated with it cannot activate the SAC.
TRIP13 is aided in this structural sleight of hand by yet another HORMA-like protein,
p31comet (referred to as p31 henceforth), whose C-terminal seatbelt folds back onto itself (Fig.
1A)535,590,591,593. p31 acts as a bridge between TRIP13 and MAD2, stimulating TRIP13 to
remodel MAD2 and release CDC20590,592. p31 also plays an important TRIP13-independent role
in MAD2 inhibition- namely, it binds to the MAD2 homodimerization interface by virtue of its
structural similarity with MAD2, effectively preventing MAD2 homodimerization which is
required for its activation512. Whether p31 works with TRIP13, or independently, to similarly
inactivate REV7 and favor HR is unknown.
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Here, we show that p31 is a novel regulator of end resection and repair pathway choice. It
physically interacts with REV7 and engenders the release of the seatbelt interactor SHLD3 from
the REV7-Shieldin complex, thereby promoting HR. p31 also attenuates REV7 association with
its other seatbelt partner REV3 in the Pol ζ complex to inhibit their function in interstrand
crosslink (ICL) repair. The clinical importance of these findings is underscored by the
observation that p31 is frequently over-expressed in cancers and is a marker of poor prognosis in
BRCA1-deficient settings. Thus, p31 emerges as a new and important player in multiple arenas of
genome maintenance.
Chapter 5.2: Results
Chapter 5.2.1: p31 physically interacts with the REV7-Shieldin complex
The TRIP13 ATPase inactivates the HORMA protein REV7 by unlatching its seatbelt to
release SHLD3 and promote HR519. As TRIP13 has been shown to work with the adaptor protein
p31, we asked whether p31 plays any role in this function. p31 has several features of a HORMA
protein, including a C-terminal seatbelt region (Figure 5.1A). p31 interacted with all known
subunits of the REV7-Shieldin complex (Figures 5.1B-C). Interestingly, these interactions were
enhanced in the absence of TRIP13 (Figures 5.1B-C), suggesting that a p31-REV7 intermediate
accumulates when TRIP13 is not present to disassemble the REV7-Shieldin complex. This is
consistent with the previously observed increase in binding of p31 to MAD2-CDC20 in TRIP13/-

cells 594,595 and to the active (closed) conformer of MAD2512,596.
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Figure 5.1: p31 physically interacts with REV7-Shieldin. (A) Schematic of p31 protein
showing its various functional regions and modification sites. (B) Western blot showing FLAGimmunoprecipitation of FLAG-Empty Vector (EV) or FLAG-REV7 in wild-type and TRIP13-/U2OS cells and the co-immunoprecipitation of endogenous p31. (C) Western blot showing GFPimmunoprecipitation of GFP-tagged: empty vector (EV), SHLD1 (S1), SHLD2 (S2) and SHLD3
(S3) in wild-type and TRIP13-/- U2OS cells and the co-immunoprecipitation of endogenous p31.
(D) Western blot showing the FLAG-immunoprecipitation of empty vector (EV), wild-type p31
and various mutant forms of p31, and the co-immunoprecipitation of endogenous REV7 (left) or
MAD2 (right) in p31-/- HEK293T cells. RRAA denotes the RR188,189AA mutant. (E)
Schematic of our proposed model of p31 function as mediating the interaction between REV7
and TRIP13, and hence the dissolution of REV7-Shieldin, through the remodeling of the REV7
seatbelt that is bound to SHLD3. Here, we depict the seatbelts of both REV7 monomers as being
unlatched by the action of TRIP13-p31, but it is possible that only the seatbelt closed over
SHLD3 is opened.

Chapter 5.2.2: p31 interacts with REV7 and MAD2 through a common interface
The HORMA proteins REV7 and MAD2 are structurally very similar, despite their low
amino acid sequence identity. The N-terminal ends of HORMA proteins are critical for TRIP13mediated inactivation591, and the cryo-EM structure of TRIP13-p31-MAD2 explains the
importance of this N-terminal sequence (Supplementary Figure 5.1A)590. TRIP13 binds to a
conserved LTR motif in the MAD2 N-terminus that feeds into its central pore (Supplementary
Figure 5.1B). Interestingly, REV7 also harbors a conserved LSR motif in its N-terminus in a
rare pocket of sequence conservation between the two proteins (Supplementary Figure 5.1B).
We used the published TRIP13-p31-MAD2 structure to model REV7 onto a hypothetical
TRIP13-p31-REV7 ternary complex, and detected no obvious steric clashes (Supplementary
Figure 5.1C). To validate our model, we compared it with the TRIP13-p31-MAD2 structure in
order to identify residues on p31 that may be critical for its interactions with REV7, MAD2 or
both binding partners. (Supplementary Figure 5.1D). Alanine replacement mutant variants of
p31 were expressed in p31-/- cells and queried for their ability to interact with REV7 and MAD2
(Figure 5.1D and Supplementary Figure 5.1E). Some mutations, including F191A and Q83A
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abrogated the binding of p31 to both REV7 and MAD2, supporting our model of a shared
interaction surface. It is thus likely that a major function of p31 is to serve as a general adaptor
between TRIP13 and HORMA substrates. Specifically, we propose that p31 works in concert
with TRIP13 to unlatch the REV7 seatbelt and release its seatbelt-interacting partner SHLD3
(Figure 5.1E).
Intriguingly, two of our p31 mutants - RR188, 189AA (RRAA) and Y82A - had a much
stronger impact on REV7 binding than on MAD2 binding (Figure 5.1D). We speculate that
arginines 188 and 189 in p31 may be more important for association with REV7 through an
electrostatic interaction with D138, a residue that is not conserved in MAD2 (Supplementary
Figure 5.1D). Similarly, Y82 of p31 may uniquely stabilize REV7-p31 though a hydrophobic
interaction with L128 of REV7 (Supplementary Figure 5.1D). Thus, p31-RRAA is a novel
separation-of-function mutant that is deficient for REV7 binding but proficient for MAD2
association.

Chapter 5.2.3: p31 promotes end resection and HR
Given that TRIP13 enhances HR through REV7 inactivation 519 and that p31 interacts
with REV7 (Figure 5.1)534, we asked whether p31 regulates HR. The first step of end resection
was examined by quantifying DNA damage-induced RAD51 foci levels in p31-/- cell lines
generated using CRISPR-Cas9 technology. As seen previously, cells lacking TRIP13 showed a
marked impairment in IR-induced RAD51 focus formation compared to wild-type cells, while
REV7-/- cells exhibited an enhancement (Figure 5.2A)519. Three different p31-/- clones displayed
an even greater impairment in RAD51 foci levels than TRIP13-/- cells, and were ~ 50% of wildtype levels (Figure 5.2A).
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Figure 5.2: p31 Promotes Homologous Recombination. (A) Graph showing RAD51 focus
formation in wild-type, TRIP13-/-, REV7-/- and three p31-/- clones in U2OS cells at baseline and 6
hours following treatment with 5 Gy of ionizing radiation. Means and standard deviations of 3
independent experiments are depicted. (B) Clonogenic survival curve of wild-type, TRIP13-/-,
REV7-/- and two p31-/- clones in U2OS cells at various doses of the PARP inhibitor, Olaparib.
Means and standard deviations of 3 independent experiments are depicted. (C) Clonogenic
survival curve of p31-/- U2OS cells expressing empty vector (EV), wild-type p31 (WT) or
RR188,189AA mutant p31 (RRAA) at various doses of Olaparib. Means and standard deviations
of 3 independent experiments are depicted. (D) Clonogenic survival curve of U2OS cells
expressing empty vector (EV) or overexpressing wild-type (WT) or RR188,189AA (RRAA)
mutant p31 at various doses of the PARP inhibitor, Olaparib. Means and standard deviations of 3
independent experiments are depicted. (E) Clonogenic survival curve of BRCA1-/- TP53-/- RPE-1
cells, expressing empty vector (EV) or overexpressing p31. Means and standard deviations of 2
independent experiments are depicted. (F) DR-GFP assay results in U2OS cells following
transfection with nontargeting or siRNAs targeting BRCA1, TRIP13 and p31. Means and
standard deviations of 2 independent experiments are depicted.

