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Abstract

The DNA polymerase zeta (Pol{) plays a critical role in bypassing
DNA damage. REV3L, the catalytic subunit of Pol(, is also essential
in mouse embryonic development and cell proliferation for reasons
that remain incompletely understood. In this study, we reveal that
REV3L protein interacts with heterochromatin components includ-
ing repressive histone marks and localizes in pericentromeric
regions through direct interaction with HP1 dimer. We demon-
strate that Pol{/REV3L ensures progression of replication forks
through difficult-to-replicate pericentromeric heterochromatin,
thereby preventing spontaneous chromosome break formation. We
also find that Rev3i-deficient cells are compromised in the repair
of heterochromatin-associated double-stranded breaks, eliciting
deletions in late-replicating regions. Lack of REV3L leads to further
consequences that may be ascribed to heterochromatin replication
and repair-associated functions of Pol{, with a disruption of the
temporal replication program at specific loci. This is correlated
with changes in epigenetic landscape and transcriptional control
of developmentally regulated genes. These results reveal a new
function of Pol{ in preventing chromosome instability during repli-
cation of heterochromatic regions.
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Introduction

It is well established that DNA polymerase delta (Pold) and epsilon
(Pole) catalyze the high-fidelity duplication of the genome (reviewed
in Burgers & Kunkel, 2017). However, an emerging concept is that
translesion synthesis (TLS) DNA polymerases, known for their
error-prone lesion-bypass properties, can also facilitate synthesis of
non-damaged DNA. TLS polymerases may be employed when
replicative DNA polymerases are not able to pass through stalled
sites of replication at structured DNA sequences and/or hard-
to-replicate genomic regions (reviewed in Tsao & Eckert, 2018). For
example, DNA polymerase eta (Poln) and zeta (Pol{) are required
to maintain common fragile site stability (CFS) in human cells (Ber-
goglio et al, 2013; Bhat et al, 2013; Despras et al, 2016). It is not
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known whether specialized DNA polymerases are recurrently
recruited to DNA more broadly during S-phase to assist replicative
DNA polymerases for replicating unconventional DNA structures
preventing thus genome instability at the cost of increased point
mutations. Intriguingly, growing evidence suggests that replication
timing influences genomic mutation rates with an increasing gradi-
ent of single-nucleotide substitutions that correlate with late-repli-
cating regions (Stamatoyannopoulos et al, 2009; Koren et al, 2012;
Polak et al, 2015), but the causative underlying mechanisms remain
elusive.

Polg is a TLS polymerase complex in eukaryotes, consisting of
four subunits: Rev3, the catalytic subunit, Rev7 that enhances Rev3
activity, and two subunits shared with the replicative polymerase
Pold (Baranovskiy et al, 2012; Johnson et al, 2012; Makarova et al,
2012; Lee et al, 2014). In contrast to other TLS enzymes that belong
to the Y-family of polymerases, Pol{ belongs to the B-family that
includes the highly accurate replicative DNA Pold and Pole (Gan et al,
2008). Pol¢ lacks an intrinsic 3'-5" exonuclease activity, making this
TLS polymerase error-prone with a spontaneous mutation rate that is
10- to 100-fold greater than that of replicative DNA polymerases in
yeast (McCulloch & Kunkel, 2008; Stone et al, 2009). Pol{ is a key
player in translesion DNA synthesis by elongating primer termini that
are positioned opposite base damage and non-instructional lesions
(Johnson et al, 2000). This DNA polymerase has been extensively
characterized in the budding yeast S. cerevisiae, showing that sponta-
neous as well as damage-induced mutagenesis is largely dependent
on Pol{ (Makarova & Burgers, 2015).

Counterparts of the yeast REV genes have been identified in other
eukaryotes. Mouse and human Rev3-like (Rev3l) orthologs have a
large extra segment which is not conserved in yeast REV3 and are
thus about twice the size of the 173-kDa yeast Rev3 (350 and
353 kDa, respectively). Despite the established participation of Rev3l
in important cellular processes (Martin & Wood, 2019), the role of
REV3L protein is incompletely understood and studies have been
hampered by the inability to detect this large protein in cells. Pol{ is
unique among TLS polymerases in mammalian cells, because inacti-
vation of Rev3l gene leads to embryonic lethality in mice (Esposito
et al, 2000; Wittschieben et al, 2000; Van Sloun et al, 2002). Rev3l~/~
mouse embryonic stem cells are not viable, and primary mouse
embryonic fibroblasts (MEFs) obtained from conditional Rev3! knock-
outs show genome instability and growth defects without external
damage to DNA (Wittschieben et al, 2006; Lange et al, 2012). All
these data underscore an essential role of Pol{ in mammalian cells.

In this study, we investigated the biological function of Poll
during S-phase under normal growth conditions. We show that
Pol{/REV3L is able to interact with heterochromatin through direct
interaction with HP1 dimer and ensures progression of replication
forks through the hard-to-replicate pericentromeric heterochro-
matin, thus preventing spontaneous DNA and chromosome break
formation. We also find that lack of REV3L compromises hete-
rochromatin-associated DSB repair and shows increased number of
genomic deletions in late-replicating regions. Lack of REV3L leads to
further consequences that may be ascribed to heterochromatin repli-
cation-associated functions of Pol{, with a disruption of the tempo-
ral replication program at specific loci associated with changes in
epigenetic and transcriptional landscape. These results show that
Pol¢ helps maintain genome stability by contributing to heterochro-
matin replication.
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Results
S-phase progression is altered in Rev3l~/~ MEFs

Pol( is critical for proliferation of normal primary cells, suggesting
that Pol( participates in unchallenged DNA replication (Lange et al,
2012). To gain cellular and molecular insights into its function
during DNA replication, we first investigated the dynamics of S-
phase progression in the absence of REV3L, the catalytic subunit of
Pol¢. Unchallenged Rev3!™/~ and Rev3I”/* mouse embryonic fibrob-
lasts (MEFs) (Lange et al, 2012) were pulse-labeled with the thymi-
dine analog 5'-bromo-2’'-deoxyuridine (BrdU) for 15 min, released
into fresh medium, and harvested at the indicated time points. FACS
analysis showed that cell cycle progression was altered in Rev3l~/~
MEFs (Fig 1A). Indeed, Rev3l™/~ cells exhibited a significant higher
percentage in late S/G2-phase at 4, 6, and 8 h as compared to
control cells. This is mirrored by a depletion of BrdU-positive cells
in Gl/early S at the same time periods (Fig 1A, see red arrows in
upper panel and histograms in lower panel). Moreover, analysis of
BrdU-negative cells showed that Rev3!™/~ cells tend to accumulate
in G2-phase as compared to Rev3l"/* (Fig 1A, see green arrows in
upper panel). Similar observations were obtained using REV3L-
depleted human cells (Fig EV1). These results indicate that cell
cycle progression in Rev3l™/~ cells is impaired in late S-phase and
G2/M-phase and prompted us to investigate the patterns of spatio-
temporal replication in Rev3! null MEFs.

S-phase can be divided into different stages by immunofluores-
cence observation of characteristic thymidine analog incorporation
patterns corresponding to early, mid-, or late S-phase (Dimitrova &
Berezney, 2002; Guenatri et al, 2004). To analyze the spatial organi-
zation of DNA replication in Rev3l™/~ MEFs, cells were pulsed-
labeled with EQU and the replication patterns typically observed in
mouse cells were identified and quantified (Guenatri et al, 2004).
Representative replication patterns for each category are repre-
sented: early S-phase pattern with a high density of small foci
distributed throughout the nucleus (stage I), early-mid-S-phase
pattern with foci which become bigger and less abundant than stage
I (stage II), mid-late S-phase pattern with a typical ring-shaped
labeling around pericentromeric heterochromatin domains (stage
I1), and late S-phase pattern with a few big dots located mainly at
the nuclear periphery and in heterochromatin area (stage IV)
(Fig 1B, upper panel). We found that in the absence of REV3L, the
proportion of cells with an early replication spatial pattern (stage I)
decreased whereas the proportion of cells in mid- and late S-phase
increased (Fig 1B, middle and lower panels). A similar effect was
found after depletion of REV3L in human cells (Fig 1C). These
results suggest that lack of REV3L could affect the temporal control
of DNA replication.

Loss of REV3L delays replication timing in specific genomic loci

We thus examined the replication timing in Rev3I”* and Rev3l™/~
cells after a few (p5 and p7 in Rev3[”* and Rev3l™~ cells, respec-
tively) or serial passages (p60) in cell culture (Fig EV2A). To perform
genome-wide profiling of replication timing (RT), cells were pulse-
labeled with BrdU and sorted into early and late S-phase fractions by
flow cytometry (see methods (Fernandez-Vidal et al, 2014)). Newly
synthesized DNA of each fraction was BrdU-immunoprecipitated and

© 2021 The Authors
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specifically labeled (Cy3 for early fraction and Cy5 for late fraction)
before co-hybridization on microarrays. The replication timing of
genomic domains was obtained by measuring the log2-ratio of early
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versus late fractions and analyzed using the START-R program (Had-
jadj et al, 2020). We first compared the replication timing obtained at
different passages for each cell line. For Rev3l'/" MEF, there was a
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Figure 1. S-phase progression is impaired in Reu3!™'~ MEFs.

Barbara Ben Yamin et al

A Reu3l"" and Rev3l™'~ MEFs were pulse-labeled with BrdU prior to harvesting and analyzed by flow cytometry at different time points. The analysis was focused on S-
phase divided into three parts: G1/early S, middle S, and late S/G2 BrdU" cells. Red arrow represents BrdU™ cells that re-entry in S-phase, and green arrow shows
BrdU~ cells in G2-phase. Histograms represent the percentage of cells in G1/early and late S/G2-phase after BrdU pulse. Error bars represent standard error for three

independent experiments. ns: not significant, *P < 0.05 by Student’s t-test.

B Reu3!"* and Rev3l™'~ MEFs were pulse-labeled with EdU for 15 min, permeabilized, fixed, and stained for EdU incorporation (green). S-phase sub-stages from | to IV
were evaluated by visual inspection of the cycling population (> 300 EdU" cells, top panel). Scale bar = 5 pm. Dot plots and pie charts show the relative proportion
(percentage of total S) of each sub-stage from | to IV (middle and bottom panel, respectively). Each dot represents the mean of two technical replicates.

C Seventy-two hours after transfection with non—targeting (NT) or Reu3/ siRNA, Hela cells were pulse-labeled with BrdU for 15 min, permeabilized, fixed, and stained
for BrdU (red). As in (B), S-phase sub-stages were evaluated by visual inspection of the cycling population (> 300 BrdU" cells, top panel). Scale bar = 5 um. Dot plots
and pie charts show the relative proportion (percentage of total S) of early, middle—late, and late S-phase (middle and bottom panel, respectively). Each dot

represents the mean of two technical replicates.

1.9% difference between p5 and p60. For Rev3l™/~ cells, we observed
only 0.2% difference between p7 and p60, suggesting that the replica-
tion timing remains stable during cell culture passages in both cell
lines, and can be considered as two independent replicates.

We next compared the replication timing between Rev3 and
Rev3l™/~ MEF at early passage. The START-R analysis identified a
set of genomic compartments that changed replication timing in
response to Rev3l inactivation (Fig 2A). About 5.7% of the whole
genome was affected; 19.2% (in bp) of these regions were advanced
in timing, and 80.8% of regions were delayed (Fig EV2B). A major
effect of Rev3l loss was boundary shifts as exemplified in Fig 2A,
corresponding to a delay in regions that lie between early- and late-
replicating domains called temporal transition regions (TTR) by
Gilbert and colleagues (Hiratani et al, 2008). We observed that 67 %
of disturbed domains fall in TTR (corresponding to 83% of delayed
regions).

We then explored the correlation between genomic regions that
changed replication timing in Rev3l™/~ cells (called disturbed
regions) and the coverage for GC and LINE-1 contents (Fig 2B) and
also for H3K27ac, H3K4me3, and H3K27me3 epigenetic marks
(Fig 2C). For each parameter, we observed a molecular signature
intermediate between that of early and late domains, strengthening
our hypothesis that these disturbed regions correspond to TTR. In
Rev3l™/~ cells, 18.7% of TTR were disturbed. These results reveal
that Rev3! inactivation in MEFs induces changes in the temporal
replication program, especially in specific genomic regions located
in TTR and suggest that REV3L/Pol{ might contribute to replicate
these specific loci.

To confirm these observations, we examined the replication
timing in human cells depleted for REV3L. For that, HeLa cells were

I /+

Figure 2. Loss of REV3L disrupts the replication timing in specific genomic loci.

transfected with non-targeting siRNA (siNT) or siRNA against Rev3l.
Sixty hours later, cells were pulse-labeled with BrdU for 1.5 h and
processed as for MEFs. Analysis by the START-R program revealed
116 disturbed regions in REV3L-depleted cells, corresponding to
approximatively 5.4% of the whole genome with more than 70% of
delayed regions (Fig EV2C and D). We found that depletion of
REV3L in human cells affected mostly genomic domains that repli-
cate late in S-phase (Fig EV2E). Thus, the specific replicating
domains disturbed after REV3L depletion are not exactly the same
in MEFs and HeLa genomes (TTR versus Late, respectively).

