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Common fragile sites (CFSs) are difficult-to-replicate genomic regions
that form gaps and breaks on metaphase chromosomes under rep-
lication stress. They are hotspots for chromosomal instability in
cancer. Repetitive sequences located at CFS loci are inefficiently
copied by replicative DNA polymerase (Pol) delta. However, trans-
lesion synthesis Pol eta has been shown to efficiently polymerize
CFS-associated repetitive sequences in vitro and facilitate CFS sta-
bility by a mechanism that is not fully understood. Here, by locus-
specific, single-molecule replication analysis, we identified a crucial
role for Pol eta (encoded by the gene POLH) in the in vivo replica-
tion of CFSs, even without exogenous stress. We find that Pol eta
deficiency induces replication pausing, increases initiation events,
and alters the direction of replication-fork progression at CFS-
FRA16D in both lymphoblasts and fibroblasts. Furthermore, certain
replication pause sites at CFS-FRA16D were associated with the
presence of non-B DNA-forming motifs, implying that non-B DNA
structures could increase replication hindrance in the absence of
Pol eta. Further, in Pol eta-deficient fibroblasts, there was an
increase in fork pausing at fibroblast-specific CFSs. Importantly,
while not all pause sites were associated with non-B DNA struc-
tures, they were embedded within regions of increased genetic
variation in the healthy human population, with mutational spec-
tra consistent with Pol eta activity. From these findings, we pro-
pose that Pol eta replicating through CFSs may result in genetic
variations found in the human population at these sites.

common fragile sites j polymerase eta j replication fork pause j non-B
DNA j SNP

Common fragile sites (CFSs) are chromosomal regions that
are prone to breakage under replication stress and thus are

hotspots for genomic rearrangements implicated in cancer
development and progression (reviewed in refs. 1 and 2).
Under replication stress, CFS expression has been attributed to
four prominent CFS characteristics: 1) late S-phase replication
(3); 2) enrichment in structure-prone repetitive DNA sequen-
ces (4, 5); 3) having sparse replication origins (6, 7); and
4) being hotspots for DNA:RNA hybrid formation and
transcription–replication collisions (8). Based on these findings,
it is currently thought that defects in DNA replication are the
primary reason for genomic instability that arises at CFSs.

We and others have previously shown that facilitator proteins
acting in the replication stress response, DNA repair, and
DNA replication can influence DNA breakage at CFSs (9–11).
One such class of proteins, the specialized translesion synthesis
(TLS) DNA polymerases (Pols), maintain CFS stability and
prevent chromosomal breakages at CFSs (12, 13). A key TLS
Pol in humans, Pol eta (encoded by the POLH gene), was
initially identified as the gene mutated in a variant form of
Xeroderma Pigmentosum (XP), a genetic disorder character-
ized by extensive sensitivity to ultraviolet (UV) rays and predis-
position to sunlight-induced skin cancer (14). In addition to its

well-characterized role in the replication of UV-damaged DNA
(15–17), Pol eta has recently been shown to play an important
role in maintaining CFS stability (13, 18).

The replicative DNA Pol delta pauses at CFS-associated
repeat sequences in vitro (19, 20), and TLS Pols like Pol eta are
postulated to exchange with paused Pol delta to complete DNA
synthesis at CFS-associated repetitive sequences (21). Notably,
Pol eta is recruited to CFS loci upon replication stress and
could replicate CFS-associated non-B DNA sequences in vitro
(13). However, it has not been shown directly that replication
pausing occurs at CFS in vivo more frequently in the absence
of Pol eta. Here, we directly show in vivo that replication paus-
ing occurs more often at CFSs in the absence of Pol eta, even
in the absence of exogenous stress. Our results establish Pol
eta’s importance in the replication of CFS sequences and its
specific role in maintaining CFS stability.

Using our powerful locus-specific single-molecule analysis of
replicated DNA (SMARD) approach, we previously identified
important factors affecting replication programs at genomic
regions containing repetitive sequences within rare fragile sites
(22, 23), telomeres (24, 25), CFSs (9), and episomal Kaposi
sarcoma-associated herpesvirus (26). Here, we used SMARD
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to identify a critical role for Pol eta at CFS loci, even in the
absence of exogenous replication stress. We found that Pol eta
is important for facilitating DNA replication at CFSs, even
during an unperturbed S phase. In the absence of Pol eta,
replication-fork pause and initiation events increase at CFS-
FRA16D, previously characterized by us (9), in both lympho-
blasts and fibroblasts. Furthermore, in Pol eta-deficient fibro-
blasts, replication-fork progression is perturbed, as evidenced
by increased pausing at CFSs loci known to be the most highly
expressed in fibroblasts. An in-depth analysis of the sequences
underlying the replication pause sites revealed a positive corre-
lation between structure-forming repetitive sequences at the
three most prominent pause sites. Pausing observed outside
of repetitive DNA can likely be attributed to regions of
DNA:RNA formation or transcription:replication collisions,
as we have previously shown (9). In addition, we observed
increased genetic variation at pause sites in the healthy human
population with mutation spectra consistent with Pol eta
activity.

Results
Replication Is Perturbed at CFS-FRA16D in Pol Eta-Deficient Lym-
phoblasts. Pol eta is recruited to CFSs in vivo and can efficiently
replicate through CFS-associated repetitive sequences in vitro
(13, 21). However, whether Pol eta plays a critical role during
in vivo DNA replication of CFSs was undetermined. Here, we
analyzed the role of Pol eta in the replication of CFSs in vivo
by using our unique DNA-replication assay termed SMARD.
SMARD reveals replication-fork direction, pausing, initiation,
and termination events, as well as the region that is replicated
first within a specific genomic locus (27) (SI Appendix, Fig. S1
A and B). The method used for analysis of pausing is depicted
in SI Appendix, Fig. S1B. We analyzed two segments within the
CFS-FRA16D locus: a 280-kb PmeI segment containing a por-
tion of the AT-rich fragility core and an adjacent 305-kb SbfI
segment (Fig. 1A). We previously characterized the replication
programs at both of these segments in nonaffected lymphocytes
expressing wild-type (WT) Pol eta (9). In nonaffected lympho-
blastoid cell lines, replication at the 280-kb PmeI segment was
carried out by equal numbers of forks moving in both the 50 to
30 and 30 to 50 directions, with no prominent replication-
initiation events or fork pausing (9).

To test the effect of Pol eta’s absence on the dynamics of
DNA replication at CFS-FRA16D, we analyzed a patient-
derived Pol eta-deficient XP variant (XPV) lymphoblastoid cell
line (XPV-L Pol eta�/�). In contrast to nonaffected cells,
absence of Pol eta was associated with pausing of replication
forks progressing from 30 to 50, just before they entered the
AT-rich fragility core in the 280-kb PmeI segment (Fig. 1B,
white oval; and Fig. 1C, black arrow, P1). A significant increase
in replication-initiation events was also seen in the absence of
Pol eta, where ∼26% of molecules showed initiation events at
this locus, which does not contain any initiation events in non-
affected cells (Fig. 1 B and D). The 30 end of this segment was
replicated before the 50 end in the absence of Pol eta (Fig. 1 B,
Bottom), in contrast to nonaffected cells, where it is not evident
that any one end is replicated before the other (9).

In nonaffected lymphoblastoid cells, the 305-kb SbfI segment
was replicated predominantly from replication forks progress-
ing from the 30 to 50 direction with no prominent pausing or
replication-initiation events (9). By contrast, in cells lacking Pol
eta, replication at the 305-kb SbfI segment was carried out by
an equal number of forks progressing in both the 50 to 30 and 30
to 50 directions (Fig. 1E), with forks pausing in 30 to 50 direction
(Fig. 1E, white, brown, and red ovals; and Fig. 1F, black arrows,
P2–P4). A substantial increase in replication initiation events
was also observed, with ∼40% of molecules showing initiation

events, compared to ∼5% in nonaffected cells (Fig. 1 E and G).
It was not evident that any one end of this segment was repli-
cated before the other in the absence of Pol eta (Fig. 1 E,
Bottom), in contrast to nonaffected cells, where the 30 end was
replicated before the 50 end (9).

Replication-fork stalling can be accompanied by the activa-
tion of dormant origins, a cellular response to generate more
replication forks to prevent replication slowdown (28, 29). The
replication pausing and striking dormant origin response
observed at CFS-FRA16D, in the absence of Pol eta, under-
scores Pol eta’s importance for CFS-FRA16D replication in
lymphocytes.

