
Washington University School of Medicine
Alessandro Vindigni

Linking replication fork dynamics to chemotherapy 
response

NIH DNA Repair Interest Group
February 15, 2022



DNA replication stress response mechanisms

Quinet et al., Mol. Cell 2021

Tirman et al., Crit. Rev. Biochem. Mol. Biol. 2021



Replication fork reversal and restart

Berti et al., Nat. Struct. Mol. Biol. 2013

Thangavel et al., J. Cell Biol. 2015

Zellweger et al., J. Cell Biol. 2015

Berti & Vindigni, Nat. Struct. Mol. Biol. 2016



Electron microscopy

Reversed replication fork

P: parental
D: daughter
R: reversed



Fork reversal is a general response to drug-induced replication stress
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Replication fork reversal and restart
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RECQ1 is essential to restart replication forks reversed by 
DNA topoisomerase I inhibition 
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RECQ1 is essential to restart replication forks reversed by 
DNA topoisomerase I inhibition 
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Synthetic lethality in tumors from BRCA1 and BRCA2 
mutation carriers treated with PARP inhibitors

Polyak & Garber, Nat. Medicine 2011
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Although several PARP inhibitors have 
been developed with specificities for inhi-
bition of different PARPs and nonidentical 
mechanisms of action, specificity to PARP 
inhibition does not always correlate with the 
degree of clinical response, suggesting poten-
tial off-target effects. For example, in contrast 
to olaparib and most other PARP inhibitors, 
iniparib does not inhibit PARP’s enzymatic 
activity but rather blocks the interaction of 
PARP with DNA13. The in vitro potency of 
iniparib is also much lower (micromolar 
range) compared to olaparib (low nanomolar 
range), although presumably a more active 
metabolite must exist, as the serum half-life 
of iniparib is very short (^4 min). Because this 
metabolite has not been conclusively identi-
fied, the in vivo targets of this drug are even 
less clear, although no other targets aside from 
PARP have been reported.

There is a concern for potential long-term 
toxicities from exposure of healthy tissues to 
agents inhibiting DNA repair, such as PARP 
inhibitors, including the induction of second-
ary tumors or leukemias. These issues can be 
crucial, as the agents are developed to cure 
early-stage tumors—through adjuvant and 
 neoadjuvant therapies—and even to reduce 
cancer risk in BRCA1 and BRCA2 mutation 
carriers, who have substantial risk of devel-
oping lethal ovarian, breast and pancreatic 
malignancies. In light of the large number of 
clinical trials ongoing or planned with vari-
ous PARP inhibitors, the answers to many of 
these questions will begin to emerge in the 
near future.
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response. Loss of the gene encoding the phos-
phatase and tensin homolog (PTEN) is one of 
these candidates, as it seems to confer sensi-
tivity to PARP inhibitors even in wild-type 
BRCA1 and BRCA2 tumor cells, at least in 
in vitro models10. 

In addition, PARP inhibitors may be used 
to treat non-BRCA1 or non-BRCA2 mutated  
tumors if similar or related defects in DNA 
 damage repair response can be identified or if 
DNA damage with specific cytotoxic chemo-
therapeutic agents can be induced when the 
cell’s ability to repair DNA using the PARP 
inhibitor is compromised. Which agents 
would be combined with PARP inhibitors 
with the best therapeutic index (that is, the 
most effective and least toxic) and which bio-
markers would allow selection of those indi-
viduals who would benefit from this treatment 
remain to be determined.

Most tumors eventually escape from PARP 
inhibition, indicating preexisting or induced 
resistance11. A study showed that cells from 
BRCA2 mutation carriers resistant to cispla-
tin and PARP inhibitors have an interesting 
mechanism of resistance that restores wild-
type BRCA2 function by correcting the defect 
in homologous recombination, leading to loss 
of PARP inhibitor sensitivity12. 

Such exciting results have led to the use of 
other PARP inhibitors in clinical trials alone or 
in combination with other chemotherapeutic  
drugs, such as carboplatin and cisplatin, 
gemcitabine, irinotecan and temazolamide, 
in diverse patient populations: individu-
als with BRCA1 and/or BRCA2 mutations, 
triple -negative (negative for estrogen recep-
tor, progesterone receptor, and HER2) breast 
cancer, serous ovarian cancer, glioblastomas 
and pancreatic cancer, among others. A recent 
study showed impressive clinical responses 
in people with triple-negative breast cancer 
treated with a combination of the intravenous 
PARP inhibitor iniparib and carboplatin and 
gemcitabine8,9. Unfortunately, whereas the 
synthetic lethality concept was relatively 
easy to show in BRCA1 and BRCA2 muta-
tion carriers, finding effective and nontoxic 
combinations, bioavailable formulations and 
delivery schedules, and molecular profiles of 
sensitive tumors remains more empiric than 
would be ideal.

