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In brief

The DNA damage tolerance pathway
involving translesion DNA synthesis (TLS)
allows cells to proliferate in the presence
of DNA lesions and is widely studied in the
context of cancer. Detection of TLS
factors has often relied on ectopically
tagged proteins. Here, Egger and
colleagues report methods for analyzing
endogenous TLS in single cells by flow
cytometry and immunofluorescence.
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MOTIVATION Detection of chromatin-bound TLS factors in single cells, such as PCNA™YP and TLS pols,
has typically depended on either western blotting or detection of ectopically expressed, tagged proteins.
Western blotting has the limitation of only providing information on the average level of proteins in a cell
population, while localization studies using ectopically expressed, tagged proteins may not faithfully repre-
sent the behavior of endogenous proteins. We help to address this problem by developing flow cytometry
and immunofluorescence methods to detect endogenous, chromatin-bound PCNA™V® as well as Y-family
TLS pols in single mammalian cells. We applied these methods to study DNA replication and TLS dynamics
in HCT116 colon cancer cells exposed to UV-C irradiation and provide evidence for uncoupling of PCNA™UP
from Poln-dependent TLS at replication forks stalled by UV-C lesions.

SUMMARY

Translesion DNA synthesis (TLS) is an evolutionarily conserved process that cells activate to tolerate DNA
damage. TLS facilitates proliferation under DNA damage conditions and is exploited by cancer cells to
gain therapy resistance. It has been so far challenging to analyze endogenous TLS factors such as
PCNA™Y? and TLS DNA polymerases in single mammalian cells due to a lack of suitable detection tools.
We have adapted a flow cytometry-based quantitative method allowing detection of endogenous, chro-
matin-bound TLS factors in single mammalian cells, either untreated or exposed to DNA-damaging agents.
This high-throughput procedure is quantitative, accurate, and allows unbiased analysis of TLS factors’
recruitment to chromatin, as well as occurrence of DNA lesions with respect to the cell cycle. We also demon-
strate detection of endogenous TLS factors by immunofluorescence microscopy and provide insights into

TLS dynamics upon DNA replication forks stalled by UV-C-induced DNA damage.

INTRODUCTION

Translesion synthesis (TLS) constitutes a branch of the cellular
DNA damage tolerance pathway involving DNA lesions bypassed
by specialized DNA polymerases, known as TLS pols. Thanks to
a catalytic site that is more open than that of replicative DNA poly-
merases, these enzymes can accommodate damaged DNA ba-
ses and facilitate DNA replication under DNA damage conditions.
However, TLS pols have lower fidelity than replicative DNA poly-
merases and are therefore mutagenic.” By facilitating prolifera-
tion under DNA damage and increasing genetic diversity, TLS is
exploited by cancer cells to adapt to therapy, thus escaping
apoptosis, and has recently drawn much attention as a pathway
totarget so as to sensitize cancer cells to therapy.?® Y-family TLS
pols (n, 1, k, and Rev1) are implicated in rescuing replication forks
arrested by DNA damage. Their recruitment onto DNA lesions pri-
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marily depends upon monoubiquitination of the replication-asso-
ciated protein PCNA (PCNA™YP), catalyzed by the Rad6(E2)/
Rad18(E3) ubiquitin ligase complex,** and is dependent upon
formation of excess single-stranded (ss)DNA produced by enzy-
matic uncoupling of replication forks stalled by DNA lesions.®’ So
far, it has been difficult to study endogenous PCNA™° and TLS
pols recruitment due to a lack of specific tools and detection
methods in single cells. In particular, detection of endogenous
nuclear PCNA™ in single cells by immunostaining has been
challenging mainly due to the lack of a specific antibody to detect
PCNA™Y?, Ectopically expressed PCNA™Y? was previously de-
tected in chicken DT40 cells by fluorescence resonance energy
transfer (FRET), using a fluorescently tagged version of both ubig-
uitin and PCNA.® Although PCNA™Y? and TLS pols recruitment
can be analyzed by western blotting in total or nuclear extracts,
this rather crude method only provides an indication of the
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average level of recruitment in a large number of cells. Further,
this method can be difficult to apply in cell lines that are sensitive
tothe extraction procedure. Furthermore, analysis of their recruit-
mentin respect to the cell cycle involves synchronization proced-
ures that can induce bias in the interpretation of the experiment. It
has also been challenging to analyze recruitment of endogenous
Y-family TLS pols onto damaged chromatin in single cells, pre-
sumably because of their low expression level. Current methods
involve ectopic expression of epitope-tagged versions, such as
fluorescent proteins, followed by detection of natural fluores-
cence in live or fixed cells.”'® These methods can also induce
bias since they involve TLS pols overexpression. In addition,
the presence of the tag may affect the chromatin-binding affinity
of the protein under study. Finally, upon transfection, the level of
ectopically expressed TLS pols can be variable from cell to cell.

With this in mind, we sought to develop a procedure to visualize
endogenous PCNA™P as well as Y-family TLS pols in single cells
by both flow cytometry and immunofluorescence. The quantitative
cytometry-based method described here is simple: it allows moni-
toring of the dynamics of PCNA™"® and TLS pols, as well as that of
Rad18 in individual cells in a quantitative fashion and requires
fewer cells than in western blot. Using this method, TLS pols
recruitment to chromatin can be analyzed in a cell population
with great accuracy and in relation to the cell cycle phases. TLS
factors binding to chromatin can be analyzed quantitatively and
with respect to DNA lesions, DNA damage markers, and DNA syn-
thesis. We have also applied this procedure to visualize both
endogenous PCNA™® and TLS pols bound to chromatin by
immunofluorescence and show that PCNA™° and TLS pols can
be detected in single untreated cells or following exposure to
DNA-damaging agents.