As defective end resection is frequently accompanied by sensitivity to PARP inhibitors,
we examined the sensitivity of p31-/- cells to Olaparib in 14-day clonogenic survival assays.
Consistent with our previous findings and RAD51 foci results, both p31-/- and TRIP13-/- cells
were sensitive to Olaparib compared to wild-type, with the former exhibiting a stronger
phenotype (Figure 5.2B) 519. This sensitivity was also detected in a short term 5-day Cell Titer
Glo-based cytotoxicity assay (Supplementary Figure 5.2A), and was rescued by ectopically reexpressed p31 (Figure 5.2C and Supplementary Figures 5.2B-D), excluding off-target effects
of the guide RNA or clonal artifacts. Importantly, expression of the RRAA mutant of p31, which
interacts with MAD2 but not REV7, failed to rescue the Olaparib sensitivity of p31-/- cells
(Figure 5.2C and Supplementary Figure 5.2C), indicating that the interaction of p31
specifically with REV7 mediates Olaparib resistance.
We next asked whether, conversely, overexpressing p31 can promote increased usage of
the HR pathway. Consistent with this, overexpression of wild-type p31, but not the RRAA
mutant, increased cellular resistance to Olaparib (Figure 2D and Supplementary Figures 5.2B139

D). However, p31 over-expression in TRIP13-/- cells did not induce Olaparib resistance
(Supplementary Figures 5.2E-F), indicating that TRIP13 is required for HR promotion by p31.
Loss of REV7-Shieldin activity, whether through genetic inactivation or TRIP13
overexpression, also promotes HR in cells that are otherwise HR-deficient due to BRCA1
deficiency283,363,364,549-555,585. We therefore tested whether overexpression of p31 could restore
HR proficiency in a human RPE-1 cell line in which BRCA1 and TP53 were knocked out with
CRISPR-Cas9. Indeed, overexpression of p31 in this BRCA1-deficient cell line induced Olaparib
resistance (Figure 5.2E and Supplementary Figure 5.2G), consistent with a role for p31 in
REV7-Shieldin complex inactivation.
A cell line-based DR-GFP reporter assay was next used to measure the efficiency of HRdependent repair568. Knockdown of p31 conferred a strong decrease in the GFP signal compared
to control, though not to the degree observed with knockdown of the core HR factor, BRCA1
(Figure 5.2F). Taken together, these data strongly implicate p31 in the promotion of HR in
conjunction with TRIP13.

Chapter 5.2.4: p31 inhibits REV7-SHLD3 seatbelt association
REV7 is recruited to DSBs by SHLD3 to counteract end resection through a seatbelt
interaction 550,555. We have previously shown that TRIP13 unlatches the REV7 seatbelt to release
SHLD3, both in vitro and in cells 519. We therefore asked whether p31 has a similar effect by
querying REV7-SHLD3 association levels in cells either lacking or over-expressing p31. p31-/cells, similarly to TRIP13-/-, had higher levels of REV7-SHLD3 in complex compared to wildtype cells (Figure 5.3A and Supplementary Figure 5.3A) 519. Conversely, cells overexpressing p31 or TRIP13 had significantly less SHLD3 associated with REV7 (Figure 5.3B
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and Supplementary Figure 5.3A) 519. Importantly, overexpression of p31 in TRIP13-/- cells did
not cause an appreciable reduction in SHLD3-REV7 association (Figure 5.3C and
Supplementary Figure 5.3B). These data support a model in which p31 works in concert with
TRIP13 to inactivate the REV7-Shieldin complex, specifically by releasing SHLD3 from the
REV7 seatbelt (Figure 5.1D).
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Figure 5.3: p31, like TRIP13, inhibits REV7 activity. (A) Western blot showing the GFP
immunoprecipitation of GFP-empty vector (EV) or GFP-SHLD3 and the coimmunoprecipitation of endogenous REV7 in wild-type, TRIP13-/-, and p31-/- U2OS cells. (B)
Western blot showing the GFP immunoprecipitation of GFP-empty vector (EV) or GFP-SHLD3
and the co-immunoprecipitation of endogenous REV7 in U2OS cells ectopically overexpressing
empty-vector (EV) or cDNAs encoding TRIP13 or p31. (C) Western blot showing the GFP
immunoprecipitation of GFP-empty vector (EV) or GFP-SHLD3 and the coimmunoprecipitation of endogenous REV7 in wild-type or TRIP13-/- U2OS cells expressing
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empty-vector (EV) or overexpressing p31. (D) Western blot of chromatin-bound REV7 from
wild-type or p31-/- U2OS cells at various time points following irradiation with 10 J/m2 of UV
light. (E) Western blot of chromatin-bound REV7 from U2OS cells ectopically overexpressing
empty vector (EV) or p31 cDNA following irradiation with 10 J/m2 of UV light. (F) Western
blot of soluble (top) and chromatin-bound (bottom) proteins from wild-type, REV7-/-, p31-/- and
TRIP13-/- U2OS cells, with and without exposure to 5 Gy of ionizing radiation. Norm. Ratio is
the ratio of co-immunoprecipitated REV7 to the tagged protein which was pulled down,
normalized to the control condition.

Chapter 5.2.5: p31 promotes REV7 chromatin turnover
A prediction of our model and of the literature is that hyper-active REV7-Shieldin in cells
lacking p31 or TRIP13 may be enriched at DNA damage sites. Indeed, TRIP13-/- cells exhibit an
increase in REV7 foci and stronger REV7 chromatin retention than wild-type cells after DNA
damage 519. We determined the effect of p31 expression on damage-inducible recruitment of
REV7 to chromatin. Exposure to UV light, known to induce nucleotide damage that is a
substrate for Pol ζ, triggered the robust recruitment of REV7 to chromatin within 15 minutes,
with a return to baseline by 180 minutes (Figure 5.3D and Supplementary Figure 5.3C).
Strikingly, p31-/- cells exhibited strong REV7 chromatin binding, both at baseline and following
UV irradiation (Figure 5.3D and Supplementary Figure 5.3C).
This increased chromatin retention of REV7 in p31-/- cells could be due to a loss of active
extraction of REV7 by p31-TRIP13, or alternatively, it may reflect increased DNA damage in
the cells. To distinguish between these possibilities, we performed the converse experiment
wherein p31 was over-expressed and REV7 chromatin engagement was examined. Consistent
with an active role of p31 in extracting REV7 from chromatin, over-expression of p31 appeared
to decrease REV7 association with chromatin after induction of DNA damage (Figure 5.3E).
Thus, REV7 is likely recruited to DNA damage sites via its seatbelt interactions, whereupon it
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performs its functions and is subsequently released from the repair complex by the action of p31TRIP13.
To further probe the mechanism through which p31-TRIP13 mediates chromatin
extraction of REV7 complexes, we monitored the recruitment of p31 and TRIP13 to chromatin
following DNA damage. Strikingly, we found p31 to be strongly chromatin-associated,
irrespective of DNA damage, whereas TRIP13 was primarily soluble (Figure 5.3F).
Furthermore, p31 accumulated on chromatin to a much greater extent in TRIP13-/- cells (Figure
5.3F).
We were intrigued to notice that p31 chromatin retention was counterintuitively increased
in REV7-/- cells. Importantly, we have previously shown that chronic REV7 deficiency
significantly alters cell cycle kinetics, leading to an increased G2/M population546. Given that
p31 associates with the kinetochore along with MAD2 during mitosis, we speculated that this
accumulation is likely unrelated to its Shieldin regulatory function. To test this, we transiently
knocked down REV7 and MAD2 in HEK293T cells and monitored p31 chromatin recruitment.
Unlike the genetic knockout, transient depletion of REV7 did not cause any overt cell cycle
disruption, and consistent with our prediction, transient REV7 depletion did not appreciably
affect p31 chromatin retention (Supplementary Figure 5.3D). Furthermore, MAD2 depletion
largely inhibited p31 chromatin association (Supplementary Figure 5.3D), suggesting that
MAD2 plays a more significant role in the recruitment of p31 to chromatin.