Complementation with WT Pol Eta Overcomes Replication
Perturbation at CFS-FRA16D. To determine whether aberrant rep-
lication phenotypes observed in XPV-L Pol eta�/� cells were
indeed due to the absence of Pol eta, we next analyzed a pair of
isogenic XPV-F Pol eta�/� and WT Pol eta-complemented
fibroblasts (XPV-F + Pol eta) (30). We used fibroblasts for our
analysis due to the inherent difficulties in complementing lym-
phocytes, which grow in suspension. We previously found that
while the replication program of CFS-FRA16D is different
between lymphocytes and fibroblast (9), the locus is fragile in
fibroblasts, albeit to a lesser extent than in lymphoblasts (9, 31).
Here, we analyzed the replication program of the 305-kb SbfI
segment of CFS-FRA16D. Replication forks progressed pre-
dominantly in the 30 to 50 direction with no prominent pausing
in XPV-F + Pol eta cells (Fig. 2A). Remarkably, in XPV-F Pol
eta�/� fibroblasts, three prominent pause sites were observed
(Fig. 2B, white, brown, and red ovals; and Fig. 2C, black
arrows, P5–P7). There was also a decrease in forks progressing
in the 50 to 30 direction (Fig. 2B) in XPV-F Pol eta�/�, com-
pared to XPV-F + Pol eta fibroblasts. The 30 end of the 305-kb
SbfI segment of CFS-FRA16D was predominantly replicated
before the 50 end in XPV-F Pol eta�/� fibroblasts, but this was
not as evident in XPV-F + Pol eta fibroblasts (Fig. 2 A and B,
Bottom). Furthermore, in XPV-F Pol eta�/� fibroblasts, there
was an ∼1.7-fold increase in molecules with initiation events at
the CFS-FRA16D SbfI segment compared to in XPV-F + Pol
eta fibroblasts (Fig. 2D). Thus, we detected prominent fork
pausing, altered replication-fork direction, and additional acti-
vated replication origins at the CFS-FRA16D SbfI segment in
the Pol eta-deficient, compared to Pol eta-proficient, fibro-
blasts. Furthermore, the replication program of the WT Pol
eta-complemented fibroblasts at CFS-FRA16D was similar to
the program observed in nonaffected fibroblasts (9). These
data indicate that complementation with WT Pol eta eliminates
replication perturbation at the CFS-FRA16D SbfI segment.

The repetitive nature of the genomic sequence at CFS-
FRA16D is a distinctive feature common to both lymphoblasts
and fibroblasts. Notably, Pol eta can replicate through repeti-
tive sequences associated with CFSs in vitro (13, 21). Besides
reaffirming the importance of Pol eta in facilitating CFS repli-
cation, these data support the view that Pol eta contributes to
the replication of repetitive genomic sequences of CFS-
FRA16D.

Replication Programs at Fibroblast-Specific Fragile Sites Are Per-
turbed in Pol Eta-Deficient Fibroblasts. A CFS is said to be
expressed in a particular cell type if it shows gaps and breaks in
metaphase chromosome. CFS expression and instability are
cell-type-specific phenomena (32). While CFS-FRA16D is an
exception to the rule, it is only moderately fragile in fibroblasts
(31). Analysis of FRA16D in fibroblasts, while informative,
might not accurately represent the importance of Pol eta to
fragile-site stability in fibroblasts. Therefore, we analyzed the
replication programs at four gene-containing loci within
fibroblast-specific fragile sites located on chromosomes 1 and 3
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Fig. 1. Replication is perturbed at CFS-FRA16D in Pol eta-deficient lymphoblasts. (A) A map of the human CFS-FRA16D locus (brown line) overlapping
the 1.1-Mb-long WWOX gene (green line). The AT-rich fragility core is shown in red. A 280-kb DNA segment and a 305-kb DNA segment generated by
cutting with the restriction enzymes PmeI and SbfI, respectively, are shown. The FISH probes used to identify these DNA segments are indicated in blue.
(B, Top) Locus map of the CFS-FRA16D PmeI segment with the location of the FISH probes. (B, Middle) Photomicrographs of labeled DNA molecules from
XPV-L Pol eta�/� lymphoblasts. The yellow arrowheads in each molecule indicate the transition of labeling from 5-iodo-20-deoxyuridine (IdU) (red) to 5-
chloro-20-deoxyuridine (CldU) (green). Molecules are arranged in the following order: initiation events, forks progressing from 30 to 50, forks progressing
from 50 to 30, and termination events. The white oval (P1) indicates fork pausing. (B, Bottom) The percentage of molecules with IdU incorporation at each
10-kb interval calculated from molecules above B, Middle are shown in histograms. (C) The percentage of molecules with replication forks at each 10-kb
interval in the CFS-FRA16D PmeI, quantified from molecules in B. Replication forks progressing from 30 to 50 and 50 to 30 are denoted by orange < and
blue >, respectively. The black arrow indicates the most prominent pause peaks along the CFS-FRA16D PmeI segment and corresponds to the oval in B.
(D) The percentage of molecules with initiation sites in the FRA16D PmeI segment of XPV-L Pol eta�/� lymphoblasts calculated from B and nonaffected
lymphoblasts calculated from figure 1C of ref. 9. Error bars represent mean ± SEM from two independent experiments. (E, Top) Locus map of the CFS-
FRA16D SbfI segment with the location of the FISH probes. (E, Middle) Photomicrographs of labeled DNA molecules from XPV-L Pol eta�/� lymphoblasts.
The yellow arrowheads encircled by white (P2), brown (P3), and red (P4) ovals indicate three different sites where forks paused. (E, Bottom) The percent-
age of molecules with IdU incorporation at each 10-kb interval calculated from molecules above E, Middle are shown in histograms. (F) The percentage
of molecules with replication forks at each 10-kb interval in the CFS-FRA16D SbfI segment, quantified from molecules in E. Replication forks progressing
from 30 to 50 and 50 to 30 are denoted by orange < and blue >, respectively. The black arrows indicate the most prominent pause peaks along the CFS-
FRA16D segment and correspond to the ovals in E. (G) The percentage of molecules with initiation sites in the FRA16D SbfI segment of XPV-L Pol eta�/�

lymphoblasts calculated from E and nonaffected lymphoblasts calculated from figure 3B of ref. 9. Error bars represent mean ± SEM from two indepen-
dent experiments.
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(Figs. 3A and 4A and SI Appendix, Fig. S2A). The regions ana-
lyzed included a 213-kb PmeI segment, which contains the
EVI1 oncogene (3q26.2); a 231-kb PmeI segment that overlaps
with the dopamine receptor D3 (DRD3) gene; a 199-kb SbfI
segment that includes the NEGR1 gene, which is located within
the fragility core at 1p31.1; and a 296-kb SbfI DNA segment
that overlaps part of the NFIA gene (33, 34). While the EVI1
and NEGR1 loci were chosen because they are classic
fibroblast-specific fragile sites, the NFIA and DRD3 loci were
included due to the high frequencies of chromosomal aberra-
tions observed at these sites and their close proximity to the
classic fragile sites located in these chromosomes (35, 36).

Analysis of replication dynamics at these four regions
revealed prominent replication-fork pausing at the DRD3 (Fig.
3C, red, brown, and white ovals; and Fig. 3F, black arrows,
P8–P10), EVI1 (Fig. 3E, white ovals; and Fig. 3F, black arrows,
P11–P12), and NFIA (SI Appendix, Fig. S2C, white oval; and SI
Appendix, Fig. S2D, black arrow P16) segments in XPV Pol
eta�/� fibroblasts, but not in the isogenic cells complemented
with WT Pol eta. Within the NEGR1 segment, while we
observed two pause sites in XPV Pol eta�/� fibroblasts (Fig.
4C, white and brown ovals; and Fig. 4D, black arrows,
P14–P15), we only detected one in the isogenic cells comple-
mented with WT Pol eta (Fig. 4B, white oval; and Fig. 4D,
black arrow, P13). The 50 end of the DRD3 segment was repli-
cated before the 30 end in both the XPV-F Pol eta�/� and XPV-
F + Pol eta fibroblasts (Fig. 3 B and C, Bottom). The 30 end of
the EVI1 and NEGR1 segments were replicated before the 50
end in both the XPV-F Pol eta�/� and XPV-F + Pol eta fibro-
blasts (Fig. 3 D and E, Bottom, and Fig. 4 B and C, Bottom).

Altogether, these results show that Pol eta is required for
unperturbed replication at the CFSs expressed in fibroblasts
and that its absence causes fork pausing, strengthening the con-
cept that Pol eta facilitates DNA replication at CFSs.

