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Abstract

DNA replication forks are constantly challenged by DNA lesions induced by endogenous and
exogenous sources. DNA damage tolerance mechanisms ensure that DNA replication continues
with minimal effects on replication fork elongation either by using specialized DNA polymerases,
which have the ability to replicate through the damaged template, or by skipping the damaged
DNA, leaving it to be repaired after replication. These mechanisms are evolutionarily conserved in
bacteria, yeast, and higher eukaryotes, and are paramount to ensure timely and faithful duplication
of the genome. The Primase and DNA-directed Polymerase (PRIMPOL) is a recently discovered
enzyme that possesses both primase and polymerase activities. PRIMPOL is emerging as a key
player in DNA damage tolerance, particularly in vertebrate and human cells. Here, we review our
current understanding of the function of PRIMPOL in DNA damage tolerance by focusing on the
structural aspects that define its dual enzymatic activity, as well as on the mechanisms that control
its chromatin recruitment and expression levels. We also focus on the latest findings on the
mitochondrial and nuclear functions of PRIMPOL and on the impact of loss of these functions on
genome stability and cell survival. Defining the function of PRIMPOL in DNA damage tolerance
is becoming increasingly important in the context of human disease. In particular, we discuss
recent evidence pointing at the PRIMPOL pathway as a novel molecular target to improve cancer
cell response to DNA-damaging chemotherapy and as a predictive parameter to stratify patients in
personalized cancer therapy.
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The faithful replication of our genome is constantly challenged by a host of DNA replication
obstacles from both endogenous and exogenous sources. Endogenous replication obstacles
include secondary structures in the DNA, protein-DNA complexes, transcription-replication
conflicts, and metabolism-induced oxidative DNA damage (Mirkin and Mirkin 2007;
Chatterjee and Walker 2017; Gadaleta and Noguchi 2017; Markkanen 2017), whereas
exogenous DNA lesions can be induced by UV radiation and chemotherapeutic agents
(Cheung-Ong et al. 2013; Chatterjee and Walker 2017). All living organisms have evolved
different mechanisms of DNA Damage Tolerance (DDT) to overcome these replication
obstacles and promote efficient genome duplication. These DDT mechanisms broadly
include Translesion DNA Synthesis (TLS), Template Switching (TS), and repriming (Sale
2012; Branzei and Szakal 2016).

TLS relies on specialized TLS polymerases to directly bypass DNA lesions (Waters et al.
2009; Goodman and Woodgate 2013). TLS polymerases are generally more error-prone than
the high-fidelity replicative polymerases, as they can accommodate bulky lesions and
distorted DNA duplex structures and lack proofreading activity (Goodman and Woodgate
2013; Sale 2013). TS is generally viewed as a higher-fidelity mechanism relative to TLS, as
this mechanism utilizes a homologous template to bypass DNA lesions (Chang and
Cimprich 2009). Replication fork reversal is one form of TS (Branzei and Szakal 2016)
whereby the re-annealing of newly synthesized daughter strands enables the remodeling of
replication forks into four-way junctions in order to cope with DNA obstacles (Leon-Ortiz et
al. 2014; Zeman and Cimprich 2014; Neelsen and Lopes 2015; Berti and Vindigni 2016;
Quinet et al. 2017; Berti et al. 2020).

In addition to TLS and template switching, a third mechanism of DDT is repriming, which
allows DNA replication to skip the DNA lesion, leaving a single stranded DNA (ssDNA)
gap between the lesion and the point where DNA synthesis resumes. Early studies showed
that treatment of bacteria (Rupp and Howard-Flanders 1968) or mammalian cells (Lehmann
and Kirk-Bell 1972; Meneghini 1976) with UV light promotes ssDNA gap accumulation.
Follow-up studies in budding yeast confirmed that UV treatment promotes the formation of
ssDNA gaps in both the lagging and leading strands of DNA replication forks (Lopes et al.
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2006). While the discontinuous nature of DNA synthesis could account for sSSDNA gaps in
the lagging strand, the presence of leading strand gaps suggested that the replisome is able to
reinitiate DNA synthesis downstream of a leading strand lesion. Pioneering work in bacteria
showed that the DnaG primase can indeed mediate de novo primer synthesis (or repriming)
downstream of leading strand lesions, allowing resumption of DNA synthesis (Heller and
Marians 2006). These findings were extended to budding yeast, in which the polymerase a-
primase (Pola-primase) complex is able to mediate de novo primer synthesis downstream of
different lesions induced by DNA-damaging agents (Lopes et al. 2006; Daigaku et al. 2010;
Karras and Jentsch 2010; Fumasoni et al. 2015; Branzei and Psakhye 2016; Wong et al.
2020).

Repriming mechanisms are conserved in vertebrate and human cells. However, differently
from budding yeast, they rely on a newly discovered protein called PRIMPOL instead of
using the main Pola-primase complex (Bianchi et al. 2013; Garcia-Gomez et al. 2013;
Mouron et al. 2013; Wan et al. 2013). PRIMPOL possesses both primase and polymerase
activities, and information on the roles of its enzymatic activities during the replication
stress response is just beginning to emerge. Here, we review our current understanding of the
roles of PRIMPOL and its dual enzymatic activities in DDT. We also discuss how
PRIMPOL is recruited to stalled replication forks and how changes in its expression levels
affect genome stability, cell survival, and cancer cell response to chemotherapy.

Structure.