Chapter 5.2.6: p31 affects REV7 function in interstrand crosslink repair
REV7 forms several seatbelt-mediated complexes, including the translesion synthesis
(TLS) polymerase Pol ζ. The REV7 seatbelt closes over the seatbelt-interacting region of the
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catalytic subunit REV3 of Pol ζ to promote interstrand crosslink (ICL) repair510,565,597. TRIP13
disrupts both the REV7-SHLD3 and REV7-REV3 seatbelt interactions by catalyzing the closed
to open REV7 conformational switch519. We asked whether TRIP13 works with p31 solely for
inactivation of REV7-Shieldin in HR or if p31 also regulates the Pol ζ complex in ICL repair.
p31 was overexpressed and the efficiency of ICL repair was measured by the prevalence of
chromosome radials after treatment with the crosslinking agent mitomycin C (MMC).
Chromosome radials are formed following aberrant repair of DNA damage, especially ICLs, and
are a hallmark of ICL repair deficiency. While most control cells exhibited normal metaphase
spreads 48 h after exposure to MMC, p31-overexpressing cells had unresolved chromosome
radials, indicative of defective ICL repair (Figures 5.4A-B). Significantly, cells overexpressing
the p31-RRAA mutant that cannot interact with and inhibit REV7 showed wild-type levels of
unresolved radials (Figures 5.4A-B), indicating that the p31 needs to physically interact with
REV7 in order to impair ICL repair. Cells lacking p31 showed marked cohesinopathy due to
compromised MAD2 function in the SAC (Supplementary Figures 5.4A-B), precluding their
examination in this assay. Taken together, this suggests that p31-TRIP13 inhibits ICL repair by
dissociating the REV7-REV3 Pol ζ complex.
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Figure 5.4: p31 Inhibits REV7 Activity in ICL Repair. (A) Graph showing the proportion of
HEK293T cells showing radial chromosomes following treatment with 20 ng/mL of Mitomycin
C (MMC) upon expression of empty vector (EV) or overexpression of p31 wildtype or RRAA
mutant. (B) Representative images of metaphase chromosome spreads quantified in Figure 4A.
Arrows indicate radial chromosomes. (C) Western blot showing GFP immunoprecipitation of
GFP-empty vector (EV) or GFP-REV3-R7BD (REV7 binding domain) and the coimmunoprecipitation of endogenous REV7 in wild-type and p31-/- U2OS cells. (D) Western blot
showing GFP immunoprecipitation of GFP-empty vector (EV) or GFP-REV3-R7BD and the coimmunoprecipitation of endogenous REV7 in U2OS cells expressing empty-vector, or
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overexpressing TRIP13 or p31. Norm. Ratio is the ratio of co-immunoprecipitated REV7 to the
tagged protein which was pulled down, normalized to the control condition.

Chapter 5.2.7: p31 inhibits Pol ζ complex formation
We next directly tested whether p31 inactivates the Pol ζ complex in ICL repair by
disengaging REV3 from REV7, similar to its disengagement of SHLD3 from REV7 in the
Shieldin complex in HR (Figures 5.3A-B). As REV3 is a large protein, we expressed a minimal
REV7-binding domain described previously519. Consistent with our prediction, p31-/- cells
showed greater association between REV7 and the ectopically expressed REV7-binding domain
of REV3 (Figure 5.4C). Conversely, overexpression of p31 decreased the interaction between
REV7 and the REV7-binding domain of REV3, similarly to overexpression of TRIP13 (Figure
5.4D). Thus, p31 inhibits ICL repair, mainly by promoting TRIP13-mediated disassembly of the
Pol ζ complex.

Chapter 5.2.8: High p31 protein levels is commonly seen in cancers and is associated with poor
prognosis
The 53BP1-RIF1-REV7-Shieldin cascade and its inactivator TRIP13 are clinically
relevant. Loss of the Shieldin complex or gain of TRIP13 expression in BRCA1-deficient cells
causes resistance to PARP inhibitors due to up-regulation of end resection and HR283,363,364,519,549555,585

. Since TRIP13 and p31 work in concert in this role in end resection regulation, it was not

surprising to observe that cancer cells frequently up-regulate p31, as reported earlier for TRIP13
(Figure 5.5A and Supplementary Figure 5.5A). It is noteworthy that the cancer subtypes
exhibited the same aberrant protein expression pattern for either p31 or TRIP13 (Figure 5.5A
and Supplementary Figures 5.5A-B). Intriguingly, the expression of the two proteins did not
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correlate in breast cancers, suggesting that they are not dependent on each other for any prooncogenic activity (Supplementary Figure 5.5C).
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Figure 5.5: Over-expression of p31, similar to TRIP13, is commonly observed in cancers,
correlates with poor prognosis and contributes to HR mutation signature. (A) Bar chart
showing the prevalence of amplifications (red), deletions (blue) and mutations (green) of the p31
gene across an array of cancer types in The Cancer Genome Atlas (TCGA). (B) Kaplan-Meier
survival curve of BRCA1-deficient breast cancer patients with overexpression of TRIP13, p31 or
both as compared to cells with normal expression of both genes. Normal expression vs. p31 high:
p<0.05, Normal expression vs. both high: p= 0.06, Mantel-Cox Log-Rank test (C) Graph
showing the contribution of the HR-deficiency signature 3 in breast cancers overexpressing
TRIP13 and/or p31 compared to breast cancers with normal expression of both genes. **p<0.01,
***p<0.001, Mann-Whitney test, two-tailed.

This increased expression of p31 may be clinically important because patients with
BRCA1-mutant cancers and high p31 levels had overall poorer progression-free survival,
compared to those with normal levels of p31 (Figure 5.5B). This holds true for TRIP13 as well
(Figure 5.5B) 519, and is likely because the acquired HR proficiency of the cancer cells renders
them insensitive to DNA damaging treatment targeting HR deficiency. Having simultaneously
high levels of both p31 and TRIP13 in a BRCA1-deficient background appears to confer a more
pronounced effect on prognosis (Figure 5.5B), suggesting that they act synergistically.
Importantly, cancer patients are often treated with combination therapies that also include drugs
targeting the mitotic spindle. As such, we cannot definitively determine which aspects of
TRIP13-p31 function, which includes the regulation of HR, TLS and the mitotic spindle
assembly checkpoint, are responsible for these observed differences in patient outcome.