Rev3l inactivation results in epigenetic changes with down-
regulation of numerous developmentally regulated genes

Links between transcription and replication timing have been well
documented (Hiratani et al, 2008; Sima et al, 2019). Genome-wide
analyses have identified a strong correlation between early replica-
tion and high transcriptional potential (MacAlpine et al, 2004;
Farkash-Amar et al, 2008; Hiratani et al, 2008). We reasoned that
changes in replication timing in the absence of Rev3! may impact
the transcriptional program. We therefore performed microarray-
based transcriptome profiling from Rev3{”* and Rev3l™/~ MEFs
(Fig 3A). Genes altered by at least threefold between conditions
were considered (FDR < 0.05). Analysis of microarray data indi-
cated a total of 317 genes with mRNA expression altered by > 3-fold
in Rev3l-deficient cells as compared to control cells, with 112 genes
up-regulated and 205 genes that were down-regulated. Genes
displaying a down-regulation in Rev3/™/~ MEFs had significant
enrichment for Gene Ontology terms related to organ and system
development (Fig 3B). Prominent repressed genes are in the HoxB

A Cells were pulse-labeled with BrdU for 1.5 h and sorted by flow cytometry in two fractions, S1 and S2, corresponding to early and late S-phase fractions, respectively.
Neo-synthesized DNA was immunoprecipitated with BrdU antibodies. Early and late neo-synthesized DNAs were labeled with Cy3 and Cy5, respectively, and
hybridized on microarrays. After processing analysis with the START-R software, replication-timing profiles were obtained from two replicates (see Fig EV2A). Shown
are the zoomed microarray profiles of the timing of replication on chromosome 1 (136.6-143.5 Mb), chromosome 5 (127.3-134.7 Mb), and chromosome 9 (46.1—

51.3 Mb) from Rev3!"”* and Rev3!/~ MEFs overlaid. Blue lines represent replication timing from Reuv3

[*/* MEFs, and red lines represent replication timing from

Reu3!™'~ MEFs. Genomic regions displaying significant difference between Rev3l"* and Rev3l™'~ MEFs by START-R are indicated by a pink line (P < 0.01).
B Analysis of GC and Line-1 content in early, mid, late, and TTR compared with disturbed replicating regions found in Rev3!™'~ MEFs. Bar in boxplot represents the
median, and red points represent the mean. The limit of the boxes corresponds to the 0.25-0.75 quartiles with whiskers extending to the maximum value of 1.5 times

the interquartile range. Graphs show data from two biological experiments.

C Analysis of the active marks H3K27ac and H3K4me3 and facultative heterochromatin mark H3K27me3 content in early, mid, late, and TTR compared with disturbed
replicating regions found in Rev3!~'~ MEFs. Bar in boxplot represents the median, and red points represent the mean. The limit of the boxes corresponds to the 0.25—
0.75 quartiles with whiskers extending to the maximum value of 1.5 times the interquartile range. Graphs show data from two biological experiments.
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Figure 3. Inactivation of Rev3l impairs expression of numerous developmentally and imprinted genes.

A Heat map showing log2 fold change in differentially expressed genes in Reu3!""* and Rev3I~'~ MEFs from 2 independent biological experiments (Rev3l+/*: samples 1
and 2, Rev3l ™ samples 5 and 6) with 2 technical replicates (samples 3,4,7,8: technical repeats from samples 1,2,5,6, respectively). Several developmentally regulated
genes and imprinting genes (paternally in blue and maternally in pink) down-regulated in Rev3/~/~ MEFs are indicated on the right. Yellow and blue indicate high
and low mRNA expression levels, respectively.

B Top five biological process gene ontology (GO) terms of genes found down-regulated in Rev3/~'~ MEFs transcriptome analysis.

Volcano plot shows in red genes involved in development and imprinting with high fold changes > 3 (FDR < 0.05).

D Relative mRNA levels of four genes involved in development (Hoxb2, Hoxb8, Hoxb9, and WT1) were validated through qRT-PCR from Reu3!""" and Rev3l™~ MEF
samples. The data were normalized to the amount of GAPDH mRNA. Error bars indicate standard error of the mean for three independent experiments. ***P < 0.001
and **P < 0.005 by Student’s t-test.

E Relative mRNA levels of genes involved in imprinting (paternal expressed genes: DIk1 and Slc18a4 and maternal expressed genes: Dcnl and H19) were validated
through qRT-PCR from Reu3!""" and Rev3l™~ MEF samples. The data were normalized to the amount of GAPDH mRNA. Error bars indicate standard error of the mean
for three independent experiments. ***P < 0.001 by Student’s t-test.

(@}

Source data are available online for this figure.
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gene cluster, including Hoxb2 to Hoxb9 as well as two HoxA genes
(Fig 3A and C). Rev3l inactivation also resulted in the decrease in
expression of approximately 14 genes from imprinted loci (corre-
sponding to 6.8% of down-regulated genes,). These included pater-
nally expressed genes DIkI, Snrpn, Peg3, and Mest (Fig 3A, blue)
and maternally expressed genes HI19, Dcn, Meg3, and Cdknlc
(Fig 3A, pink). WT1 is a well-characterized developmental gene that
is mutated in Wilms’ tumor and was identified as being imprinted
(Schwienbacher et al, 2000). This gene was significantly down-regu-
lated by at least 50-fold in Rev3l™/~ MEFs as compared to control
cells. qRT-PCR from independent cell cultures of Rev3l™~ and
Rev3l"/* MEFs confirmed the down-regulation of multiple HoxB and
imprinted genes (Fig 3D and E).

We next asked whether genes showing altered mRNA expression
in the absence of REV3L are located in genomic regions that
displayed a RT delay. For this, we integrated the data on gene
expression and genome-wide profiling of replication timing. We
found that of the 24 genes (corresponding to 7.6% of deregulated
genes) located in these specific genomic domains (Table 1), all
showed less expression in REV3L-defective cells. These observations
are consistent with the fact that late-replicating genes are often
silenced. However, the majority of deregulated genes do not fall
within disturbed regions of replication timing, indicating that down-

The EMBO Journal

regulation of genes might be a secondary consequence of REV3L
inactivation. Nevertheless, these data suggest that loss of Rev3l
is correlated to dysregulation of genes involved in growth and
development.

In addition to gene expression, various genomic features are
linked to replication timing. These include histone modification,
DNA methylation, DNA repeat sequences, ordered chromatin struc-
ture, and nuclear compartmentalization (Aladjem, 2007; Hiratani
et al, 2008). Changes in replication timing as well as dysregulation
of gene expression in response to Rev3l inactivation prompted us to
assess whether these modifications were associated with variations
in global levels of histone modifications. Total histones from
Rev3[** and Rev3l™/~ MEFs were screened by immunoblotting with
a panel of histone modification-specific antibodies. Rev3! inactiva-
tion resulted in a fourfold up-regulation of histone H3K27 tri-methy-
lation (Fig 4A) and a more than two-fold increase in H3K9me3 and
H3K4me3. While H3K27me3 and H3K9me3 are repressive marks,
H3K4me3 is associated with active genes.

We then examined repressive histone modifications (H3K27me3
and H3K9me3) at gene loci down-regulated in Rev3™/~ MEFs (in-
cluding Hoxb2, Hoxb8, WT1). By ChIP-qPCR, we found that
H3K27me3 and H3K9me3 levels were higher in Rev3l/~ than in
Rev3[™”* MEFs (Fig 4B). In contrast, we observed a trend toward

Table 1. Loci displaying both delay in RT and misregulation in Rev3l~/~ MEFs.

Domain Chr Size (bp) Replication timing domain Gene Misregulation (fold change®)
1 1 1,042,476 TTR Pax3 —357
2 2 2,573,606 TTR Plcb4 —417
3 6 6628 128 TTR Frmd4b —313
4 8 671,566 TTR Hand2 —7.69
5 8 641,165 TTR Lpl —27.03
6 10 567,222 TTR Ptprb —5.56
6 10 567,222 TTR Tspan8 —7.14
7 11 920,184 TTR Meisl —5.56
8 12 487,988 TTR Foxgl —20.41
9 12 548,987 TTR DIkl —6.25
9 12 548,987 TTR Meg3 —5.26
9 12 548,987 TTR Mirg —6.67
10 12 1,372,498 TTR Mycn —5.88
11 13 1,179,925 TTR Sfrp4 —6.25
12 14 671,779 TTR Wnt5a —4.55
13 15 1,054,278 TTR FbxI7 —833
14 15 1,145,389 TTR Has2 —4.55
15 17 808,766 TTR Rftn1 —1235
16 18 402,349 TTR Gatab —12.82
17 18 539,392 TTR Pcdhb20 —3.45
17 18 539,392 TTR Pcdhb21 —5.56
18 18 1,232,897 TTR Ppp2r2b —833
19 19 509,162 TTR Aldhlal —1133
19 19 509,162 TTR Aldhla7 —3.57
°FDR < 0.05.

© 2021 The Authors

The EMBO journal ~ 40: €10454312021 7 of 27



The EMBO Journal

Figure 4.

8 of 27

% of input

(9}

% of input

1X 2X 1X 2X
L A v T o +/+ -I- +/+ - Rev3 MEF
IS 520

S R H3KoK14ac

RSN S H3K4mes

Loading control

Histone methylation Histone acetylation

(H3/H4 total)
151 Hoxb2 Hoxb8
W Rev3L*"
Rev3L’ =
2
10' .E
5 4
5 R,
0- 0
H3 K9me3 K27me3 H3 K9me3 K27me3
10 20 GATAG6
FIRE
E
-5 10
& 5
H3 K9me3 K27me3 H3 K9me3 K27me3
Rev3l
\X \/ \X :
EtBr 32P Maj Sat

The EMBO Journal  40: e104543 | 2021

Fold change
(KO/WT)

Barbara Ben Yamin et al

% of input

8 WT1

H3 K9me3 K27me3

© 2021 The Authors



<

Barbara Ben Yamin et al

Figure 4. Loss of REV3L results in epigenetic changes.

The EMBO Journal

A Total histones were acid extracted from Rev3I"* and Rev3/™/~ MEFs. Samples were analyzed by Western blot using indicated antibodies specific to histone marks
(right panel). An anti-pan H4 or H3 was used as loading control (left panel). Histograms show WT/KO Rev3! fold change relative to the immunoblot shown on the top

panel (using 1x sample intensity).

B Histone mark levels were examined at selected genes repressed in Rev3l~/~ MEFs (Hoxb2, Hoxb8, WT1). Histograms represent enrichment of H3K9me3 and H3K27me3
at indicated loci assessed by ChIP-gPCR in Reu3l"* and Reu3!~~ MEFs. Error bars indicate standard error of the mean for three independent experiments.

C H3K9me3 and H3K27me3 mark levels were evaluated at selected genes that localized in genomic loci displaying replication timing delay and down-regulated in
Reu3I™'~ MEFs (FoxG1, GATA6). Histograms represent enrichment of H3k9me3 and H3K27me3 assessed by ChIP-qPCR at indicated loci in Rev3!"* and Rev3/™~ MEFs.

Error bars indicate standard error of the mean for three independent experiments.

D Southern blot analysis of genomic DNA extracted from Rev3!'* and Rev3!~/~ MEFs and digested with the CpG methylation-sensitive enzyme Maell (5’ -ACGT- 3'). The
membrane was hybridized with radiolabeled probes specific to major satellites. The presented data are representative of two repeats (see Source Data file for this figure).

Source data are available online for this figure.

reduced active marks H3K9ac and H3K27ac in Rev3l™/~ cells
(Appendix Fig S1). We also observed enrichment of repressive
histone marks in gene loci that showed a delay in replication timing
in Rev3l™/~ cells such as FoxGI and GATA6 genes (Fig 4C), support-
ing the idea that the down-regulation of gene expression observed
in Rev3l™/~ cells might be caused by epigenetic silencing.
Constitutive heterochromatin exhibits a chromatin landscape
marked by high levels of H3K9me3, DNA methylation, and histone
hypoacetylation. The pericentromere is a heterochromatic domain
that provides a structural scaffold for centromere formation and plays
a crucial role in genome stability (Allshire & Karpen, 2008). In mouse
cells, pericentromeric heterochromatin consists of ~10° major satellite
DNA repeats that are methylated, decorated by H3K9me3, and
enriched in the heterochromatin protein 1 alpha (HPla) (Maison
et al, 2002). Since we observed an up-regulation of H3K9me3 levels
in Rev3l-deficient cells, we next investigated the DNA methylation
pattern at major satellite repeats. Genomic DNA was extracted from
Rev3I””* and Rev3l™~ MEFs, digested with methylation-sensitive
restriction enzymes Maell, and DNA blots hybridized with major
satellite probes. In Rev3l-deficient cells, a fraction of DNA satellite
was resistant to enzymatic digestion, indicating an increase in DNA
methylation in the absence of REV3L (Fig 4D). Therefore, our data
suggest that REV3L can play a role in the duplication of DNA repeat-
rich pericentromeric regions known to be replicated in mid-to-late S-
phase in mouse cells (Guenatri et al, 2004). Loss of REV3L results in
modification of epigenetic marks in such heterochromatic regions.