Absence of Pol Eta Is Associated with Genomic Instability at the
NEGR1-CFS Locus on Chromosome 1p31.1. Upon replication stress,
cells can enter mitosis with underreplicated CFSs, despite the acti-
vation of dormant origins to rescue replication (reviewed in ref.
37). Therefore, perturbation in DNA replication at CFSs has been
associated with incompletely replicated DNA in G2/M, which can
be visualized as ultrafine DNA bridges. If left unresolved, these
DNA bridges can break and give rise to micronuclei containing
fragile-site sequences (38). To understand the consequence of per-
turbed DNA replication, in the absence of Pol eta, on the stability
of the NEGR1 locus, we carried out a fluorescence in situ hybridi-
zation (FISH) analysis in micronuclei. We used FISH probes con-
taining the NEGR1 segment sequence, which is located inside the
AT-rich core of the CFS at chromosome 1p31.1 (Fig. 4A). XPV Pol
eta�/� fibroblasts showed an ∼2.8-fold increase in micronuclei with
NEGR1 signal compared to isogenic cells complemented with WT
Pol eta (Fig. 4 E and F). When treated with the replicative inhibitor
aphidicolin, XPV Pol eta�/� fibroblasts showed an ∼4.3-fold

A

C

D

B

Fig. 2. Replication is perturbed at the CFS-FRA16D in Pol eta-deficient
fibroblasts. (A and B, Top) Locus map of the CFS-FRA16D SbfI segment
with the location of the FISH probes. (A and B, Middle) Photomicrographs
of labeled DNA molecules from XPV Pol eta�/�

fibroblasts stably comple-
mented with Pol eta (A) or not (B). Molecules are arranged as in Fig. 1.
The yellow arrowheads encircled by white (P5), brown (P6), and red (P7)
ovals indicate three different sites where replication forks paused. For
each cell line, DNA molecules were photographed and collected from two
sets of slides, where the molecules were independently stretched and

independently stained with IdU and CldU antibodies (and the probe). Mol-
ecules that represented pausing at P5–P7 were independently identified in
both sets of slides, showing that pausing molecules do not result from
experimental variation due to a stretching or a staining artifact on a par-
ticular slide. (A and B, Bottom) The percentage of molecules with IdU
incorporation at each 10-kb interval calculated from molecules above (A
and B, Middle) are shown in histograms. (C) The percentage of molecules
with replication forks at each 10-kb interval in the FRA16D SbfI segment,
quantified from molecules in A and B. Replication forks progressing from
30 to 50 and 50 to 30 are denoted by orange < and blue >, respectively. The
black arrows indicate the pause sites (P5–P7) and correspond to the ovals
in B. (D) The percentage of molecules with initiation sites in FRA16D SbfI
segments calculated from molecules in A and B. Error bars represent mean
± SEM from two independent experiments.

4 of 12 j PNAS Twayana et al.
https://doi.org/10.1073/pnas.2106477118 Translesion polymerase eta both facilitates DNA replication and promotes increased

human genetic variation at common fragile sites

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106477118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106477118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106477118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106477118/-/DCSupplemental


A

B

F

C D

Fig. 3. Replication is perturbed at the CFS on chromosome 3q13.3 in Pol eta-deficient fibroblasts. (A) Locus map of DRD3 and EVI1 segments with respect
to the AT-rich core of the CFS at chromosome 3q13.3. (B and C, Top) Locus map of the DRD3 segment with the location of the FISH probes. (B and C, Mid-
dle) Photomicrographs of labeled DNA molecules from XPV Pol eta�/�

fibroblasts stably complemented with Pol eta (B) or not (C). Molecules are arranged
as in Fig. 1. The yellow arrowheads encircled by red (P8), brown (P9), and white (P10) ovals indicate three different sites where replication forks paused.
As in Fig. 2, molecules that represented pausing at P9–P10 were independently identified in two sets of slides. (B and C, Bottom) The percentage of mole-
cules with IdU incorporation at each 10-kb interval quantified from molecules above (B and C, Middle). (D and E, Top) Locus map of the EVI1 segment
with the location of the FISH probes. (D and E, Middle) Photomicrographs of labeled DNA molecules from XPV Pol eta�/�

fibroblasts stably complemented
with Pol eta (D) or not (E). Molecules are arranged as in Fig. 1. The white ovals (P11 and P12) indicate replication-fork pausing. As in Fig. 2, molecules
that represented pausing at P11–P12 were independently identified in two sets of slides, showing that the detection of pausing does not result from
experimental variation. (D and E, Bottom) The percentage of molecules with IdU incorporation at each 10-kb interval quantified from molecules above (D
and E, Middle). (F) The percentage of molecules with replication forks at each 10-kb interval in the DRD3 and EVI1 segments, quantified from molecules
in B–E. Replication forks progressing from 30 to 50 and 50 to 30 are denoted by orange < and blue >, respectively. The black arrows indicate the most prom-
inent pause peaks along these segments and correspond to the ovals in C and E.
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increase in micronuclei with NEGR1 signal, compared to
aphidicolin-treated isogenic cells complemented with WT Pol eta.
These results suggest that perturbation of replication at the
NEGR1 segment, due to the absence of Pol eta, leads to instability,
even in the absence of exogeneous stress, and this effect is further
exacerbated upon replicative DNA Pol inhibition.

Non-B DNA Structures Are Associated with Pausing at Certain CFS-
FRA16D Regions in the Absence of Pol Eta. Replicative Pols such
as Pol delta pause at repetitive DNA sequences that can form
non-B DNA structures (19, 20). In contrast, TLS Pol eta

efficiently replicates through these secondary DNA structure-
forming sequences (21, 39, 40). Absence of Pol eta led to repli-
cation pausing at distinct sites along the CFS regions that we
analyzed (Figs. 1 C and F, 2C, 3F, and 4D and SI Appendix, Fig.
S2D). While pausing at fragile-site loci can be attributed to
repetitive DNA-associated secondary structure formation, we
have shown that it can also be attributed to the formation of
transcription-associated secondary structures called R loops
(9). To differentiate between these possibilities, we assessed
whether the pause sites we observed in the absence of Pol eta
were enriched in non-B DNA-forming motifs.

A

D

E

F

B C

Fig. 4. Pol eta deficiency is associated with replication pausing and instability at CFS on chromosome 1p31.1. (A) Locus map of NEGR1 with respect to
the AT-rich core of the CFS at chromosome 1p31.3. (B and C, Top) Locus map of NEGR1 segment with the location of the FISH probes. (B and C, Middle)
Photomicrographs of labeled DNA molecules from XPV Pol eta�/�

fibroblasts stably complemented with Pol eta (B) or not (C). Molecules are arranged as
in Fig. 1. The white ovals (P13 and P14) and the brown ovals (P15) indicate replication-fork pausing. As in Fig. 2, molecules that represented pausing at
P13–P15 were independently identified in two sets of slides, showing that the detection of pausing does not result from experimental variation. (B and C,
Bottom) The percentage of molecules with IdU incorporation at each 10-kb interval quantified from molecules above (B and C, Middle). (D) The percent-
age of molecules with replication forks at each 10-kb interval in the NEGR1 segment, quantified from molecules in B and C. Replication forks progressing
from 30 to 50 and 50 to 30 are denoted by orange < and blue >, respectively. The black arrows (P13–P15) indicate the most prominent pause peaks along
the NEGR1 segment and correspond to the white and brown ovals in B and C. (E) Table representing the percentage of micronuclei with the NEGR1 FISH
signal in XPV-F Pol eta�/� or XPV-F + Pol eta cells in the presence or absence of 0.4 μM aphidicolin. At least 2,000 cells were counted for each condition.
(F) Representative image of micronuclei with NEGR1 FISH signal. The red arrow indicates a micronucleus containing the NEGR1 segment.
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We analyzed five different types of non-B DNA-forming
motifs at each 10-kb interval along the CFS-FRA16D PmeI/
SbfI, DRD3, EVI1, NEGR1, and NFIA segments using two
methods: a set of custom scripts (41) and the web-based search
tool non-B DB version v2.0 (42), thereby employing slightly dif-
ferent criteria for motif identification. The types of non-B
DNA-forming motifs analyzed were inverted repeats capable of
forming cruciform structures; direct (tandem) repeats, which
can give rise to slipped—out-of-register—DNA helices with
single-stranded loops; homo(purine�pyrimidine) motifs with
mirror repeat symmetry (e.g., AGGGAGGxxGGAGGGA) able
to form triplex DNA and triplex DNA:RNA hybrids; alternat-
ing purine–pyrimidine tracts (e.g., TGTGTGCGCG) that may
flip from the right-handed B form to a left-handed Z helix (Z-
DNA); and four or more runs of GGG separated by short (1 to
7 nt) spacers, which may form quadruplex (G4) DNA (41). We
counted the total number of motifs for each of the five non-B
DNA-forming motifs in 10-kb intervals, which is the same reso-
lution as that of replication pause sites determined by SMARD,
and compared the numbers of non-B DNA-forming motifs
between intervals that contained a pause site and flanking inter-
vals that were devoid of pause sites. We also counted the total
number of bases involved in each type of predicted non-B
DNA structure, as well as the total number of bases involved in
the composite non-B DNA-forming motifs, to assess the rela-
tive density between pause-containing and pause-free intervals.
Finally, we recorded the longest motifs in both pause-
containing and pause-free intervals (SI Appendix, Table S1).