Chapter 5.2.9: Cancers over-expressing p31 and TRIP13 have similarly altered mutational
landscapes
Usage of HR in cancer cells can be inferred by the analysis of their whole genome
sequences, in order to measure the strength of the HR deficiency mutational signature (Signature
3)573. Cancer cells with high TRIP13 expression have a high Signature 3 contribution, suggesting
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that TRIP13 upregulation correlates with HR impairment (Fig. 5.5C)519. Interestingly, cancer
cells over-expressing p31 also had a higher than normal signature 3 contribution (Fig. 5.5C),
indicative of defective HR. The presence of the HR deficiency signature, even in the presence of
TRIP13 and/or p31 overexpression is informative. It implies that either p31-TRIP13
overexpression is an acquired resistance mechanism and that the mutational signature
accumulated before the overexpression of these proteins, or that the HR in p31-TRIP13
overexpressing cells is unable to suppress signature 3 accumulation.
Intriguingly, the only other signature that was significantly correlated with either TRIP13
or p31 expression is mutation signature 30. We found that signature 30 was significantly higher
in cells with low expression of p31 and/or TRIP13 (Supplementary Figure 5.5D). The etiology
of signature 30 is unclear, but occurs mainly in breast cancers and is elevated in the absence of
the base excision repair protein NTHL1573,598. An attractive hypothesis is that Pol ζ-mediated
TLS across oxidized guanines, which are normally repaired by NTHL1, contributes significantly
to the pattern of C>T transitions observed in signature 30. Thus, the high signature 30 in cells
with low p31-TRIP13 may be reflective of hyperactive REV7 in the Pol ζ complex.
Chapter 5.3: Discussion
Extensive work has highlighted the importance of DSB repair and end resection in both
normal physiology and cancer progression. Aberrant or unscheduled DSB repair can lead to
deleterious outcomes such as gross chromosomal rearrangements559. Thus, cells have evolved an
intricate network of proteins to regulate the crucial step of end resection. Here, we demonstrate
that a new player p31 is an essential partner of the TRIP13 ATPase, contributing to the
disassembly and chromatin release of the REV7-Shieldin complex.
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Upon activation, p31-TRIP13 remodels REV7 to unlatch its C-terminal seatbelt and
disengage its seatbelt-binding partner SHLD3, thereby releasing the brake on end resection and
switching repair from mutagenic end joining to high fidelity templated repair (Figure 5.1E). The
stimuli that trigger p31-TRIP13 activation and their mechanism of activation are still
unknown599. p31 and TRIP13 activity are fully coupled, in that p31 is recruited to chromatin
independently of TRIP13 and REV7 (Figure 5.3F). Hence, there are potentially at least three
regulated steps: the association of p31 with chromatin, the engagement of p31 with REV7containing complexes at sites of DNA damage and the subsequent recruitment of TRIP13. It is
tempting to speculate that one or several of the physical interactors- p31, TRIP13, REV7 and
SHLD3- undergo damage-induced post-translational modification to alter the affinity of p31TRIP13 for the substrate REV7-SHLD3. There is a precedent for this, as the mitotic
phosphorylation of p31 has a functional effect on MAD2 inactivation600-602. Elucidating the
mechanism of p31 chromatin recruitment and activation is crucial.
Alternatively, the activity of TRIP13 might normally be kept in check during G1 but
triggered upon DNA damage in S phase. There is no requirement for phosphorylation in vitro for
the remodeling reaction535, but the situation in cells could be different. Another possibility is that
p31 or TRIP13 could undergo DNA damage-induced re-localization such that their activity is
directed specifically at REV7-Shieldin engaged at DSB ends. It is therefore important to test
whether p31 or TRIP13 form IR-induced foci that co-localize with REV7, paralleling how p31TRIP13 re-localizes from the cytoplasm to unattached kinetochores during mitosis to remodel
MAD2603-605.
p31 and SHLD2 were thought to bind to the same highly conserved region on
REV7534,551,586. SHLD2 is a low abundance protein throughout the cell cycle, whereas p31
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expression is increased specifically in S phase600,606. Cells could therefore favor end resection in
S phase simply by displacement of SHLD2 from G1 phase pro-C-NHEJ REV7-SHLD2
complexes with newly-minted p31 that recruits TRIP13 to chromatin to catalyze REV7
remodeling and chromatin release. However, a recent structure of REV7 bound to small
fragments of SHLD2 and SHLD3 has revealed that SHLD2 binds to a different REV7 region,
and that SHLD3 stabilizes a REV7 dimer through a canonical seatbelt interaction with one REV7
moiety and hydrophobic interactions with the other533. This structure is provocative as it
indicates that REV7 dimerization mediates the pro-NHEJ function of the Shieldin complex,
thereby suggesting additional regulatory mechanisms impinging on REV7 homodimerization.
Other recent work has also implicated the REV7 homodimer in its TLS function, but its
mechanistic significance is not understood534. In the case of MAD2, homodimerization is
required for propagating the activation signal. One closed-MAD2 moiety binds to an openMAD2 through this interface and converts it to closed-MAD2, triggering a chain reaction of
rapid MAD2 activation531. p31 attenuates this amplification by competitively binding to the
MAD2 dimerization region. Importantly, this function of p31 is a TRIP13-independent
process512. Is a similar mechanism at play in the case of REV7? Our observation that p31-/- cells
are more sensitive to Olaparib and have a stronger HR defect than TRIP13-/- cells (Figure 5.2)
suggests that this might be the case, although p31’s effects on REV7-SHLD3 association
requires TRIP13 (Figure 5.3C).
What happens to REV7 after p31-TRIP13 remodels it into the open form? No longer
bound to SHLD3 at DSB ends, REV7 is likely released from chromatin to permit end resection
and HR to occur (Figures 5.1E and 5.3). Whether open-REV7 remains associated with SHLD2
and SHLD1 is important to determine. Another unanswered question is how open-REV7 is re152

activated to form complexes closed over SHLD3 or REV3 to promote C-NHEJ and TLS
respectively. In the case of open-MAD2, the seatbelt-binding activator MAD1 triggers its
transition to the closed form, which then templates the closing of other open-MAD2 moieties 531.
Uncovering the activation mechanism for REV7 will also have important clinical implications,
because loss of that factor(s) should confer PARP inhibitor resistance.
Indeed, the REV7 regulatory axis appears to be clinically important. We show here that
p31 up-regulation is commonly observed in cancers and correlates with poor prognosis in the
BRCA1-deficient background (Figures 5.5A-B), similar to the upregulation of TRIP13 519,607,608.
Furthermore, TRIP13 and p31 expression are significantly correlated with mutagenic processes
in breast cancers, as indicated by characteristic mutation signatures (Figure 5.5C). Importantly,
while the loss of Shieldin pathway components is a rare event in cancer, TRIP13 and/or p31
overexpression are frequently observed, suggesting that they may represent a more clinicallyrelevant mechanism for PARP inhibitor resistance. As PARP inhibitors are becoming widespread
in the treatment of increasing types of cancers, the problem of resistance is becoming more
pressing each day. Inhibition of the p31-TRIP13 axis provides a promising avenue for research
into this unmet clinical need.
Chapter 5.4: Materials and Methods
Cell Culture and transfections
Human U2OS and HEK293T cells were grown in DMEM/F12 + Glutamax (Invitrogen)
supplemented with 10% Fetal Calf Serum (FCS) (Invitrogen) and penicillin-streptomycin (1%)
(Invitrogen). DNA transfections and siRNA knockdowns were carried out using Lipofectamine
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LTX (Invitrogen) and RNAiMax (Invitrogen) respectively according to the manufacturer’s
protocols.
Generation of knockout cell lines with CRISPR-Cas9
p31 guide RNA sequences were cloned into the pSpCas9(BB)-2A-GFP vector, a gift
from Feng Zhang (Addgene plasmid # 48138). Cells transfected with Cas9-gRNA plasmids were
GFP+ selected 48 hours later and seeded as single cells using a BD FACSAria II cell sorter.
Single cells were cultured for three to four weeks and colonies were screened for knockouts by
western blotting using the anti-p31comet antibody (Millipore-Sigma). The guide RNA target
sequences used in this study were AAGGCCTCCGAAGCGTTGAG and
TTAAGCTGTTCATAGGGCAG.
Structural Modeling
All protein structures were visualized and aligned using PyMol (Schrödinger, LLC.).
Structural modeling of REV7 with TRIP13-p31 was done using a MAD2-p31-TRIP13 structure
(PDB: 6F0X)590 as a template. REV7 (from PDB: 3VU7)565 was aligned with the structurally
similar MAD2 protein to produce the models.
Cellular fractionation and immunoblot analysis
Cells were lysed with NP40 buffer (1% NP40, 300 mM NaCl, 0.1 mM EDTA, 50 mM
Tris (pH 7.5)) supplemented with phosphatase and protease inhibitor cocktail (Roche). Cell
lysates were resolved by gel electrophoresis using precast NuPAGE Novex gels (Invitrogen).
Proteins were transferred onto nitrocellulose membranes using wet transfer method, and were
sequentially incubated with primary and secondary antibodies and detected using
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chemiluminescence. For chromatin extraction, cell pellets were resuspended in hypotonic buffer
(10 mM Tris-HCl pH 7.5, 10 mM KCl, 2.5 mM MgCl2) and passed through a 27 gauge needle
ten times to obtain nuclei. Nuclei were then washed and lysed in NP40 buffer. Chromatin
extracts were then prepared by digesting the insoluble pellet with micrococcal nuclease (Roche).
Immunoprecipitation
Cells were lysed in 150 mM NaCl NP40 buffer for 30 minutes at 4 °C with rocking. They
were then incubated with antibody-bead conjugate overnight at 4 °C. Beads were washed four
times with 150 mM NaCl NP40 buffer and immunoprecipitates were eluted either using 0.5
mg/mL FLAG peptide or by boiling.
Antibodies and chemicals
Antibodies used in this study were: Abcam ab180579 (REV7, IB), Abcam ab128171
(TRIP13), Cell Signaling 2144 (Tubulin), Santa Cruz sc-8349 (RAD51, IF), and MilliporeSigma MABE451 (p31comet). Mitomycin C (MMC) was purchased from Sigma and Olaparib was
purchased from Selleckchem.
Drug sensitivity and functional cell-based reporter assays
To assay clonogenic survival, cells were seeded at 1000 cells/well in 6-well plates in
triplicates. Drugs at the shown doses were added after 12 hours and cells were permitted to grow
for 14 days. For ionizing radiation experiments, cells were exposed to X-rays from a Rad Source
RS-2000 irradiator. For ultraviolet irradiation, cells were exposed to UV-C light from a
Stratagene UV Stratalinker 2400. Colony formation was scored by fixing and staining with 0.5%
(w/v) crystal violet in 20% methanol. For short term Cell Titer Glo survival assays, cells were
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plated in 96-well plates at 1000 cells/well, and treated with drugs at the indicated concentrations
after 12 hours. Three days later, cellular viability was measured using CellTiterGlo (Promega).
Survival at each drug concentration was calculated as a percentage normalized to the
corresponding untreated control, for both assays. The direct repeat homologous recombination
assay using the U2OS DR-GFP reporter cell line was performed as previously described 519.
Immunofluorescence assays
Cells were plated on glass cover slips in 12-well plates and allowed to grow overnight.
They were then either left untreated or treated at 5 Gy IR. After 6 hours, they were harvested by
pre-extraction with 0.5% Triton X-100 for 5 min, followed 4% paraformaldehyde fixation for 10
min at 4 °C. After three PBS washes, blocking was performed with 3% BSA in PBS for 1 hour at
room temperature, followed by sequential primary and secondary antibody incubations overnight
at 4 °C and 1 hour at room temperature respectively. The coverslips were mounted onto glass
slides using DAPI-containing medium (Vector Laboratories). Images were captured using a
Zeiss AX10 fluorescence microscope and Zen software, and foci were scored. At least 100 cells
were counted for each sample.
Chromosomal breakage analysis
HEK293T cells transfected with the indicated expression constructs were incubated for
48 hours in the absence or presence of MMC at 20 ng/ml. Cells were treated with 100 ng/ml of
colcemid for 2 hours, followed by a hypotonic solution (0.075 M KCl) for 20 min and fixed with
3:1 methanol/acetic acid. After staining with Wright’s stain, 50 metaphase spreads were counted
for aberrations. The relative number of chromosomal breaks and radials was calculated
normalized to empty vector control.
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TCGA data acquisition and analysis
TCGA mutation and expression data were obtained from cBioportal. Tumors were
stratified relative to the TCGA reference level for p31 and TRIP13 expression. Mutation
signature analysis used the TCGA 2012 dataset, with signature data acquired from
mSignatureDB.
Chapter 5.5: Author Contributions
Connor S. Clairmont: Generated all DNA constructs used in study, performed structural
modeling of the REV7-p31-TRIP13 complex, carried out structure-guided mutagenesis of p31
and immunoprecipitation analysis of p31 mutants, carried out chromatin recruitment dependency
analyses (Figure 5.3F and Supplementary Figure 5.3D), generated the BRCA1-/- B40 cell line,
and performed all computational analyses of cancer genome data (Figs. 5.5 and Supplementary
Figure 5.5).
Prabha Sarangi: Demonstrated initial interaction between REV7 and p31 through
immunoprecipitation, generated p31-/- cell lines, performed cell biological experiments (drug
sensitivity, focus formation, etc.), demonstrated differential REV7 interaction and chromatin
binding in p31-/- setting.
Connor and Prabha worked closely in conjunction with Alan D’Andrea on the design of
experiments and interpretation of results. This manuscript was written collaboratively.
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Chapter 6
Conclusion