Despite the remarkable success of PARP 
inhibitors in early trials, numerous ques-
tions remain unanswered. Not every tumor 
in BRCA mutation carriers responds to 
treatment, suggesting that additional factors 
besides the loss of these genes define  cellular 
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Figure 1  Synthetic lethality in tumors from BRCA1 and BRCA2 mutation carriers treated with 
PARP inhibitors. DNA repair pathways are categorized into single and double-strand break–specific 
mechanisms, both of which are further divided into subgroups. PARP inhibitors block the repair of 
single-strand breaks (SSBs), which if left unrepaired are converted to double-strand breaks (DSBs) 
during replication. In normal cells of BRCA1 and BRCA2 mutation carriers (BRCA1/2+/–), these DSB 
lesions are repaired by homologous recombination because one copy of BRCA1 or BRCA2 is sufficient 
for repair proficiency, and the cells remain viable. However, in cells with defective homologous 
recombination, such as tumor cells in BRCA mutation carriers that lost the wild-type copy of BRCA by 
loss of heterozygosity (LOH), double-strand breaks cannot be efficiently repaired, leading to cancer cell 
death and elimination of the tumor. Resistance may arise because of the presence of tumor cells that 
retained a wild-type copy of BRCA or mutations in BRCA or other genes that restore repair proficiency or 
overcome PARP inhibition by other mechanisms.
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BRCA proteins protect reversed forks from nucleolytic degradation
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BRCA1/2 protect reversed forks from MRE11-mediated degradation
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MRE11 is toxic in the absence of BRCA1/2
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MUS81-EME2 and POLD3 are required to restart resected forks 
in BRCA2- but not BRCA1-deficient cells
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Single-molecule genome-wide DNA fiber analysis in the presence of replication stress
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DNA replication stress response mechanisms



Replication fork repriming

ssDNA

D

D
200nm

PssDNA gaps

Mourón et al., Nat. Struct. Mol. Biol., 2013

Gárcia-Gómez et al., Mol. Cell 2013

Bianchi et al., Mol. Cell 2013

Wan et al., EMBO Rep. 2013

S1 Cleavage  
DNA 

spreading 
Shorter CldU 

IdU CIdU 

ssDNA gap 

Figure 8 

Quinet et al., Methods Enymol. 2020



RAD51  
SMARCAL1
HLTF (Cimprich lab) 

Fork reversal

Fork repriming

PrimPol
OR 

Quinet et al., Mol. Cell 2020
Bai et al., Mol. Cell 2020
Genois et al., Mol Cell 2020

OR 
PARPi

ssDNA

P

D

D 200nm



How are the PRIMPOL-dependent ssDNA gaps filled/repaired?

Annabel Quinet Stephanie Tirman
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PRIMPOL-dependent ssDNA gap are repaired in late-S/G2 phase
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ssDNA gaps repair in G2 in PRIMPOL overexpressing cells
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ssDNA gap repair in G2 in SMARCAL1KO cells
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ssDNA gap repair in G2 in PARP inhibited cells
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RAD18 is required for ssDNA gap filling in G2
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PCNA ubiquitination is required for ssDNA gap filling in G2
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REV3L (POLz) is required for ssDNA gap filling
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REV1 is required for ssDNA gap filling
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and bulky 1,4-dihydroquinolinone group of JH-RE-06, with the
C-terminal residue (T1249) swinging over a distance of 15.8 Å
(Figure S3B). Remarkably, the relocated C-terminal tail of proto-
mer A now pairs up with the unperturbed C-terminal tail of proto-
mer B to form an antiparallel b sheet as part of the ligand-binding
pocket, thereby stabilizing the REV1 CTD dimer (Figure 2A,
inset). Thus, not only does asymmetric JH-RE-06 have the rare
attribute of interacting simultaneously but differently with two
REV1 CTDs, but it also has the second rare attribute that one
of its binding modes induces a conformational change enabling
dimerization.