Encoded by the gene CCDC111, the Primase and DNA-directed Polymerase (PRIMPOL) is
a 560 amino acid protein conserved in vertebrates, plants, and lower eukaryotes (lyer et al.
2005; Bianchi et al. 2013; Garcia-Gomez et al. 2013). Orthologs are also present in species
of fungi, algae, and protists but are absent in budding yeast. PRIMPOL was first identified as
a member of the archaeo-eukaryotic primase (AEP) superfamily — a family of primases
associated with DNA damage response in bacteria (lyer et al. 2005). The catalytic AEP core
of PRIMPOL spans over 300 residues and consists of two highly conserved modules: ModN
(residues 35-105) and ModC (residues 108-200; 261-348), which regulate PRIMPOL
nucleotidyltransferase activity, required for its primase and polymerase functions
(Rechkoblit et al. 2016). ModN directly interacts with the DNA template strand, whereas
ModC interacts with incoming nucleotides (Rechkoblit et al. 2016) (Figure 1A).
Modifications of key residues in ModN reduce DNA binding affinity, leading to decreased
enzymatic activity (Keen, Bailey, et al. 2014; Keen, Jozwiakowski, et al. 2014).
Furthermore, modifications in the catalytic residues Asp14, Glul16, or Asp280 of ModC
ablate both primase and polymerase functions of PRIMPOL (Rechkoblit et al. 2016). These
residues act as activating metal ligands, using divalent cations such as Mn?* and Mg2* as
catalytic cofactors for enzymatic function (Bianchi et al. 2013; Garcia-Gomez et al. 2013;
Wan et al. 2013; Calvo et al. 2019) (Figure 1B). Alteration of these residues, which prevents
interaction with metal cofactors, renders PRIMPOL catalytically inactive (Garcia-Gomez et
al. 2013; Mouron et al. 2013; Calvo et al. 2019). In addition to the AEP core, PRIMPOL
contains an N-terminal helix, a C-terminal Replication Protein A (RPA) binding domain, and
a zinc finger (ZnF) domain that stabilizes PRIMPOL’s interaction with sSDNA (Keen,
Jozwiakowski, et al. 2014; Rechkoblit et al. 2016) (Figure 1A).
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PRIMPOL polymerase activity.

PRIMPOL possesses both primase and polymerase activities /n vitro (Bianchi et al. 2013;
Garcia-Gomez et al. 2013; Mouron et al. 2013; Wan et al. 2013) (Figure 2). PRIMPOL
synthesizes DNA with limited processivity, rarely incorporating more than four nucleotides
on an undamaged template (Keen, Jozwiakowski, et al. 2014). This low processivity is, in
part, due to a self-regulatory mechanism mediated by the ZnF domain of PRIMPOL, which
is connected to the catalytic core via a ~140 amino acid flexible linker (Guilliam and
Doherty 2017) (Figure 1 A) and limits the extent of nucleotide incorporation (Keen,
Jozwiakowski, et al. 2014; Guilliam and Doherty 2017) (Figure 3). Specifically, the ZnF
domain stably binds ssDNA upstream of the catalytic core of PRIMPOL and limits the
distance that the core can synthesize DNA away from the ZnF domain to the length of the
flexible linker (Rechkoblit et al. 2016) (Figure 3). PRIMPOL processivity is robustly
enhanced by the presence of the metal cofactors Mg?* and Mn2*, which also increase
PRIMPOL affinity for DNA templates (Zafar et al. 2014). Both the processivity and affinity
for DNA are more highly enhanced by Mn?* relative to Mg2*. Specifically, PRIMPOL binds
DNA with 34-fold higher affinity and incorporates the correct dNTP with 100-fold higher
efficiency in the presence of Mn2* relative to Mg?* (Tokarsky et al. 2017). Whether both
cations are required to enhance PRIMPOL activity /7 vivo remains a subject of debate
(Calvo et al. 2019).

Similar to other TLS enzymes, PRIMPOL lacks exonuclease activity and is a highly error-
prone polymerase (~10~# errors per nucleotide incorporated, as opposed to ~107° for the
TLS Pol ¢, and 107>-107° for the replicative polymerases Pol & and Pol &) (Shcherbakova et
al. 2003; Fortune et al. 2005; Zhong et al. 2006; Zafar et al. 2014; Guilliam et al. 2015).
PRIMPOL polymerase activity mainly generates insertions and deletions (also known as
“indels™). Although other error-prone polymerases can generate “indels” (Eckert et al. 2002;
Baptiste and Eckert 2012; Ananda et al. 2014), PRIMPOL maintains a unique error
signature across coding regions, with a proportion of insertion errors higher than any other
DNA polymerase. In particular, PRIMPOL generates insertions and deletions of single
nucleotides at a similar rate, primarily on short homopolymeric sequences (Guilliam et al.
2015; Martinez-Jimenez et al. 2015). Although speculative, PRIMPOL’s error profile might
be due to its ability to realign its primer terminus to a location downstream of a lesion during
polymerization (Chi and Lam 2008; Bikard et al. 2010; Garcia-Gomez et al. 2013; Du et al.
2014; Martinez-Jimenez et al. 2015). This process loops out the template DNA and can
occur between short, direct nucleotide repeats (Martinez-Jimenez et al. 2015). This peculiar
activity of PRIMPOL has been termed “pseudo-TLS” (Mouron et al. 2013) and leads to the
synthesis of shorter DNA products than would be generated without looping out or
“scrunching” the template DNA.