In this work, I have described several significant advances that we have made in
understanding the function and regulation of the REV7 protein in multiple DNA repair pathways.
We have demonstrated that mutation in the REV7 gene is a novel cause of the genetic disease,
Fanconi Anemia (FA) and that this mutation recapitulates the characteristic DNA repair defects
in cells. We further generated and characterized several mutations for their capacity to carry out
FA-related DNA repair functions. We investigated the mechanism through which REV7 carries
out its novel function in DSB repair and discovered that this was dependent on its interaction
with SHLD2, a component of the Shieldin complex. Most significantly, we investigated the
HORMA-related regulation of REV7 and found that REV7 is indeed regulated through
conformational dynamics of its HORMA domain, similar to its structural cousins. We further
showed that the ATPase TRIP13 has a novel role in DNA repair, both translesion synthesis and
DSB Repair, by modulating the conformation and activity of REV7. Lastly, we investigated in
more detail the mechanism through which TRIP13 interacts with REV7 and uncovered the
importance of p31comet as an adaptor mediating this interaction.
Chapter 6.1: REV7 and the Shieldin complex
In parallel to our studies, many new studies came to light regarding REV7. A host of
other groups discovered and published on the Shieldin complex549-555 and its cooperation with
the CST complex and DNA polymerase α to counteract DNA end resection. FAM35A, since
renamed SHLD2 is one of three newly identified proteins that along with REV7 constitute the
Shieldin complex. Genetic and biochemical studies have pointed to a linear dependence among
Shieldin subunits with SHLD3 as the apical component which recruits REV7, which in turn
recruits SHLD2, which finally recruits SHLD1 to sites of DNA damage. In agreement with my
results, several other groups have observed the presence of predicted OB-fold domains. Indeed,
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the OB-folds have been shown to exhibit ssDNA binding activity and to be crucial for Shieldin
function550.
The presence of ssDNA binding activity of the Shieldin complex is curious, given that
the ostensible purpose of the Shieldin complex is to prevent the generation of ssDNA in order to
promote C-NHEJ. In fact, even minimal processing of DNA ends is expected to make error-free
C-NHEJ impossible. There are several possible explanations for this apparent incompatibility.
First of all, the physiological substrate of Shieldin’s ssDNA binding activity is not known. While
the most obvious substrate is a resected DNA end, it may also bind to a partially melted DNA
end, which would be expected to inhibit end processing. Another possibility is that Shieldin
could bind to an ssDNA gap that is located slightly away from the DNA end. Such a substrate
could be generated by the endonuclease activity of the MRN complex, followed by 5’-3’
exonuclease activity. In this case, Shieldin could protect the end by inhibiting the 3’-5’
exonuclease activity of MRN, thus preserving the blunt end substrate for C-NHEJ.
Another important factor to consider is the recently reported role of CST-Polymerase α in
synthesizing DNA to fill in the resected end283. The CST complex, consisting of Ctc1, Stn1 and
Ten1, has been found to be recruited downstream of the Shieldin complex, where it recruits
Polα-primase to prime new DNA synthesis on the resected end to restore double-stranded DNA.
This model also raises questions, however. First of all, it is not clear whether primase can prime
starting precisely at the DNA end, which would be required to restore a blunt end for C-NHEJ.
Even if this is the case, primase generates an RNA primer, hence the blunt ended-substrate
would be an RNA-DNA hybrid. It is not known how such a substrate would be handled by the
C-NHEJ machinery and whether it would be able to ligate the ends. Assuming such ligation
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could occur, the RNA-DNA hybrid would likely be removed following repair by the
ribonucleotide excision repair machinery.
In addition to this work on the fundamental mechanism of the Shieldin complex, several
recent structural studies have further revealed the architecture of the Shieldin complex.
Consistent with my biochemical results reported here, structural studies have confirmed that the
SHLD3 N-terminus is the seatbelt binding partner of C-REV7 in the Shieldin complex.
Furthermore, REV7 interacts directly with the SHLD2 N-terminus, thus linking the upstream
recruitment module to the downstream effector, similar to its function in Polymerase ζ. The
arrangement of REV7 in the complex; however, is distinct. REV7 forms a head-to-head
homodimer with one moiety bound to the SHLD3 SBM in a conventional manner and the other
adopting a novel seatbelt conformation that does not resemble anything observed in other
HORMA proteins. The SHLD3 N-terminus straddles both REV7 units, obstructing the interface
that mediates the interaction between REV7 and REV1 (Figure 6.1). Importantly, despite this
unique organization, closure of REV7 is still an absolute requirement for the integrity of the
Shieldin complex.
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Figure 6.1: Structure of REV7 in the Shieldin complex. Crystal structure of REV7 in complex
with SHLD2 and SHLD3 fragments (PDB ID: 6KTO). REV7 forms a head-to-head homodimer
in the context of the Shieldin complex. Only one molecule of REV7 forms a canonical closedseatbelt interaction with the SBM in the N-terminus of SHLD3.

Chapter 6.2: Regulation of REV7 activity by TRIP13-p31
In this work I have shown that, like other HORMA family proteins, REV7 adopts stable
open and closed conformations and that TRIP13-p31 actively remodel REV7 from the active
closed state to the inactive open state. Many questions remain, however, regarding the regulation
of this activity and its cooperation with other mechanisms of control in the DNA damage
response. One interesting development subsequent to this work, was the publication of a cryo
electron microscopy (cryo-EM) structure of the TRIP13 ATPase together with the REV7Shieldin complex609 (Figure 6.2). As predicted, the N-terminus of REV7 was found to engage
with the pore of TRIP13, which likely catalyzes opening by active unfolding of REV7. Other
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aspects of the structure came as more of a surprise. For one, this group found that TRIP13
interacted with a higher order Shieldin complex consisting of 4 REV7 molecules, and two each
of SHLD2 and SHLD2. Most striking of all, they showed that the complex could form in the
absence of p31, dependent on unexpected interactions between REV7, SHLD2 and TRIP13.