RESULTS

Detection of endogenous PCNA™Y® by flow cytometry

We modified a protocol from a previous method employed to
detect chromatin-bound RPA by flow cytometry,' to allow detec-
tion of poorly expressed, loosely chromatin-bound proteins, such
as PCNA™Y? and TLS pols. In this procedure, cells are briefly pre-
extracted with detergent, before their rapid fixation, so as to freeze
them in their natural position within the cell cycle. We optimized the
detection of chromatin-bound PCNA™® by trying various combi-
nations of detergent-based pre-extraction and fixation steps
(STAR Methods; Figures S1A-S1D). Using an antibody that specif-
ically recognizes PCNA™"® in western blot (Figure S1E; Thakar
etal.,'® Swain et al.,'® and Despras et al.’), we could detect chro-
matin-bound PCNA™YP by flow cytometry, which, in this assay, is
scored as an increase of the fluorescence signal compared with
the background signal of the control sample (no antibody; Fig-
ure 1A). PCNA™P chromatin binding was observed in untreated
HCT116 colon cancer cells, which further increased upon expo-
sure to genotoxic doses of either UV-C irradiation or hydrogen
peroxide (H»,O,), but not to camptothecin (CPT) as expected
(Figures 1A and S1F), because CPT generates mainly DNA dou-
ble-strand breaks and limited ssDNA (Recolin et al.,'® for review).
Consistent with this notion, upon exposure to UV light, the
increase in PCNA™ fluorescence correlated with an increase in
RPA fluorescence (Figure S2A), supporting previous observa-
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tions.'*9 In parallel, PCNA™"* chromatin binding was confirmed
by analysis of cellular fractions by western blot (Figure S2B). As ex-
pected, Rad18 downregulation by small interfering RNA (siRNA)
decreased PCNA™P fluorescence in two different UV-irradiated
cell lines, as expected (Figure S2C). A similar result was obtained
upon expression of a PCNA mutant that cannot be monoubiquiti-
nated (K164R; Figure S2D), demonstrating the specificity of the
signal. Further, upon exposure to UV light, a specific increase in
PCNA™YP fluorescence and not total PCNA, whose level remained
unchanged, was observed (Figures S2E and S2F). By plotting the
integrated PCNA™"® fluorescence intensity against that of DAPI
(DNA content), PCNA™ Y chromatin binding could be further
scored in relation to cell cycle (Figure 1B). After UV irradiation,
PCNA™® increased in all cell cycle phases, while it was mainly
restricted to G1 and G2/M phases upon exposure to H,O, (Fig-
ure 1B). Analysis of PCNA™ by both western blot and flow cy-
tometry during a time course following exposure to UV radiation
shows a tight correlation between the two methods (Figures 1C-
1E). Western blot analysis shows an increase in the total level of
PCNA™Y® with time, reaching a maximum at 8.5 h after irradiation
inthis experiment (Figure 1C). Avery similarincrease was also seen
by flow cytometry (Figure 1D), and the kinetics of the two detection
methods very closely overlapped (Figure 1E). PCNA™® could also
be detected by flow cytometry in other cell lines (Figure S3A),
although at different levels. The intensity of PCNA™YP fluorescence
correlated with both the amount of cells in S phase (Figure S3B)
and PCNA™ abundance, as determined by western blot (Fig-
ure S3C). Altogether, these results show that chromatin recruit-
ment of PCNA™Y can be reliably detected by flow cytometry
and can be correlated with the cell cycle stages where it occurs.

Detection of endogenous TLS pols by flow cytometry

We next applied the same protocol to detect chromatin recruit-
ment of endogenous Y-family TLS pols by flow cytometry using
specific antibodies validated in western blot (see STAR Methods
and Figures S4A-S4C, S6C, and S6D). As can be seen in
Figures 2A, 2B, and S5, we could detect chromatin binding of at
least two TLS pols, Poln and Poli, as well as Rad18 (Figure 2C).
Their association with chromatin was confirmed in parallel by
western blotting (Figures S2B and S4C). Notwithstanding, differ-
ences in the fluorescence intensity were observed among TLS
pols. In particular, upon UV irradiation, increased Poln and Pol
fluorescence was clearly detectable, while this was much less
evident for Polk (Figure S5). Although these results are consistent
with the notion that both Polm and Poli, and not Polk, are involved in
TLS of UV damage, at this stage, we cannot exclude that the
observed differences are due to the relative abundance of TLS
pols, the strength of the antibodies used, or both. Poln and Polu
were found to be chromatin bound at all cell cycle stages,
while Rad18 increased in a DNA replication-dependent manner
(Figures 2C and S5). As for Rev1, we failed to detect a significant
signal with currently available antibodies. At the same time, by
flow cytometry, we could also clearly detect cyclobutane pyrimi-
dine dimer (CPD) UV photoproducts, using a specific antibody
(see STAR Methods), which were mainly distributed in the S phase
upon UV irradiation (Figures 2D and S5). Importantly, we found that
detection of different TLS factors by flow cytometry is strictly
dependent upon the fixation method, which can be different for
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Figure 1. Detection of endogenous
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(A) Detection of endogenous PCNA™Y? in HCT116
cells either untreated (UT, blue) or exposed to 20
J/m? of UV-C light (UV, red), 1 mM hydrogen
peroxide (H.O,, orange), or 1 uM camptothecin
(CPT, green) by flow cytometry. A sample devoid of
primary antibody (No Ab) was included as a con-
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each protein target (Figure 2E). Altogether, these results show that
at least two endogenous Y-family TLS pols can be detected by
flow cytometry, as well as Rad18 and CPDs, and that their binding
to chromatin can be observed in relation to the cell cycle in single
cells without the use of synchronization methods.

Detection of nuclear PCNA™"? by immunofluorescence
in single cells

Using the same extraction and fixation procedure, we attemp-
ted to detect PCNA™° by indirect immunofluorescence in
mammalian cells. We observed clear PCNA™® nuclear foci in
untreated HCT116 cells that increased following exposure to
UV radiation and whose extent was strongly reduced either

irradiation (red arrow). The increase in the deep-
ness of the red color indicates the increase in time.
Data of (D) are plotted as in (A) and (B). No Ab was
included as a control. n = 2.

(E) Quantification of PCNA™® time courses of
(C) and (D). The western blot signals of PCNA™YP
were normalized to the total PCNA level (blue line).

1000
(x10%)

800

The geometric mean (G-Mean) of cells computed
by flow cytometry is plotted in green. n = 2.