Direct interaction of REV3L with HP1 dimer allows REV3L
recruitment at pericentromeric regions

We reasoned that if REV3L is implicated in heterochromatin replica-
tion, it may interact with heterochromatin components. As no
commercially available antibodies can detect endogenous REV3L,
we generated a MEF cell line with an alteration at the genomic Rev3l
locus so that endogenous REV3L protein harbors a 3X-Flag tag
(Flag-REV3L) (Fig EV3A). We first verified that we were able to
detect endogenous Flag-REV3L protein in this cell line (Fig EV3B
and C). We then used co-immunoprecipitation to examine interac-
tion of REV3L with heterochromatin proteins. We found
that both HP1a and ATRX, a chromatin remodeling protein known
to localize in heterochromatin (Eustermann et al, 2011), co-
immunoprecipitated with REV3L. As positive control, we confirmed
that REV7, the regulatory subunit of Pol{, was also co-immunopre-
cipitated (Fig 5A).

© 2021 The Authors

To strengthen these observations, we performed a proximity liga-
tion assay (PLA) that detects protein associations within 40 nm. As
expected, we observed specific PLA signals between REV7 and Flag-
REV3L in the nucleus. We also detected PLA signals between HP1la
and Flag-REV3L (Figs SB and EV3D). We then tested whether
REV3L was spatially close to particular modified histone marks. We
found REV3L enriched in proximity to H3K9me3, H3K27me3,
H3K4me3, H4K20me3, but not to H3K9ac (Figs 5C and EV3E).
Together, these results show that REV3L localizes in heterochro-
matin regions and interacts with heterochromatin proteins and
repressive histone marks.

To better characterize the molecular mechanisms linking Poll/
REV3L to heterochromatin, we examined the subcellular localiza-
tion of REV3L. In mouse cells, pericentromeric heterochromatin
(PHC) domains are easily identified by their intense DNA staining
with the dye DAPI. They are clearly discernible during interphase
when major satellites from different chromosomes associate with
form clusters (so called chromocenters) that co-localize with HP1a
(Maison et al, 2002). To explore REV3L subcellular localization, we
generated a panel of eGFP-tagged REV3L truncated proteins (Fig 5D,
upper panel). All constructs were detected mainly in the nucleus
and localized into chromocenters, visualized by dense DAPI staining
(Fig 5D, lower panel). Interestingly, the smaller REV3L construct
(REV3L7®171:029) consisting of 268 residues was sufficient to target
most, if not all the fusion protein into the nucleus, suggesting that
this polypeptide fragment contains a putative nuclear localization
signal (NLS); the amino acid sequence KSRKRRKMSKKLPP at posi-
tion 960-973 is a good candidate (Nguyen & Lavenier, 2009). More
importantly, this small construct is also sufficient to target fusion
protein into chromocenters. We then confirmed that location in PHC
by visualizing the colocalization of REV3L7*'"1"%%° with HP1la and
H3K9me3 by immunofluorescence (Fig 5E). In the mouse, the asso-
ciation of HPlo at pericentromeric heterochromatin is severely
compromised in cells lacking the H3 Lys9 methyltransferases,
Suv39h1 and Suv39h2 (Peters et al, 2001). We therefore investigated
REV3L localization in Suv39h double-null (dn) cells. HP1a was no
longer enriched at PHC in the Suv39h dn cells as previously reported
(Maison et al, 2002). Likewise, REV3L7611:029 displayed a diffuse
staining throughout the nucleus (Fig EV4A). We also observed that
REV3L7¢"1-9% staining was disrupted when cells were treated with
trichostatin A (TSA), a histone deacetylase inhibitor which rever-
sibly increases the acetylation level of histone H3K9 at pericen-
tromeric regions. In TSA-treated cells, HPlo dissociates from
heterochromatic domains (Taddei et al, 2001), and REV3L76!1:029
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Figure 5. REV3L localizes in heterochromatin through a direct interaction with HP1 dimer.

A Asynchronous MEFs expressing Flag-tagged REV3L from the endogenous locus were lysed, and REV3L was immunoprecipitated using anti-Flag (M2) antibodies. Co-
immunoprecipitated proteins were analyzed by immunoblotting using the indicated antibodies. *: 1gG light chain. This experiment was repeated 2—-4 times.

B Asynchronous MEFs expressing Flag-tagged REV3L were subjected to in situ proximity ligation assay (PLA) to test the interactions REV3L-REV7 and REV3L-HPlo.
Nuclear foci were quantified (more than 150 nuclei for each condition were counted). Reactions omitting one of the primary antibodies were used as negative
controls. Horizontal bars show the mean. Mann—-Whitney test, ns: not significant, ***P < 0.001. Experiments were repeated three times.

C Asynchronous MEFs expressing Flag-tagged REV3L were subjected to PLA to test the interactions REV3L-H4K20me3, REV3L-H3K9me3, REV3L-H3K27me3, REV3L-
H3K4me3, and REV3L-H3K9ac. Nuclear foci were quantified as in (B). Horizontal bars show the mean. Mann—-Whitney test, ns: not significant, ****P < 0.0001. Three

independent experiments were performed.

D Schematic representation of human REV3L and truncated constructs. Conserved domains between yeast and human REV3L are in black blue (the N-terminal domain,
1-333 aa) and in green (the catalytic domain, 2,276-3,130 aa), the REV7 interacting domains are in red (1,880-2,001 aa). A large region in royal blue not found in
yeast protein is almost exclusively encoded by exon 14. All the truncated constructs lack the NTD domain and were fused to GFP. MEFs cells were transiently
transfected with various GFP-REV3L constructs and fixed with 4% formaldehyde. The distribution of the GFP-REV3L mutants was detected by autofluorescence, and

nuclei were visualized using DAPI staining. Scale bar = 5 um.

E  MEFs cells were transiently transfected with GFP-REV3L"®* 9% and fixed with 4% formaldehyde. The distribution of GFP- REV3L"®* % was detected by
autofluorescence (green), chromocenters were visualized by H3K9me3 immunostaining (red, top panel) or HP1a (red, bottom panel), and DNA was counterstained
with DAPI. Line scans represent the colocalization of proteins within each image (right panels). Scale bar = 5 pum.

F Sequence alignment of proteins containing the PxVxL motif important for an interaction with HP1, with canonical residues shown in red.

MEFs cells were transfected with GFP-REV3L’®*9%° WT PSWL or ASAVA mutant and fixed with 4% formaldehyde. The distribution of GFP-REV3L constructs was
detected by autofluorescence (green), chromocenters were visualized by HP1a immunostaining (red), and DNA was counterstained with DAPI. Scale bar = 10 um.

H Human 293T cells were transfected with either FH-REV3L’°°°° mutant V802D F-H-REV3L7°°~°%° or empty vector. Forty-eight hours after transfection, cell lysates
were made and used for immunoprecipitation with HP1 antibody. Western blot was processed, and membranes were immunoblotted with the indicated antibodies.

| 293T cells were co-transfected with F-H-REV3L7°%-%° or empty vector and V5-HP1y, mutant IY/EE V5-HP1y or empty vector. Forty-eight hours after transfection, cell
lysates were made and used for immunoprecipitation with a-V5 antibody. After electrophoresis, samples were immunoblotted with anti-HA, anti-HP1y, or anti-o-

Tubulin as indicated.

] 293 cells were transfected with various GFP-REV3L constructs or empty vector (GFP). Twenty-four hours after transfection, cell lysates were made and GFP-REV3L was
affinity-purified on GFP-Trap beads. After electrophoresis, samples were analyzed by immunoblotting with antibodies against SCAI or HP1f as indicated.

K MEFF128REV3L \vere transfected with various GFP-SCAI constructs, empty vector (GFP), or not transfected (@). Twenty-four hours after transfection, cell lysates were
made and Flag-REV3L was affinity-purified on M2 beads. After electrophoresis, samples were analyzed by immunoblotting with antibodies against GFP or Flag (M2).

*: non-specific bands.

Source data are available online for this figure.

followed this distribution (Fig EV4B). The localization to chromo-
centers was re-established rapidly after drug removal. Collectively,
these results strongly suggest that HPla is required for targeting
REV3L to pericentromeric heterochromatin.

We therefore assessed whether REV3L directly interacts with
HP1la. The chromoshadow domain of HP1a interacts with proteins
containing a pentapeptide motif, PxVXL (Murzina et al, 1999; Thiru
et al, 2004). Such a motif is present at position 800-804 in the 268-
amino acid polypeptide (REV3L7®""1%2%) that can target pericen-
tromeric heterochromatin (Fig 5F). The PxVXL sequence and the
putative NLS in this region are both completely conserved in verte-
brate REV3L [(Fig EV4C) and Appendix Fig S1 in Lange et al,
2016)]. We tested whether this motif was critical for REV3L localiza-
tion into chromocenters by introducing point mutations in the
PSVVL motif. Localization of a transfected mutant GFP fusion
protein (e.g., ASAVA) was strongly impaired (Fig 5G). Two alterna-
tive candidate PxVxL motifs are present near the C-terminus of
REV3L. The expression of a REV3L construct containing these two
motifs (GFP-REV3L*7327313%) in mouse cells showed a diffuse stain-
ing in both nucleus and cytoplasm (Fig EV4D), indicating that these
motifs alone cannot target REV3L at PHC. Taken together, these
data reveal that the PxVXL motif at position 800-804 is important
for REV3L localization at pericentromeric heterochromatin.

To confirm a direct interaction between REV3L and HP1, we
performed a GST pull-down assay by using fusion polypeptides puri-
fied from E. coli. GST-XPA was used as negative control. While
GST-REV3L7%°°% constructs bound to His-HP1a and His-HP1y, the
V802D mutant REV3L°°°% did not (Fig EV4E), demonstrating that
REV3L directly interacts with HP1 via its PxVXL motif at position

© 2021 The Authors

800-804. We confirmed these results by transfecting 293T cells with
plasmids expressing F-H-REV3L7%%°%° V802D F-H-REV3L7%°°% or
empty vector. WT REV3L7%°9% byt not the mutant co-immunopre-
cipitated using HP1y antibody (Fig 5H).

Homodimerization of HP1 through its chromoshadow domain is
critical for HP1 binding of H3K9me3 chromatin and chromatin
condensation (Hiragami-Hamada et al, 2016). To gain insight into
the molecular interaction between REV3L and HP1, we asked
whether HP1 dimerization is mandatory for REV3L interaction with
HP1. 293T cells were co-transfected with F-H-REV3L7°°% or empty
vector and V5-HPly, IY165-168EE V5-HP1ly mutant (unable to
dimerize), or empty vector. We found that dimerization of HP1 is
required for its interaction with REV3L (Fig 5I). We confirmed this
result using F-H-tagged full-length REV3L (Fig EV4F). These results
suggest that REV3L binds HP1 when HP1 forms condensed
H3K9me3-modified chromatin.

We then evaluated at the endogenous level whether REV3L inter-
acts with HP1 only at chromocenters, or also in heterochromatic
regions dispersed in the genome. For that, we used images acquired
for REV3L-HP1 PLA quantification (Figs 5B and EV3D) and deter-
mined the localization of each signal in the nucleus (Fig EV4G).
Given that replication of pericentromeric regions occurs mainly at
the surface of the chromocenters where PCNA is located (Quivy
et al, 20042004), we distinguished foci “In/around” of chromocen-
ters with foci “Out” of chromocenters. We used DAPI density to
recognize these structures. We determined the localization of
REV3L-HP1 PLA signals in 115 nuclei. We observed that 41/115
cells (36%) have > 2 REV3L-HP1 PLA foci in/around chromocen-
ters, suggesting that REV3L interacts with HP1 in pericentromeric
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regions in one third of cells which probably undergo DNA replica-
tion. The mean of REV3L-HP1 PLA foci in and out of chromocen-
ters/nucleus was 1.25 and 4.4, respectively (Fig EV4G), consistent
with the idea that REV3L interacts with HP1 in pericentromeric hete-
rochromatin, but also in other heterochromatic regions localized
throughout the genome. To further explore specific interactions of
REV3L with heterochromatin, we examined the HP1-binding protein
SCAI (suppressor of cancer cell invasion; C9orfl126) (Nozawa et al,
2010). SCAI functions in connection with 53BP1 to mediate ATM-
dependent DSB signaling in heterochromatin (Hansen et al, 2016).
A mass spectrometry-based approach identified REV3L as a high-
confidence SCAI interactor (Appendix Fig S1 in Isobe et al, 2017).
We validated the REV3L-SCAI interaction by co-immunoprecipita-
tion with GFP-tagged REV3L constructs (Fig 5J). These experiments
showed that SCAI-REV3L interaction is mediated by a region in
REV3L between amino acids 1,030-1,876. HP1p was used as posi-
tive control for its interaction with residues 800-804 in REV3L.
Further, full-length SCAI, but not SCAI'2%* or SCAI'™**?, can be co-
immunoprecipitated with endogenous REV3L (Fig 5K), indicating
an interaction of REV3L with the C-terminal part of SCAIL

REV3L facilitates replication through pericentromeric
heterochromatin, preventing DNA double-stranded breaks

These observations prompted us to investigate whether Pol{/REV3L
may facilitate DNA replication at pericentromeric heterochromatin.
DNA combing coupled with PNA probe hybridization was
performed to specifically analyze pericentromeric fibers indepen-
dently from bulk DNA fibers by using pericentromeric Satellite III
(SatIll) repeats as probe (5-TGGAA). We found that depletion of
REV3L in HeLa cells resulted in shorter nascent DNA tracks and an
increased fork ratio at Satlll regions, indicating that REV3L loss
impairs fork progression at pericentromeric regions (Fig 6A). In
contrast, REV3L depletion does not have a major effect on genome
replication dynamics globally. However, a slight but significant

Barbara Ben Yamin et al

increase in fork ratio was observed at globally after REV3L deple-
tion, suggesting that Pol{/REV3L might assist replication of genomic
regions in addition to pericentromeric heterochromatin.