Both the custom scripts and non-B DB v2.0 showed a signifi-
cantly higher number of inverted repeats (37 and 46, respec-
tively; Fig. 5A and SI Appendix, Fig. S3A, orange bars), a higher
number of bases comprising inverted repeats (513 and 1,413,
respectively), and a higher number of bases for all non-B DNA-
forming motifs (757 and 1,730, respectively) in interval number
22 (SI Appendix, Table S1, red) of the CFS-FRA16D SbfI seg-
ment, compared to the flanking 30 intervals. Interval 22 corre-
sponds to pause site P3 in Pol eta-deficient lymphoblasts (Fig.
1E) and pause site P5 in Pol eta-deficient fibroblasts (Fig. 2B).
Similarly, non-B DB v2.0 showed a significantly higher number
of simple tandem repeats in interval number 22 (Fig. 5B,
orange bar) compared to the flanking intervals (SI Appendix,
Table S1, red).

In the CFS-FRA16D PmeI segment, the longest triplex-
forming repeat was located within interval number 19 (Fig. 5C,
red; 37-bp mirror repeat unit), which corresponded to pause
site P1 in Pol eta-deficient lymphoblasts (Fig. 1B). The
sequence was 75 bp long and contained 15 perfect TTCTT
repeats (SI Appendix, Table S1), which confer mirror symmetry
(palindrome) to the entire 75-bp-long sequence. Overall, our
analysis of non-B DNA-forming motifs at pause sites P1–P16
support a potential role for cruciform and triplex structures at
pause sites P3/5 and P1, respectively, in the absence of Pol eta.
Interestingly, analysis of chromosomal rearrangements in can-
cer recorded in the Catalogue of Somatic Mutations in Cancer
(COSMIC) showed that the junction of an intrachromosomal
deletion occurred within P3/P5 in one patient and that other
junctions were located within P1 in five patients, one of which
(WG04M) mapped within the 75-bp homo(purine�pyrimidine)
triplex-forming motif (SI Appendix, Table S2). In summary, our
analysis supports the involvement of non-B DNA structures at
P3/P5 and P1 stalled forks, in the absence of Pol eta, as a
potential source of chromosomal rearrangements in cancer
patients (41). The lack of non-B DNA-forming motifs at the
remaining pause sites could be indicative of other factors, such
as palindromic [AT]n repeats, thermodynamic stability, and
transcription-associated conflicts driving replication pausing at
these sites.

Pause Sites Coincide with Regions of Increased Genetic Variation in
Healthy Human Populations. Given the selected numbers of
pause sites that were associated with non-B DNA motifs, we
first investigated whether palindromic [AT]n repeats would be
enriched at P1–P16 since these motifs were reported to contrib-
ute to chromosome fragility (2, 5, 20, 43, 44). There were 48
cruciform-forming repeats with short (0 to 7 bases) loops and
stem lengths of at least 12 bp in the combined six restriction
segments (CFS-FRA16D PmeI and SbfI, DRD3, EVI1, NEGR1,
and NFIA), 20 of which were pure [AT]n repeats (SI Appendix,
Table S3). However, none of these were found at pause sites
P1–P16, in agreement with the non-B search analysis.

We therefore reasoned that other features, such as the ther-
modynamic stability of imperfect and complex stem–loop struc-
tures, would distinguish pause sites from nonpause sites. To this
end, we divided the DNA sequences of the six restriction seg-
ments into a total of 3,060 500-base intervals and determined
the �ΔG (kcal/mol) of the thermodynamically most stable
global folding using mfold. We found that �ΔGs were signifi-
cantly lower at pause sites than at nonpause sites (Fig. 5D and
SI Appendix, Fig. S3B), suggesting that imperfect hairpin-loop
structures at pause sites were less stable than those at nonpause
sites. Consistent with the postulate that hairpin-loop structures
with decreased �ΔG values would have lower C+G content, a
plot of %C+G content for the same 3,060 intervals confirmed
that P1–P16 contained a lower C+G content than nonpause
sites (Fig. 5E and SI Appendix, Fig. S3C). Interestingly, we also
observed a significantly higher number of TT dinucleotides at
pause sites compared to nonpause sites (SI Appendix, Fig. S3 D
and E). Notably, TT dinucleotides are the main substrate for
the generation of UV-induced cyclobutene pyrimidine dimers
and a source of increased mutations in Pol eta-defective cells
(45).

Next, we posited that the difference in thermodynamic stabil-
ity of hairpin-loop structures at pause versus nonpause sites
would translate into different mutational rates in the human
population. Therefore, we compared the number of single
nucleotide polymorphisms (SNPs) recorded in the healthy
human population between pause sites and nonpause sites. In
both cases, the number of SNPs increased as a function of ther-
modynamic stability of hairpin-loop structures (SI Appendix,
Fig. S4A), such that the aggregate number of SNPs was higher
at pause sites than at nonpause sites (Fig. 5F). As expected, the
number of SNPs also increased with increasing C+G content at
both pause and nonpause sites, although the limited number of
observations revealed a statistical difference only at 40 to 45%
C+G (SI Appendix, Fig. S4B). As the small differences in SNPs
between pause and nonpause sites could arise from random
sampling, we conducted a genome-wide analysis on the rela-
tionship between mfold ΔG values and SNPs.

Upon splitting the reference human genome into ∼6 million
500-base sequences, computing the lowest ΔG for each
sequence, and grouping results into 100 bins of increasing ΔG,
a surprising pattern emerged, whereby the number of SNPs first
decreased to a minimum as thermodynamic stability of hairpin-
loop structures weakened and then increased as ΔG values
weakened even further near zero (Fig. 5G). Within each bin,
SNPs correlated negatively with ΔG, except for the last bin,
where correlation was positive. For this last bin, the average
ΔG remained low for the complementary DNA (cDNA)
strands, suggesting that these 53,972 genomic sites contain
characteristic DNA-sequence composition with poor fold-back,
but high mutagenic, potential. Overall, the range in SNP fre-
quencies did not exceed ∼35% between the global minimum
and the first maximum; nevertheless, the average number of
SNPs at both pause and nonpause sites was 30% and 17%
higher than the genome-wide average, respectively. Impor-
tantly, the average number of SNPs at pause sites was expected
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Fig. 5. Pausing is linked to non-B DNA structures, low C+G-content, and increased genetic variation in healthy human populations. (A and B) Bar plot of
inverted repeats found by custom scripts (A) and simple tandem repeats found by non-B DB (B) in each 10-kb interval of the CFS-FRA16D SbfI segment.
Orange, interval 22, which contains pause site P3 in Pol eta-deficient lymphoblasts and P5 in Pol eta-deficient fibroblasts; reference lines, mean and mean
+ 3 SDs for non-B DNA-forming repeats in the total 31 intervals. (C) Bar plot of homo(purine�pyrimidine) tract lengths with mirror repeat symmetry in
each 10-kb interval of the CFS-FRA16D PmeI segment. Lengths are for a single one of each mirror repeat to avoid spacer contributions. The longest homo(-
purine�pyrimidine) tract along CFS-FRA16D PmeI segment is within pause site P1 (red). (D–F) Box plots of �ΔG (kcal/mol) values of the most stable mfold-
predicted structure for each 500-base interval of the combined six CFS segments (D), of %C+G for the 500-base intervals comprising the combined six CFS
fragments (E), and of SNPs per 500 bp in the combined six CFS fragments (F). Mean and total intervals are shown. (G) Number of SNPs versus ΔG genome-
wide. Color code shows the �log10 P value for the correlation between SNPs and ΔG within each data point with regression coefficients (r) shown on top.
Reference lines, median and curve minimum; red triangle, ΔG for the 53,972 reverse sequences of the last data point; green and maroon squares, average
SNPs and ΔG values for the combined 2,760 nonpause and 300 pause site sequences. (H) Box plot of SNP numbers in 1,000 10-kb random sequences from
hg38 compared with those from nonpause and pause sites normalized to 10 kb. (I) Box plot of SNPs substitutions from TA to CG bps, i.e., T>(C+G), and from
CG to TA bps, i.e., C>(A+T), in hg38 at nonpause and pause sites for 500-bp intervals. (J) Distribution of T>(C+G) (cyan) and C>(A+T) (fuchsia) SNPs as a func-
tion of %C+G genome-wide. Each point contains the same sequences as in G (last point was excluded) normalized to 10 kb. Data for nonpause and pause
sites are shown. (K and L) Box plot of T>(C+G) (K) and C>(A+T) (L) SNPs in 1,000 10-kb random sequences from hg38 compared with those from nonpause
and pause sites normalized to 10 kb. Median values do not match mean values in I for the same data. P values are from Mann–Whitney rank-sum tests.
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to be lower than at nonpause sites, not higher. This supports
the conclusion that, on average, SNPs at pause sites occurred
more frequently than expected based on their sequence compo-
sition, at rates only seen at the highest end of the spectrum
genome-wide.