@ NoAb upon Radi18 downregulation by siRNA

(Figures 3A and 3B; STAR Methods) or
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upon expression of the pcna’"®* mutant
that cannot be monoubiquitinated (Fig-
ure S6A). The PCNA™Y® background
level persisting in cells treated by
siRad18 could be either due to incom-
plete Rad18 depletion or to the activity
of the CRL4%“®2 (E3) ligase.?’ PCNA™YP
signal was detected as discrete nuclear
foci, co-localizing with total PCNA even
in untreated cells (Figure 3C), which likely
represent PCNA™" induced by endoge-
nous replication stress, consistent with
the flow cytometry data shown in Fig-
ure 1. PCNA™® foci were co-localized
with total PCNA (Figure 3C) and the
ssDNA binding protein RPA (Figure 3D), in line with the notion
that ssDNA is essential for PCNA™?, although not all RPA
foci co-localized with PCNA™®, and vice versa. As expected,
the intensity of both the PCNA™® and RPA fluorescence
increased upon UV irradiation (Figure 3E). We also observed
PCNA™P foci in cells treated with different DNA-damaging
agents such as cisplatin and H,O,, but to a much lesser extent
with CPT (Figures 4A and 4B), consistent with flow cytometry
data (Figures 1A, 1B, and S1). Altogether, these results show
that PCNA™ can be detected in single HCT116 cells by
indirect immunofluorescence, enabling its observation at the
sub-nuclear level and its co-localization with diverse factors
implicated in DNA metabolism.
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Figure 2. Detection of endogenous Rad18 and TLS pols chromatin recruitment by flow cytometry

(A-C) Detection of endogenous TLS pols (A and B) or Rad18 (C) in HCT116 cells either untreated (UT, blue) or exposed to 20 J/m? of UV-C light (UV, red) by flow
cytometry. A sample devoid of primary antibody (No Ab) was included as a control. Data are plotted as in Figures 1A and 1B.

(D) Detection of UV-induced cyclobutane pyrimidine dimers (CPDs) by flow cytometry. No Ab was included as a control. Data are plotted as in Figures 1A and 1B.
(E) Table describing the different fixation methods to detect chromatin-bound proteins related to the TLS pathway in human cells. n = 3. For more details see

Egger et al.?°

Detection of chromatin-bound TLS Poln and Pol. by
immunofluorescence in single cells

As done for PCNA™?, we next attempted to detect Y-family TLS
pols in single cells by indirect immunofluorescence. We were
able to detect endogenous Poln (Figures 5A and 5B) and Pol

4 Cell Reports Methods 3, 100501, June 26, 2023

(Figure 5C) in nuclei of HCT116 cells. Poln was not detected in
HCT116 cells upon downregulation by siRNA, nor in XP30RO fi-
broblasts harboring a homozygous mutation in the Poln gene
(Figures S6C and S6D).?” In contrast, Poln was detectable in
XP30RO cells complemented with either wild-type Poln or
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GFP-Poln." In the latter, most of the Poln foci detected by the
Poln antibody also co-localized with the GFP fluorescence,
although a fraction of them did not. Equally, the Pol. signal was
strongly reduced upon inhibition of its expression by siRNA (Fig-
ure 5C), demonstrating the specificity of the signal. As a compar-
ison, we also transfected HCT116 cells with EGFP-Poln. As can
be seen in Figure 5B, detection of endogenous Poln by immuno-
fluorescence gives a better and more comprehensive landscape
of Poln distribution in isolated cells compared with ectopic trans-
fection, which provides poor information and is limited to the
fraction of cells that were successfully transfected. Detailed
analysis of the fluorescence signals generated by the Poln anti-
body shows that endogenous Poln forms discrete nuclear foci in
both untreated and UV-irradiated cells (Figure 5B), supporting
two previous observations.?>?* This is different from what has
been observed in cells transfected with GFP-tagged Poln in
which only a small fraction of the cells form nuclear foci in unper-
turbed conditions, while in the remaining population, the protein
remains uniformly distributed in the cell.’*?° Quantification
shows that upon UV irradiation, or exposure to H,O,, the fluores-
cence intensity markedly increased, suggesting recruitment to
damaged chromatin (Figure 5A). In conclusion, these results
show that both endogenous TLS Poln and Poli can be detected
by immunofluorescence in isolated mammalian cells.

Getting insights into TLS activation by UV damage
during ongoing DNA synthesis

As an application of this procedure to study TLS dynamics in
proliferating cells, we wished to analyze the localization of
PCNA™® and Poln with respect to DNA lesions induced by UV
irradiation (CPDs) and to sites of DNA synthesis. For this pur-
pose, we exposed cells to UV light to generate DNA lesions, fol-
lowed by a short pulse with the nucleotide analog EdU to label
ongoing replication forks (Figure 6A). Cells were sampled post-
UV irradiation and triple stained with antibodies for either
PCNA™® (red, Figure 6) or Poln (red, Figure 7), EAU (green),
and CPDs (blue). Figure 6B shows that in untreated (UT) cells,
nuclear PCNA™® foci were visible in both EdU-negative cells,
representing cells in either G1 or G2/M cell cycle phases, and
in EdU-positive cells (green, S-phase cells), consistent with re-
sults obtained by flow cytometry (Figures 1A and 1B). Co-local-

