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ABSTRACT
In the past decade, the study of the major DNA double strand break (DSB) repair pathways,
homologous recombination (HR) and classical non-homologous end joining (C-NHEJ), has
revealed a vast and intricate network of regulation. The choice between HR and C-NHEJ is largely
controlled at the step of DNA end-resection. A pro-C-NHEJ cascade commencing with 53BP1 and
culminating in the newly discovered REV7-Shieldin complex impedes end resection and therefore
HR. Importantly, loss of any component of this pathway confers PARP inhibitor resistance in
BRCA1-deficient cells; hence, their study is of great clinical importance. The newest entrant on the
scene of end resection regulation is the ATPase TRIP13 that disables the pro-C-NHEJ cascade by
promoting a novel conformational change of the HORMA protein REV7. Here, we tie these new
findings and factors with previous research on the regulation of DSB repair and HORMA proteins,
and suggest testable hypotheses for how TRIP13 could specifically inactivate REV7-Shieldin to
promote HR. We also discuss these biological questions in the context of clinical therapeutics.
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Many human cancers, such as ovarian, breast,
prostate, and pancreatic cancers, have mutations
in homologous recombination (HR) pathway
genes. The most commonly altered HR genes are
BRCA1 and BRCA2, followed by other genes in the
Fanconi Anemia (FA) pathway. Loss of HR causes
genomic instability, hyper-dependence on alterna-
tive DNA repair mechanisms, and enhanced sen-
sitivity to PARP inhibitors (PARPi) [1,2]. This
synthetic lethal interaction with PARPi has been
exploited therapeutically, most notably in ovarian
cancer, where several PARPis have recently
received FDA approval. PARPis are oral drugs
and relatively well-tolerated, and they can be com-
bined with other anti-cancer therapies.
Unfortunately, PARPi resistance has emerged as
a vexing clinical problem for the treatment of
BRCA1/2-deficient carcinomas.

The most prevalent mechanism of PARPi resis-
tance is secondary events, such as somatic rever-
sion of a germline BRCA1/2 mutation, leading to
restoration of HR repair [3,4]. Another important
mechanism of HR restoration in BRCA1-deficient
cells involves the loss of factors which normally
inhibit 5ʹ-3ʹ DNA end resection at a double

strand break (DSB), an important first step in
HR (Figure 1a) [5]. The first gene identified in
this pathway was 53BP1, whose loss was found to
restore viability in BRCA1-/- mice and render
BRCA1-deficient cancers resistant to DNA dama-
ging treatment, including PARPi [6,7]. Subsequent
work showed that upon DNA damage, 53BP1 is
phosphorylated by the DNA damage responsive
kinase ATM at numerous sites which recruit the
downstream effector proteins, RIF1 and PTIP, to
promote classical non-homologous end joining
(C-NHEJ), a DSB repair pathway that competes
with and is more error-prone than HR [8–11].
Loss of RIF1 and PTIP also induces PARPi resis-
tance in BRCA1/2-deficient backgrounds, similarly
to loss of 53BP1. In a surprising discovery, the
small DNA polymerase ζ subunit, REV7, was
uncovered as an essential downstream effector of
RIF1, independently of any known Pol ζ-related
binding partners [12,13].

The Polymerase ζ complex, consisting of REV7
and REV3, has long been known to catalyze muta-
genic translesion DNA synthesis (TLS), a pathway
that allows cells to replicate DNA across damaged
bases [14]. All of the catalytic activity of the complex

CONTACT Alan D. D’Andrea Alan_Dandrea@dfci.harvard.edu

CELL CYCLE
2020, VOL. 19, NO. 13, 1565–1575
https://doi.org/10.1080/15384101.2020.1758435

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2020.1758435&domain=pdf&date_stamp=2020-06-12


is contained within the large REV3 subunit, and
REV7 has primarily been considered an accessory
subunit that may function only to bridge the inter-
action between Pol ζ and the TLS factor, REV1 [15].