Given that REV3L loss leads to genomic instability and chromo-
some breaks (Wittschieben et al, 2000), we asked whether DNA
double-stranded breaks (DSBs) occur in heterochromatin regions.
We first used PLA to examine whether DSB markers 53BP1 and
YH2AX were spatially close to the heterochromatin-associated
factor HP1 in Rev3l™/~ cells. We observed that specific PLA signals
between 53BP1 and HP1a (Fig 6B) and YH2AX and HP1p (Fig 6C)
were higher in Rev3l™/~ cells than in Rev3["/" cells in unchallenged
conditions. We confirmed these observations in human cells after
depleting REV3L in RPE and HeLa cells (Fig 6D and E, respec-
tively). These results suggest that DNA replication forks in hete-
rochromatic regions might be prone to collapse in the absence of
Pol{/REV3L.

Thus, we explored the consequences of REV3L depletion on
PHC stability. DNA fluorescence in situ hybridization was
performed on metaphase chromosome spreads using major satel-
lite DNA as probe. For spontaneous breaks (in the absence of
aphidicolin), a Rev3l defect elevates the frequency of breaks ~20-
fold in pericentromeric regions (Fig 6F, upper panel), and about
10-fold in non-pericentromeric regions (Fig 6G). The consequence
of Rev3l disruption is thus highly biased toward pericentromeric
breaks, indicating an especially important function of Pol  in
PHC. A variety of abnormalities were observed in PHC, including
breaks/gaps, loss, duplication, and rearrangement (Fig 6F, lower
panel). Exposure to aphidicolin (causing fork slowing) increases
breaks in all regions. In PHC, the increase is Rev3l-dependent
(Fig 6F), indicating that pol { is also particularly important in PHC
for limiting the frequency of aphidicolin-stimulated breaks. In
non-pericentromeric regions, Rev3l status did not affect the aphidi-
colin-stimulated frequency, showing that other mechanisms are
effective globally in preventing the additional breaks initiated by
aphidicolin.

Figure 6. REV3L facilitates replication in pericentromeric heterochromatin, preventing DNA double-stranded breaks.

A Representative fibers of newly synthesized DNA labeled with IdU (red) for 30 min and CldU (green) for 30 min in Hela cells transfected with non-targeting siRNA
(SINT) or siRNA against Reu3l. Satlll probe is visualized in blue. Scale bar: 10 um = 20 kb. Relative Rev3l mRNA level normalized to GAPDH mRNA level is shown (top
panel). Distribution of fork speeds (kb/min) and fork ratios (IdU/CIdU track length) are shown in dot plots for Satlll and global DNA (bottom panel). The number of
fibers analyzed is indicated in (n). Bars represent the median =+ interquartile range (Mann-Whitney test. ns: not significant, *P < 0.05; **P < 0.01, ***P < 0.001 and

****p < 0.0001). The presented data are representative of three biological repeats.

B Asynchronous Rev3l** and Rev3l™~ MEFs were fixed with PFA then subjected to in situ proximity ligation assay (PLA) using 53BP1 and HP1a antibodies; then, PLA
foci were counted in both cell lines (more than 150 nuclei for each condition were counted). P-values were calculated by Mann-Whitney test (****P < 0.0001). Red
lines indicate the mean values. Error bars: SEM. Controls with a single antibody are also shown. Experiments were repeated three times. Representative images are

shown. Scale bar = 5 pum.

C  Asynchronous Rev3l"* and Rev3l~~ MEFs were subjected to PLA as by using YH2AX and HP1p antibodies and processed as in (B). P-values were calculated by
Mann-Whitney test (*P < 0.05). Red lines indicate the mean values. Error bars: SEM. Controls with a single antibody are also shown. Three independent

experiments were performed.

D  RPE cells were transfected with non-targeting siRNA (siNT) or siRNA against Reu3l; then, 72 h later cells were subjected to PLA by using 53BP1 and HP1a antibodies
and processed as in (B). P-values were calculated by Mann-Whitney test (****P < 0.0001). Red lines indicate the mean values. Error bars: SEM. Three independent

experiments were performed.

E  Hela cells were transfected with non-targeting siRNA (siNT) or siRNA against Rev3l; then, 72 h later cells were subjected to PLA by using 53BP1 and HP1a
antibodies and processed as in (B). P-values were calculated by Mann-Whitney test (***P < 0.001). Red lines indicate the mean values. Error bars: SEM. Three

independent experiments were performed.

F.G Reu3l"" and Rev3l~/~ MEFs were incubated with or without 0.23 pM aphidicolin for 24 h before metaphase spreading. FISH was performed using major satellite
probe to quantify breaks in pericentromeric regions (F). Representative images of chromosomes showing abnormalities (see arrows) in pericentromeric regions from
Rev3/™'~ MEFs. Chromosomes were labeled with DAPI, and breaks in non-pericentromeric regions were quantified (G). Error bars indicate standard error of the
mean for three independent experiments. Mann—Whitney test (ns: not significant, *P < 0.05; ***P < 0.001).
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Reu3lI-deficient cells show increased number of
genomic deletions

To gain deeper insight into the role of Pol{/REV3L in preventing DSBs
and genomic instability at the genome-wide level in mammalian cells,
we characterized structural variations that arise upon loss of Rev3l.
Whole-genome sequencing from subclones of Rev3l-deficient MEFs
was analyzed (Fig 7A). We identified in total 102 structural variants,
including 66 deletions, 13 inversions, 10 duplications, and 13
complex events from 4 samples (Fig 7B), using both GRIDSS2 and
Manta algorithms (see Materials and Methods). The mean deletion
size was 2,092 bp and ranged from 55 to 9,115 bp. Importantly, we
found 61 deletions in Rev3!/~ samples and only 5 in Rev3l”"
samples (95%CI = 7.6-13.4, P-value < 2.2e-16, Poisson test) and the
number of deletions was consistent between replicates (Fig 7C). Note
that none deletion was shared between samples, suggesting that they
occurred during independent cell cultures. Moreover, the size of the
deletions that accumulate in Rev3l™/~ cells was within a rather
narrow range, with 21 deletions (34 %) smaller than 1,000 bp.

We then correlated deletions with replication timing observed in
Rev3l™/~ cells and found that deletions were preferentially localized
in late-replicating regions as well as in domains for which replica-
tion timing was disturbed in the absence of REV3L (Fig 7D). Given
that heterochromatic regions (facultative and constitutive) replicate
in mid- and late S-phase, we assume that deletions found in Rev3l™""
~ mouse cells might be initiated by replication-associated DSBs that
arise when replication forks stall and collapse in difficult-to-replicate
heterochromatic regions.

Loss of REV3L compromises heterochromatin-associated
DSB repair

The results above imply that spontaneous DSBs originate in Rev3l-
deficient cells, at least partly, as a consequence of inefficient replica-
tion fork progression through heterochromatin. However, it has
been proposed that Pol{/REV3L can also facilitate DSB repair by
homologous recombination (Sharma et al, 2012). Therefore, the
high level of DSBs in the absence of Pol could be due to a combina-
tion of increased replication-associated DSBs and inefficient repair
of those breaks.

To investigate the effect of Pol{/REV3L in regulating repair of
heterochromatin-associated DSBs, we challenged MEFs with UV
radiation. This should lead to enhanced replication-associated DSBs
in Rev3l™/~ cells (Sonoda et al, 2003). DSB signaling and repair
were monitored in several ways. Phosphorylation of the Kruppel-
associated box (KRAB)-associated co-repressor, KAP1 by ATM in
response to DSBs, occurs during DNA repair in heterochromatin
(Goodarzi et al, 2008). There was a marked increase in S824-phos-
phorylated KAP1 from 2 J/m? in Rev3l™/~ MEFs (Fig 8A and B)
which remained elevated 24 h after UV irradiation. In contrast,
induction of pKAP1 required higher doses in Rev3["* MEFs and
Rev3l™/~ cells complemented with REV3L, and largely disappeared
after 24 h. This suggests that heterochromatin-associated DSBs
accumulate in UV-irradiated cells when Pol{ is missing. Moreover,
Rev3l™~ cells had increased activation of phosphorylated (S4-S8)
RPA2 (an indicator of resection at DSBs), and a persistent level of
pCHKI1 (Fig 8A and B). Similar results were obtained in human cells
after down-regulating REV3L in HeLa and RPE cells (Fig EVS5).
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We further examined the dynamics of DSB formation and repair
by single-cell immunofluorescence. Following irradiation with 4 J/
m?, the levels of 53BP1 foci in EAU" cells slightly increased 6 h after
UV exposure in Rev3l-proficient cells and returned to a basal level
24 h later (Fig 8C and F). In Rev3l~/~ cells in S-phase, 53BP1 foci
accumulated at 5.6-fold higher levels 24 h post-UV.

To assess a potential defect in Rev3l-deficient cells to complete
DNA repair by homologous recombination (HR), we quantified the
level of resection indirectly by measuring levels of chromatin-bound
RPA2 in individual cell nuclei 24 h after UV irradiation. In agree-
ment with pRPA2 immunoblots, we observed that chromatin-bound
RPA2 was 3.6-fold higher in cells lacking REV3L than in wild-type
cells (Fig 8D and G). We also evaluated RAD51 focus formation, an
indicator of HR initiation. Twenty-four hours after UV exposure,
RADS1 foci were elevated 3-fold in Rev3l-deficient MEFs compared
with wild-type cells (Fig 8E and H). This suggests that Pol{/REV3L
may be required for efficient completion of DSB repair by HR.

Discussion
Pol{ contributes to heterochromatin replication and repair

This study unveils a direct role for mammalian Pol{/REV3L in repli-
cation and repair in heterochromatin. Several lines of evidence point
toward this conclusion, summarized in Fig 8I. First, inactivation of
Rev3l drives an elevated number of breaks and structural variations
in heterochromatic regions, particularly deletions that likely arise as
a consequence of replication fork stalling or collapse occurring
during DNA replication. Second, Pol{/REV3L influences replication
fork progression in pericentromeric heterochromatin. REV3L-
compromised cells exhibited a marked decrease in fork speed at
pericentromeres which contain highly repeated DNA sequences
embedded into compacted chromatin, making them difficult to repli-
cate. A disruption of replication timing at specific loci mainly
located in TTR may also be ascribed to heterochromatin replication
and repair-associated functions of Pol{. Third, we show that Pol{
directly interacts with specific components of heterochromatin
including HP1 and SCAI. Fourth, we show that REV3L disruption is
correlated with changes in epigenetic landscape and transcriptional
control of developmentally regulated genes.

Pol¢/REV3L interacts with heterochromatin proteins

We found that REV3L directly interacts, via a central PxVxL motif,
with the heterochromatin component HP1. Dimerization of HP1 is
necessary for interaction with REV3L, indicating that such binding
occurs only when HP1 is engaged on chromatin through its reader
interaction with H3K9me3 (Hiragami-Hamada et al, 2016). The
PxVxL motif located at positions 800-804 in the human REV3L
sequence is embedded in a larger region that is well-conserved in
vertebrates but absent in invertebrate and fungal genomes. This
indicates that the heterochromatin targeting of Pol described in this
study evolved in concert with larger genomes having more complex
controls. The REV7 subunit also is associated with HP1a (Tomida
et al, 2018), suggesting another mode of interaction of Pol{ with
heterochromatin. It is not yet known whether Poll associates with
the replisome to duplicate heterochromatin regions. The replisome

© 2021 The Authors
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Figure 7. Rev3I-deficient cells show numerous genomic deletions.