Yet, if local SNP density is highly variable along the genome,
this variability could potentially mask differences with both
pause and nonpause sites. Therefore, we selected 1,000 random
10-kb sequences from hg38 and compared the SNP distribution
with that from pause and nonpause sites, also normalized to 10
kb. Although in the random set, the range of SNPs exceeded
that at fragile sites, the distribution was significantly lower than
at nonpause and pause sites, despite the fact that the low num-
ber of pause sites somewhat weakened the statistical power
(Fig. 5H), as expected. Therefore, both genome-wide and ran-
domization studies support the conclusion that P1–P16 are
embedded within SNP hypervariable regions in the genome
and that their susceptibility to pausing further exacerbates such
a variability.

We next decomposed the SNPs into their mutational spectra
and noted that, with the exception of C>T transitions, substitu-
tions were higher at pause sites than at nonpause sites (SI
Appendix, Fig. S4C), such that substitutions leading to changes
from TA to CG pairs, i.e., T>C + T>G or T>(C+G), in short,
were selectively higher at pause sites than at nonpause sites
(Fig. 5I). Genome-wide, the average number of T>(C+G) and
C>(A+T) was near-linearly correlated with %C+G (Fig. 5J), as
expected; the average values at pause and nonpause sites were
all higher than their corresponding genome-wide averages,
particularly for T>(C+G) at pause sites, which exceeded expec-
tation by ∼30% (10 SNPs per 10 kb). Finally, decomposing the
SNPs into their mutational spectra from the randomization
analysis conclusively showed that only the rates of T>(C+G)
were affected (Fig. 5 K and L), proving that the increase in
SNPs at our fragile sites was caused specifically by increased
mutations at TA base pairs (SI Appendix, Fig. S4D).

High rates of T>(C+G) are part of the complex single-base
mutational signature that has been attributed to POLH hyper-
activation in cancer genomes (https://cancer.sanger.ac.uk/
signatures/sbs/sbs9/) (46–48). Therefore, we conducted an anal-
ysis of RNA-seq data from The Cancer Genome Atlas and
mutational data from COSMIC, which indicated that POLH
was overexpressed in 8 of 15 tumor types compared to matched
normal tissues (SI Appendix, Fig. S5A) and that the Pol eta
mutational signature (signature 9, SBS9) occurred in tumors
affecting most tissues, but especially the pancreas, where almost
50% of patients displayed the signature 9-type single-base sub-
stitutions (SI Appendix, Fig. S5B). In these combined cohorts,
the aggregate T>(C+G) single-base substitutions increased
from 14.2% in signature 9-negative cancer patients to 20.6% in
signature 9-positive cancer patients (SI Appendix, Fig. S5C).

In summary, P1–P16 are distinguished by their reduced ten-
dency to fold into metastable hairpin-loop structures. They
coincide with genomic regions characterized by reduced
%C+G content relative to their flanking nonpause regions and
increased density of TT dinucleotides. Moreover, they are asso-
ciated with a greater extent of genetic variation in the healthy
human populations than their adjacent nonpause sites, display-
ing a mutational signature consistent with Pol eta’s error-prone
translesion activity.

Discussion
Cells are constantly exposed to both endogenous and exoge-
nous sources of replication stress, which can damage DNA.
Single-stranded DNA that is present during replication and
transcription is particularly vulnerable to stress and damage.
However, cells have inherent safeguards, such as DNA-repair

mechanisms, in place to efficiently respond to stress, to prevent
genomic instability. How replication stress causes specific types
of genetic instability and how local mutation rates vary greatly
within individual genomes are key questions for understanding
both cell and cancer biology. For example, during transcription,
the pretargeting of base excision-repair complexes to open
chromatin coincides with local variations in mutation rates
across the genome resulting from differential repair of oxidized
DNA base damage (49). Likewise, during replication, cells have
multiple protective mechanisms in place to safeguard the
genome against replicative stress, including ATR-mediated
stalled replication-fork restart by the EXO5–BLM complex
(50). Notably, the study of CFSs, regions of the genome that
are inherently vulnerable to replication stress, has illuminated
multiple proteins involved in these mechanisms. Here, we
investigated the importance of translesion Pol eta in facilitating
replication across CFSs, using the SMARD. Our investigations
revealed that Pol eta absence is associated with replicative diffi-
culties at CFSs, characterized by replication-fork pausing and
increased initiation events and genomic instability (Fig. 6),
likely due to incomplete replication. The increase in initiation
events is expected to rescue stalled or collapsed replication
forks to ensure replication completion during the S phase, a
condition also generated when Pol delta activity is mildly inhib-
ited with low doses of aphidicolin (2, 51).

Contribution of Structure-Forming Repetitive DNA to Replication
Pausing in the Absence of Pol Eta. Structure-prone sequences are
among the important factors that contribute to CFS instability.
Replication forks frequently stall at structure-prone A+T-rich
sequences (6), which can lead to fork collapse and DNA break-
age. TLS Pols can prevent DNA breakage by replicating
through such structure-forming sequences (2, 40). Specifically,
Pol eta and Pol kappa can exchange with the replicative DNA
Pol delta stalled at CFS-associated A+T-rich sequences to com-
plete in vitro DNA replication (21). Here, we found that in the
absence of Pol eta, pause sites were observed in both lympho-
blasts and fibroblasts at the 305-kb SbfI FRA16D segment, with
one pause site (P3/P5) mapping to the same 10-kb interval
in both cell types (Figs. 1 and 2). Notably, the genomic
sequence of CFS-FRA16D should be common to both lympho-
blasts and fibroblasts, although other known factors affecting
CFS stability—namely, replication timing, density of origins, and
transcription of the locus—might differ. A comprehensive survey
of different types of structure-prone sequences known to poten-
tially adopt non-B DNA conformations revealed a clear overrep-
resentation of perfect inverted repeats and direct repeats in the
10-kb interval comprising P3/P5. The 10-kb interval comprising
P3/P5 also harbored more bases potentially involved in non-B
DNA structures than all other intervals of the combined six
restriction segments analyzed here. In fact, the longest perfect
inverted repeat, a 134-base motif, was also located within P3/P5.
Interestingly, modeling of a 300-base sequence within P3/P5 con-
taining the 134-bp inverted repeat at the center predicted
formation of a large and branched cruciform structure of consid-
erable thermodynamic stability (�ΔG value of 59.1 kcal/mol) (SI
Appendix, Fig. S6A) and a perfectly paired 36-bp hairpin with
near-zero entropy (SI Appendix, Fig. S6B). Non-B DB v2.0 also
identified other large inverted repeats that were not located
within pause sites, the longest of which was a 160-base sequence
in interval 14 of the CFS-NEGR1, in which the two arms of the
repeats were separated by a large (>20 base) spacer. Modeling
of the 300-base sequence containing the 160-base sequence at
the center also yielded a highly stable structure (�ΔG value of
102.7 kcal/mol); yet, numerous mismatches and large capping
loops (SI Appendix, Fig. S6C) would increase free energy of loop
closure and decrease the propensity of hairpin formation (52).
Although correlative, these data support the model proposed by
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Bergoglio et al. (13), who used in vitro primer extension assays
to show that Pol eta, but not Pol delta, is able to synthesize
through single-stranded templates that fold into duplex hairpins
at sites of inverted repeats, as well as templates that contain
other sequences that deviate from canonical B-form DNA, such
as A-tracts. Therefore, our results support and extend a current
hypothesis in the field: A genomic environment with significant
secondary structure forming repetitive DNA poses a challenge
to processive replicative Pols, and Pol eta has evolved to assist in
this challenge.