Given the known function of REV7 as an acces-
sory subunit, these studies strongly implied the
existence of novel REV7 interaction partners

mediating its newly found role in HR regulation.
Indeed, a flurry of studies using complementary
techniques of CRISPR screening and physical
interactome analysis identified three novel interac-
tion partners – SHLD1, SHLD2 and SHLD3 [16–23].
Together with REV7, these four proteins form
a complex known as Shieldin. The entire cascade,

Figure 1. TRIP13 promotes PARP inhibitor sensitivity by disassembling REV7-Shieldin. (a) BRCA1 promotes 5ʹ-3ʹ DNA end resection,
the critical first step in double strand break (DSB) repair through homologous recombination. In the absence of BRCA1; 53BP1, RIF1,
REV7 and Shieldin inhibit DNA end resection, preventing repair by HR. End resection and HR can be restored in BRCA1-deficient cells
by concurrent deficiency of any component of this anti-resection axis. Without HR repair, cells are unable to properly repair all DSBs,
particularly those that arise during S phase leading to hypersensitivity to PARP inhibition and other DNA damaging therapies. (b) The
Shieldin complex assembles at the break site through sequential recruitment of 53BP1, RIF1, SHLD3, REV7 and SHLD1-SHLD2 (left).
REV7 is also recruited to sites of replication blockages, where it interacts with REV1 and REV3 as part of the DNA Polymerase ζ
complex (right). TRIP13 catalyzes an inactivating conformational change of REV7, thereby inhibiting both the Shieldin complex and
the Polymerase ζ complex.
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starting with 53BP1 and culminating in the Shieldin
complex, inhibits end resection-dependent HR and
promotes C-NHEJ, such that loss of any of them in
the absence of BRCA1 relieves the inhibition and
allowsHR to occur. This is clinically relevant because
these doubly-deficient cells are resistant to PARPis.

Our laboratory has recently demonstrated that
tumor cells can also achieve a state of PARPi
resistance by upregulating the expression of the
ATPase, TRIP13, and that this mode is linked to
REV7 [24]. Importantly, BRCA1-deficient tumor
cells often have high TRIP13 expression, leading
to PARPi resistance. We showed that REV7 exists
in active “closed” and inactive “open” conforma-
tions (Figure 1b). TRIP13, through ATP hydroly-
sis, catalyzes an inactivating conformational
change in REV7. In doing so, it dissociates the
REV7-Shieldin complex, promoting end resection
and thereby HR. TRIP13 similarly disassembles
the REV7-REV3 TLS complex. Thus, TRIP13
overexpression simultaneously inactivates muta-
genic TLS and C-NHEJ and promotes high fidelity
HR. Importantly, since TRIP13 is an enzyme, an
inhibitor of TRIP13 may be useful in re-sensitizing
BRCA1-deficient tumor cells to PARPis. Despite
some of the more obvious biological and clinical
implications of TRIP13 overexpression, such as
increased HR and the acquisition of PARPi resis-
tance, there are several unanswered questions
regarding its regulation and mechanism of action.
This review addresses emerging questions in the
field of regulation of end resection, with a brief
background on the better known apical players
and a detailed look at the newest and most down-
stream components, REV7 and TRIP13.

Regulation of the 53BP1-RIF1-REV7-Shieldin
anti-resection pathway

As end resection is a critical determinant of DSB
repair pathway and outcome, it is not surprising
that nearly every participating factor is regulated.
53BP1, the apical component of the anti-resection
pathway, has ubiquitin binding [25] and methyl-
lysine binding domains [26,27], both of which aid
in its recruitment. The DNA damage specificity of
53BP1 recruitment is thought to be mediated by its
binding to H2AK15 ubiquitylation, catalyzed by
the DNA damage responsive ubiquitin ligase,

RNF168 [28]. RNF168 recruitment is in turn regu-
lated by a DNA damage cascade comprising ATM,
MDC1 and RNF8 [29–33]. The ATM kinase
further phosphorylates 53BP1 itself, which is
required for the recruitment of RIF1, REV7 and
Shieldin.