A Experimental design for the whole genome sequencing of Rev3I-deficient cells. Populations of mouse embryonic fibroblasts Reu3!™"" and Rev3I™~ were isolated from
Reu3l™* and Reu3I™ % |ittermates, and Rev3! was excised using CRE recombinase. The resulting Rev3/-deficient cells and Rev3l™* cells were expanded for 90
doublings. Rev3I™* and Rev3/~~ subclones were then isolated for deep sequencing.

B Percentage of rearrangements (deletions, duplications, and inversions) identified in Rev3/™" and Rev3/~~ subclones.

Size distribution of the deletions detected in Rev3!”" and Rev3/™~ subclones. Poisson test. Deletions were counted from four independent clones.

D Distribution of the deletions detected in Rev3I™'~ subclones related to the replication timing in deletions per megabase. Difference between late and early regions is
statistically significant (P = 0.01454, Poisson test with the correction for different length of intervals through the ratio). Data were calculated from two independent
clones.
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Figure 8. REV3L loss compromises heterochromatin-associated DSB repair.

H+H/+

A Asynchronous Rev3/
with indicated antibodies.

The EMBO Journal

and Rev3/™'~ MEFs were UV-irradiated at the indicated doses and harvested 6 or 24 h later. Cell lysates were analyzed by immunoblotting

B Asynchronous Rev3l~'~ MEFs complemented with empty vector (EV) or REV3L were UV-irradiated at the indicated doses and harvested 6 or 24 h later. Cell lysates

were analyzed by immunoblotting with indicated antibodies.

C-E Asynchronous Rev3l"* and Rev3l~'~ MEFs were pulse-labeled for 15 min using 10 uM EdU then UV-irradiated at 4 J/m Cells pre-treated with CSK buffer were
fixed, and 53BP1, RPA, and RAD51 were detected by immunofluorescence. Representative images in non-irradiated cells (NI) and quantification of 53BP1 foci in
EdU-positive cells at different time points are shown (C). Scale bar = 10 um. Quantification of the intensity of chromatin-bound RPA2 (D) and RAD51 foci (E) 24 h
after UV irradiation was performed. The number of cells analyzed is indicated in (n) on each graph. ***P < 0.001 (Kruskal-Wallis test). The presented data are

representative of 2 repeats. Bars represent the median + interquartile range.

F-H Asynchronous Rev3l~'~ MEFs complemented with empty vector (EV) or REV3L were processed as in (C). Quantification of 53BP1 foci in EdU-positive cells at
different time points is shown (F). Quantification of the intensity of chromatin-bound RPA2 (G) and RAD51 foci (H) 24 h after UV irradiation was performed. The
number of cells analyzed is indicated in (n) on each graph. ***P < 0.001 (Kruskal-Wallis test). The presented data are representative of two repeats. Bars represent

the median =+ interquartile range.
| Model that summarizes the results obtained in this study.

Source data are available online for this figure.

may change throughout the S-phase to assist conventional DNA
polymerases to duplicate challenging areas of the genome such as
compacted heterochromatin. Potentially, targeting of REV3L to hete-
rochromatin could facilitate a proposed catalytic subunit switch with
Pold, mediated by PCNA and the shared POLD2 and POLD3 subunits.
The interaction of the DONSON protein and the FANCM translocase
with the replisome complex is dependent on replication timing and
chromatin environment (Zhang et al, 2020). Further, progression of
replication forks through pericentromeric heterochromatin is also
facilitated by the shelterin subunit TRF2, in association with the heli-
case RTELl1 (Mendez-Bermudez et al, 2018). Investigation is
warranted to define whether REV3L/Pol{ works together with TRF2
and RTELLI to facilitate fork progression in heterochromatic regions.

Pol{ limits heterochromatin-associated DSBs

Our data also show that Rev3l-deficient MEFs exhibit an increased
incidence of deletions, preferentially in late-replicating regions. This
is consistent with the observed ~10-fold increase in the frequency of
DNA double-stranded breaks and chromosome rearrangements in
such MEFs (Lange et al, 2013, 2016), similar to the spectrum of
changes in HR-deficient MEFs (Wittschieben et al, 2006). The
present study shows that many spontaneous DSBs originate during
replication of pericentromeric heterochromatic regions. We also
provide evidence that Rev3l inactivation compromises repair of hete-
rochromatin-associated DSBs. Low doses of UV radiation provoke
replication-associated DSBs, leading to a massive increase of
sustained 53BP1 foci in S-phase, but also markers of HR including
pRPA2 and RADS1 foci. One hypothesis to explain the high level of
these breaks can be the delay in repair caused by saturation of the
repair machinery in Rev3l KO cells. Alternatively, Pol{/REV3L might
be required for efficient HR-associated DNA synthesis to complete
DSB repair (Sharma et al, 2012). There is evidence that Pol{-medi-
ated DNA synthesis occurs during DSB repair in some settings in dif-
ferent organisms (Kane et al, 2012) (Martin & Wood, 2019). The
contribution of specific DNA polymerases in HR-associated DNA
synthesis may be subject to temporal control of replication and to
chromatin composition. Indeed, our results showed that Rev3I-defi-
cient cells fail to efficiently resolve DSBs in heterochromatin, with a
pronounced persistence of S824-phosphorylated KAP1, known to
facilitate chromatin decondensation and allows efficient DSB repair

© 2021 The Authors

in heterochromatin (Goodarzi et al, 2008). Consistent with this, we
demonstrated that REV3L interacts with the SCAI protein, a media-
tor of 53BP1-dependent repair of heterochromatin-associated DSBs
(Hansen et al, 2016). By interacting with 53BP1, SCAI counteracts
RIF1 function, facilitating BRCAl-mediated repair (Isobe et al,
2017). Future studies may determine the mechanisms by which
Pol({/REV3L is involved in the repair of heterochromatin-associated
DSBs by interaction with SCAL.

Absence of Pol( disrupts replication timing at specific loci

We found that REV3L loss perturbs the temporal replication program
in mouse and human cells, which might be a consequence of fork
progression alterations. The replication-timing defect affects only
specific areas, mainly in temporal transition regions, corresponding
to 5.7% of the whole genome in Rev3l-deficient mouse cells. This is a
contrast to the change in replication patterns following inactivation of
RIF1, with a shift in replication timing in over 40% of all replication
segments (Cornacchia et al, 2012; Hayano et al, 2012). Our data indi-
cate an involvement of REV3L/Pol{ in the replication of particular
TTRs that lie between early-replicating DNA and late-replicating DNA
and, therefore, often replicate in mid-to-late S-phase. Consistent with
this, pericentromeric heterochromatin is replicated in mid-to-late S-
phase in mouse cells (Guenatri et al, 2004; Natale et al, 2018). Repli-
cation in TTR is achieved by either sequential activation of a series of
origins (Guilbaud et al, 2011) or sequential activation of single long
unidirectional fork that initiates at an adjacent early origin (Norio
et al, 2005; Hiratani et al, 2008; Schultz et al, 2010). It has been
reported that the replication machinery propagates at a slower veloc-
ity in some TTRs (Farkash-Amar et al, 2008; Desprat et al, 2009;
Donley & Thayer, 2013), suggesting that one major consequence is an
increase in the probability of replication fork stalling and breaks as
has been proposed for fragile sites (Watanabe & Maekawa, 2010;
Letessier et al, 2011; Ozeri-Galai et al, 2014). Consistent with this,
Rev3l-deficient MEFs exhibit genomic deletions in perturbed TTR.

Potential contribution of REV3L/Pol( to the mutation rate in
late-replicating heterochromatic regions

A growing body of evidence suggests that the replication-timing
program strongly influences the spatial distribution of mutagenic
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events during both species and cancer evolution with an increasing
gradient of single-nucleotide substitutions that correlate with late-
replicating heterochromatic regions (Stamatoyannopoulos et al,
2009; Koren et al, 2012; Schuster-Bockler & Lehner, 2012). Given
the error-prone activity of Pol, our results suggest that REV3L/Pol(
may contribute to this increased mutation rate in heterochromatic
regions which are relatively poor in transcribed genes. This is
consistent with a bioinformatic analysis showing that mutations
related to Pol{ signature increase in late-replicating regions of the
human genome (Seplyarskiy et al, 2015). Moreover, experiments in
yeast established that late-replicating regions of the genome also
have higher rates of spontaneous mutagenesis than early-replicating
regions. Deletion of yRev1 significantly lowers mutation rate specifi-
cally in these late-replicating regions, suggesting that Revl/Pol{
complex is involved in the gradient of mutagenesis in lower eukary-
otes (Lang & Murray, 2011).

REV3L loss impacts the epigenetic landscape and
transcriptional program

The majority of disturbed regions in Rev3l-deficient mouse cells
(> 80%) replicate later than in wild-type cells, suggesting hete-
rochromatinization of these regions that shifts their replication
timing. We further found that the inactivation of Rev3! affects epige-
netic landscape and transcriptional program in mouse cells, with a
substantial increase in H3K27me3 levels and, to a lesser extent,
H3K9me3 and H3K4me3. This may be linked to DSB repair
processes. Heterochromatin factors including KAP1, HP1, and the
H3K9 methyltransferase Suv39hl accumulate rapidly and tran-
siently at DNA damage sites, in both euchromatic and heterochro-
matic regions (Lemaitre & Soutoglou, 2014; Nikolov & Taddei,
2016). Moreover, polycomb proteins involved in gene silencing at
facultative heterochromatin are also recruited to DSB sites, where
they are thought to switch off transcription to facilitate DSB repair
(Vissers et al, 2012; Ui et al, 2015). Thus, continued DSB formation
in Rev3l-deficient cells might result in a “heterochromatinization” at
particular genomic regions. Interestingly, the TLS polymerase REV1,
a key partner of Polf, also influences the epigenetic landscape.
During DNA replication, REV1 is required for the maintenance of
repressive chromatin marks and gene silencing in the vicinity of G4
structure in DT40 chicken cells (Sarkies et al, 2010). Moreover,
REV7 has been shown to function in epigenetic reprogramming by
interacting with the G9a/GY9a-like protein (GLP) histone lysine
methyltransferase complex which catalyzes H3K9 mono- and
dimethylation (Pirouz et al, 2013).

Our transcriptome analysis revealed that Rev3l-deficient cells
repress numerous genes, known to contain bivalent promoters such
as multiple Hox genes which are regulated by H3K27me3/H3K4me3
(Sachs et al, 2013). Whether REV3L/Pol( contributes to H3K27me3
regulation during DNA replication is largely unexplored. Of note,
the large majority of the genes whose expression is down-regulated
by Rev3l deletion do not fall within disturbed regions of replication
timing. One possibility is that gene repression is due to the hete-
rochromatinization of the loci that undergo continued DSBs repair.
This implies that DSBs induced by Rev3! inactivation occur not only
in heterochromatin, but also in euchromatin. We also found that
several imprinted genes are down-regulated in the absence of
REV3L. Rajewsky and colleagues suggested that the overall
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phenotype of Rev3l~/~ embryos appears comparable to androgenetic
embryos (Fundele & Surani, 1994), raising the possibility that Pol{
participates in imprinting establishment (Esposito et al, 2000).
Thus, our results on the transcriptional program in Rev3l-deficient
mouse cells may partially explain the embryonic lethality observed
in Rev3l KO mice.

Conclusion

Unique among translesion synthesis DNA polymerases, Pol{ is
essential during embryogenesis and cell proliferation (Wittschieben
et al, 2000; Lange et al, 2012, 2018). However, the mechanisms of
essentiality under normal growth conditions have not been clear.
This study shows that Pol{ prevents spontaneous chromosome
break formation, rearrangements, and deletions in pericentromeric
regions by facilitating fork progression, and may also operate in
heterochromatin-associated DSB repair. Altogether, these results
reveal a new function of Pol{ in preventing chromosome instability
during replication of heterochromatic regions possibly at the
expense of increased mutations in late-replicating regions found in
numerous tumors.

Materials and Methods

Cell culture and treatment

Immortalized mouse embryonic fibroblast (MEF) Rev3l™/~ and
Rev3I"* were previously described (Lange et al, 2012) and were culti-
vated in D-MEM (Dulbecco’s modified Eagle medium; Gibco) contain-
ing 100 U/ml penicillin, 100 pg/ml streptomycin, and 10% fetal calf
serum (FCS) in an atmosphere containing 5% CO,. MEFs expressing
functional REV3L with a 3X-Flag epitope tag at the endogenous locus
were derived from knock-in mice as described below. Rev3l~/~ MEFs
complemented with POZ empty vector (clone 4-5 POZN Cl2) or POZ-
hREV3L (clone 4-5 POZRev3l2 Cl H11) have been previously
described (Lange et al, 2016). Suv39h double-null MEFs kindly
provided by T. Jenuwein and NIH3T3 cells (ATCC) were cultivated in
D-MEM supplemented with 10% FCS, 100 U/ml penicillin, and
100 pg/ml streptomycin. hTERT RPE-1 cells (ATCC) were grown in
D-MEM/F-12 (Gibco) supplemented with 10% FCS, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. HeLa cells (ATCC) were culti-
vated in D-MEM containing sodium pyruvate, penicillin/
streptomycin, and 10% FCS. All cell lines were incubated at 37°C in a
5% CO, atmosphere and were regularly tested for mycoplasma.