Contribution of Transcription-Associated Secondary Structures to
Replication Pausing in the Absence of Pol Eta. The role of DNA
secondary structures in pausing is further substantiated by
the presence of a long (75 bp), but not unique, homo(puri-
ne�pyrimidine) track with mirror repeat symmetry in interval 19
of the CFS-FRA16D PmeI segment, which corresponds to
pause site P1. Long homo(purine�pyrimidine) tracks with mir-
ror repeat symmetry can form stable triplex (H-DNA) struc-
tures, which could hinder replication-fork progression (53–57).
These sequences occur frequently in introns of large genes,
most of which display selective expression in the brain (58).
Wang et al. (59) reported an increase in double-strand breaks
in such large and transcribed genes in neuronal progenitor cells
of macrocephalic autism spectrum disorder toddlers, with prox-
imity ligation assays supporting the notion that these breaks
occur at sites of conflicts between converging transcription
and replication. Thus, it will be of interest to assess whether
DNA:RNA triplexes form in the WWOX gene within the
280-kb PmeI segment of CFS-FRA16D and whether Pol eta
acts in resolving such conflicts.

At another gene, which encodes the D3 subtype of dopamine
receptors (DRD3), two similar-length homo(purine�pyrimidine)
tracts (83 and 80 bp) found in interval 17 were not associated
with pause sites in Pol eta-deficient fibroblasts (SI Appendix,
Table S1). This can be attributed to the fact that DRD3’s
expression is restricted to the limbic areas of the brain, in con-
trast to the 1.1-Mb WWOX gene (at CFS-FRA16D) that is tran-
scribed in all tissues (https://gtexportal.org/home/gene/
WWOX). Given that gene expression is a critical contributor to
CFS instability (8), pause site P1 may be a site of RNA:DNA
triplex structures (SI Appendix, Fig. S7). RNA:DNA triplex
structures, like R loops, may create topological conflicts
between converging RNA Pol II and DNA Pol complexes
(59–62), which would be absent in the DRD3 segment. Accord-
ingly, transcription of the CFS-FRA16D–associated WWOX
gene proceeds in the 50 to 30 direction (https://www.ncbi.nlm.
nih.gov/gene/51741), which is opposite to the direction of fork

progression during replication (30 to 50) in the P1 pause site.
This supports the notion that a collision between converging
transcription and replication could occur, leading to replication
pausing at P1, which merits consideration for Pol eta involve-
ment in future studies.

Correlation between Pol Eta-Specific Pause Sites, Repetitive DNA,
and POLH Mutational Signature. SMARD’s ability to detect pause
sites within narrow genomic regions was crucial to revealing the
increase in genetic variation within the healthy human popula-
tion at Pol eta-dependent replication pause sites. That this
increase in genetic variation at pause sites may be attributed to
Pol eta activity is supported by several observations. First, CFSs
are relatively A+T-rich, as shown here and in previous studies
(reviewed in ref. 2), and Pol eta’s error rate is higher when the
base pair preceding misinsertion is T:A or A:T than when it is
C:G or G:C (63). Second, an analysis of mutation spectra at
somatic hypermutation hotspots within immunoglobulin genes
indicated preferred mutation at WA (W is A or T and includes
the TT:AA substrate enriched at P1–P16) sequences, displaying
strong correlation with Pol eta activity on model substrates
(64). Third, in XPV patients, mutations at immunoglobulin var-
iable genes are skewed toward changes at G:C base pairs (65).
Fourth, tumor samples overexpressing POLH display a charac-
teristic mutational signature known as “signature 9,” character-
ized by a preponderance of T>C and T>G substitutions (48).
Importantly, this mutational signature 9 is also revealed here at
Pol eta-dependent pause sites in the context of germline varia-
tion, supporting robust Pol eta activity within CFSs.

Mechanistic Basis for Pol Eta’s Role in CFS Replication. Whereas
replicative DNA Pols replicate DNA with high speed and fidel-
ity, they cannot replicate past DNA lesions and stalled forks.
Y-family DNA Pols, such as Pol eta and kappa, have reduced
stringency from more open active sites that can accommodate
bulky lesions and allow replication through damaged sites (66).
In particular, Pol eta is unusual in efficiently extending DNA
synthesis from D-loop recombination intermediates, in which
an invading strand serves as the primer aided by RAD51 (67).
Notably, this preference seems evolutionarily important, as it
was codiscovered in the Escherichia coli Pol eta homolog Pol V
(68). Indeed, the flexible Poly(dA:dT)-rich DNA sequences
often found at CFS pause sites have a high capacity for DNA
looping (69). Thus, our data on Pol eta-dependent pausing at
specific CFSs and the association of pause sites with increased
human germline variation, which could be attributed to Pol eta
activity, suggest a specific function of Pol eta in the replication
of stalled forks at CFSs, possibly by D-loop extension. It will

A B

Fig. 6. Model depicting the role of Pol eta in the replication of CFS. (A) Pol eta facilitates replication of CFS and maintains genomic stability. Pol eta is a
translesion Pol that lacks an efficient editing function. Thus, when Pol eta replicates CFS, genetic variation can occur at certain sites, including those con-
taining non-B DNA structures. These sites correspond to the regions of replication-fork pausing in the cells that are deficient for Pol eta (shown in B). (B)
Deficiency of Pol eta leads to perturbed DNA replication and genomic instability at CFS. In the absence of Pol eta, replication forks pause (overlapping
yellow arrowheads) at certain sites, including those containing non-B DNA structures. This is accompanied by new origin activation (green oval).
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therefore be interesting to see if RAD51 is associated with Pol
eta in the DNA replication at CFSs.

In the absence of Pol eta, replication forks progressed beyond
the pause site in all DNA segments we analyzed. This observa-
tion suggests that pause sites P1–P16 are temporary barriers that
may be resolved, perhaps by other TLS Pols, such as Pol kappa.
Thus, it would be of interest to analyze functional redundancy
between Pol eta and other TLS Pols in the replication of CFSs.

Implications of Pol Eta Deficiency to CFS Instability and Cancer.
Our comprehensive bioinformatic analysis of the distribution of
non-B DNA-forming repeats at the CFSs examined here sup-
ports a role for non-B DNA structures in blocking replicative
Pols in the absence of Pol eta, reflecting the likely interplay of
multiple factors at CFSs. The human genome contains tens of
millions of sequences that can form non-B DNA structures
(42). These sequences can have a negative role in blocking rep-
lication forks, resulting in pausing. Genomic regions with a
high density of stable secondary structures, such as P3/5, may
constitute mechanical obstacles to Pol progression and are
expected to require TLS by Pol eta. Thus, in the absence of Pol
eta in XPV cells, there will be pausing that we observe at P3/5.
However, most of the pause sites we observed in the absence of
Pol eta are not associated with the presence of non-B DNA.
Instead, they are characterized by DNA sequences with a
reduced tendency to fold into metastable hairpin-loop struc-
tures, reduced C+G content, and increased density of TT dinu-
cleotides. Importantly, they furthermore coincide with regions
that have increased Pol eta-associated genetic variation among
the human population. This suggests that the pause sites that
we observed in the absence of Pol eta are more prone to muta-
tion than nonpause sites. Unlike other XP mutants, fibroblasts
from XPV patients deficient in the POLH gene display normal
unscheduled DNA synthesis and recovery of RNA synthesis,
but manifest with reduced recovery of DNA synthesis upon
exposure to UV radiation (70). Pol eta-null mice display
increased DNA damage and an exacerbated DNA-damage
response in the adipose tissue, which is partially reversed upon
treatment with antioxidants, such as N-acetylcysteine (71).
These observations suggest that DNA damage arising from
endogenous oxidation may require Pol eta for its efficient
removal, and it is plausible that pause sites are intrinsically
more prone to DNA damage or hinder DNA damage recogni-
tion from relevant DNA-repair enzymes such as HMCES,
which can shield abasic sites from translesion Pols (72).

Collectively, our data show that Pol eta facilitates replication
of CFS loci, thereby revealing a general role for this Pol in
response to replication stress at CFSs. We found that some
CFS DNA sequences that correspond to certain pause sites in

the absence of Pol eta could form non-B DNA structures. Yet,
more frequently, these pause sites correspond to DNA sequen-
ces that have a reduced tendency to form stable hairpin struc-
tures. Moreover, we uncovered an association of these pause
sites with regions that have an increased genetic variation in
the healthy human populations with mutational spectra linked
to Pol eta activity. Going forward, defining the genetic interac-
tions protecting CFSs and other non-Watson–Crick structure-
forming DNA sequences will bring new insights into biology
and into cancer treatment by informing possible synthetic lethal
interactions and vulnerabilities associated with cancers. Cur-
rently, our findings decipher the role and mechanism underly-
ing the protection of these unique CFS sequences to enhance
and expand our understanding of the role of Pol eta in
responding to replication stress and in promoting heritable
genetic variation at CFSs.

Materials and Methods
For additional materials andmethods, see also SI Appendix.