The methyl-lysine binding tudor domains bind
specifically to methylated histone H4K20,
a ubiquitous histone mark [34]. This interaction
is normally inhibited by the protein TIRR, which
binds directly to the tudor domain, but is released
upon DNA damage [35,36]. It has been suggested
that H4K20 methylation accumulates slowly fol-
lowing histone deposition on newly replicated
DNA, thus favoring 53BP1 binding to unreplicated
DNA [37,38]. This is a sensible model, as HR
requires the presence of a sister chromatid, and
should therefore be repressed in unreplicated
DNA. 53BP1 is also inhibited by phosphorylation
during M-phase [39–41], when it can cause aber-
rant DNA repair. It is unclear whether this aber-
rancy is related to unscheduled resection, which
can occur to some degree during M-phase [42].

Only recently have we learned of the down-
stream REV7-Shieldin components, named so
due to their functional and sequence level homol-
ogy to the telomeric Shelterin complex. Like
Shelterin, the Shieldin complex localizes to DNA
ends and binds to single stranded DNA (ssDNA),
preventing resection, accumulation of the ssDNA
binding protein RPA and subsequent ATR signal-
ing. However, unlike Shelterin, which exhibits
sequence-specific DNA binding, Shieldin is
recruited to DNA damage through 53BP1-RIF1
interaction, with SHLD3 acting as a bridge
between RIF1 and REV7, which in turn recruits
SHLD1 and SHLD2. Nothing is known about the
regulation of these downstream proteins other
than the role of TRIP13 and REV7 conformation,
the function and regulation of which still present
many mysteries.

The HORMA family of proteins

REV7 is a founding member of the HORMA pro-
tein family, so-named for HOp1, REV7 and
MAD2 [43]. In addition to the founding members,
recent studies have identified the autophagy pro-
teins Atg13 and Atg101 as HORMA family
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members [44–46]. Intriguingly, HORMA proteins
and a TRIP13 orthologue have recently been iden-
tified in bacteria, suggesting that this family has
ancient origins [47]. Proteins of the HORMA
family are unified by modest primary sequence
homology, but striking homology in tertiary struc-
ture (Figure 2a).

Like REV7, Hop1, MAD2 and the bacterial
HORMA proteins activity are also regulated by
stable conformational changes between open and
closed conformations [47–49]. The major struc-
tural transition between the open and closed con-
formation occurs in the C-terminal “seatbelt”
subdomain. In the closed conformation, the seat-
belt latches tightly to binding partners at so-called
seatbelt binding motifs (SBMs), whereas this inter-
action is not stable in the open conformation. It is
this critical binding to SBM-containing partners
that is controlled by HORMA conformational

transitions. Intriguingly, Atg13 and Atg101 seem
to have non-canonical HORMA function as they
appear to be locked in the closed and open states
respectively and form a heterodimer [46].

While the HORMA proteins share structural
and regulatory features, they function in very dis-
tinct capacities. MAD2 plays a clearly defined role
in the spindle assembly checkpoint (SAC). During
mitosis, pools of inactive, open MAD2 are acti-
vated at unattached kinetochores through seatbelt-
SBM interactions with MAD1 [50–52]. MAD1
promotes the closing of MAD2 which is propa-
gated in a chain reaction by dimerization of open
and closed MAD2 conformers [53,54]. It is note-
worthy that the Atg13-Atg101 conformationally-
locked heterodimer, resembles the assymetric
closed-open MAD2 dimer [55], suggesting that
asymmetric HORMA protein dimers may be
a common feature of regulation. The target of

Figure 2. REV7 is a member of the functionally diverse HORMA family and interacts with multiple seatbelt binding partners. (a) The
HORMA family is highly structurally conserved across domains of life. Shown are examples of HORMA protein structures in the closed
conformation with the seatbelt subdomain highlighted in orange; clockwise from top: HORMA2 – P. aeruginosa, PDB: 6P8 U [47];
HIM-3 (Hop1 orthologue) – C. elegans, PDB: 4TZJ [60]; MAD2 – S. pombe, PDB: 4AEZ [86]; REV7 – H. sapiens, PDB: 3VU7 [87], ATG13 –
H. sapiens, PDB: 5C50 [55]. (b) Structures of closed REV7 bound to seatbelt binding partners: CAMP, REV3 and SHLD3. PDB: 5XPT [62],
3VU7 [87], 6K07 [88] respectively. (c) Primary sequence alignment of REV7 seatbelt binding regions of SHLD3, REV3 and CAMP
highlighting conserved amino acids constituting the REV7 seatbelt binding motif (SBM).
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MAD2 is the anaphase promoting complex (APC)
activator, Cdc20, another SBM-containing protein
[56,57]. Closed MAD2 rapidly binds and seques-
ters Cdc20, preventing APC activation until each
chromatid is attached to the spindle.