In vitro, PRIMPOL exerts its TLS activity on synthetic DNA templates carrying different
types of damages, including 8-oxoguanine (8-0xo0-G), abasic sites (although with low
proficiency) and UV-C-induced lesions, such as cyclobutane pyrimidine dimers (CPD) and
pyrimidine (6-4) pyrimidone (6-4PP) ((Garcia-Gomez et al. 2013; Mouron et al. 2013),
reviewed in (Guilliam and Doherty 2017)) (Figure 2, left panel). 6-4PPs cause a more
pronounced distortion of the DNA double helix compared to CPDs, and whether PRIMPOL
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can bypass these lesions using its polymerase activity remains controversial. Initial in vitro
studies suggested that PRIMPOL could bypass DNA templates containing both types of UV-
C-induced photoproducts (Bianchi et al. 2013). However, these findings are at odds with
recent structural studies showing that the active site of PRIMPOL cannot accommodate
bulky 6-4PP lesions (Rechkoblit et al. 2016). In agreement with the structural data, Mouron
et al. reported that PRIMPOL primarily uses its primase activity to reinitiate DNA synthesis
downstream of 6-4PP lesions (Mouron et al. 2013).

All studies on PRIMPOL TLS activity have been performed using synthetic DNA substrates
and purified recombinant protein, raising the question of whether PRIMPOL TLS activity
has a physiologically relevant function /in vivo. Generating a polymerase-dead / primase-
proficient mutant will be crucial to conclusively demonstrate that the polymerase activity of
PRIMPOL is required to bypass these lesions /n vivo. However, the generation of separation
of function PRIMPOL mutants selectively lacking polymerase activity has been hampered
by the fact that point mutations in key catalytic residues of PRIMPOL negatively affect both
the primase and polymerase activities /n vitro (Garcia-Gomez et al. 2013; Mouron et al.
2013; Keen, Bailey, et al. 2014; Keen, Jozwiakowski, et al. 2014; Calvo et al. 2019).

PRIMPOL primase activity.

In addition to its TLS activity, PRIMPOL synthesizes both dNTP and NTP primers on
synthetic DNA substrates (Bianchi et al. 2013; Garcia-Gomez et al. 2013; Mouron et al.
2013). Interestingly, PRIMPOL preferentially incorporates dNTPs, whereas the replicative
polymerase Pola-primase complex only synthesizes NTP primers during lagging strand
DNA synthesis (Pellegrini 2012; Williams and Kunkel 2014). NTPs synthesized by this
complex are removed during Okazaki fragment maturation, while NTPs incorporated by
replicative polymerases are removed by the ribonucleotide excision repair machinery to
avoid distortions in the DNA helix and genomic instability (Meroni et al. 2017; Sassa et al.
2019; Nava et al. 2020). Conversely, DNA primers inserted by PRIMPOL require no further
processing, which may explain the unique role of PRIMPOL primase activity in reinitiating
DNA synthesis downstream of leading strand lesions, as opposed to the Pola-primase
complex. Structurally, PRIMPOL’s unique preference for dNTPs is likely a consequence of
the close positioning of the dNTP and the main-chain carbony! of Asn?8? within its active
site. The NTP hydroxyl group would sterically clash with Asn28® and require significant
rearrangement of residues 289-291 to be incorporated (Rechkoblit et al. 2016). However, a
single point mutation of Tyr100 to His is sufficient to disable this steric gate, reverting
PRIMPOL’s sugar specificity and leading to similar levels of NTP and dNTP incorporation
in vitro (Diaz-Talavera et al. 2019). Remarkably, structural data also reveal an almost
complete lack of contact between DNA primer strands and PRIMPOL (Rechkoblit et al.
2016). However, the crystal structure of PRIMPOL lacks the C-terminus ZnF domain
(Rechkoblit et al. 2016), which is crucial to stabilize the 5° nucleoside triphosphate to
initiate and elongate primer synthesis (Martinez-Jimenez et al. 2018).

In vitro, PRIMPOL reprimes downstream of chain-terminating-nucleosides and UV-C-
induced CPDs and 6-4PPs (Mouron et al. 2013; Kobayashi et al. 2016) (Figure 2, right
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panel). The primers generated on synthetic DNA substrates by PRIMPOL can subsequently
be elongated by the leading strand replicative polymerase Pol e (Garcia-Gomez et al. 2013).

In human cells, PRIMPOL reinitiates de novo DNA synthesis upon replication fork stalling
induced by UV-C lesions, G-quadruplexes, bulky adducts such as those generated upon
treatment with benzo[a]pyrene-diol-epoxide (BPDE) or 4-nitroquinoline 1-oxide (4-NQO),
and platinum crosslinking agents (Mouron et al. 2013; Schiavone et al. 2016; Piberger et al.
2020; Quinet et al. 2020). Recent studies also show that PRIMPOL repriming is required to
“traverse” interstrand crosslinks (ICLs) (Gonzélez-Acosta et al. 2020). ICLs were initially
considered absolute blocks to DNA replication (Zhang et al. 2015). However, ICLs can also
be “traversed” in a reaction mediated by the FANCM/MHF DNA translocase (Huang et al.
2013). Gonzalez-Acosta et al. demonstrated that PRIMPOL plays a key role in this reaction,
leaving the ICL behind the fork to be repaired post-replicatively (Gonzalez-Acosta et al.
2020). Moreover, PRIMPOL-mediated repriming can circumvent transcriptional conflicts
caused by DNA:RNA hybrids, or R-loops, in avian DT40 cells (Svikovic et al. 2019) (Figure
2, right panel).