Cell Reports Methods

ization of PCNA™YP and EdU was already visible immediately af-
ter the EdU pulse (Figures 6C and 6E, t = 0) and increased shortly
after (t = 0.5 h). White spots (merge of the three colors, see color
table in Figure 6A) could also be clearly visible at this time point,
showing co-localization of PCNA™Y? and EdU at sites of DNA le-
sions (CPDs; Figure 6E, right). With time, the intensity of the CPD
and PCNA™Y® fluorescence increased, giving rise to a magenta
color (merge of red and blue). Of note, CellProfiler quantification
shows that the number of CPDs foci per nucleus decreased with
time, while their intensity increased, suggesting clustering of
CPD lesions (Figure S6E). Because the CPD signal intensity
stalled at 2.5 h and only slightly decreased at 5 h, this suggested
that CPD clustering might represent sites of active DNA repair
(e.g., nucleotide excision repair, NER). In support of this possibil-
ity, proteins involved in NER have been previously observed
forming discrete nuclear foci in mammalian cells.?® Further,
these kinetics are consistent with a previous study showing
that CPDs are still relatively abundant 5 h after irradiation.”” At
later time points (2.5-5 h), the magenta color was predominant
(merge of red and blue), indicating that PCNA™° was mostly
located onto CPDs, moving away from EdU incorporation sites.
These observations suggest that following UV irradiation,
PCNA™Y® transiently co-localizes with sites of DNA synthesis
stalled by UV-induced DNA lesions. CellProfiler quantification
(Figure 6D) shows that PCNA™® occurred first in EdU-positive
cells (EAU*; 0.5 to 1 h time point) while at later time points
(2.5-5 h) EdU-negative cells (EdU™) also started to show
increased PCNA™YP. These latter events may correspond to
G1 cells entering into S phase in the presence of UV-induced
DNA lesions since PCNA™Y increased during replication of
both untreated and UV-irradiated cells (Figure 1B).

As for Poln, the picture was surprisingly different (Figure 7).
Consistent with flow cytometry data (Figure 2), Poln foci could
be observed in untreated cells that were not co-localizing with
sites of ongoing DNA synthesis (Figures 7B-7D, EdU, green)
but were close to them (white arrows). At early time points
post-UV irradiation (t = 0.5 h), and in contrast to PCNA™® foci,
Poln foci were still observed close to EAU foci but not completely
overlapping. At later time points (1-5 h), Poln foci were close but
clearly separated from EdU foci, with only rare foci showing co-
localization. Notably, 1 h post-UV irradiation, Poln foci were

Figure 3. Detection of nuclear PCNA™"" in single cells by immunofluorescence

(A) HCT116 cells untreated (UT), or exposed to 20 J/m? of UV-C (UV, red), treated with either siRNA control (siCtrl) or an siRNA targeting Rad18 (siRad18). Cells
were stained with the PCNA™"® antibody and visualized by indirect immunofluorescence. DNA was counterstained with DAPI. Insets: magnification of single cells
(indicated by a white arrow). Right: quantification of PCNA™Y® foci with CellProfiler software (see STAR Methods). A.U., arbitrary units. Stars indicate significant
differences, ***p < 0.001 (non-parametric Mann Whitney test). n = 3.

(B) Western blot of HCT116 cells of the experiment shown in (A), treated with the indicated siRNA, exposed (+UV) or not (—UV) to 20 J/m? of UV-C. Proteins were
detected with the indicated antibodies. The anti-PCNA antibody detects both unmodified and PCNA™®, n = 3.

(C) Top: HCT116 cells UT or exposed to UV-C (UV) were co-stained with both PCNA™Y? and total PCNA and viewed by indirect immunofluorescence. DNA was
visualized with DAPI. Middle: magnification of a nucleus from a single cell of each panel (indicated by a white arrow). Cross-sections were drawn with Zen Blue
software to quantify the co-localized relative intensities of PCNA™Y® (green) and PCNA (red) fluorescence. Bottom: quantification of the relative intensity of the
cross-section for both PCNA and PCNA™Y® |abeling of each nucleus of the middle panel. n = 2. Scale bar: 10 um.

(D) HCT116 cells UT or exposed to UV-C (UV) were co-stained with both PCNA™? and RPA2 antibodies and viewed by indirect immunofluorescence. DNA was
visualized with DAPI. Far top right: quantification of the relative intensity of the cross-section here below for both PCNA and RPA2 labeling of the nucleus indicated
by a white arrow. The cross-section was drawn with ImageJ software to visualize co-localization of PCNA™® (green) with RPA2 (red) fluorescence. n = 2. Scale
bar: 10 pm.

(E) Quantification of either PCNA™Y® (left) or RPA2 (right) of experiment shown in (D). Stars indicate significant differences, ***p < 0.001. ns, non-significant (non-
parametric Mann Whitney test).

6 Cell Reports Methods 3, 100501, June 26, 2023
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often co-localizing (magenta color) or in close proximity to the
CPD foci, while at later time points, Poln foci were clearly sepa-
rated from CPDs. Unlike PCNA™P, the intensity of the Poln foci
increased immediately following UV irradiation, but it did not in-
crease further with time, as determined by CellProfiler quantifi-
cation (Figure S6F), while the CPD signal followed a trend similar
to that observed in Figures 6 and SE6E. Taken together, these ob-
servations suggest that upon UV irradiation, formation of
PCNA™® and Poln foci is spatially distinct, suggesting a
two-step process for TLS, such as activation at stalled forks
(PCNA™®) and slow bypass by Poln (see discussion). Alto-
gether, these results show that this protocol allows studying dy-
namics of PCNA™Y® and Poln foci in single cells, in relation to
DNA lesions and DNA synthesis sites.

DISCUSSION

Failure to detect both endogenous PCNA™® and Y-family TLS
pols in single cells has been a major hurdle to study TLS. This
has been mainly due to lack of a specific antibody able to detect
PCNA™® and probably to the low expression level of TLS pols.
We have succeeded in detecting endogenous PCNA™® and
TLS pols in single cells by both flow cytometry and immunofluo-
rescence, suggesting that failure to detect them was not only a
problem of abundance but also a matter of developing an opti-
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Figure 4. PCNA™? detection by immunoflu-
orescence in HCT116 cells exposed to
different DNA-damaging agents

(A) Left: wide-field images of HCT116 cells un-
treated (UT) or exposed to either 30 uM cisplatin
(CisPt) or 1 uM camptothecin (CPT) stained with
the anti-PCNA™P® antibody and counterstained
with DAPI to visualize nuclei. Insets: magnification
of individual nuclei. Right: quantification of
PCNA™® immunofluorescence mean intensity of
nuclei assessed with CellProfiler. Scale bar: 20 um.
n=2.

(B) Left: wide-field images of HCT116 cells UT or
exposed to hydrogen peroxide (H,0,), stained with
the anti-PCNA™"® antibody and counterstained
with DAPI to visualize nuclei. Right: quantification
of PCNA™P of the left panel. Scale bar: 20 um.
n=2.
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mized detection protocol. This simple
and fast method now makes it possible
to analyze endogenous TLS in single cells
without the use of synchronization pro-
cedures that would introduce bias in the
analysis of the results.