Hop1 is a conserved member of the meiosis-
specific chromosome axis complex, which organizes
homologous chromosomes and promotes crossover
formation [58,59]. Unlike MAD2, which forms dis-
crete soluble MAD2:Cdc20 complexes, Hop1 and
the related mammalian proteins, HORMAD1 and
HORMAD2, appear to form large chromosome-
bound chains. Hop1-type proteins have both
a HORMA domain and SBMs, allowing for the for-
mation of complex higher-order structures with one
Hop1 monomer’s seatbelt bound over the adjacent
Hop1 monomer’s SBM and so on [60].

REV7 is unique among the HORMA proteins in
having multiple distinct SBM-containing partners
(Figure 2b,c). SHLD3 has two tandem SBMs in its
N-terminus, similar to REV3 which has two func-
tionally important SBMs [61]. It is not known if
REV7 can bind to both SBMs simultaneously or if
this is functionally relevant. In addition to the
well-characterized interaction with REV3 and to
a lesser extent SHLD3, the zinc-finger protein
CAMP is also a confirmed seatbelt interactor
[62]. High-throughput interaction profiling of
REV7 has revealed numerous additional binding
partners, but whether any of these are also seat-
belt-mediated remains to be elucidated [17,24].
Why REV7 is involved in these distinct processes
is not understood, but is suggestive of some sort of
coordinated regulation of REV7-dependent path-
ways. MAD2 also has two seatbelt-mediated inter-
action partners, namely MAD1 and Cdc20;
however there is a clear distinction, as MAD1
stimulates MAD2 closing, while Cdc20 can only
be bound following MAD1 activity, and both these
partners are related to the same (and only) func-
tion of MAD2. Whether the known REV7 binding
partners can play activator functions, analogous to
MAD1, or are mainly targets of REV7 activity, like
Cdc20, is not yet clear. It is also not known
whether REV7 activation is similarly propagated
through asymmetric dimerization, like with
MAD2. REV7 homodimerization through
a similar interface has recently been shown to be
functionally important [63], lending support to

this hypothesis; however, more extensive research
is still required.

One unifying feature of the HORMA family of
proteins is their regulation by the AAA+ ATPase
TRIP13. Like REV7, Hop1 and MAD2 are both
known to be inactivated by TRIP13 which is
thought to remodel closed conformers into the
inactive open conformation [64–66]. The involve-
ment of TRIP13 in at least three very distinct
cellular processes raises several interesting ques-
tions. Is TRIP13 activity somehow directed to spe-
cific substrates in the appropriate context, such as
through substrate-specific adaptor proteins? Or is
the regulation of these seemingly distinct proteins
actually coordinated, perhaps at specific cell cycle
phases? For instance, TRIP13 may regulate the
choice between HR and NHEJ during S phase,
and the activity of the SAC in mitosis.

Regulation of TRIP13 activity on HORMA
proteins

TRIP13 is a highly conserved AAA+ ATPase that
forms single homohexameric rings. It was first
linked to the HORMA protein family when stu-
dies in yeast revealed a role in meiotic checkpoint
and recombination [67–69]. This role is evolutio-
narily conserved as both yeast Pch2 and mouse
Trip13 regulate their respective HORMA sub-
strates, Hop1 and Hormad1 [64,68]. In both
organisms, Hop1/Hormad1 monomers bind to
DNA in a cooperative manner, and addition of
Pch2/Trip13 alters their DNA binding or chroma-
tin association [64,70]. Thus, Pch2/Trip13 has
been proposed to remodel Hop1/Hormad1 oligo-
mers already on chromatin, promoting their dis-
placement from DNA and turnover. How Pch2 is
targeted to Hop1 is not entirely clear, but it has
been shown to interact with the BRCT domains in
Xrs2, part of the MRX (Mre11-Rad50-Xrs2)
damage sensor in yeast (MRN or MRE11-RAD50-
NBS1 in humans), and this interaction is function-
ally important [68]. Mouse Hormad1 mutants
lacking the N terminal region are refractory to
TRIP13 action, indicating that this region is
required for the disassembly of HORMAD1 from
chromatin.