A primase-dead, polymerase-proficient mutant of PRIMPOL can be generated by
introducing a double mutation in the ZnF element present in its C-terminal domain (C419G/
H426Y, CH variant), which abolishes primase activity, while preserving polymerase function
(Mouron et al. 2013). Of note, inactivation of the ZnF domain also increases the average
number of nucleotides inserted by the polymerase activity of PRIMPOL /n vitro (Keen,
Jozwiakowski, et al. 2014). This primase-dead CH mutant, as well as other ZnF truncation
mutants, were used to confirm the important role of PRIMPOL primase activity in human
cells treated with UV-C and cisplatin (Mouron et al. 2013; Quinet et al. 2020). Moreover,
similar results were obtained using the same primase-dead CH mutant in avian DT40 cells
treated with various DNA-damaging agents, including UV-C radiation, methyl
methanesulfonate (MMS), and cisplatin (Keen, Jozwiakowski, et al. 2014; Kobayashi et al.
2016). Collectively, these studies support the notion that the primase activity of PRIMPOL is
essential for many of the biologically relevant functions of PRIMPOL in the nucleus
(Mouron et al. 2013), as we also discuss in the last section of this review.

PRIMPOL recruitment and regulation.

PRIMPOL protein levels are approximately constant throughout the cell cycle (Mouron et al.
2013). However, PRIMPOL binding to chromatin increases after treatment with different
genotoxic agents, such as hydroxyurea and UV-C (Mouron et al. 2013). Recent work in
human cells suggests that the ATPase Werner Helicase Interacting Protein 1 (WRNIP1)
negatively regulates PRIMPOL expression by promoting proteasomal degradation of
PRIMPOL (Yoshimura et al. 2019). Furthermore, studies from our lab suggest a
transcriptional role of ATR in regulating PRIMPOL expression (discussed below, see
(Quinet et al. 2020)), adding an additional layer of complexity to the mechanisms that
control PRIMPOL expression and chromatin recruitment in mammalian cells. Interestingly,
treatment with an anti-HIV drug, tenovofir, has been shown to downregulate Chk1, a
checkpoint kinase downstream of ATR signaling, and to concomitantly decrease PRIMPOL
protein levels, supporting the notion that there is a tight connection between ATR activity
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and PRIMPOL expression (Fang and Beland 2009; Smith et al. 2010; Duong et al. 2020).
However, further studies will be necessary to assess the effect of ATR-dependent post-
translational modifications on PRIMPOL activity.

Upon DNA damage, canonical TLS polymerases are recruited to chromatin through
interaction with PCNA (Kannouche and Lehmann 2004; Kannouche et al. 2004; Hendel et
al. 2011). In contrast, PRIMPOL does not seem to interact with PCNA, and the presence of
PCNA does not affect the enzymatic activity of PRIMPOL /n vitro (Guilliam et al. 2015).
However, recent studies have shown that PRIMPOL interacts with polymerase &-interacting
protein 2 (PolDIP2 or PDIP38), a binding partner of the p50 subunit of Pol &, as well as of
PCNA (Liu et al. 2003; Guilliam et al. 2016) (Figure 3). PoIDIP2 also interacts with various
TLS polymerases including Pol n, Pol C, and REV1 (Tissier et al. 2010). These data leave
open the possibility that PRIMPOL might be able to indirectly interact with PCNA and that
the PCNA-PoIDIP2 complex might be required for PRIMPOL recruitment to replication
forks. Interestingly, PRIMPOL interaction with PolDIP2 alone enhances PRIMPOL’s
affinity for DNA as well as its processivity in response to UV-C damage (Guilliam et al.
2016). However, Guilliam et al. showed that the complex formed by PCNA and PolDIP2 has
an inhibitory effect on PRIMPOL polymerase activity, complicating our understanding of
how the PCNA-PolIDIP2-PRIMPOL interaction network regulates PRIMPOL activity
(Guilliam et al. 2016).

Recruitment of PRIMPOL to chromatin seems to be primarily mediated by interaction with
the ssDNA binding protein RPA (Mouron et al. 2013; Wan et al. 2013; Guilliam et al. 2015).
RPA is a heterotrimeric complex formed by RPA70, RPA32, and RPA14 (Pokhrel et al.
2019). The interaction between PRIMPOL and RPA is mediated by the C-terminal RPA
binding domain of PRIMPOL (Wan et al. 2013; Guilliam et al. 2017) (Figure 1A), which
binds to the N-terminus of RPA70, the largest subunit of the RPA heterotrimer (Wold 1997).
Interestingly, /in vitro studies suggest that the effect of RPA on PRIMPOL recruitment
depends on the extent of RPA molecules coating DNA (Guilliam et al. 2015; Guilliam et al.
2017; Martinez-Jimenez et al. 2017). PRIMPOL is unable to displace RPA from ssDNA
fragments because RPA has a higher affinity for ssDNA than PRIMPOL (Kim et al. 1994;
Martinez-Jimenez et al. 2017). Accordingly, PRIMPOL binds synthetic SSDNA templates
more effectively when RPA is not at high concentrations, which can otherwise limit
PRIMPOL interaction with ssDNA (Martinez-Jimenez et al., 2017; Guilliam et al., 2017)
(Figure 3). In particular, in vitro experiments using circular M13 ssDNA templates show that
non-saturating concentrations of RPA stimulate PRIMPOL primase and polymerase
activities, whereas high concentrations of RPA are catalytically restrictive (Guilliam et al.
2017; Martinez-Jimenez et al. 2017). On the basis of these findings, Guilliam and Doherty
propose that RPA might act as regulator of PRIMPOL catalytic activity in order to limit
mutagenic DNA synthesis (Guilliam and Doherty 2017).

In addition to RPA, PRIMPOL interacts with the mitochondrial single-stranded DNA
binding protein, mtSSB (Guilliam et al. 2015). Mitochondrial DNA replication relies on
DNA polymerase Pol -y along with mtSSB, the mitochondrial replicative helicase Twinkle,
and the mitochondrial RNA polymerase (Young and Copeland 2016). /n vitro work revealed
that mtSSB negatively regulates the primase activity of PRIMPOL and also inhibits
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PRIMPOL polymerase activity (Guilliam et al. 2015; Stojkovic et al. 2016) (Figure 3).
Interestingly, while mtSSB inhibits PRIMPOL function, Twinkle enhances the polymerase
activity of PRIMPOL in vitroon DNA templates that are either undamaged or that carry
oxidative lesions, such as 8-oxoguanines or abasic sites (Stojkovic et al. 2016) (Figure 3).