Cell Culture. The XPPHBE (Coriell Cell Repository no. GM02449) Epstein–Barr
Virus-transformed XPV lymphoblast cell line (XPV-L Pol eta�/�) was grown in
Roswell Park Memorial Institute medium supplemented with 15% fetal
bovine serum (FBS) and 1% penicillin and streptomycin. The XP30RO SV40-
transformed XPV fibroblast cell line (XPV-F Pol eta�/�) was grown in Dulbec-
co’s Modified Eagle Medium/F12 medium (Gibco) supplemented with 15%
FBS and 1% penicillin and streptomycin. XPV fibroblasts stably complemented
with WT Pol eta (XPV-F + Pol eta) were generated by complementing
the XPV-F Pol eta�/� cell line with the Pol eta cDNA [pcDNA 3.1 zeo(�)]
and selected in 100 μg/mL Zeocin (30). No detectable Pol eta protein
expression was observed in the XPV-F Pol eta�/� cell line, but a significantly
high level of Pol eta protein expression was detected in the XPV-F + Pol eta
cell line (30). The XPV-F Pol eta�/� and XPV-F + Pol eta cell lines were provided
by Kristin A. Eckert, Pennsylvania State University College of Medicine, Her-
shey, PA.

Data Availability. The custom scripts used in this study have been deposited at
GitHub (https://github.com/abacolla/nonB-DNA) and will be accessible upon
publication (73). All study data are included in the article and/or supporting
information.

ACKNOWLEDGMENTS. We thank Kristin A. Eckert for XPV-F Pol eta�/� and
XPV-F + Pol eta fibroblasts and Katharina Schlacher for helpful discussions.
This work was supported in part by NIH Grants 5R01-GM045751 and R01-
CA085344 (to C.L.S.); National Cancer Institute Cancer Center Support Grant
P30-CA013330 for use of a core facility at Einstein; NIH Grants R00-HL136870-
05 and R00-HL136870-04S1 (to A.M.); NIH Grants CA220430 and CA092584 (to
J.A.T.); and a Robert A. Welch Chair in Chemistry (J.A.T.). S.T. was supported
by NIH Training Grant T-32 NIH 5T32AG023475. The research used the Bridges/
Bridges2 Pittsburgh Supercomputing Center through the Extreme Science and
Engineering Discovery Environment, which is supported by NSF Grants ACI-
1445606 and ACI-1548562.

1. T. W. Glover, T. E. Wilson, M. F. Arlt, Fragile sites in cancer: More than meets the eye.
Nat. Rev. Cancer 17, 489–501 (2017).

2. S. Li, X.Wu, Common fragile sites: Protection and repair. Cell Biosci. 10, 29 (2020).
3. M. M. Le Beau et al., Replication of a common fragile site, FRA3B, occurs late in S

phase and is delayed further upon induction: Implications for themechanism of frag-
ile site induction.Hum.Mol. Genet. 7, 755–761 (1998).

4. E. Zlotorynski et al., Molecular basis for expression of common and rare fragile sites.
Mol. Cell. Biol. 23, 7143–7151 (2003).

5. H. Zhang, C. H. Freudenreich, An AT-rich sequence in human common fragile site
FRA16D causes fork stalling and chromosome breakage in S. cerevisiae. Mol. Cell 27,
367–379 (2007).

6. E. Ozeri-Galai et al., Failure of origin activation in response to fork stalling leads to
chromosomal instability at fragile sites.Mol. Cell 43, 122–131 (2011).

7. O. Brison et al., Transcription-mediated organization of the replication initiation
program across large genes sets common fragile sites genome-wide. Nat. Commun.
10, 5693 (2019).

8. A. Helmrich, M. Ballarino, L. Tora, Collisions between replication and transcription
complexes cause common fragile site instability at the longest human genes. Mol.
Cell 44, 966–977 (2011).

9. A. Madireddy et al., FANCD2 facilitates replication through common fragile sites.
Mol. Cell 64, 388–404 (2016).

10. H. Wang et al., The concerted roles of FANCM and Rad52 in the protection of com-
mon fragile sites.Nat. Commun. 9, 2791 (2018).

11. H. Wang et al., BLM prevents instability of structure-forming DNA sequences at com-
mon fragile sites. PLoS Genet. 14, e1007816 (2018).

12. A. Bhat, P. L. Andersen, Z.Qin,W. Xiao, Rev3, the catalytic subunit of Polζ, is required for
maintaining fragile site stability in human cells.Nucleic Acids Res. 41, 2328–2339 (2013).

13. V. Bergoglio et al., DNA synthesis by Pol η promotes fragile site stability by prevent-
ing under-replicated DNA inmitosis. J. Cell Biol. 201, 395–408 (2013).

14. C. Masutani et al., The XPV (xeroderma pigmentosum variant) gene encodes human
DNA polymerase η.Nature 399, 700–704 (1999).

15. P. L. Kannouche, J. Wing, A. R. Lehmann, Interaction of human DNA polymerase η
with monoubiquitinated PCNA: A possible mechanism for the polymerase switch in
response to DNAdamage.Mol. Cell 14, 491–500 (2004).

16. M. Bienko et al., Ubiquitin-binding domains in Y-family polymerases regulate trans-
lesion synthesis. Science 310, 1821–1824 (2005).

17. M. Bienko et al., Regulation of translesion synthesis DNA polymerase η by monoubi-
quitination.Mol. Cell 37, 396–407 (2010).

18. L. Rey et al., Human DNA polymerase eta is required for common fragile site stability
during unperturbed DNA replication.Mol. Cell. Biol. 29, 3344–3354 (2009).

19. S. N. Shah, P. L. Opresko, X. Meng, M. Y. Lee, K. A. Eckert, DNA structure and the
Werner protein modulate human DNA polymerase delta-dependent replication

CE
LL

BI
O
LO

G
Y

Twayana et al.
Translesion polymerase eta both facilitates DNA replication and promotes increased
human genetic variation at common fragile sites

PNAS j 11 of 12
https://doi.org/10.1073/pnas.2106477118

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106477118/-/DCSupplemental
https://github.com/abacolla/nonB-DNA


dynamics within the common fragile site FRA16D. Nucleic Acids Res. 38, 1149–1162
(2010).

20. E. Walsh, X. Wang, M. Y. Lee, K. A. Eckert, Mechanism of replicative DNA polymerase
delta pausing and a potential role for DNA polymerase kappa in common fragile site
replication. J. Mol. Biol. 425, 232–243 (2013).

21. R. P. Barnes, S. E. Hile, M. Y. Lee, K. A. Eckert, DNA polymerases eta and kappa
exchange with the polymerase delta holoenzyme to complete common fragile site
synthesis.DNA Repair (Amst.) 57, 1–11 (2017).

22. J. Gerhardt et al., The DNA replication program is altered at the FMR1 locus in fragile
X embryonic stem cells.Mol. Cell 53, 19–31 (2014).

23. J. Gerhardt et al., Cis-acting DNA sequence at a replication origin promotes repeat
expansion to fragile X full mutation. J. Cell Biol. 206, 599–607 (2014).

24. W. C. Drosopoulos, S. T. Kosiyatrakul, C. L. Schildkraut, BLM helicase facilitates telo-
mere replication during leading strand synthesis of telomeres. J. Cell Biol. 210,
191–208 (2015).

25. W. C. Drosopoulos et al., TRF2 mediates replication initiation within human telo-
meres to prevent telomere dysfunction. Cell Rep. 33, 108379 (2020).

26. A. Madireddy et al., G-quadruplex-interacting compounds alter latent DNA replica-
tion and episomal persistence of KSHV.Nucleic Acids Res. 44, 3675–3694 (2016).

27. P. Norio, C. L. Schildkraut, Visualization of DNA replication on individual Epstein-Barr
virus episomes. Science 294, 2361–2364 (2001).

28. J. J. Blow, X. Q. Ge, A model for DNA replication showing how dormant origins safe-
guard against replication fork failure. EMBO Rep. 10, 406–412 (2009).

29. R. C. Alver, G. S. Chadha, J. J. Blow, The contribution of dormant origins to genome
stability: From cell biology to human genetics. DNA Repair (Amst.) 19, 182–189
(2014).

30. R. P. Barnes, W.-C. Tsao, G.-L. Moldovan, K. A. Eckert, DNA polymerase eta prevents
tumor cell-cycle arrest and cell death during recovery from replication stress. Cancer
Res. 78, 6549–6560 (2018).

31. B. Le Tallec et al., Molecular profiling of common fragile sites in human fibroblasts.
Nat. Struct. Mol. Biol. 18, 1421–1423 (2011).