Nearly all of the functional groups of JH-RE-06 are engaged in
the interactions with one or the other of the two REV1 CTDs that
form the dimer. A large number of hydrophobic interactions are
observed between the acyl chain, the substituted aniline moiety,
and the central 1,4-dihydroquinolinone group of JH-RE-06 and
hydrophobic residues from both subunits of the REV1CTDdimer
(e.g., I1196, L1201, L1204, L1238, Y1242, L1246, and V1248;
Figure 2C); direct polar interactions are also observed between
the nitro, hydroxyl, and carbonyl groups of the 1,4-dihydroquino-
linone moiety of JH-RE-06 and sidechains of Q1235 and S1244
of the REV1 CTD (Figure 2C). Of particular note, the formation of
the REV1 CTD dimer not only creates a large binding pocket for
JH-RE-06 but also conceals the REV7-binding surface of the

REV1 CTD, thus blocking the REV1 CTD interaction with REV7
(Figure 2D).
In order to eliminate the possibility that the compound-bind-

ing-induced dimerization of the REV1 CTD reflects a crystal-
packing artifact, we tested the ability of disuccinimidyl suberate
(DSS) to crosslink the REV1 CTD in the absence and presence of
JH-RE-06 in solution. We found that the level of the crosslinked,
dimeric form of the cREV1 CTDwas significantly enhanced in the
presence of JH-RE-06, but not in the absence of the compound,
confirming that JH-RE-06 binding indeed promotes the forma-
tion of the REV1 CTD dimer in solution (Figure 2E). Such a
conclusion is further corroborated by our ITC measurements
of the REV1 CTD interaction with JH-RE-06, which revealed a
protein-to-inhibitor binding stoichiometry of 2.04 in solution
(Figure S2B).

JH-RE-06 Enhances Cisplatin Cytotoxicity and
Suppresses Cisplatin-Induced Mutagenesis by
Interfering with REV1-Dependent Mutagenic TLS
After elucidating the atomic details of the JH-RE-06 bindingmode
to the REV1 CTD, we tested whether JH-RE-06 is active in living
mammalian cells by evaluating its ability to enhance the cytotox-
icity of cisplatin in a variety of different cell lines, includingHT1080
(human fibrosarcoma), A375 (human melanoma), KP (mouse

Figure 2. Structural and Biochemical Characterization of the cREV1 CTD/JH-RE-06 Complex
(A) Structure of the cREV1 CTD/JH-RE-06 complex. Proteins are shown in the cartoon model, with protomer A colored in green and protomer B colored in cyan.

JH-RE-06 is shown in the stick model, with the purple mesh representing the inhibitor omit map (2mFo-DFc) contoured at 1.0 s.

(B) Surface representation of the cREV1 CTD/JH-RE-06 complex, illustrating the formation of a large ligand cavity at the dimeric REV1 CTD interface and the near

encapsulation of JH-RE-06 within the cavity.

(C) Interactions of JH-RE-06 with REV1 CTD residues. Denoted residue numbers correspond to the full-length REV1 protein.

(D) Superimposition of the JH-RE-06-bound cREV1 CTD dimer (colored in green and cyan) with the POL k RIR-REV1 CTD-REV7/3 translesionsome complex

(colored in gray and pale cyan; PDB: 4FJO), illustrating the blockage of the REV1-REV7 interaction in the JH-RE-06-bound REV1 complex.

(E) Binding of JH-RE-06 promotes the dimerization of the REV1 CTD in solution. Samples of the chimeric FLAG-tagged POL k RIR-REV1 CTD in the presence of

0 mM or 100 mM JH-RE-06 were treated with increasing molar ratios of DSS and analyzed by SDS-PAGE followed by western blotting with anti-FLAG antibody.

Monomer and crosslinked dimer bands are labeled.

See also Figures S2 and S3.
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RAD18 and REV1 are recruited to EdU foci in G2 during gap filling

Matthew Wood



UBC13 mediates gap filling in S but not in G2
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POLz mediates gap filling in S and G2
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RAD51 mediates gap filling in S but not in G2
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RAD51 does not mediate gap filling in G2

Huang et al., ACS Chem Biol 2011



BRCA1 is required for ssDNA gap filling in PRIMOL-OE cells



BRCA1 is required for ssDNA gap filling in SMARCAL1 depleted cells



BRCA2 is required for ssDNA gap filling in PRIMOL-OE cells



BRCA1 promotes gap filling by limiting MRE11 activity



BRCA1 promotes gap filling by limiting MRE11 activity



Tirman et al., Mol. Cell 2021



Impaired gap filling promotes DSB accumulation



Preventing ssDNA gap filling leads to increased cisplatin and PARPi sensitivity 
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