PRIMPOL and cell survival.

PRIMPOL is not essential for cell survival, as PRIMPOL-knockout (PRIMPOL-KO) mice
and human cell lines are viable (Bianchi et al. 2013; Mouron et al. 2013; Bailey et al. 2019;
Gonzélez-Acosta et al. 2020; Quinet et al. 2020). However, loss of PRIMPOL is associated
with slower proliferation and generation of RPA and yH2AX foci, suggesting that
PRIMPOL might play an important, albeit mechanistically ill-defined, role at replication
forks in unperturbed conditions (Mouron et al. 2013; Wan et al. 2013).

The notion that PRIMPOL-mediated repriming is an important mechanism to skip DNA
lesions and continue DNA synthesis is supported by different studies showing that human
cells lacking PRIMPOL are characterized by defects in replication fork progression and
restart, increased mutagenesis, increased sister chromatid exchanges, and micronuclei
formation following UV-C radiation and treatment with ICL-inducing agents (Mouron et al.
2013; Bailey et al. 2019; Gonzalez-Acosta et al. 2020). Moreover, it is possible that the
replication defects associated with PRIMPOL loss are partially mitigated by alternative DDT
pathways that either employ other TLS polymerases or a different mechanism of lesion
bypass. For example, loss of PRIMPOL significantly affects proliferation and viability in
avian DT40 cells only when PRIMPOL is depleted in combination with the TLS
polymerases Pol n and Pol G, suggesting that these polymerases partially compensate for the
loss of PRIMPOL repriming, at least in avian cells (Kobayashi et al. 2016). Along the same
lines, loss of PRIMPOL does not seem to sensitize human cells to UV-C, unless the TLS
enzyme Pol m is co-depleted (Bailey et al. 2019), supporting the notion that Pol ) and
PRIMPOL might have complementary roles in response to UV damage.

Further studies have shown how loss of PRIMPOL leads to increased cellular sensitivity to
different DNA-damaging agents in avian DT40 and human cells, including UV-C radiation,
cisplatin, 4-NQO, BPDE, MMS, chain-terminating nucleoside analogs, mitomycin C
(MMC), and trimethyl psoralen activated with UV-A (TMP-UVA) (Bianchi et al. 2013;
Keen, Bailey, et al. 2014; Kobayashi et al. 2016; Olivieri et al. 2020). In addition, treatment
with ICL-inducing agents such as MMC and TMP-UVA increases the frequency of
metaphase chromosomal abnormalities in PRIMPOL-KO human cells, in agreement with
the recent finding that repriming by PRIMPOL is required for ICL traverse (Gonzélez-
Acosta et al. 2020). Similar to human cells, PRIMPOL-KO mice are hypersensitive to MMC
and display a significant impairment of bone marrow cell proliferation when treated with
this drug (Gonzélez-Acosta et al. 2020). Collectively, these studies demonstrate that
PRIMPOL mediates the cellular response to an array of DNA-damaging agents that perturb
replication fork progression. Conversely, treatment with agents that generate DNA breaks,
such as camptothecin, ICRF193, and y-rays, does not affect viability in PRIMPOL-deficient
DT40 cells, suggesting that PRIMPOL is not involved in DNA break repair (Kobayashi et al.
2016).
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In summary, these studies demonstrate that PRIMPOL repriming is paramount to preserve
genomic stability and allow replication forks to cope with a different array of DNA lesions.
The fact that loss of PRIMPOL leads to increased sister chromatid exchanges and
mutagenesis also underscores a possible link between changes in PRIMPOL expression and
cancer development. Moreover, these findings suggest that PRIMPOL repriming might
represent a novel target to increase cancer cell sensitivity to DNA-damaging chemotherapy.

Biological functions of PRIMPOL.

PRIMPOL repriming operates in both the mitochondria and the nucleus. Biochemical
fractionation experiments indicated that, at least in HeLa cells, PRIMPOL is almost twice as
abundant in the mitochondria than in the nucleus (Garcia-Gomez et al. 2013). Mutation of
Tyr 89 to Asp (PRIMPOL-Y89D) in the PRIMPOL coding gene, CCDC111, is associated
with development of chronic progressive external ophthalmoplegia (CPEQ), one of the most
common mitochondrial disorders characterized by weakness of the extraocular and facial
muscle groups (Kasamo et al. 2019). However, a conclusive association between the Y89D
mutation and CPEO requires further investigation of the pathogenicity and the inheritance
pattern of this PRIMPOL variant (Finsterer 2020). Moreover, this mutation has been
associated with the development of another ophthalmologic disorder, high myopia (Zhao et
al. 2013; Keen, Bailey, et al. 2014; Yuan et al. 2020), although this also remains
controversial as studies using a larger cohort of patients suggested that the PRIMPOL-Y89D
mutation is a common polymorphism present also in healthy individuals (Keen et al. 2015;
Li J and Zhang 2015). Current models for the function of PRIMPOL in the mitochondria
suggest that PRIMPOL helps the mitochondrial genome (mtDNA) tolerate high levels of
oxidative damage, such as 8-0x0-G and abasic lesions, that severely stall the mitochondrial
polymerase, Pol y (Garcia-Gomez et al. 2013; Zafar et al. 2014; Stojkovic et al. 2016;
Bailey et al. 2019). In agreement with this model, PRIMPOL-KO mice and cell lines have
clear defects in mitochondrial DNA (mtDNA) replication (Garcia-Gomez et al. 2013; Bailey
et al. 2019).