Results obtained in this article show
that, upon exposure of HCT116 cells to
DNA-damaging agents, recruitment of
both PCNA™® and TLS pols onto chro-
matin occurs in all cell cycle phases,
although mainly in S phase and with
some important differences depending
on the type of DNA damage. In cells
exposed to UV radiation, PCNA™"? chromatin binding was de-
tected in all cell cycle stages, with a slight increase in G1 and
G2/M phases. A similar pattern was observed for at least two
Y-family TLS pols (n and ). These observations are consistent
with the notion that UV-induced DNA lesions stall replication
forks and that TLS can also occurs outside S phase.?>?%?
When cells were treated with H,O,, the pattern of PCNA™Y® fluo-
rescence observed by flow cytometry was rather different, being
more restricted to the G1 and G2/M phases. This result can be
explained by the observation that 8-oxodG, the main DNA lesion
generated by H,O,, does not interfere much with replicative
polymerases®® and therefore limits the extent of PCNA™® in S
phase. These lesions are actively repaired by a base excision
repair-based process, leading to formation of a gapped ssDNA
intermediate that stimulates PCNA™Y°. Notwithstanding,
different observations were reported about the cell cycle phase
when the gap filling process occurs,”®?° which could be ex-
plained by the use of a different cell line and different methods
of cell synchronization. The non-invasive and quantitative
method presented here provides a clear picture, showing that
in cells treated with H,O,, PCNA™ occurs mainly in G1, in
line with an early report,®’ but can also occur in S phase.

Observation of PCNA™P by immunofluorescence shows that it
forms discrete nuclear foci in untreated cells, as well as upon
exposure to DNA-damaging agents. As expected, these foci
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Figure 5. Detection of nuclear Poln in
HCT116 cells treated with different DNA-
damaging agents

(A) Left: detection of chromatin-bound Poln in
HCT116 cells untreated (UT) or exposed to either
20 J/m? of UV-C light (UV), or 1 mM hydrogen
peroxide (H,O,). Scale bar: 20 pm. Insets:
magpnification of the nuclei indicated by a white
arrow. Right: quantification of Poln mean intensity
in the indicated samples. A.U., arbitrary units. n =
3. Stars indicate significant differences.
***p < 0.001 (non-parametric Mann Whitney test).
UV, n=3; H0,, n=2.

(B) Left detection of either endogenous or ectop-
ically expressed EGFP-Poln chromatin bound in
HCT116 cells exposed to 20 J/m? of UV-C. Right:
quantification of Poln foci intensity in the indicated
samples. The percentage of Poln* cells (blue gate)
is indicated. Scale bar: 20 um. Stars indicate sig-
nificant differences. **p < 0.001 (non-parametric
Mann Whitney test). n = 3.

(C) Left: detection of Poli by indirect immunofluo-
rescence in HCT116 cells treated with either
control siRNA (Ctrl) or Poli-specific siRNA, UT or
exposed to 20 J/m? UV. Right: quantification of
Pol. foci per nucleus shown in (A). **p < 0.001
(non-parametric Mann Whitney test). n = 2.

showing that Poln participates in DNA

c uv
siCtrl

uT
h - -

were co-localized with PCNA, and to some extent with RPA,
although they did not always overlap, while some other foci
were clearly distinct from each other, suggesting ssDNA-depen-
dent and -independent recruitment. The method described in
this article also allowed detection of endogenous TLS Poln and
Polu by immunofluorescence. Interestingly, in unperturbed cells,
Poln formed discrete nuclear foci in virtually all cells, which is
different from observations made using cells transfected with
epitope-tagged Poln. The distribution of endogenous Poln as nu-
clear foci in all cells is consistent with several observations
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synthesis to assist the canonical repli-
some when encountering difficult-to-
replicate DNA regions, such as repetitive
DNA and common fragile sites.'’*46
Hence, it cannot be excluded that
the observed differences may be due to
ectopic overexpression of epitope-
tagged Poln. Thus, detection of
endogenous Poln with this protocol pro-
vides a more comprehensive picture
compared with cells transfected with
tagged versions of it. Importantly, Poln
foci were found not co-localizing with sites
of DNA synthesis (EdU) but were often in
close proximity to them. This result is
again different from previous observations
using ectopically expressed GFP-Poln, in
which co-localization was observed
with sites of BrdU incorporation, although
in as few as 15% of the cells,’® which
could be explained as forced recruitment of GFP-Poln upon
overexpression.

siPoli
+ UV

A two-step process for TLS?

Current models in yeast suggest that following PCNA™?, TLS
pols are immediately recruited to bypass the lesion and facili-
tate passage of the replication fork (TLS on the fly®’), a situation
that may be different in vertebrates. By investigating the dy-
namics of both PCNA™? and Poln by immunofluorescence in
single HCT116 cells, during a time course of UV irradiation,
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we have observed that PCNA™YP co-localizes with UV-induced
DNA lesions at sites of DNA synthesis (CPDs), while Poln did
not, but was clearly located very close to EdU-positive sites.
These results may suggest that in HCT116 cells, the signal
required for TLS activation is generated at stalled replication
forks, while Poln recruitment is a later event. A possible expla-
nation of these observations is that the two processes,
PCNA™P® and Poln recruitment, are spatially distinct, similar
to a recent observation reported in the yeast S. cerevisiae®®
and previous reports in vertebrate cells.***" At late time points
post-UV irradiation (5 h), Poln foci were close to EdU foci but
clearly excluded from them, suggesting Poln recruitment at
post-replicative gaps left behind the forks. Meanwhile, we
cannot exclude that the Poln foci we observed correspond to
TLS on the lagging strand and that TLS on the leading strand
(on the fly) occurs too quick to be detected in fixed cells. Alter-
natively, on the leading strand, resumption of DNA synthesis
downstream of a DNA lesion is assured by repriming by Prim-
pol,** leaving gaps filled in post-replication in a Poln-depend-
ent process. As a caveat, it cannot be excluded that the differ-
ence between PCNA™Y and Poln localization may be due to
the ability of Poln to bypass only CPDs, one of the two main
lesions generated by UV-C irradiation. More detailed analysis
of TLS dynamics in other cell lines and using super-resolution
microscopy would be important to clarify this point. Isolated
PCNA™Y® foci observed in untreated cells might represent sites
of endogenous replication stress where replication forks stall
frequently and therefore incorporate very few EdU. We have
also been able to observe formation of discrete CPD foci in
HCT116 cells, whose size increased with time following irradia-
tion with UV-C light, suggesting clustering. These may repre-
sent sites of DNA repair in which NER factors may nucleate,
thus opening the possibility to study NER factors recruitment
to CPDs in single cells.