How TRIP13 is targeted to and inactivates
MAD2 is better understood. Like in the case of
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Hormad1, the highly conserved N-terminal region
of MAD2 is necessary for TRIP13-mediated inac-
tivation [71]. Elegant structural studies have pro-
vided insight into why this is so. TRIP13 grasps
the N terminus of MAD2, which is fed through
a central pore. ATP hydrolysis by TRIP13 causes
a limited unfolding of this region of MAD2, which
destabilizes the overall closed MAD2 structure by
disrupting a conserved hydrogen bond network
between residues at the N-terminus and
C-terminal seatbelt domain [71]. Interestingly,
while TRIP13 can elicit this effect alone, its activity
on MAD2 is greatly enhanced by another
HORMA-like protein, p31, which directly interacts
with both TRIP13 and MAD2, forming a bridge
between them [65,72] (Figure 3). p31 binds to
MAD2 at the latter’s homodimerization interface,
and this structural mimicry further attenuates
MAD2 signaling by preventing activation through
the asymmetric closed-open dimerization pathway
[73]. Whether p31 similarly coordinates the inter-
action of TRIP13 and REV7 is unknown.

Models for TRIP13 activity toward REV7

Given the very recent discovery of TRIP13 action
on REV7, we know little about the mechanism and
regulation of this interaction; however, using evi-
dence from other HORMA proteins, we can suggest
several testable hypotheses. One critical question is
whether there is any mechanism for TRIP13 sub-
strate specificity or if all substrates present in the
cell are regulated concurrently. A possible mechan-
ism of substrate specificity is through adaptor pro-
teins like p31, which has only been definitively
shown to interact with MAD2. If there are alter-
native p31-like adapters for REV7 and HORMAD1,
this could dictate substrate specificity (Figure 4,
Model 1). There is some evidence suggesting that
REV7 does in fact interact with p31, contradicting
this model; however, more research is required on
this topic [63]. The potential universality of the p31
adaptor is also supported by reports that the rice
orthologue, CRC1, localizes to the chromosome
axis and is implicated in meiotic HR [74],

Figure 3. TRIP13 remodels HORMA substrates through N-terminal engagement and is stimulated by an adaptor protein. (a) Cryo-EM
structure of TRIP13 acting on C-MAD2, showing bridging by the adaptor protein, p31comet, PDB: 6F0X [89]. (b) Schematic of
N-terminal engagement of HORMA substrate by TRIP13 and stimulation by an adaptor, p31comet, which bridges the interaction.
Following engagement of the HORMA protein, TRIP13 catalyzes HORMA remodeling coupled to ATP hydrolysis.
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suggestive of a HORMAD1 regulatory role. On the
other hand, there are some organisms, such as
budding yeast, that possess TRIP13 but not p31,
and in these cases, TRIP13 appears to have only
a meiotic function through Hop1 [75]. If p31 is in
fact a universal adaptor, substrate specificity may
instead be dictated through posttranslational mod-
ifications of TRIP13, p31 or the HORMA substrate
(Figure 4, Model 2). Indeed, Plk1-dependent phos-
phorylation of p31 decreases its affinity for MAD2,
thereby dialing down TRIP13-mediated inactivation
of MAD2 [76]. Perhaps DNA damage-dependent
phosphorylation of p31 or REV7-Shieldin by ATM
similarly modulates TRIP13 activity to promote
certain types of repair.

It is also possible that TRIP13 does not show
substrate specificity; however, this does not mean
that TRIP13 activity is not regulated. TRIP13
activity could be controlled by the relative abun-
dance of the closed conformations of each sub-
strate, such that they compete for limited
TRIP13-p31 (Figure 4, Model 3). This would
have interesting consequences as high levels of
DNA damage, and therefore closed REV7,

would effectively sequester TRIP13, preventing
inactivation of the SAC. This would represent
a novel mechanism of cell cycle arrest in response
to DNA damage.