As previously discussed, /n vitro studies showed that PRIMPOL TLS catalytic activity
allows bypass of the most common type of mitochondrial oxidative lesions, 8-0x0-G
(Garcia-Gomez et al. 2013). However, the mitochondrial mutation spectrum in both humans
and mice suggest that 8-0xo-G lesions are often mispaired with adenines during bypass, as
dATP presents the most thermodynamically favorable pairing across from this damage
(Irimia et al. 2009). This misincorporation ultimately results in an increase of G>T and C>A
transversions after lesions are repaired by base excision repair (David et al. 2007; Ameur et
al. 2011; Kennedy et al. 2013). However, studies using synthetic templates containing 8-oxo-
G lesions showed that PRIMPOL preferentially misincorporates nucleotides that would not
give rise to G>T and C>A transversions, and that PRIMPOL inserts dATP across 8-0x0-G
lesions less frequently than Pol -y (Stojkovic et al. 2016). The discrepancy between
PRIMPOL enzymatic activity and the observed mutational signature suggests that the TLS
activity of PRIMPOL might not be required to overcome 8-0xo0-G lesions in the
mitochondrial compartment. Along the same lines, PRIMPOL has a very limited abasic site
bypass activity compared to other canonical TLS polymerases, such as Pol 1, Pol v, and
REV1, suggesting that PRIMPOL TLS activity might not be required to bypass abasic
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lesions in the mitochondria (Choi et al. 2010; Garcia-Gomez et al. 2013; Keen,
Jozwiakowski, et al. 2014; Zafar et al. 2014).

Of note, mtDNA is rich in guanines, providing a favorable environment for the formation of
G-quadruplexes, which also perturb replication fork progression and cause fork stalling
(Bedrat et al. 2016; Falabella et al. 2019). Moreover, mtDNA is rich in R-loops (Holt 2019),
which hamper DNA replication, repair, and transcription (Huertas and Aguilera 2003; Li X
and Manley 2005; Tuduri et al. 2009; Gan et al. 2011; Wahba et al. 2011; Groh and Gromak
2014). Recent /n vitro studies demonstrated that PRIMPOL can bypass stable G-quadruplex
templates via its TLS activity in the presence of Pifl, a G-quadruplex resolvase that localizes
to the mitochondria (Butler et al. 2020). Error-prone bypass of these structures by
PRIMPOL could account for increased mutagenesis at stable G-quadruplex regions in the
mitochondria (Butler et al. 2020). However, studies in avian DT40 cells showed that
PRIMPOL is unable to directly replicate through G-quadruplexes or R-loops (Schiavone et
al. 2016; Svikovic et al. 2019). Instead, PRIMPOL can reprime downstream of these
structures (Schiavone et al. 2016; Svikovic et al. 2019). Thus, we speculate that the
repriming activity of PRIMPOL is required to restart DNA synthesis downstream of G-
quadruplex or R-loop structures present in the mtDNA /n vivo.

The model that the primase, rather than the polymerase, activity of PRIMPOL is required to
deal with fork-stalling lesions in the mitochondria is supported by studies performed in
mouse embryonic fibroblasts (Torregrosa-Munumer et al. 2017) and by a recent study
suggesting that the primase activity of PRIMPOL is essential to protect human cells from
tenofovir-induced mitochondrial toxicity (Duong et al. 2020). Tenofovir is a nucleoside
reverse transcriptase inhibitor (NRTI) used in the antiretroviral therapy for HIV patients.
This drug is toxic for mtDNA replication because the incorporation of the NRTI by Pol y
causes replication fork stalling (Duong et al. 2020). Duong et al. identified a mutation in the
catalytic site of PRIMPOL (D114N) that increases tenofovir-induced mitochondrial toxicity.
The D114N mutation targets a key residue required for metal binding and abolishes the
primer synthesis activity of PRIMPOL, as well as its ability to bind DNA (Duong et al.
2020). On the basis of these findings, Duong et al. proposed that PRIMPOL alleviates
tenofovir-induced mitochondrial toxicity by repriming downstream of chain-terminated
nucleotides, thereby rescuing stalled replication forks (Duong et al. 2020).