In conclusion, the procedures reported in this work now open
anew avenue for the analysis of endogenous TLS pols, as well as
of PCNA™® in virtually all cell types by either flow cytometry or
immunofluorescence microscopy. This procedure might now
also allow to study endogenous TLS activation in the context
of somatic immunoglobulin gene hypermutation and mainte-
nance of hematopoietic stem cells (Sale,* for review). In princi-
ple, the procedures described here will now make it possible to
use TLS pols as well as PCNA™YP as predictive markers for can-
cer resistance to therapeutic treatments (such as in BRCA-
mutated and colon cancer®** among others). Along this line,
the use of PCNA™Y? and/or TLS pol staining could be useful to

Cell Reports Methods

set up screening strategies for the identification of chemical in-
hibitors, which could spin the development of TLS inhibitors. In
this context, it is reasonable to expect the discovery of new syn-
thetic lethal interactions that may be implemented to the current
tool belt of chemo- orimmunotherapeutic regimens used in can-
cer therapy.

Limitations of the study

The methods described in this article can, in principle, be applied
to detect PCNA™Y® and TLS pols in any cell. A limitation in de-
tecting these factors is their relative abundance, which depends
upon the cell line, the proportion of S-phase cells, and the degree
of endogenous replication stress. Another limitation is the avail-
ability of a suitable antibody to detect TLS pols, whose speci-
ficity must be first tested in cells depleted of the target. Insertion
of atag into the endogenous gene of interest by current CRISPR-
Cas9 technology may help to circumvent this problem, although
the possibility that the tag could change the affinity of the protein
for chromatin has to be taken into account. We believe that this
method will be very useful to study TLS dynamics at DNA repli-
cation forks stalled by diverse bulky DNA lesions and can be
extended to TLS pols not included in our study.
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Figure 6. Nuclear PCNA™"" co-localization with UV-C-induced DNA lesions and sites of DNA synthesis in single cells

(A) Schematic drawing of the experimental procedure. A color table is included to facilitate the interpretation of the results.

(B) First row: wide-field images of HCT116 cells untreated (UT —UV) or exposed to UV-C (+UV), followed by pulse labeling with the nucleotide analog EdU.
Antibodies were used to detect PCNA™YP (red) and CPDs (blue), and EU (green) was detected by click reaction (see STAR Methods) at the indicated times after
UV-C exposure and viewed by indirect immunofluorescence. DNA was visualized with DAPI (gray). Other rows: magnification of single-cell nuclei from each wide

field corresponding to each time point. Scale bar: 10 um.

(C) Quantification of the relative intensity of the cross sections of the nuclei magnified in the top panel.

(D) Quantification of relative EdU and PCNA™® |evels at the indicated time points post-UV irradiation. The black dashed line discriminates EdU~ from EdU™ cells
(i.e., cells that were in S phase during the EdU pulse). The blue dashed line discriminates PCNA™YP-negative from PCNA™P-positive cells (arbitrary gates). n = 2.
(E) Quantification of PCNA™P-EdU (left), PCNA™°-CPD (middle, and PCNA™YP-CPD-EdU (right) co-localization. Stars indicate significant differences, *p < 0.05,

**p < 0.01, **p < 0.001, ns, non-significant (non-parametric Mann Whitney test).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Ubiquityl-PCNA (Lys164) Cell Signaling Technology RRID:AB_2798219
PCNA Millipore RRID:AB_11203836
a~tubulin Sigma-Aldrich RRID:AB_477583
Rad18 Abcam RRID:AB_1603946
CHK1 Santa Cruz Biotechnology RRID:AB_627257
CHK1PS348 Cell Signaling Technology RRID:AB_331212
YH2AX Cell Signaling Technology RRID:AB_2118009
H2AX Cell Signaling Technology RRID:AB_10694556
Poln Abcam RRID:AB_2756352
Polk Atlas Antibodies RRID:AB_2668606
Pol Proteintech RRID:AB_2167009
RPA Abcam RRID:AB_302873
CPDs Cosmo Bio RRID:AB_1962813
USP1 Proteintech RRID:AB_2214314
Histone H2B Abcam RRID:AB_302612

Goat Anti-Rabbit Alexa 488
Goat Anti-Rabbit Alexa 568
Goat anti-Mouse Alexa 660
Goat anti-Mouse Alexa 660
Goat anti-Rabbit HRP
Goat anti-Mouse HRP

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology

RRID:AB_2576217
RRID:AB_10563566
RRID:AB_2535722
RRID:AB_2535722
RRID:AB_2099233
RRID:AB_330924

Chemicals, peptides and recombinant proteins

Camptothecin Sigma-Aldrich C9911
Cisplatin Sigma-Aldrich P4394
DAPI Sigma-Aldrich D9542
Formaldehyde Thermo Fisher 28908
Hydrogen Peroxyde Sigma-Aldrich 216763
Sodium fluoride Sigma-Aldrich 201154
B-Glycerophosphate Sigma-Aldrich G9422
Halt Proteases and Phosphatases inhibitors Thermo Fisher Scientific 78440
Perm/Wash buffer BD biosciences 554723
Prolong Diamond AntiFade Thermo Fisher P36961
RNAse A EMD Millipore 70856
Benzonase Sigma-Aldrich E1014-5KU
BSA Sigma-Aldrich A2153
Critical commercial assays