Figure 6.2: Cryo-EM structure of TRIP13 bound to REV7-Shieldin. (PDB: 7L9P)
There are several caveats to the interpretation of these structural results. First of all, the
authors did not include p31 in their reactions, likely because they were unaware of the role of
p31 in mediating this interaction while performing the experiments. Importantly, I also did not
include p31 in my initial in vitro dissolution assays and was able to observe TRIP13 activity on
REV7-SHLD3. Hence, it is not surprising that p31 is not required for complex formation and
activity in vitro. This is likely explained by the direct interaction between the TRIP13 pore and
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the REV7 N-terminus. In a genuine physiological setting, this alone may not be sufficient –
either due to lower concentrations of the proteins in vivo or other factors competing for binding,
explaining the requirement for an adaptor to increase efficiency. The potential new
SHLD2:TRIP13 and REV7:TRIP13 interactions are also provocative. Whether these interactions
actually promote the action of TRIP13 on REV7 or are merely secondary to the interaction
between the pore and the REV7 N-terminus remains to be elucidated.
From a functional perspective, we know next to nothing about the regulation of TRIP13
and p31 activity on REV7 in its various complexes. Aside from REV7, TRIP13 acts on HORMA
relative MAD2 and proteins in the Hop1 family. While Hop1-related proteins are apparently
restricted to meiotic cells, MAD2 is active in all dividing cells. One key question is whether
TRIP13 activity is specifically directed towards REV7 or MAD2 under different circumstances
and if so, how this happens. The simplest possibility is that TRIP13-p31 activity is not specific, it
always acts on REV7 and MAD2 at the same time. For example, one could imagine that
following completion of mitosis, TRIP13 could be activated to “clean up” by dissolving any
remain REV7 or MAD2 complexes, thereby recycling them to be reused in the following cell
cycle.
A more interesting possibility is that TRIP13-p31 are directed specifically to the
appropriate complex at the appropriate time. One way this could happen is through
posttranslational modification of either the substrate or of TRIP13-p31. In fact, we showed that
while the REV7:p31 interaction is very similar to the MAD2:p31 interaction, there are slight
differences, as highlighted by the RRAA mutant of p31 which specifically disrupts the
interaction with REV7. This suggests that there may be room to adjust the affinity of TRIP13p31 to each substrate by posttranslational modification. What could trigger such a modification is
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also a wide-open question; stimuli such as DNA damage to activate the REV7-directed activity
or cell cycle progression to target MAD2 are some likely possibilities.
Chapter 6.3: Other potential functions of REV7
Several other proteins have been recurrently identified in REV7 interactome studies, yet
the functional importance of many of these remains entirely unknown. Notable among this group
are the HP1 heterochromatin binding proteins519,554,610, which also associate with REV7 binding
proteins CAMP and POGZ519,550,554,566,611,612. The robust association of REV7 with at least five
distinct heterochromatin associated proteins is strong evidence for a functional link, yet this area
is entirely unexplored.
CAMP and POGZ have also been linked to mitotic progression. CAMP-deficient cells
show severely impaired kinetochore-microtubule attachments, persistent SAC activation and
impaired mitosis521. Importantly; however, this function does not appear to require the REV7
interacting domain of CAMP, suggesting it is a REV7-independent function521. POGZ
knockdown, on the other hand, was reported to cause SAC failure in addition to chromosome
misalignment566. Whether this reflects a truly distinct function for POGZ as opposed to CAMP
or simply technical differences or off-target siRNA effects will require further research.
POGZ has also been independently linked to two other recurrent REV7 interactors:
LEDGF and HDGFRP2519,613,614. Interestingly, all three of these proteins have been reported to
promote end resection and HR repair at DSBs613,614. HDGFRP2 and LEDGF are both members
of the HDGF family of Tudor-domain containing proteins, which recognize methylated
histones615-617. LEDGF is notable as a critical interactor of the HIV integrase enzyme, a hijacking
which likely guides the viral integrase to transcriptionally active chromatin. HDGFRP2, on the
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other hand, appears to have a stronger affinity for silenced chromatin. One can imagine that
active REV7, perhaps in complex with CAMP inhibits the pro-resection action of POGZ,
LEDGF and HDGFRP in their respective chromatin environments. Alternatively, REV7 binding
to these proteins may act as a sink, passively preventing active REV7 from forming productive
complexes with Shieldin or Polζ. Lastly, these factors could operate in conjunction with TRIP13p31, thereby promoting the active inhibition of REV7.
Although understudied, it warrants mentioning that these factors score much more
weakly in DNA damage related genetic screens than REV7 itself, or Shieldin/Polζ components.
There are many reasons why certain factors may be missed in screens, such as poor or absent
guide RNAs or essentiality of the genes and these issues will need to be addressed by targeted
studies. In our interactome studies and others, CAMP and POGZ are among the strongest REV7
interacting partners, greatly surpassing Shieldin and Polζ components. While this may reflect in
part the overall abundance of these proteins, it also indicates that these interactions are likely
functionally significant. Furthermore, recent crystallographic work has unambiguously shown
CAMP to be a canonical C-REV7 seatbelt binding partner522. Unraveling the functions of these
mysterious REV7 partners will likely prove a key piece in solving the puzzle of REV7.
Chapter 6.4: An evolutionary history of REV7
The HORMA domain is an ancient protein structural motif. Evolutionary analyses
suggest that REV7 and all other human HORMA proteins evolved from a common ancestral
HORMA protein, related to a class of bacterial HORMA proteins618. While the function of these
proteins diverged widely, from bacteriophage immunity to their varied roles in mammalian cells,
their basic mechanism of function is conserved515. Bacterial HORMA proteins also adopt open
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and closed conformations, bind tightly to specific peptide motifs in their closed conformation,
and activate a binding partner only in the closed conformation 515. While eukaryotes no longer
use HORMA proteins in anti-viral immunity, they apparently co-opted useful features of the
HORMA domain for various functions.
REV7 specifically is conserved across Eukaryota, having first been discovered in the
fungus S. cerevisiae and subsequently found in mammals, insects, plants and others504,506,619,620.
Interestingly, of the known REV7 binding partners, only the TLS-related factors, namely REV3
and REV1, seem to be widely conserved. The Shieldin complex appears to be a much more
recent evolutionary innovation, found only in vertebrates. The Shieldin complex appears to have
co-evolved with the process of immunoglobulin class-switch recombination (CSR), a process
which depends on its anti-resection activity551.
What is intriguing about this evolutionary timeline is that it suggests that the ancestral
function of REV7 is in the TLS pathway and that some property of REV7 made it useful to be
co-opted by the Shieldin complex. Notably, REV7 is the glue that holds the Shieldin complex
together, suggesting that Shieldin evolved around REV7 rather than merely adjusting to augment
an existing function. Taken together, this evolutionary evidence is strongly suggestive that the
shared usage of REV7 in Shieldin, Polζ and other complexes is no coincidence. The co-opting of
this highly conserved REV7 regulatory module in evolutionarily recent complexes is provocative
and ripe for further exploration.
Chapter 6.5: Models for REV7 function
Although TLS and DSB repair have historically been viewed as independent processes,
their coordinate regulation by REV7 conformation calls for a reevaluation of their relationship.
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Indeed, there are other important connections between these two processes both functional and
spatiotemporal: (1) In both contexts, the active REV7 complex promotes the activity of rapid, but
potentially mutagenic, pathways even when a higher fidelity option is available. (2) Both
processes play an important role during S phase, when the bulk of DNA replication is carried out
and when HR is a viable DSB repair option. (3) Resection and HR-like pathways are utilized at
stalled replication forks as well as DSBs, raising the possibility that Shieldin and Polζ
components could cooperate at the same substrate.
Chapter 6.5.1: Coordinate regulation model for REV7-dependent complexes
One possible utility of a shared REV7 subunit is for coordinate regulation through REV7
signaling, similar to the manner in which MAD2 is used to signal the activation of the SAC. This
model raises two key questions: What is the stimulus that activates REV7 signaling? And what
advantage is there to regulating DSB repair and TLS using the same signal? One possibility is
that the degree of REV7 activation can be used as a dial to control how much mutagenesis a cell
is willing to tolerate in order to complete cell division as quickly as possible (Figure 6.3A).
There are many reasons that a cell may want to adjust this dial. First, certain cell types may
prioritize fidelity (i.e. self-renewing stem cells), while other cell types favor rapid expansion (i.e.
immune cells in response to an infection). Second, cells may dial down REV7 activity early in S
phase but increase it in late S/G2 in order to rapidly complete DNA replication. An important
corollary to this model is that cancer cells would have a strong interest in hijacking this dial to
promote mutagenesis and rapid growth in the case of high REV7 activity, while retaining the
ability to turn the dial in the other direction to resist DNA-damaging chemotherapy.
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Figure 6.3: Two models for coordination between TLS and DSB Repair by REV7. (A)
Coordinate regulation: By modulating the activity of REV7, a cell can simulataneously
coordinate two mutagenic DSB repair processes. This would provide the cell with a dial to exert
significant control over mutagenic processes with a single signal. Such a dial could be adjusted
based on cell type, cell cycle phase or external stimuli. It is also expected to be hijacked in
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cancer cells to either promote rapid growth and mutagenesis or resist chemotherapy. (B and C)
Cooperation at stalled replication forks: TLS and DSB repair factors are both known to act at
certain types of stalled replication forks, hence direct interaction, and cooperation between
Shieldin and Polζ may be useful in this circumstance to inhibit HR and promote TLS. The ability
of REV7 to interact with multiple partners simultaneously and form different types of
homodimers allows for many possible higher order structures including hybrid Shieldin-Polζ
complexes. While these have not been experimentally observed, they have not been ruled out.
One such hypothetical hybrid complex is shown in (B).