While our understanding of PRIMPOL repriming in the mitochondria is still in its infancy,
several studies documented a key role for the primase activity of PRIMPOL during DNA
replication in the nucleus (Mouron et al. 2013; Wan et al. 2013; Keen, Jozwiakowski, et al.
2014; Kobayashi et al. 2016; Bailey et al. 2019; Blanco et al. 2019; Gonzélez-Acosta et al.
2020; Piberger et al. 2020; Quinet et al. 2020). As already discussed, loss of the primase
activity of PRIMPOL leads to increased sensitivity to a variety of genotoxic agents,
including cisplatin, UV-C irradiation, and MMS in avian DT40 cells (Keen, Jozwiakowski,
et al. 2014; Kobayashi et al. 2016). Moreover, expression of a polymerase-proficient,
primase-dead PRIMPOL mutant fails to rescue UV-C-induced replication fork stalling in
human cells (Mouron et al. 2013).
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In addition, recent studies suggested that hyperactivation of PRIMPOL-mediated repriming
has a protective role under specific genetic backgrounds, such as cells defective for Breast
Cancer Susceptibility Proteins, BRCA1 and BRCA2 (Quinet et al. 2020). Aside from their
well-defined role in DNA double-stranded break repair via homologous recombination,
BRCA proteins protect reversed replication forks from degradation by nucleases (Schlacher
et al. 2011; Schlacher et al. 2012; Ying et al. 2012; Ray Chaudhuri et al. 2016; Quinet et al.
2017). Fork reversal is a physiologically relevant mechanism that allows replication forks to
cope with DNA damage encountered ahead of their path by reversing their course (Leon-
Ortiz et al. 2014; Zeman and Cimprich 2014; Neelsen and Lopes 2015; Berti and Vindigni
2016; Quinet et al. 2017; Berti et al. 2020). However, fork reversal can also lead to the
pathological degradation of replication intermediates when reversed forks are not adequately
protected by BRCA proteins (Kolinjivadi et al. 2017; Lemacon et al. 2017; Mijic et al. 2017,
Pasero and Vindigni 2017; Taglialatela et al. 2017). We recently discovered that treatment
with multiple cisplatin doses suppresses replication fork reversal and promotes repriming by
PRIMPOL in BRCA1-deficient cells (Quinet et al. 2020). These studies suggest that in the
absence of BRCA proteins, cells adapt to treatment with multiple cisplatin doses by
suppressing fork reversal and upregulating PRIMPOL-mediated repriming as an alternative
strategy to cope with cisplatin-induced DNA lesions and prevent pathological reversed fork
degradation. Furthermore, we found that PRIMPOL-mediated repriming can be more
generally activated also in BRCA-proficient cells under conditions of impaired fork reversal,
such as loss of the SMARCAL1 SWI/SNF translocase, or upon PRIMPOL overexpression.
In agreement with our results, recent work by Bai et al. showed that treatment with
hydroxyurea leads to the activation of PRIMPOL repriming in human cells lacking HLTF,
which is another member of the SWI/SNF translocase family required for replication fork
reversal (Bai et al. 2020). Collectively, these studies suggest fork repriming and reversal are
two alternative mechanisms by which cells deal with different forms of replication stress.
The balance between these two pathways can be tilted toward fork repriming either by
increasing PRIMPOL expression levels, as we observed upon treatment with multiple
cisplatin doses (Quinet et al. 2020), or by depleting fork reversal factors (Bai et al. 2020;
Quinet et al. 2020). Of note, these studies also point to the PRIMPOL pathway as a novel
target to increase chemotherapy response. For example, preclinical studies show that ATR
inhibition synergizes with cisplatin treatment (Huntoon et al. 2013), and combinatorial
treatments with ATR inhibitors are currently in clinical trials (NCI-2016-00355). The ATR
pathway plays a central role in the control of replication fork stability (Saldivar et al. 2017)
and is also a key regulator of the PRIMPOL-dependent adaptive response to cisplatin
treatment (Quinet et al. 2020). Accordingly, overexpression of PRIMPOL in BRCA1-
deficient human cells leads to increased resistance to co-treatment of cisplatin and ATR
inhibitor suggesting that the PRIMPOL pathway is an important modulator of chemotherapy
response and that monitoring PRIMPOL levels in tumor samples may represent a novel
predictive parameter to stratify patients in personalized cancer therapy (Quinet et al. 2020).
In this regard, the point mutant PRIMPOL-Y 100H that alters PRIMPOL’s unique preference
for NTPs (Diaz-Talavera et al. 2019) has been identified in lung carcinoma, as reported in
the COSMIC database (http://cancer.sanger.ac.uk/cosmic) (Bamford et al. 2004), suggesting
that mutations in the PRIMPOL gene may also be used as a predictive parameter in cancer
therapy.
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Conclusions and Future Directions.

Altogether, a growing body of evidence highlights the complex relationship between
PRIMPOL expression levels, cell survival and fitness, DNA damage tolerance, and cancer
cell response to chemotherapeutic treatment. As we discussed, loss of PRIMPOL increases
cellular sensitivity to different replication inhibitors and DNA-damaging agents. At the same
time, hyperactivation of PRIMPOL repriming decreases sensitivity to replication stress (Bai
et al. 2020) and enables cells to adapt to multiple rounds of drug treatment under genetic
backgrounds that prevent reversed fork formation (Berti and Vindigni 2016; Quinet et al.
2017; Berti et al. 2020; Quinet et al. 2020) or that compromise replication fork stability
(Schlacher et al. 2011; Schlacher et al. 2012; Ying et al. 2012; Ray Chaudhuri et al. 2016;
Quinet et al. 2020).

An important outcome of PRIMPOL activity is that it leads to accumulation of ssSDNA gaps
on the replicating DNA because it restarts DNA synthesis a few nucleotides downstream of a
replication blocking lesion. Interestingly, an emerging theme in the replication field is that
aberrant accumulation of ssDNA gaps might represent a major and previously unappreciated
determinant of vulnerability to targeted cancer therapy (Panzarino et al. 2019; Nayak et al.
2020; Piberger et al. 2020). For example, a recent study suggested that sSSDNA gaps
generated by PRIMPOL repriming over bulky BPDE lesions are prone to sister chromatid
exchanges (Piberger et al. 2020). This could explain the mutagenesis and genomic
rearrangements in cells treated with BPDE. While Piberger et al. showed that SiRNA-
mediated PRIMPOL depletion did not alter cell survival upon BPDE treatment (Piberger et
al. 2020), a recent CRISPR-Cas9 knockout screening identified that loss of PRIMPOL
sensitizes cells to BPDE (Olivieri et al. 2020). This discrepancy might be attributable to
knockdown efficiency or cell line-specific differences, and future studies should aim to
clarify the potential link between PRIMPOL-mediated ssDNA gap formation, genomic
rearrangements and mutagenesis, and sensitivity to genotoxic agents. Furthermore, Nayak et
al showed how ssDNA gaps induced by oncogenes reduce cellular fitness, and can be offset
by TLS, perhaps as a means of gap suppression (Nayak et al. 2020). Follow-up studies by
the same group proposed that sSDNA gaps are a major driver of BRCA-deficient cell
sensitivity to genotoxic stress, and that suppression of ssDNA gap formation confers
resistance to cisplatin (Panzarino et al. 2019). Along the same lines, depletion of the
deubiquitinase USP1 in BRCAL1-deficient cells leads to sSDNA gap accumulation and
decreased cell viability, which is again rescued upon gap suppression (Lim et al. 2018).
Collectively, these studies point to a link between ssDNA gap accumulation and cancer cell
response to chemotherapy. However, future studies are required to demonstrate that the
ssDNA gaps that form under these different conditions are indeed PRIMPOL-dependent.