32. A. Letessier et al., Cell-type-specific replication initiation programs set fragility of the
FRA3B fragile site.Nature 470, 120–123 (2011).

33. I. Murano, A. Kuwano, T. Kajii, Fibroblast-specific common fragile sites induced by
aphidicolin.Hum. Genet. 83, 45–48 (1989).

34. Y. Sugio, Y. Kuroki, Family study of common fragile sites.Hum.Genet. 82, 191–193 (1989).
35. B. Herv�e et al., The emerging microduplication 3q13.31: Expanding the genotype-

phenotype correlations of the reciprocal microdeletion 3q13.31 syndrome. Eur. J.
Med. Genet. 59, 463–469 (2016).

36. J. D. J. Labonne et al., Comparative deletion mapping at 1p31.3-p32.2 implies NFIA
responsible for intellectual disability coupledwithmacrocephaly and the presence of
several other genes for syndromic intellectual disability.Mol. Cytogenet. 9, 24 (2016).

37. M. Debatisse, B. Le Tallec, A. Letessier, B. Dutrillaux, O. Brison, Common fragile sites:
Mechanisms of instability revisited. Trends Genet. 28, 22–32 (2012).

38. K. L. Chan, T. Palmai-Pallag, S. Ying, I. D. Hickson, Replication stress induces sister-
chromatid bridging at fragile site loci inmitosis.Nat. Cell Biol. 11, 753–760 (2009).

39. S. Eddy et al., Evidence for the kinetic partitioning of polymerase activity on
G-quadruplex DNA. Biochemistry 54, 3218–3230 (2015).

40. R. B�etous et al., Role of TLS DNA polymerases eta and kappa in processing naturally
occurring structured DNA in human cells.Mol. Carcinog. 48, 369–378 (2009).

41. A. Bacolla, J. A. Tainer, K. M. Vasquez, D. N. Cooper, Translocation and deletion
breakpoints in cancer genomes are associated with potential non-B DNA-forming
sequences.Nucleic Acids Res. 44, 5673–5688 (2016).

42. R. Z. Cer et al., Non-B DB v2.0: A database of predicted non-B DNA-forming motifs
and its associated tools.Nucleic Acids Res. 41, D94–D100 (2013).

43. N. Shastri et al., Genome-wide identification of structure-forming repeats as princi-
pal sites of fork collapse upon ATR inhibition.Mol. Cell 72, 222–238.e11 (2018).

44. S. Kaushal et al., Sequence and nuclease requirements for breakage and healing of a
structure-forming (AT)n sequence within fragile site FRA16D. Cell Rep. 27,
1151–1164.e5 (2019).

45. T. Itoh et al., Xeroderma pigmentosum variant heterozygotes show reduced levels of
recovery of replicative DNA synthesis in the presence of caffeine after ultraviolet irra-
diation. J. Invest. Dermatol. 115, 981–985 (2000).

46. I. B. Rogozin et al., Mutational signatures and mutable motifs in cancer genomes.
Brief. Bioinform. 19, 1085–1101 (2018).

47. I. B. Rogozin et al., DNA polymerase ηmutational signatures are found in a variety of
different types of cancer. Cell Cycle 17, 348–355 (2018).

48. L. B. Alexandrov et al., PCAWGMutational Signatures Working Group; PCAWG Con-
sortium, The repertoire of mutational signatures in human cancer. Nature 578,
94–101 (2020).

49. A. Bacolla et al., Heritable pattern of oxidized DNA base repair coincides with pre-
targetingof repair complexes to open chromatin.Nucleic Acids Res. 49, 221–243 (2020).

50. S. Hambarde et al., EXO5-DNA structure and BLM interactions direct DNA resection
critical for ATR-dependent replication restart.Mol. Cell 81, 2989–3006.e9 (2021).

51. M. Macheret et al., High-resolution mapping of mitotic DNA synthesis regions and
common fragile sites in the human genome through direct sequencing. Cell Res. 30,
997–1008 (2020).

52. S. V. Kuznetsov, Y. Shen, A. S. Benight, A. Ansari, A semiflexible polymer model
applied to loop formation in DNAhairpins. Biophys. J. 81, 2864–2875 (2001).

53. S. E. Hile, K. A. Eckert, Positive correlation between DNA polymerase α-primase paus-
ing and mutagenesis within polypyrimidine/polypurine microsatellite sequences. J.
Mol. Biol. 335, 745–759 (2004).

54. H. P. Patel, L. Lu, R. T. Blaszak, J. J. Bissler, PKD1 intron 21: Triplex DNA formation and
effect on replication.Nucleic Acids Res. 32, 1460–1468 (2004).

55. G. Liu et al., Replication fork stalling and checkpoint activation by a PKD1 locus mir-
ror repeat polypurine-polypyrimidine (Pu-Py) tract. J. Biol. Chem. 287, 33412–33423
(2012).

56. I. M. A. Del Mundo, M. Zewail-Foote, S. M. Kerwin, K. M. Vasquez, Alternative DNA
structure formation in the mutagenic human c-MYC promoter. Nucleic Acids Res. 45,
4929–4943 (2017).

57. E. J. Polleys, N. C. M. House, C. H. Freudenreich, Role of recombination and replica-
tion fork restart in repeat instability.DNARepair (Amst.) 56, 156–165 (2017).

58. A. Bacolla et al., Long homopurine*homopyrimidine sequences are characteristic of
genes expressed in brain and the pseudoautosomal region. Nucleic Acids Res. 34,
2663–2675 (2006).

59. M. Wang et al., Increased neural progenitor proliferation in a hiPSC model of autism
induces replication stress-associated genome instability. Cell Stem Cell 26,
221–233.e6 (2020).

60. A. J. Neil, M. U. Liang, A. N. Khristich, K. A. Shah, S. M. Mirkin, RNA-DNA hybrids pro-
mote the expansion of Friedreich’s ataxia (GAA)n repeats via break-induced replica-
tion.Nucleic Acids Res. 46, 3487–3497 (2018).

61. A. N. Khristich, S. M. Mirkin, On the wrong DNA track: Molecular mechanisms of
repeat-mediated genome instability. J. Biol. Chem. 295, 4134–4170 (2020).

62. B. G�omez-Gonz�alez, A. Aguilera, Transcription-mediated replication hindrance: A
major driver of genome instability.Genes Dev. 33, 1008–1026 (2019).

63. T. Matsuda et al., Error rate and specificity of human and murine DNA polymerase η.
J. Mol. Biol. 312, 335–346 (2001).

64. I. B. Rogozin, Y. I. Pavlov, K. Bebenek, T. Matsuda, T. A. Kunkel, Somatic mutation
hotspots correlate with DNA polymerase η error spectrum. Nat. Immunol. 2, 530–536
(2001).

65. X. Zeng et al., DNA polymerase η is an A-T mutator in somatic hypermutation of
immunoglobulin variable genes.Nat. Immunol. 2, 537–541 (2001).

66. B. S. Plosky, R. Woodgate, Switching from high-fidelity replicases to low-fidelity
lesion-bypass polymerases. Curr. Opin. Genet. Dev. 14, 113–119 (2004).

67. M. J. McIlwraith et al., Human DNA polymerase η promotes DNA synthesis from strand
invasion intermediates of homologous recombination.Mol. Cell 20, 783–792 (2005).

68. K. Schlacher, M. M. Cox, R. Woodgate, M. F. Goodman, RecA acts in trans to
allow replication of damaged DNA by DNA polymerase V. Nature 442, 883–887
(2006).

69. S. Johnson, Y.-J. Chen, R. Phillips, Poly(dA:dT)-rich DNAs are highlyflexible in the con-
text of DNA looping. PLoS One 8, e75799 (2013).

70. T. Itoh, T. Ono, M. Yamaizumi, A simple method for diagnosing xeroderma pigmen-
tosum variant. J. Invest. Dermatol. 107, 349–353 (1996).

71. Y.-W. Chen, R. A. Harris, Z. Hatahet, K. M. Chou, Ablation of XP-V gene causes adi-
pose tissue senescence and metabolic abnormalities. Proc. Natl. Acad. Sci. U.S.A. 112,
E4556–E4564 (2015).

72. K. N. Mohni et al., HMCES maintains genome integrity by shielding abasic sites in
single-strandDNA. Cell 176, 144–153.e13 (2019).

73. A. Bacolla, nonB-DNA. GitHub. https://github.com/abacolla/nonB-DNA. Deposited 16
January 2021.

12 of 12 j PNAS Twayana et al.
https://doi.org/10.1073/pnas.2106477118 Translesion polymerase eta both facilitates DNA replication and promotes increased

human genetic variation at common fragile sites

https://github.com/abacolla/nonB-DNA