For UVC irradiation (254 nm), cells were rinsed in pre-heated
phosphate buffer saline (PBS) and irradiated without any medium
at a fluency of 0.65 J/m?/s. Aphidicolin (Sigma) stock solutions
was at 3 mM in DMSO, and trichostatin A (Sigma) stock solution
was at 2 mg/ml in methanol.

Generation of knock-in mice expressing 3x-FLAG tag REV3L

Ethics statement

All animal work in this study was done according to The University
of Texas, MD Anderson Cancer Center Institutional Animal Care
and Use Committee guidelines, and approved by the MD Anderson
Animal Care and Use Committee (IACUC).
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Construction of the targeting vector

The targeting vector construction was designed and performed by
genOway (Lyon, France). The Rev3l targeting vector was constructed
from 129 Sv/Pas mouse strain genomic DNA with a long (5.8 kb)
homology arm upstream of exon 1, and a short (1.5 kb) homology
arm downstream of exon 1. A 3x-FLAG peptide sequence was
inserted in frame with the ATG codon. A positive selection neomycin
gene was flanked by loxP sites. The targeting vector also incorporated
a diphtheria toxin-negative selection cassette.

Screening of Rev3l targeted knock-in ES cell clones
Linearized targeting vector was transfected into 129 Sv ES cells
(genOway, Lyon, France) according to genOway’s electroporation
procedures (i.e., 5 x 10° ES cells with 40 pg of linearized plasmid,
260 V, 500 pF). Positive selection started 48 h after electroporation
in medium containing 200 pg/ml of G418 (150 png/ml of active
component, Life Technologies, Inc.). Rev3l-resistant clones were
isolated and amplified in 96-well plates. Duplicates of 96-well
plates were made. The set of plates containing ES cell clones
amplified on gelatin were genotyped by both PCR and Southern
blot analysis.

For PCR analysis, one primer pair was designed to validate the
presence of the 3xFLAG tag within the 5’ homology arm. This
primer pair was designed to specifically amplify the targeted locus:

Forward (Neo cassette): 5-CCTGCTCTTTACTGAAGGCTCTTTAC
TATTGC-3’
Reverse: 5-GGAACCCACAGTGGTTGTCCTAGTGC-3’

PCR products were sequenced in order to validate the presence of
all elements. The targeted locus was confirmed by Southern blotting
using a 3’ probe (Fig EV4A). Six clones were identified as correctly
targeted and containing the 3x-FLAG tag at the Rev3l locus.

Generation of mosaic mice and breeding scheme

Clones were microinjected into C57BL/6J blastocysts and gave rise
to male mosaics with a significant ES cell contribution (as deter-
mined by agouti coat color). Mice were bred to C57BL/6 mice
expressing the Cre recombinase to remove the Neo cassette.

Genotyping of the knock-in mouse line
The following primers were used to monitor the Cre-mediated exci-
sion event and served for genotyping.

Forward: 5'-ACGAGTTCGCGGGTCCTTAGAGGTC-3'
Reverse: 5-ACTTTCTACAGCCACAGCATCTCCGG-3’

The wild-type allele generates a product of 195 bp, the recom-
bined allele 1,958 bp, and the Cre-excised allele 289 bp.

Heterozygous mutant mice (which were maintained as pure
C57BL/6 mice) were used to produce MEFs from embryos isolated
at days 13.5 dpc. Seven heterozygous clones were obtained and
T-antigen immortalized as described (Lange et al, 2012).

Plasmid construction

The human REV3L full-length ¢cDNA was kindly provided by C.
Lawrence (University of Rochester Medical Center, Rochester, NY,

© 2021 The Authors
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USA). To generate the series of GFP-Rev3! plasmids, constructs were
obtained by polymerase chain reaction (PCR) amplification from
Rev3l cDNA as a Xhol-EcoRI fragment and cloned into peGFP-C3
expression vector (Clontech). Point mutants were generated
by PCR-based methods using a QuikChange® site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
instructions.

Full-length REV3L with an N-terminal FLAG-HA dual-epitope tag
was constructed in the pOZN vector as described previously
(Tomida et al, 2015).

The cDNA encoding REV3L amino acids 700-900 was PCR amplified
from REV3L/pETDuet-1 (Tomida et al, 2015) as a Xhol-Notl fragment
with 5 REV3L (Xhol) primer and 3’ REV3L (Notl) primers (5'-CC
GCTCGAGATGAATACATTGGGCAAAAATTCTTTC and 5-TAAAAGCG
GCCGCTTATCCAAAGTGACAGTCTATAAAAC) to clone into
PGEX6P-1 (GE Healthcare). The V802D mutation was introduced
into pGEXG6P-1 using a site-directed mutagenesis kit. The GST
fusion protein was expressed and purified from E. coli as described
(Tomida et al, 2015).

The HP1a (CBX5) and HP1y (CBX3) cDNAs were obtained from
Thermo Fisher Scientific. The cDNAs were cloned into vectors
pETDuet-1 and pCDH-EF1a-V5-MCS-IRES-Puro for His and VS5-
tagging, respectively. pCDH-EF10-V5-MCS-IRES-Puro was cloned into
pCDH-EF10-V5-REV7-IRES-Puro from pRSFDuet-1 (Novagen) Xhol-
Notl fragment. pCDH-EF1a-V5-REV7-IRES-Puro was initially PCR
amplified from pOZN REV7 (Tomida et al, 2018) with 5 V5-1st
primer and 3’ pOZ 3’ primers (5-ATTCTACGCTCGAGATGAC
CACGCTCACACGACAAG and 5-CGGAATTGATCCGCTAGAG).
Three subsequent rounds of PCR used the following primer sets: 5’
V5 2nd primer and 3’ pOZ 3’ primers (5'-CTCTCCTCGGTCTCGATTC
TACGCTCGAGATGACCACGC and 5-CGGAATTGATCCGCTAGAG);
5 V5 3™ primer and 3’ pOZ 3’ primers (5-AGCCTATCCC
TAACCCTCTCCTCGGTCTCGATTCTAC and 5-CGGAATTGATCCGC
TAGAG); 5 V5 4" primer (EcoRI) and 3’ pOZ 3’ primers (5'-GG
AATTCATGGGTAAGCCTATCCCTAACCCTCTCCTCG and 5-CGGA
ATTGATCCGCTAGAG). The resulting V5-REV7 fragment (Xhol-NotI)
was cloned into pCDH-EF1a-MCS-IRES-Puro (System Biosciences).
Mutations were introduced using a site-directed mutagenesis kit
(Stratagene). His-XPA was as described (Manandhar et al, 2017). All
constructs were verified by DNA sequencing. Details on all constructs
are available upon request.

The cDNA encoding SCAI was cloned from HeLa mRNA by RT-
PCR using the following primers: 5-ATGCATCTCGAGGTCAGAG
GAGCCCGGCAGCCCCAGCAGC-3' and 5-ATGCATGAATTCTTAA
TAGTCATCAATGGTATTCTCAAAGAA-3'. The resulting SCAI
construct (Xhol-EcoRI) was verified by Sanger sequencing then
cloned into peGFP-C3 (Clontech).

Transfection

For transient transfection, plasmids were transfected using jetPEI
(Polyplus), according to the manufacturer’s instructions, and cells
were processed 2448 h later.

siRNAs were purchased from Dharmacon: siRNA mRev3l (ON-
TARGETplus Smart pool), non-targeting siRNA (ON-TARGETplus
non target pool). Cells were transfected with 30 nM of siRNAs using
INTERFERIn (Polyplus) according to the manufacturer’s instructions
and were processed 72 h later.
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Protein extraction, Immunoprecipitation, and Western blotting

Histone extraction was carried out in 10 volumes of CSK buffer
(200 mM NacCl, 300 mM sucrose, 3 mM MgCl,, 10 mM Tris—HCI pH
7, 1 mM EGTA, 0.5% Triton X-100, 1 mM PMSF, 10 mM Na-Buty-
rate) during 5 min at 37°C. After centrifugation, the pellet was
resuspended in 0.4 mM H,SO, supplemented with Na-Butyrate and
PMSF for 1 h, then centrifuged before adding acetone to super-
natant, and incubated overnight in cold room. After centrifugation,
the pellet was resuspended in distilled water and histone extracts
were kept at —80°C.

For immunoprecipitation, cells were lysed in NETN buffer
(50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40,
protease inhibitor cocktail and anti-phosphatases) for 30 min on ice
and sonicated twice at 29% amplitude for 10 s. Samples were
cleared by centrifugation for 5 min at 4°C. Immunoprecipitations
were performed with Anti-FLAG M2 Agarose Beads (Sigma-Aldrich)
overnight at 4°C on a wheel. Beads were extensively washed in
NETN, with 300 mM NacCl for the final wash, and denatured in 2x
Laemmli buffer.

For GFP-Trap, cells transfected with plasmids expressing GFP,
GFP-REV3L mutants, GFP-SCAIwt, or GFP-SCAI mutants were
collected in NETN buffer, incubated for 30 min on ice, sonicated
twice at 29% Amplitude for 10 s then centrifuged at 4°C. The super-
natant was incubated with GFP-Trap beads (Chromotek) for 2 h at
4°C under rotation. Beads were washed and eluted in 2x Laemmli
buffer.

Proteins were separated on 5, 8, or 15% acrylamide SDS-PAGE,
transferred on Nylon membrane (GE Healthcare), and detected
with the indicated antibodies and ECL reagents (Thermo Fisher
Scientific).

GST pull-down assay

GST-tagged REV3L fragments and His-tagged test proteins were
incubated together with Glutathione-Sepharose 4B (GS4B) beads
(GE Healthcare) at 4°C for 4 h in 500 pl of buffer 0.1B (100 mM
KCl, 20 mM Tris-HCI [pH 8.0], 5 mM MgCl,, 10% glycerol, 1 mM
PMSF, 0.1% Tween-20, 10 mM 2-mercaptoethanol). The beads were
washed three times with 0.1B and eluted with 30 ul of 2x SDS load-
ing buffer (100 mM Tris—HCI [pH 6.8], 4% SDS, 0.2% bromophenol
blue, 20% glycerol, 200 mM DTT).

Flow cytometry

In order to study the S-phase progression in Rev3L™/~ and Rev3L™/*
fibroblasts, cells were incubated with 50 pM bromodeoxyuridine
(BrdU) for 15 min prior to be harvested at different time points.
Cells were collected, washed in PBS, and fixed in 80% ice-cold
ethanol overnight at —20°C. Total DNA was stained in 2.5 pg
propidium iodide (IP) and 50 pg/ul RNAse (Sigma) in PBS for
30 min at room temperature. Samples were analyzed on a C6 flow
cytometer using the C6 Flow software (BD Accuri).

Immunofluorescence

For the visualization of DNA replication sites, asynchronous cells
seeded on glass coverslips were incubated with 30 uM of thymidine
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analog (EAU or BrdU) for 15 min, pre-extracted with CSK100 buffer
(100 mM NaCl, 300 mM sucrose, 10 mM PIPES [pH 6.8], 3 mM
MgCl,, 1 mM EGTA, 0.5% Triton X-100, protease inhibitors) for
5 min at 4°C and fixed with 4% paraformaldehyde. For BrdU detec-
tion, cells were treated with 2 M HCI at 37°C for 20 min and then
neutralized in 0.1 M borate buffer (pH 8.5). After washing in PBS,
cells were incubated for 1 h at room temperature with anti-BrdU
mAb (347580, BD Biosciences). After washes, secondary antibodies
coupled to Alexa Fluor were incubated for 30 min at room tempera-
ture. After washing three times with PBS, cells were mounted with
mounting medium (Dako) supplemented with DAPI (Sigma). For
EdU-mediated foci visualization, EAU was detected using the Click-
iT EAU Alexa Fluor 488 Imaging Kit (Life Technologies) according to
manufacturer’s instructions.

For detection of heterochromatin-associated proteins and repres-
sive histone marks, cells were pre-extracted or not with CSK100
buffer as described above for 5 min on ice with gentle agitation then
fixed with 4% paraformaldehyde. GFP-REV3L mutants were
detected by autofluorescence, and interesting proteins were visual-
ized by immunodetection with indicated primary antibodies for 1 h
then processed as described above. Images were acquired using
Axio Imager Z1 microscope (Zeiss) or confocal Leica SPE.