Another important avenue for future research will be to determine how the ssDNA gaps
formed by PRIMPOL-mediated repriming are eventually filled post-replicatively and
whether defects in these sSDNA gap filling mechanisms lead to increased sensitivity to
targeted cancer therapy. For example, in the context of BPDE treatment, gap filling by
RAD51-mediated recombination leads to genomic rearrangements (Piberger et al. 2020),
whereas sSDNA gap filling via TLS could lead to mutagenesis (Diamant et al. 2012; Sale
2013; Quinet et al. 2016; Quinet et al. 2018). Notably, one study found that PRIMPOL-
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deficient invasive breast cancers from The Cancer Genome Atlas (TCGA) have higher
global mutation loads relative to PRIMPOL-proficient tumors (Pilzecker et al. 2016). In
PRIMPOL-deficient breast cancers, TpC dinucleotides, which are preferentially deaminated
by APOBEC3B, undergo transversions more frequently than in PRIMPOL -proficient tumors
(Pilzecker et al. 2016). Pilzecker et al. suggest that PRIMPOL acts to limit mutagenesis by
repriming beyond abasic sites generated by APOBEC3B in the leading DNA strand and that
a high-fidelity mechanism, such as template switching, is utilized to fill PRIMPOL-mediated
ssDNA gaps, thereby limiting mutation burden (Pilzecker et al. 2016). However, this gap
filling pathway remains to be elucidated. Future work should focus on defining the
molecular mechanisms of sSDNA gap filling upon PRIMPOL-dependent repriming, as well
as determining how the choice between PRIMPOL-mediated repriming and other DDT
mechanisms is regulated. These studies are mandatory to define the molecular contexts in
which PRIMPOL-mediated repriming activity can be targeted or modulated to improve
cancer cell response to chemotherapeutics.
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Figure 1. Domain architecture and catalytic residues of PRIMPOL.
A) Domain architecture of PRIMPOL. PRIMPOL catalytic archaeo-eukaryotic primase

(AEP) core contains two conserved modules, ModN (yellow) and ModC (red). ModN
interacts with ssDNA and the templating base, while ModC interacts with incoming
nucleotides. PRIMPOL catalytic residues (grey stars) are essential for both primase and
polymerase activity. PRIMPOL domains also include an N-terminal helix (green), a zinc
finger (ZnF) domain (purple) critical for stabilization of PRIMPOL on ssDNA and
stabilization of the 5’ nucleotide during repriming, and a C-terminal RPA binding domain
(blue). A flexible linker between ModC and the ZnF domain regulates the nucleotide
incorporation of PRIMPOL. B) Catalytic residues of PRIMPOL. PRIMPOL’s catalytic
residues include Asp!14, Glul16, and Asp?80. A divalent metal cation (Me2*), such as Mn2*
or Mg?*, is shown here coordinated by the catalytic residues Asp14 and Glu116 and the
three phosphate groups of an incoming dATP, which facilitates PRIMPOL enzymatic
activity (Image from the RCSB PDB (rcsh.org) of PDB ID: 5L2X) (Rechkoblit et al. 2016).
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Figure 2. PRIMPOL trandesion synthesisand repriming activities.
PRIMPOL has both TLS and repriming activities. TLS activity has been shown using

synthetic DNA substrates containing different types of lesions including 8-oxoguanines,
abasic sites, and UV-induced lesions, such as cyclobutane pyrimidine dimers (CPDs) and
pyrimidine (6-4) pyrimidone photoproducts (6-4PPs) (green box). The question mark next to
6-4PP reflects the fact that there are conflicting data regarding the ability of PRIPMOL to
bypass 6-4PPs, which more prominently distort the DNA helix relative to CPDs. PRIMPOL
repriming activity is needed to reinitiate DNA synthesis downstream of chain-terminating-
nucleosides (ddNTPs), CPDs, and 6-4PPs /n vitro, and in response to UV-C lesions, G-
quadruplexes, R-loops, intra- and inter-strand crosslinks, and dNTP depletion in a cellular

context (yellow box).
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Figure 3. Mechanisms of PRIMPOL recruitment and regulation.
ATR positively regulates PRIMPOL expression, whereas WRNIP1-mediated proteosomal

degradation negatively regulates PRIMPOL protein levels. PolDIP2, which interacts with
PCNA, has a mechanistically ill-defined role in modulating PRIMPOL activity. In addition,
PRIMPOL activity is self-regulated by the ZnF domain's flexible linker, which restricts the
distance of nucleotide incorporation by the catalytic core to the length of the linker. RPA
facilitates the interaction of PRIMPOL with ssDNA. However, high RPA levels limit
PRIMPOL ssDNA binding, thereby decreasing PRIMPOL activity. In the mitochondria,
PRIMPOL activity is enhanced by TWINKLE, while it is inhibited by mtSSB. Positive
regulators of PRIMPOL expression/function are included in the green boxes, negative
regulators are in red boxes, and a factor whose function is still debated is shown in the
yellow box.
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