BCA Protein Assay Kit Thermo Fisher Scientific 23225
Click-iT EdU 488 Thermo Fisher Scientific C10337
ECL Crescendo Millipore WBLURO0500
Experimental models: Cell lines

HCT166 ATCC CCL-247
NCI-H1299 ATCC CRL-5803
HEK293T ATCC CRL-3216

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

T98G ATCC CRL-1690

XP30RO Masutani et al.** N/A

XP30RO:Poln Kannouche et al."® N/A

XP30RO:GFP-Poln Kannouche et al. '® N/A

MEFs wild-type Langerak et al.*® N/A

MEFs pcna’64f Langerak al.* N/A

Oligonucleotides

Control siRNA (Luciferase) 5'-CACGUACGCGG N/A
AAUACUUCGATT-3

Poln siRNA Durando et al.*® N/A

Poli siRNA Somyaiit et al.** N/A

Polk siRNA Bétous et al.”’ N/A

Rad18 siRNA Kermi et al.*® N/A

Recombinant DNA

pEGFP:Poln Kannouche et al.™® N/A

pCDNAS-HA-FLAGpcna 647 This paper N/A

Software and algorithms

Cell Profiler 4.2.1 Stirling et al.*® N/A

Kaluza Beckman Coulter N/A

Zen Blue Zeiss N/A

Prism GraphPad N/A

Other

4-15% Criterion™ TGX™ Precast Midi BioRad 5671085

Protein Gel,

Tris/Glycin Buffer BioRad 1610771EDU

Trans-Blot Turbo Transfer System BioRad 1704150

ChemiDoc Biorad N/A

Poly-D-Lysine Gibco A38904-01

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Domenico
Maiorano (domenico.maiorano@igh.cnrs.fr).

Materials availability
All unigue/stable reagents generated in this study are available from the lead contact upon reasonable request with a completed Ma-
terials Transfer Agreement.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Cells were cultured in DMEM-GlutaMAX (ThermoFisher #10566-016) supplemented with 10% FBS (Eurobio, #CVFSVF00-01) at
37°C, 5% CO:.. Cells were maintained in exponential growth phase and passaged 2-3 times a week for 20-25 passages before being
discarded. Cells were tested negative for mycoplasma at thawing. Before any drug treatments, cells were seeded at an equivalent
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density and allowed to attach overnight. For the UV irradiation, cells were washed in PBS and exposed to 20 J/m? of UV-C light using
a Stratalinker (Stratagene) and released in fresh medium for 5 h (unless stated otherwise) before being processed for western blot,
immunofluorescence or flow cytometry, as described below. For cisplatin and camptothecin treatments, cells were exposed respec-
tively to either 30 uM or 1 uM for 5 h. For the hydrogen peroxide treatment, cells were exposed to 1 mM for 30 min. Transfection of
HEK293T cells with pCDNA3-HA-flag-pcna’%*" was performed using Lipofectamine™ 2000 (Invitrogen, 11668027) according to
manufacturer instructions. For Polt and Poln silencing by siRNA, HCT116 cells were transfected with Lipofectamine RNAi MAX
(Thermofisher Scientific, 13778100).

METHOD DETAILS

Samples preparation for flow cytometry

1 x 108 cells were seeded in 6-well plates. After drug treatments, cells were trypsinized, washed with ice-cold PBS and pelleted at
400 x g for 5 min. The extraction, fixation and immunodetection of targets were performed with optimized revisions of a previous pro-
tocol.’ The extraction was performed for 5-10 min onice in 100 pL of a PBS-0,2 to 0.5% Triton X-100 buffer (depending on the target,
see Figure 2E and Egger et al.?®), and stopped by addition of 500 uL of PBS containing 1 mg/mL BSA. Nuclei were pelleted at 500 x g
for 5 min and fixed by gentle resuspension in PBS containing either 2% formaldehyde for 30 min at room temperature or in pre-chilled
PBS containing 90% methanol, for 10 min at —20°C, depending on the target proteins to be detected (see Figure 2E). The fixation was
stopped with 1 mL 1 x Perm/Wash buffer (BD Biocience). Nuclei were pelleted at 750 x g for 5 min and washed in 1 x Perm/Wash
buffer once. Target proteins were detected using the indicated antibodies diluted at 1/100 in 50 pL of 1 x Perm/Wash buffer overnight
at 4°C in gentle rotation motion. Nuclei were washed by adding 500 pL of 1 x Perm/Wash buffer and pelleted at 750 x g for 5min.
Nuclei were then incubated 1 h at RT with the indicated secondary antibodies, diluted at 1/250 in 1 x Perm/Wash buffer before being
washed by the addition of 500 uL of 1 x Perm/Wash buffer. Nuclei were pelleted at 750 x g for 5 min and dissolved in 300 uL of PBS,
1 mg/mL BSA, 1 png/mL DAPI, 100 ng/mL RNase A. Preparations were incubated at 37°C for 30 min before being analyzed on a Gal-
lios Flow Cytometer (Beckman Coulter). Forward Scatter/Side Scatter-based debris exclusion was set up, and the doublets were
excluded using the DAPI Height/DAPI Area graphs. 20,000 cells were analyzed per sample on the Kaluza dedicated software.

Western blotting

Cells were cultured in 6-well plates. Typically, 0,5-1 X 106 cells were seeded per well. At 70-80% confluence, cells were harvested by
trypsinization, rinsed in ice-cold 1 x PBS. For whole cell extracts (WCE), proteins were extracted in 100uL of lysis buffer (10 mM
HEPES-KOH pH 7.5, 200 mM NaCl, 0.5% NP-40, 2 mM MgCl,, 1 mM DTT, 1 mM PMSF) containing 1 mM sodium fluoride and
1 mM B-Glycerophosphate, completed with 1/1000 Benzonase nuclease. Cells were lysed in lysis buffer for 15 min at room temper-
ature (with agitation, 1000 rpm). Debris were pelleted at 13,000 x g, 20 min, 4°C. Proteins were quantified using the BCA Protein
Assay Kit.