For quantification of immunofluorescence in UV-irradiated cells,
MEFs growing on coverslips were incubated with 30 uM EdU for
15 min just before UV irradiation at 4 J/m?. The soluble proteins
were extracted by incubating cells in CSK100 for 5 min then fixed
with 4% paraformaldehyde. After washes in PBS, EdU was detected
using the Click-iT EAU Alexa Fluor 488 Imaging Kit (Life Technolo-
gies) according to the manufacturer’s instructions. Subsequently,
coverslips were blocked for 30 min with 3% BSA in PBS and then
incubated 1 h 30 at room temperature with indicated primary anti-
bodies in PBS containing 3% BSA, 0.1% Tween-20. The coverslips
were further washed with PBS and incubated with Alexa Fluor 555
for 1 h at room temperature. The DNA was stained with DAPI, and
the coverslips were mounted in fluorescent mounting medium
(DAKO). Images were acquired on an Axio Imager Z1 microscope
equipped with a motorized stage, EC Plan-Neofluar x20 dry objec-
tive, and a digital monochrome Hamamatsu ORCA-ER camera. For
each condition, 20-50 images were acquired under non-saturating
conditions. Identical settings were applied to all samples within one
experiment. Images were analyzed with the Axio Vision software
(Zeiss). Specific module was generated for nuclei segmentation
based on DAPI signal according to intensity threshold, generating a
mask that identified each individual nucleus as an individual object.
Focus segmentation for 51BP1 and RADS51 was performed using an
integrated spot-detection module. After segmentation and pixel
quantification, the quantified values for each cell/foci (mean and
total intensities, area, number of foci) were extracted and exported
to a home-made software as well as to CellProfiler software.

DNA FISH on metaphase chromosome spreads

A mouse major satellite repeat probe was generated by PCR with
5-ATATGTTGAGAAAACTGAAAATCACG-3’ and 5-CCTTCAGTG
TGCATTTCTCATTTTTCAC-3’ primers and murine genomic DNA as
a template. The probe was labeled by nick translation with biotin-
16-dUTP. Rev3™/~ and Rev3["" MEFs were treated with 0.15 pg/ml
of colcemid for 3 h before fixation to arrest cells in metaphase.
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Trypsinized cells were rinsed in PBS and incubated in 75 mM KCl
for 15 min then fixed with ethanol: acetic acid (3:1 ratio). The cells
were then dropped onto glass slides and left to dry. Samples were
incubated with 0.1 mg/ml RNase A solution at 37°C for 1 h in
humid chamber then washed once for 5 min in 2x SSC. Slides were
dehydrated in 70, 85, and 100% (v/v) ethanol for 5 min each and
then air-dried. Metaphase chromosome spreads were hybridized
with mouse major satellite probe in hybridization buffer (10%
dextran sulfate, 50% formamide, 2x SSC, 1% Tween-20), denatured
on a hot plate at 72°C for 4 min and then incubated overnight at
37°C in a humid chamber. Following hybridization, slides were
washed with 50% formamide and 2x SSC pH 7 solution then
washed in 2x SSC and incubated in BlockAid blocking solution
(Thermo Fisher Scientific, B10710) and 0.05% Tween-20. Immunode-
tection was performed by successive incubation (30 min at 37°C in
BlockAid solution) with Alexa Fluor 555 streptavidin (S32355,
Thermo Fisher Scientific), rabbit anti-streptavidin biotin conjugated
followed by Alexa Fluor 555 streptavidin. Samples were washed three
times with 1x PBS after each incubation. After final wash, samples
were mounted with VectaShield (Vector Laboratories, H-1000).
Images were acquired using Axio Imager Z1 microscope (Zeiss).

DNA combing-coupled FISH

HeLa cells transfected with non-targeting siRNA (siNT) or siRNA
against Rev3l were pulse-labeled for 30 min with IdU followed by
30 min with CldU (100 pM final concentration), and a final 10-min
incubation with 1 mM thymidine. Genomic DNA was combed onto
in-house silanized coverslips using a Genomic Vision apparatus.
FISH and immunostaining of analogues were performed essentially
as described in Mendez-Bermudez et al (2018). Slides were dena-
tured in 1 N NaOH for 6 min at room temperature, rinsed in 1x PBS
at 4°C for 5 min, and dehydrated in 70% ethanol (v/v) for 5 min at
—20°C, followed by 85 and 100% ethanol for 5 min each at room
temperature.

For Satlll hybridization, coverslips were incubated overnight at
37°C with the PNA probe (Satlll: Biotin-O-TTCCATTCCATTC-
CATTCCA; Eurogentec) diluted in hybridization mix (10% dextran
sulfate, 50% formamide, 2x SSC, 1% Tween-20) to a final concen-
tration of 1 uM and denatured for 5 min at 95°C. Coverslips were
washed three times in 50% formamide, 2x SSC pH 7, three times
in 2x SSC and one time in PBS, before blocking for 30 min at
37°C in BlockAid blocking solution (Thermo Fisher Scientific,
B10710). Immunodetection was performed by successive incuba-
tions (30 min at 37°C in BlockAid solution) with: (i) Alexa Fluor
488 streptavidin (Thermo Fisher Scientific, S32354, 1/100), (ii)
rabbit anti-streptavidin-biotin conjugated (Rockland, 200-406-
095, 1/50), (iii) Alexa Fluor 488 streptavidin (1/100) + mouse
anti-BrdU (BD Biosciences, 347580, 1/5) + rat anti-BrdU (Abcam
Ab6326, 1/50), and (iv) goat anti-mouse Cy5.5 (Abcam ab6947,
1/100) + goat anti-rat Alexa Fluor 555 (Thermo Fisher Scientific,
A21434,1/100). Coverslips were washed three times with 1x PBS
after each incubation, with the addition of a 6-min wash in NaCl
0.5 M, Tris 20 mM pH 7.8, Tween-20 0.5% after step 3. After final
wash, samples were mounted with VectaShield (Vector Laborato-
ries, H-1000).

For global replication analysis, coverslips were blocked in
BlockAid solution and incubated with: (i) mouse anti-BrdU + rat
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anti-BrdU, (ii) goat anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific, A11029, 1/50) + goat anti-rat Alexa Fluor 555 (Thermo
Fisher Scientific, A21434, 1/50), (iii) mouse anti-ssDNA (DSHB,
AB10805144, 1/25), (iv) goat anti-mouse Cy5.5 (Abcam ab6947,
1/100), and (v) donkey anti-goat Cy5.5 (Abcam ab6951, 1/100).

Images were acquired on an epifluorescence microscope Axio
Imager.Z2(Zeiss) equipped with a motorized stage and a 63% objec-
tive lens (PL APO, NA 1.4 Oil DIC M27) connected to a charge-
coupled device camera (Cool-SNAP HQ2; Roper Scientific).
MetaMorph software (Roper Scientific) was used for image acquisi-
tion and analysis.

Only unbroken replication signals, as evidenced by embedment
in total DNA staining or SatIII FISH signal, were taken into consider-
ation. Fork speed (in kb/min) was calculated by divided the length
of the IdU or CIdU track (in kb) by the labeling time (in min). Fork
ratio was calculated for each unbroken bicolor replication signal as
the ratio between max (IdU length, CldU length) and min (IdU
length, CldU length). Statistical analysis was performed with the
nonparametric Mann-Whitney rank-sum test using GraphPad Prism
6 software.

Proximity Ligation Assay (PLA)

Mouse embryonic fibroblast (MEF) Flag-REV3L were seed on cover-
slips for 24 h and washed with PBS; then, protein pre-extraction
was carried out with CSK50 (50 mM NacCl for PLA Flag-Histones) or
CSK100 (100 mM NaCl for PLA DSB markers) for 5 min on ice,
fixed with 4% paraformaldehyde, and blocked in BSA-PBS 3% for
30 min. Coverslips were incubated with primary antibodies for 1 h
at RT. Proximity ligation was performed using the Duolink® In Situ
Red Starter Kit Mouse/Rabbit (Sigma-Aldrich) according to the
manufacturer’s protocol. The oligonucleotides and antibody-nucleic
acid conjugates used were those provided in the Sigma-Aldrich PLA
kit (DU092101). Images were quantified by counting the number of
foci per nucleus using ImageJ software. Statistical analysis was
performed with the nonparametric Mann-Whitney rank-sum test
using GraphPad Prism 5 software.

Southern blotting

DNA methylation status at major satellites was performed on 5 pg
of genomic DNA (gDNA) extracted from Rev3L™~ and Rev3L'*
fibroblasts and digested with the methylation-sensitive enzyme
Maell (NEB) overnight at 65°C. After precipitation with EtOH, the
digested gDNA was run on an agarose gel overnight and succes-
sively depurinated with a 250 mM HCI solution, denatured with a
solution containing 0.5 M NaOH and 1.5 M NaCl. After neutraliza-
tion, the gDNA was transferred onto a Hybond-N*" membrane (GE
Healthcare Amersham) overnight. The membrane was prehy-
bridized with hybridization buffer (6x SSC, 5x Denhardt’s, 0.5%
SDS) containing 100 pg/ml salmon sperm DNA for 1 h at 65°C
and incubated overnight at 65°C with the hybridization buffer
containing radiolabeled probes against major satellites (5'-
GTGAAATATGGCGAGGAAAACT-3’). The membrane was washed
once with 5x SSC, 0.1% SDS at 65°C for 10 min, twice with 3x
SSC, 0.1% SDS at 65°C for 10 min and twice with 2x SSC, 0.1%
SDS at room temperature for 10 min before visualization using
X-ray film.
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RNA extraction and RT-qPCR

Total RNAs were extracted from cell cultures and purified using
RNeasy Mini Kit (QIAGEN), and concentration was measured with a
Qubit Fluorometer (Invitrogen, Carlsbad, CA, USA). Total RNAs
were then reverse transcribed using Superscript III (Invitrogen).
cDNAs were used for quantitative PCR using TagMan Gene Expres-
sion Assays (Applied Biosystems) on an ABI Prism 7500 apparatus
(Applied Biosystems). GAPDH was used as an internal control. The
comparative threshold (ACt) method was used.

ChiP-qPCR

Rev3L™'~ and Rev3L"/" fibroblasts were seeded at 1.5 x 10° and 10°
cells per dish, respectively. After 24 h, cells were cross-linked with
1% formaldehyde for 10 min at RT and formaldehyde was
quenched with Glycine 0.1 M for 5 min. Cells were washed twice
with PBS + protease inhibitor, scraped in PBS + protease inhibitor,
and then centrifuged at 800 x g —4°C for 5 min. Cell pellets were
lysed in 1 ml of Cell Lysis Buffer (20 mM Tris-HCl [pH 8], 85 mM
KCl, 0.5% NP-40) for 15 min on ice and centrifuged at 800 x g at
4°C for 5 min. Pellets were then resuspended in 1 ml of Nuclei Lysis
Buffer (Tris—HCl pH 8 50 mM, EDTA pH 8 10 mM, SDS 1%), soni-
cated using QSonica, Amplitude 40% for 10 cycles of 15 s ON/45 s
OFF, and samples were centrifuged at 10,000 x g —4°C for 10 min.
For each IP, supernatants were diluted 10 times in Dilution Buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI
[pH 8], 150 mM NaCl) and incubated with 5 pg antibody, 20 pl
Dynabeads Magnetic beads and 1% protease inhibitor cocktail over-
night at 4°C with rotation. After magnetic separation, supernatant
was removed and beads were washed successively with Low Salt
Immune Complex Wash Buffer, High Salt Immune Complex Wash
Buffer, and LiCl Immune Complex Wash Buffer followed by
magnetic separation. The last wash was performed in 200 ul TE Buf-
fer for 3min at 4°C with rotation; then, beads were resuspended in
100 ul TE Buffer. Samples were then deproteinated by adding
Proteinase K and incubated at 55°C overnight with shaking. After
proteinase K inactivation, beads were removed by magnetic separa-
tion to keep the supernatant. DNA purification was performed by
phenol/chloroform extraction followed by ethanol precipitation and
DNA resuspension in EB buffer. DNA samples were analyzed by
quantitative real-time PCR on the Applied Biosystems Real Time
PCR system (7500 system) using the Maxima SYBR Green/Rox
gPCR Mastermix (Thermo Fisher Scientific). The primers used are
listed below.