Chapter 6.5.2: Cooperation model for REV7-dependent complexes
Another intriguing possibility is that REV7 could act to coordinate direct physical
interactions between the TLS machinery and the Shieldin complex at stalled replication forks.
HR occurs at stalled replication forks, and although the mechanism is likely somewhat different
than that at DSBs, many of the same factors are involved621,622. Resection factors are also
recruited to stalled replication forks, and aberrant resection-like activity at stalled forks has been
linked to genomic instability623,624. Although the role of Shieldin has not been fully evaluated in
inhibiting resection at stalled forks, some studies have implicated the upstream component,
53BP1, in this context625,626.
NHEJ is not a viable alternative to HR at stalled forks since a “second end” of the DSB is
generally not available for ligation. Instead, HR can be used to switch templates to the opposing
nascent strand in order to pass a damaged region, after which normal replication can resume
(Figure 6.3C). Hence, at a stalled replication fork, HR competes directly with TLS to bypass a
polymerase-blocking lesion (Figures 6.3B and C). This is an ideal scenario for the cooperation
of Shieldin with Polζ. In cases of high REV7 activity, Shieldin would first be recruited via
53BP1 to protect the stalled replication fork from nuclease processing. REV7 could then mediate
a hand-off by disengaging from SHLD2-SHLD1 and engaging with REV3, allowing for Polζ170

mediated TLS (Figure 6.3B). Such a mechanism would activate REV7 closure, inhibit stalled
fork processing by HR, and promote speedy bypass through TLS.
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Appendix A
Supplementary Figures for Chapter 4

Supplementary Figure 4.1: Organization and physical interaction of TRIP13 with Shieldin,
and lack of contribution of MAD2 to HDR repair. (A) Schematic of TRIP13 functional
domains. (B) Western blot of FLAG IP from HEK293T cells transfected with FLAG-empty
vector or FLAG-REV7, SHLD1, SHLD2 or SHLD3. (C) Repeats of pulldowns in (B) with or
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without DNA damage. (D) Western blot FLAG-REV7 IPs showing the interaction with
endogenous TRIP13 following treatment with the indicated DNA damaging agents. (E) Western
blot of REV7 and TRIP13 from U2OS wild type, REV7-/-, TRIP13-/-, pBabe empty vector and
pBabe-TRIP13. (F) Western blot showing the expression of Wild-type and E252Q ATPase-dead
forms of TRIP13. (G) 14-day clonogenic survival assay of U2OS cells expressing Empty vector,
wild-type TRIP13 or TRIP13-E253Q treated with indicated doses of olaparib. n=3 biologically
independent experiments, Empty vector vs. TRIP13 wild-type: p = 0.005, Empty vector vs.
TRIP13-E253Q: p = 0.81 (2-Way ANOVA). (H) 5-day cytotoxicity analysis of U2OS cells
transfected with nontargeting, REV7- or MAD2-targeted siRNA and treated with indicated doses
of Olaparib. n=3 biologically independent experiments, siCtrl vs siREV7: p < 0.0001, siCtrl vs.
siMAD2: p = 0.12 (2-Way ANOVA). (I) Western blot showing knockdown of MAD2 and REV7
in U2OS cells used for (h). (J) Percentage of GFP-positive cells following infection of U2OS
DR-GFP cells with I-SceI adenovirus with knockdown of BRCA1 or MAD2. n=3 biologically
independent experiments, siCtrl vs. siBRCA1: p = 0.009, siCtrl vs. siMAD2: p = 0.99. (K) 14day clonogenic survival assay of wild-type, TRIP13-/- or TRIP13-/- REV7-/- U2OS cells treated
with indicated doses of olaparib. n=3 biologically independent experiments, TRIP13-/- vs.
TRIP13-/- REV7-/-: p = 0.02 (2-Way ANOVA). (L) Western blot showing REV7-/- TRIP13-/double knockout cell lines. (M) Western blot showing overexpression of TRIP13 in HCC1937
cells. All error bars indicate SEM. All immunoblots are representative of at least 2 independent
experiments.
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Supplementary Figure 4.2: Characterization of the REV7 conformers and REV7 seatbelt
interactions. (A) Elution profile of purified REV7 upon size exclusion chromatography. (B)
From top to bottom: western blot of REV7 AEC fractions from total purified REV7, isolated
REV7-F1, isolated REV7-F2 and isolated REV7-F1 after overnight incubation at 37 ºC. (C)
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Schematic of TRIP13 regulation of seatbelt-SBM binding. REV7 binds to REV3, SHLD3 and
CAMP by adopting a closed seatbelt conformation encircling their respective SBM (in white).
The REV7Δseatbelt mutant is unable to adopt the closed conformation and therefore unable to
bind via its seatbelt. TRIP13 negatively regulates seatbelt-SBM interactions by promoting REV7
opening. (D) Alignment of REV7 seatbelt binding motifs (SBM) from three different human
proteins: REV3, SHLD3 and CAMP showing the conserved (R/K)PxxxxP(S/T) motif. (E) GST
pulldown of E. coli-produced GST-SHLD3 and REV7 or REV7Δseatbelt. ΔC refers to the
Δseatbelt mutant form of REV7. All immunoblots and Coomassie stained gels are representative
of at least 2 independent experiments.
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Supplementary Figure 4.3: Effect of TRIP13 on REV7 binding to Shieldin and recruitment
to DNA damage. (A) Coomassie-stained gel showing purification of TRIP13 and REV7. (B)
Measurement of ATPase activity by ADP-Glo assay with indicated concentrations of purified
TRIP13 protein. (C) Western blots showing co-IP of FLAG-SHLD3 and REV7 in wild-type and
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TRIP13-/- U2OS and HEK293T cells. (D) Western blot showing co-IP of GFP-tagged SHLD1
(S1) and SHLD3 (S3) with endogenous REV7 in wild-type or TRIP13-/- cells. (E) Quantification
of western blot in (d). (F) Proportion of U2OS cells expressing either pBabe-empty vector or
pBabe-TRIP13 with more than 5 REV7 foci. n = 3 biologically independent experiments, p =
0.02 (Student’s paired t-test, two-tailed). (G) Representative pictures for (e) showing REV7
focus formation 6 h after IR treatment. (Scale bar: 10 μm) (H) Chromatin fractionation of REV7
in U2OS wild-type, TRIP13-/- and REV7-/- cells with or without IR treatment. Histone H3 is used
as control for chromatin isolation. (I) Percentage of U2OS cells forming more than five 53BP1
foci 2 hours following IR treatment. Bars show untreated (left) and irradiated (right) for each
sample. j. Percentage of U2OS cells forming greater than five RIF1 foci 2 hours following IR
treatment. Bars show untreated (left) and irradiated (right) for each sample. All error bars
represent SEM. All immunoblots and coomassie stained gels are representative of at least 2
independent experiments.
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Supplementary Figure 4.4: Effects of TRIP13 knockout and overexpression in HDR assays.
(A) Quantification of resected ssDNA in U2OS cells expressing pBabe-empty vector or pBabeTRIP13 measured by SMART assay. Lines indicate mean and SEM, n = approximately 100
fibers per genotype, p<0.0001 (Mann-Whitney test, two-tailed). (B) Representative images for
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(a), with BrdU in exposed ssDNA tracts labeled red. (Scale bar: 1 μm) (C) Proportion of U2OS
cells expressing pBabe-empty vector or pBabe-TRIP13 with greater than 10 p-RPA32(S33) foci
6 hours following IR treatment. n = 3 biologically independent experiments, p = 0.002 (Student’s
t-test, two-tailed). (D) Western blot showing TRIP13 knockout in HeLa cells. (E) Proportion of
HeLa cells with greater than 10 p-RPA32(S33) foci 6 hours following IR treatment. (F) Western
blot showing RPA32 phosphorylation (S33) and H2AX phosphorylation, with or without
irradiation in wild-type or TRIP13-/- U2OS cells, expressing Empty vector or TRIP13-E253Q.
(G) Proportion of U2OS cells expressing Empty vector or TRIP13 with greater than 10 RAD51
foci 6 hours following IR treatment. n = 3 biologically independent experiments, p = 0.01
(Student’s t-test, two-tailed). (H) Proportion of HeLa cells with more than 10 RAD51 foci 6
hours following IR treatment. n=2 biologically independent experiments. (I) Western blot
showing TRIP13 knockdown for DR-GFP experiment in 4g. (J) Percentage of GFP-positive cells
following infection of U2OS DR-GFP cells expressing FLAG empty vector or FLAG-TRIP13
with I-SceI adenovirus. n = 3 biologically independent experiments, p = 0.05 (Student’s t-test,
two-tailed). All error bars indicate SEM. All immunoblots are representative of at least 2
independent experiments.
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Supplementary Figure 4.5: Effects of TRIP13 deficiency in TLS assays. (A) Schematic of the
SupF assay. Plasmids are damaged by exposure to a high UV dose. Damaged plasmids are
transfected into HEK293T cells and allowed to replicate, accumulating mutations. Plasmids are
isolated from cells and transformed into a reporter E. coli strain. Functional SupF expression
allows for readthrough of a premature stop codon in the LacZ gene. Any mutations in SupF give
LacZ- colonies. (B) 14-day clonogenic survival assay of U2OS wild-type, TRIP13-/- or REV7-/cell lines treated with indicated mitomycin C (MMC) doses. n=3 biologically independent
experiments, Wild-type vs. TRIP13-/- #3: p = 0.19, Wild-type vs. TRIP13-/- #7: p = 0.15, Wildtype vs. REV7-/-: p < 0.0001 (2-Way ANOVA) (C) 14-day clonogenic survival assay of U2OS
wild-type, TRIP13-/- or REV7-/- cell lines treated with indicated UV doses. n=4 biologically
independent experiments, Wild-type vs. TRIP13-/- #3: p = 0.23, Wild-type vs. TRIP13-/- #7: p =
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0.21, Wild-type vs. REV7-/-: p < 0.0001 (2-Way ANOVA). (D) (Top) Table summarizing effect
of nontargeting, REV7- or TRIP13-targeting siRNAs on chromosome radial formation, a
hallmark of FA pathway dysfunction, and premature chromatid separation (PCS), indicative of
SAC dysfunction. (Bottom) Metaphase spreads from HEK293T cells transfected with specified
siRNAs showing radials and PCS in boxes.
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Supplementary Figure 4.6: TRIP13 alterations, expression levels and effect on Olaparib
resistance in cancers, cancer cell lines and a BRCA1-deficient model. (A) Summary of
TRIP13 genomic alterations across various cancer types in TCGA. (B) Summary of TRIP13
transcriptional alterations across various cancer types in TCGA. (C) Western blot showing
TRIP13 protein levels from a panel of breast and ovarian cancer cell lines and Ponceau S
staining as loading control. BRCA1-mutant cell lines are indicated with arrows. (D) Western blot
showing knockdown of TRIP13 and REV7 in the SUM149PT cells. (E) Western blot showing
knockdown of REV7 and 53BP1 in SUM149PT cells. (F) 14-day clonogenic survival assay of
RPE-1 TP53BP1-/- and TP53BP1-/- BRCA1-/- cell lines with siRNAs targeting control, TRIP13 or
REV7 and treated with indicated olaparib doses. n=3 biologically independent experiments,
siCtrl vs. siREV7: p = 0.005 (2-Way ANOVA). (G) 14-day clonogenic survival assay of
BRCA1+/+ and BRCA1-/- cells expressing Empty vector or TRIP13 treated with indicated
Olaparib doses, n=3 biologically independent experiments, BRCA1+/+ vs. BRCA1-/- +Empty
vector: p <0.0001, BRCA1-/- +Empty vector vs. BRCA1-/- + TRIP13: p<0.0001 (2-Way
ANOVA). All immunoblots are representative of at least 2 independent experiments.
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Appendix B
Supplementary Figures for Chapter 5