For cell fractionation (chromatin/soluble), cells were lysed in 100 puL of PBS-0.2% Triton X-100 containing Halt Proteases and
Phosphatases inhibitors for 10 min on ice. The chromatin fractions were then pelleted (3200 rpm, 3 min), while the supernatants
were isolated (soluble fractions) and quantified with the BCA Protein Assay Kit. Laemmli buffer was added to the soluble fraction
to afinal concentration of 1 x. The chromatin pellets were then washed in the same lysis buffer for 10 min on ice before being pelleted
again (3200 rpm, 3 min). Supernatants were discarded and chromatin pellets were dissolved in 100 uL of lysis buffer containing 1 x
Laemmli buffer.

In both cases (WCE and cell fractionation), equivalent amounts of proteins were loaded in 4-15% Criterion™ TGX™ Precast Midi
Protein Gel, 26 well. Gels were run at 150 V in 1 x Tris/Glycin Buffer. Proteins were transferred onto 0.2 um nitrocellulose membranes
(BioRad, #1704271) using the Trans-Blot Turbo Transfer System set on the mixed molecular weight program. Total proteins were
stained with Ponceau S and membranes were saturated in TBS-0.1% Tween 20, 5% non-fat dry milk for 1 h at room temperature.
Target proteins were immunodetected overnight at 4°C in TBS-0.1% Tween 20, 5% BSA. Membranes were rinsed 3 x 10 min in
TBS-0.1% Tween 20 and incubated for 1 h at room temperature in a TBS-0.1% Tween 20, 5% non-fat dry milk containing the
HRP-conjugated secondary antibodies diluted at 1/3000. Membranes were rinsed 3 x 10min in TBS-0.1% Tween 20 and revealed
using ECL Crescendo using a ChemiDoc device.

Immunofluorescence

Cells were grown on Poly-D-Lysine-coated 14 mm glass coverslips in 6-well plates. Cell were rinsed in PBS and the cytoplasm was
extracted with PBS-0.2% Triton X-100 solution on ice for 3 to 10 min and Egger et al.?°. Addition of 200 mM sucrose to the extraction
buffer improves TLS pols detection. Nuclei were then immediately fixed in either 2% formaldehyde (room temperature for 30min) or
by adding 90% methanol in PBS dropwise (—20°C, 10 min), depending on the target proteins to be detected (See Figure 2E). Nuclei
were rinsed in PBS containing 1 mg/mL BSA. Nuclei were then saturated for 1 h in 1 x Perm/Wash buffer. Target proteins were de-
tected using the indicated antibodies diluted at 1/100 in 1 x Perm/Wash buffer overnight at 4°C in a humid chamber. Coverslips were
rinsed 3 X 5 min in 1 x Perm/Wash buffer and incubated 1h at room temperature with secondary antibodies (Alexa Fluor), diluted at
1/250 in 1 x Perm/Wash buffer. Coverslips were rinsed 3 x 5min in 1 x Perm/Wash buffer and nuclei were counterstained with DAPI
(1 ng/mL) for 5 min at room temperature. Coverslips were mounted in Prolong Diamond AntiFade and observed on a Zeiss Axio
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Imager with a X63 objective and the Apotome engaged. Pictures were saved and processed using the Zen Blue dedicated software,
with the same exposure times. Equivalent display settings were used in the related panels. The cross sections (line scan intensity
profile) were performed using ImageJ.

Fluorescent labeling of ongoing DNA synthesis
EdU detection by Click reaction (Click-iT EAU 488 Thermo Fisher Scientific, C10337) was performed as recommended by the
manufacturer.

QUANTIFICATION AND STATISTICAL ANALYSIS

The apotome images were converted (Aptome RAW convert, Zen Blue) and imported into Cell Profiler 4.2.1. The Metadata of each
fluorescent channel were extracted and nuclei were identified (Identify Primary Objects: Blue channel, Size 70-200 pixels, border
events exclusion = yes, Threshold strategy: Global, Thresholding method: Manual, Threshold: 0.01, Threshold smoothing scale:
1.2, distinguish clumped objects: Shape, draw dividing lines: propagate). The mean intensity in the green and red targets were
computed for each nucleus (previously detected) and presented using GraphPad Prism 5. For foci counting, complementary Identify
Primary Objects steps were added for each target to be quantified. (Identify Primary Objects: Green/Red channels, Size 2-20 pixels,
border events exclusion = yes, Threshold strategy: Global, Thresholding method: Otsu). Foci were related to their respective parent
object (nuclei) and the number of foci in each nucleus was plotted using GraphPad Prism 5. The colocalization pipeline used to
generate the graphs (Figures 6E and 7D) is available upon request. Briefly, it calculates the percentage of colocalizing foci per nu-
cleus. Metadata (i.e. the conditions) were extracted based on the name of the Apotome RAW converted files (.czi, Zeiss, Zen
Blue 2.3). Channels (Hoescht C = 0, Alexa Fluor 488 C = 1, AlexFluor 568 C = 2, Alexa Fluor 647 C = 3) were identified in the
NamesAndTypes section. Automated nuclei detection and segmentation was performed using the IdentifyPrimaryObject function
with the Otsu (Two classes) thresholding method. Nuclear foci of each target proteins were detected in a similar way, after an
enhancement step (EnhanceOrSupressFeatures, speckles), using the manual thresholding method, before finally being related to
their parent nucleus (RelatedObject function). Colocalizing objects were identified as the overlapping parts of different colors foci
and related to their parent nuclei using the same strategy. The percentage of colocalizing foci per nucleus was then calculated as
the ratio of the number of colocalized foci versus the total foci count of a defined color in individual nuclei, i.e:

% of Color A+, Color B foci = (CO’D’TQ;FZDclgf’gag;.‘jcfj,itc"“”t, per nucleus

Quality controls of nuclei segmentation and foci identification were systematically performed using the GrayToColor and
OverlayOutlines functions, reconstructing all analyzed images and outlying idenfitied nuclei and foci of each color.

Statistical analysis was performed on GraphPad Prism 5. For the Cell Profiler analyses, non-parametric Mann-Whitney tests were
performed: *: p < 0.05; **: p < 0.01; **: p < 0.001; ns, non-significant. “n” indicated in each figure legends refers to the number of times
the experiment was replicated and data shown are representative of the “n” experiments performed with consistent and reproduc-

ible results.
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