Replication-timing experiments and microarrays

Cells were incubated with 50 uM of BrdU for 1.5 h and collected,
washed three times with DPBS (Dulbecco’s phosphate-buffered
saline, Gibco Life Technologies), and then fixed in ethanol 75%.
Cells were resuspended in DPBS with RNAse (0.5 mg/ml) and then
with propidium iodide (50 pg/ml) followed by incubation in the
dark at room temperature for 30 min with low agitation. Two frac-
tions of 100,000 cells, S1 and S2 corresponding to early and late S-
phase fractions, respectively, were sorted by flow cytometry using
INFLUX 500 (Cytopeia BD Biosciences). Whole DNA was extracted
with a lysis buffer (50 mM Tris [pH 8], 10 mM EDTA, 300 mM
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NaCl, 0.5% SDS) and 0.2 mg/ml of Proteinase K for 2 h at 65°C.
Neo-synthesized DNA was immunoprecipitated with BrdU antibod-
ies (Anti-BrdU Pure, BD Biosciences, # 347580) as previously
described (Fernandez-Vidal et al, 2014). To control the quality of
enrichment of early and late fractions in S1 and S2, qPCR was
performed with BMP1 oligonucleotides (early control) and with
Dppa2 oligonucleotides (late control; data not shown, (Hiratani
et al, 2008)). Microarray hybridization requires a minimum of
1,000 ng of DNA. To obtain sufficient specific immunoprecipitated
DNA for this hybridization step, whole genome amplification was
conducted (WGA, Sigma) on immunoprecipitated DNA. A post-
WGA ¢PCR was performed to preserve specific enrichment in both
S1 and S2 fractions. Early and late amplified neo-synthesized DNAs
were then labeled with Cy3 and Cy5 ULS molecules, respectively
(Genomic DNA labeling Kit, Agilent). The hybridization was
performed according to the manufacturer instructions on 4x180K
mouse microarrays (SurePrint G3 Mouse CGH Microarray Kit,
4x180K, AGILENT Technologies, reference genome: mm?9). Microar-
rays were scanned with an Agilent High-Resolution C Scanner using
a resolution of 3 um and the autofocus option. Feature extraction
was performed with the Feature Extraction 9.1 software (Agilent
Technologies). For each experiment, the raw data sets were auto-
matically normalized by the Feature extraction software. Analysis
was performed with the Agilent Genomic Workbench 5.0 software.
The log,-ratio timing profiles were smoothed using the Triangular
Moving Average option of the Agilent Genomic Workbench 5.0 soft-
ware with the linear algorithm and 500 kb windows.

Identification of replication domains and changes in replication-
timing profiles

To determine the replication domains in control cells and in Rev3L ™/~
MEFs, the algorithms from the STAR-R software were exploited as
previously described (Hadjadj et al, 2020). A comparison was
conducted between early and late domains from both cell lines in
order to determine segments where replication-timing changes.

GC content

For the GC content, two steps were required: (i) Loading of the DNA
sequence from interval files was performed with the Extract
Genomic DNA tool with the mm9 genome annotation and (ii) calcu-
lation of the GC content for each interval by the GeeCee EMBOSS
tool installed on the GALAXY Web site.

Intersection and coverage with H3K27ac, H3K4me3, and
H3K27me3 marks

Data are loaded from the UCSC Web site. Peak coordinates of
H3K27me3 come from the Broad Institute in the mm8 genome
annotation (http://genome-euro.ucsc.edu/cgi-bin/hgTrackUi?hgsid =
199709818_uvGUfB28yATavzb9eAlxuHRSKGbQ&c = chr12&g = broad
ChromatinChIPSeq). The conversion of coordinates to mm9 genome
annotation was performed with the Lift-over tool available in the
GALAXY Web site (https://usegalaxy.org/). The peak coordinates of
H3K4me3 and H3K27ac were obtained from the Ludwig Institute for
Cancer Research via the UCSC Web site (http://genome-euro.ucsc.
edu/cgi-bin/hgTrackUi?hgsid = 208559602_SARngKJBy54VXgefrignd
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8rJaWFD&c = chr12&g = wgEncodeLicrHistone) in MEF mouse cell
line and then used knowingly for intersection and coverage with the
Intersection and Coverage tools installed on the GALAXY Web site.
The statistical analysis was performed with the R package.

LINE-1 content

We obtained the linel coordinates from the RepeatMasker track via
the UCSC Web site. Intersection and coverage were performed with
the Intersection and Coverage tools installed on the GALAXY Web
site.

Structural variant analysis

Single cells from Rev3L™/~ and Rev3L™* fibroblasts were isolated,
amplified, and subjected to whole genome sequencing. The genomes
were sequenced according to the manufacturer protocols (BGI Tech
solutions, Hong Kong, Co., Ltd) with a mean coverage of 30x using
150 bp paired-end reads with BGISEQ-500 sequencer. Reads were
then aligned to the mm9 mouse genome using BWA mem software
(Li & Durbin, 2009) and sorted with SAMtools (Li et al, 2009). Then,
we removed duplicates from the BAM file according to the GATK Best
Practices pipeline (Van der Auwera et al, 2013). To identify structural
variants (SV) from genomic data, we used GRIDSS2 (Cameron et al,
2017) and Manta (Chen et al, 2016) software and compared replicates
1 and 2 between each other for Rev3l””* and Rev3lI/~ samples.
Resulting structural variants from two methods were intersected
using BEDTools for each sample (Quinlan, 2014) with overlap at least
90% and used for further analysis.

Gene expression profiling data analysis

RNA was extracted using Qiagen column (RNeasy Kkit) according to
the manufacturer’s protocols. The quantity and purity of the total
RNA were evaluated using a NanoDrop spectrophotometer. Quality
of RNA samples was assessed using Lab-on-a-chip Bioanalyser 2000
technology (Agilent Technologies), based on the 28S/18S ribosomal
RNAs ratio. All samples included in this study displayed a ratio of
ribosomal RNAs between 1.5 and 2.

Labeling of RNA samples was done according to Agilent oligo
Cy5 or Cy3 probes labeling protocol using the Agilent Low Input
QuickAmp labeling kit (ref 5190-2306) adapted for small amount of
total RNA (100 ng total RNA per reaction). Hybridization was
performed using the Agilent Hybridization Protocol (Gene expres-
sion Hyb kit Large - ref 5188-5280). Scanning was performed with
an Agilent G2505C DNA Microarray scanner using default parame-
ters: 20 bits mode, 3 pm resolution, at 20 C in low ozone concentra-
tion environment. Microarray images were analyzed by using
Feature extraction software version 10.7.3.1 from Agilent technolo-
gies and Agilent normalization protocol GE2_107_Sep09 with
028005_D_F_20130207 as design. Default settings are used. A quan-
tile array normalization was performed on raw MedianSignal values
with in-house scripts using Bioconductor LIMMA package. Controls
and flags spots were filtered. Missing values were completed
with KNN imputation method. Then, the median of all probes for a
given transcript was computed to summarize the data. Normalized
data (intensities in log2) were imported in BrB Arrays Tools
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(https://brb.nci.nih.gov/BRB-ArrayTools/). Class Comparison was
performed as weighted t-test and an FDR adjustment (< 107°) for
multiple testing between Rev3l wt and KO samples (Class Compar-
ison in BrB Arrays Tools 4.6.0) [https://brb.nci.nih.gov/BRB-Arra
yTools]. Gene expressions altered by at least threefold between
conditions were considered.

Antibodies
Antibody Source Identifier
Mouse Monoclonal anti-Flag M2 Sigma-Aldrich F1804
Mouse Monoclonal anti-flag M2 Sigma-Aldrich A2220
affinity gel
Rabbit Polyclonal anti-Flag Sigma-Aldrich F7425
Rabbit Polyclonal anti-Histone Abcam ab8580
H3K4me3
Goat anti-Histone H3 Abcam ab12079
Rabbit polyclonal anti-Histone H4 Active Motif 39269
Rabbit Polyclonal anti-ATRX Santa Cruz sc-15408
Mouse Monoclonal anti-BrdU Dako MO744
(for FACS) BU20a
Purified Mouse Anti-BrdU BD Biosciences 347580
(for IF) clone B44
Rabbit Polyclonal anti-Histone Abcam ab8898
H3K9me3
Rabbit Polyclonal anti-acetyl Cell Signaling 9677
Histone H3 (Lys 9/14) technology
Mouse Monoclonal anti-Histone Abcam ab6002
H3K27me3
Mouse Monoclonal anti-Histone Active Motif 39672
H4K20me3
Rabbit polyclonal anti-Histone Abcam ab46983
H4 (acetyl K12)
Rabbit monoclonal anti-Histone Abcam ab109463
H4 (acetyl K16)
Rabbit monoclonal anti-Histone Abcam ab51997
H4 (acetyl K5)
Mouse monoclonal anti-HP1o Millipore 05-689
Mouse monoclonal anti-HP1f Abcam ab10478
Mouse Monoclonal anti-phospho Millipore 05-636
Histone H2AX (ser139)
Rabbit Polyclonal anti-53BP1 Abcam ab21083
Rabbit monoclonal anti-HA Tag Cell Signaling 3724

Technologies
Mouse monoclonal anti-His Cell Signaling 2366
Technologies

Mouse monoclonal anti-V5 Invitrogen R962-25
Mouse monoclonal anti-HP1y Millipore Sigma MAB3450
Anti-GST-HRP conjugate Millipore Sigma RPN1236
Rabbit monoclonal Abcam ab180579
anti-Mad2L2/REV7
Mouse monoclonal Santa Cruz sc-8408

anti-Chkl (G-4)
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Table (continued)

Antibody Source Identifier Gene Catalog #
Rabbit anti-pChk1 S345 (133D3) Cell Signaling 23485 DIkl MmO00494477-m1
GFP-Trap Chemotek gta-20 Slcl8a4 MmO0045056-m1
Rabbit anti-RPA2 Bethyl A300-244A Dcn MmO0051435-m1
Rabbit anti-pRPA2 S4/S8 Bethyl A300-245A H19 MmO011567221-g1
Rabbit anti-KAP1 Abcam abl0484 GAPDH Mm999999915-g1
Rabbit anti-pKAP1 (Serg824) Bethyl A300-767A
Rabbit anti-SCAI antibody Abcam 124688 . ope
EPRA1S Data availability
Rabbit anti-Rad51 antibody Abcam ab133534
EPR4030
. . ® Microarray data: EMBL-EBI E-MTAB-8338 (https://www.ebi.ac.
Alexa Fluor 555 streptavidin Thermo Fisher $32355 y . (https://
Scientific uk/arrayexpress/experiments/E-MTAB-8338/).
) X — ® Replication-timing data: GSE178927 (https://www.ncbi.nlm.nih.
rabbit anti-streptavidin Rockland 200-406-095 .
biotin conjugated gov/geo/query/acc.cgi?acc = GSE178927).
Alexa Fluor 488 Thermo Fisher $32354
streptavidin Scientific Expanded View for this article is available online.
rat anti-BrdU Abcam ab6326
goat anti-mouse Cy5.5 Abcam ab6947 Acknowledgements

- - We thank T. Jenuwein (Max Planck Institute, Germany) for providing Suv39h
anti-rat Alexa Fluor 555 Thermo Fisher A21434 . ’ . . .

Scientific dn cells. We are also grateful to Niels de Wind (Leiden University, Nether-

- land) and Julien Duxin (Copenhagen University, Denmark) for sharing unpub-
anti-ssbNA DSHB ABL0805144 lished results on HP1 and SCAI, respectively. P.L.K. and E.D. express their
anti-goat Cy55 Abcam ab6951 gratitude to Michelle Debatisse and Stephane Koundrioukoff for their help

and valuable advice on the application of the DNA combing-FISH technique
to study replication dynamics in pericentromeric heterochromatin. We thank
Primers Nikola Djordjevic, Charlene Garandeau, Loélia Babin, and Kei-ichi Takata for
experimental help and all members of the Kannouche lab for helpful discus-
Gene Forward Reverse sions, especially Said Aoufouchi. This work was performed thanks to Gustave
) Roussy core facilities (Cell imaging, Genomics and Bio-informatics). The P.L.K
Primers for ChIP-gPCR ) ) . .
lab was supported by La Ligue Nationale contre le Cancer (Equipe labellisée).
Hoxb2 CCGAGTGAGTCCGTTTGCTT CGACTCCAGCCATGAGTAGCC This work was supported by grants from Institut National du Cancer (INCa)
Hoxb8 GCCGGATGCAAAATACCGAC GAGAAGATGTGGGGTGGGTG PLBIO16-011 (P.LK. and J-C.C), INCa-DGOS-Inserm 12551, ARC-
Hoxbo CCCTTTCACAGGTGAGTCCC GGTGTCCACAGGAAGAGCAA ARCPGA12019120001055_1578, and ANR-14-CE10-0008-01 (P.LK. and J-C.C).
WT1 GAGGGAGGGAGATGAGAGGC CCTGCATCTCAGGGCACTTT S.AS received support from the Ministére de 'Enseignement Supérieur et de
la Recherche and the Foundation ARC and B.B received support from the
FoxG1 TGAGGACAGGCCAGGAAAAC GTCAAGGCTTCCATGTGTGC T s . -
Ministere de 'Enseignement Supérieur et de la Recherche and the Founda-
Cata6b CGACTTGGGAGCACCTGTTG TGGTACATTTCCTCCGGCTG

Primers for screening KI mouse line

Rev3l ACGAGTTCGCGGGTCCTTA
GAGGTC

ACTTTCTACAGCCACAGCATCTC

Primers for major satellite probe (FISH)

ATATGTTGAGAAAACTGAAA
ATCACG

Maj sat

CCTTCAGTGTGCATTTCTCATT
TTTCAC

List of TagMan Gene Expression Assays used in this study.

(TagMan Gene Expression Assays consist of forward and reverse

primers with TagMan minor groove

binder probe for each gene).

Gene Catalog #

Hoxb2 Mm04209931-m1
Hoxb8 MmO00439368-m1
Hoxb9 Mm01700220-m1
WT1 MmO01337048-m1
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