Yet another possibility is that TRIP13 and p31
are sufficiently abundant to prevent any competi-
tion. In this case, they would regulate all of their
HORMA substrates concurrently. It is noteworthy
that p31 protein expression is up-regulated speci-
fically in S and G2/M phases, when REV7 and
MAD2 activities need to be regulated. Thus, cells
could specifically promote the efficient inactiva-
tion of REV7 and MAD2 by limiting p31 expres-
sion to these cell cycle phases (Figure 4, Model 4).
Apart from these possibilities but perhaps related
to them, TRIP13 cellular localization could dictate
its activity. Support for this idea comes from stu-
dies showing that TRIP13 is normally cytoplasmic,
but forms foci at kinetochores during mitosis [77]
and on chromosome axes during meiosis [78].
Whether TRIP13 similarly forms foci after DSB
induction that co-localize with DNA damage fac-
tors would be useful to pinpoint when and where
TRIP13 inactivates REV7.

Figure 4. Models for TRIP13 regulation of diverse HORMA proteins. Substrate Specific Models (1): Substrate specificity is enforced by
unique adaptors for each HORMA protein; (2): Substrate specificity is enforced by post-translational modification of the appropriate
substrate. Substrate Nonspecific Models (3): Each HORMA protein competes for a limited supply of TRIP13-p31. High levels of DNA
damage would thereby inhibit anaphase progression through TRIP13-p31 sequestration. C-REV7 indicates closed REV7; (4): TRIP13
acts on all substrates during a specific cell cycle phase or phases. TRIP13 is known to be active in mitosis and may represent another
mechanism to suppress DNA repair in mitosis.

EXPERT REVIEW OF NEUROTHERAPEUTICS 1571



Clinical Implications of the TRIP13-REV7
Interaction

TRIP13 activity is not only biologically interest-
ing, it is also clinically relevant. Previous studies
have noted that TRIP13 is overexpressed in var-
ious cancers and is a negative prognostic marker
[79–81]. One report examining TRIP13 in the
context of head and neck cancer similarly found
that TRIP13 promotes DSB repair and chemore-
sistance, but concluded that TRIP13 promotes
C-NHEJ, not HR [82]. That study identified
a physical interaction between TRIP13 and DNA-
PK subunits; however, these are common con-
taminants that appear in nearly 50% of AP-MS
experiments [83]. Additionally, there are no
HORMA domains in DNA-PK and no mechan-
ism was proposed for TRIP13 regulation of DNA-
PK. It remains possible that TRIP13 affects
C-NHEJ in the cancer cell lines used in that
study; however, our results demonstrate that the
major function of TRIP13 in DSB repair is the
promotion of HR through REV7 inactivation.
Interestingly, biallelic loss-of-function TRIP13
mutations have been seen in Wilms tumor cells,
which not surprisingly have an SAC defect [84]. It
would be clinically useful to establish whether
they are additionally HR-deficient, and therefore
sensitive to PARPis.

Alternative Roles of TRIP13 in Regulating
Genomic Stability

TRIP13 overexpression has previously been pro-
posed to engender genomic instability by weaken-
ing the SAC, allowing cells to replicate more
quickly and become aneuploid, promoting onco-
genesis [79]. This idea has been challenged by the
finding that TRIP13 expression is highly correlated
with that of MAD2, suggesting a homeostatic rela-
tionship between the two in maintaining a normal
SAC [85]. Given the genomic proximity of TRIP13
to hTERT, a strong oncogene, TRIP13 amplifica-
tion may often occur as a passenger mutation.
Regardless of the mechanism of TRIP13 overex-
pression in cancer, our studies have shown that the
consequences are clear: high TRIP13 levels
enhance HR and engender chemoresistance.

While elucidating PARP inhibitor resistance
mechanisms through the discovery of 53BP1,
RIF1, and the Shieldin complex has been
a significant advance, none of those factors are
druggable. TRIP13, as the newest entrant to this
field and an enzymatic, negative regulator of the
Shieldin complex, emerges as a critical player
whose inhibition could be used in the clinic to
extend the utility of PARP inhibitors.
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