Supplementary Figure 5.1: Conservation of p31 and TRIP13 interaction between REV7
and MAD2. (A) Published Cryo-EM structure of the TRIP13-p31-MAD2 complex (PDB: 6F0X)
(B) Primary sequence alignment of p31, REV7 and MAD2. The conserved TRIP13 binding
motif in REV7 and MAD2 is indicated. (C) Model of REV7-p31-TRIP13 structure based on
structural alignment of REV7 and MAD2 (D) Reorientation of the published and modelled
structures in Supplementary Figure 5.1A to highlight p31 residues predicted to be important for
the REV7-p31 interaction. (E) Western blot showing the expression levels of the p31 variants in
HEK293T cells.
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Supplementary Figure 5.2: p31 affects HR proficiency. (A) Short-term cytotoxicity curve of
wild-type and two p31-/- clones in U2OS cells upon treatment with various doses of Olaparib. (B)
Cytotoxicity curve showing the sensitivity of wild-type and two p31-/- cell lines to Olaparib, with
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or without ectopic expression of wild-type p31 (C) Western blot showing ectopic expression of
wild-type and RRAA mutant FLAG-p31. (D) Western blot showing the ectopic expression of
FLAG-p31, related to Figure 5.2C. (D) Western blot showing the decrease in p31 protein levels
following siRNA transfection, related to Figure 5.2D. (E) Cytotoxicity curve showing the
sensitivity of wild-type or TRIP13-/- cells to Olaparib with or without overexpression of p31. (F)
Western blot showing the ectopic overexpression of p31 in wild-type and TRIP13-/- cells. (G)
Western blot showing the ectopic overexpression of p31.

Supplementary Figure 5.3: p31 affects the activation of REV7 in response to damage. (A)
Western blot showing the lack of expression of the respective protein in TRIP13-/- and p31-/U2OS cells, related to Figure 5.3A. (B) Western blot showing the ectopic overexpression of
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TRIP13 and p31, related to Figure 5.3B. (C) Western blot of chromatin bound REV7 from wildtype, TRIP13-/-, or p31-/- U2OS cells following irradiation with 10 J/m2 of UV light. (D) Western
blot showing the soluble and chromatin bound fractions of p31 and REV7 upon transfection with
non-targeted (siCtrl) siRNAs or siRNAs targeting REV7, 53BP1, BRCA1, or MAD2.
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Supplementary Figure 5.4: p31 Deficiency Induces Chromosomal Aberrations. (A) Graph
showing the prevalence of cohesinopathy observed in metaphase spreads from wild-type,
TRIP13-/- and p31-/- HEK293T cells. (B) Representative images showing cohesinopathy
phenotypes quantified in Figure Supplementary Figure 5.4A.

Supplementary Figure 5.5: TRIP13 and p31 are independently upregulated in similar
cancer types. (A) Bar chart showing the prevalence of amplifications (red), deletions (blue) and
mutations (green) of the TRIP13 gene across an array of cancer types in The Cancer Genome
Atlas (TCGA). (B) Similar to Figure 5.5A and Supplementary Figure 5.5A, showing the
prevalence of alterations in either TRIP13 or p31. (C) Scatter plot of TRIP13 expression vs p31
expression in breast cancers, showing no correlation. R2 = 0.03 (Pearson’s correlation
coefficient) (D) Graph showing the contribution of mutation signature 30 in cancers with low

189

expression of TRIP13 and/or p31 compared to cancers with normal expression of both genes.
***p<0.001, Mann-Whitney test, two-tailed.
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