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Abstract

Mitotic DNA synthesis is a recently discovered mechanism that resolves late replication
intermediates, thereby supporting cell proliferation under replication stress. This unusual form of
DNA synthesis occurs in the absence of RAD51 or BRCA2, which led to the identification of
RADS5? as a key player in this process. Notably, mitotic DNA synthesis is predominantly observed
at chromosome loci that co-localize with FANCD?2 foci. However, the role of this protein in
mitotic DNA synthesis remains largely unknown. In this study, we investigated the role of
FANCD?2 and its interplay with RAD52 in mitotic DNA synthesis using aphidicolin as a universal
inducer of this process. After examining eight human cell lines, we provide evidence for FANCD2
rather than RAD52 as a fundamental supporter of mitotic DNA synthesis. In cancer cell lines,
FANCD?2 exerts this role independently of RAD52. Surprisingly, RAD52 is dispensable for
mitotic DNA synthesis in non-cancerous cell lines, but these cells strongly depend on FANCD2
for this process. Therefore, RAD52 functions selectively in cancer cells as a secondary regulator in
addition to FANCD?2 to facilitate mitotic DNA synthesis. As an alternative to aphidicolin, we
found partial inhibition of origin licensing as an effective way to induce mitotic DNA synthesis
preferentially in cancer cells. Importantly, cancer cells still perform mitotic DNA synthesis by dual
regulation of FANCD2 and RAD52 under such conditions.

Implications—These key differences in mitotic DNA synthesis between cancer and non-
cancerous cells advance our understanding of this mechanism and can be exploited for cancer
therapies.

Introduction

It is widely accepted that cancer development is closely associated with replication stress
(1,2). Studies have demonstrated that over-expression of certain oncogenes in cultured
human cells induces replication stress by disturbing the normal kinetics of DNA replication,
altering the usage of replication origins and fork speed (3,4). Under such conditions,
replication forks are more frequently stalled/collapsed relative to normal S phase, inducing
DNA damage (5,6). Consistent with these findings, human precancerous lesions in a wide
range of tissues display markers of DNA damage and activated checkpoints (5-8). While
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such responses act as an anti-tumorigenic barrier by triggering apoptosis or senescence of
precancerous cells, a small fraction of cells eventually escapes the barrier to progress cancer
development (7,9). It is also possible that precancerous cells develop mechanism(s) that
counteract intrinsic replication stress to sustain their survival and proliferation.

Mitotic DNA synthesis (or abbreviated as MiDAS) may be one such mechanism, as it is
strongly activated under replication stress (10,11). This unusual timing of DNA synthesis is
universally observed in a variety of mammalian cells after treatment with a low dose of
Aphidicolin (Aph), a replication inhibitor (10-14). After pulse labeling with EdU (5-
ethynyl-2’-deoxyuridine), punctuated sites of mitotic DNA synthesis are described as EdU
spots or foci in prophase/prometaphase nuclei (10-14). Even in the absence of Aph, EdU
spots can still be observed when the process known as origin licensing is partially inhibited
(12,15). Origin licensing strictly occurs from late M to early G1 phase of the cell cycle and
is a prerequisite for DNA replication in S phase (16,17). During this process, origin
recognition complex (ORC), which is comprised of six subunits, first binds DNA, and with
additional proteins helps load hetero-hexamers of mini-chromosome maintenance (MCM)
proteins onto ORC-bound DNA (18-22). In the following S phase, a small fraction of
licensed origins fire only once when a pair of DNA-bound MCM complexes assemble into
active helicases with co-factors to generate bi-directional replication forks (23-25). The rest
of licensed origins are known as dormant origins and remain unused or occasionally fire to
rescue stalled replication forks (26,27). It is known that the expression of ORC and MCM
proteins are generally upregulated in cancer cells (28-30), which may help generate many
more dormant origins to counteract intrinsic replication stress they may have. These findings
prompted us to test if partial inhibition of origin licensing is an effective way to induce
mitotic DNA synthesis in cancer cells.

Mitotic DNA synthesis operates in prophase/prometaphase for the resolution of late
replication intermediates to allow disjunction of sister chromatids in anaphase (10,11).
However, the underlying mechanism is largely unknown. The current model describes that
mitotic DNA synthesis begins processing stalled replication forks with structure-specific
endonucleases including MUS81 followed by DNA synthesis which requires POLD3, a non-
catalytic subunit of Polymerase delta (10,11). Recently, RAD52 was identified as a key
promoter of mitotic DNA synthesis in U20S and HeLa cell lines due to its role in recruiting
MUS8L1 in addition to its involvement in homologous recombination (HR) (11,31). Other
HR proteins such as BRCA2 and RADS51 are dispensable for this process, as their absence
enhances mitotic DNA synthesis in the presence/absence of Aph treatment (11,32,33). Sites
of mitotic DNA synthesis are predominantly found at chromosome loci co-localizing with
FANCD?2 foci, which include specific loci known as common fragile sites (11,13,14,34,35).
Importantly, mitotic DNA synthesis often generates gaps and breaks on metaphase
chromosomes, promoting fragile site expression as a way to promote sister-chromatid
separation (10,11,36). Despite tight co-localization of FANCD?2 foci with sites of mitotic
DNA synthesis, the role of FANCD2 in mitotic DNA synthesis is largely unknown in human
cells.

In this study, we investigated the role of FANCD?2 and its functional interplay with RAD52
in mitotic DNA synthesis using multiple human cancer and non-cancerous cell lines. A low
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dose of Aph was used to universally induce mitotic DNA synthesis in all cell lines.
Additionally, we discovered that partial inhibition of origin licensing works more effectively
in cancer cell lines for the induction of mitotic DNA synthesis. In cancer cell lines
(HCT116, H1299, U20S, and HeL a), we found that FANCD2 and RAD52 act in parallel to
support mitotic DNA synthesis regardless of how it was induced. In non-cancerous cell lines
(hTERT-RPEL, BJ-5ta, HDFn, and IMR90), we observed that Aph-induced mitotic DNA
synthesis predominantly depends on FANCD2, as RAD52 was dispensable for this process.
These findings illustrate FANCD?2 as a crucial regulator of mitotic DNA synthesis in human
cells, thereby limiting the function of RAD52 as an additional driver to cancer cell lines.

Materials and Methods

Cell lines

The HCT116 cell line and its mutant derivatives (31,37) were generously provided by Drs.
Eric Hendrickson and Alex Sobeck at the University of Minnesota. These lines have been
authenticated by these researchers in house. The H1299, U20S, HelLa, hTERT-RPEL,
BJ-5ta, HDFn and IMR90 cell lines were purchased from ATCC between 2017-2018 and
were cultured less than 8 weeks from frozen stocks of early passages (p2—4) for this study.
All cell culture media were purchased from Sigma-Aldrich, supplemented with 10% fetal
bovine serum (FBS, Atlanta Biologicals), and Penicillin-streptomycin (Thermo Fisher).
Mycoplasma testing has not been performed on these cell lines. However, HCT116 and
U20S cells were cultured in McCoy’s 5A (M8403) additionally supplemented with
Plasmocin™ (mycoplasma elimination reagent, Invivogen) and GlutaMax™ (Thermo
Fisher). H1299 cells were cultured in RPMI-1640 (R8758). RPE1 cells were cultured in
DMEM/F12 (D6421) additionally supplemented with GlutaMax™ and 0.01% hygromycin
B (Sigma). BJ cells were cultured in a 4:1 media mixture of DMEM (D6429) and Medium
199 (M4530) additionally supplemented with 0.01% hygromycin B. HDFn and Hela cells
were cultured in DMEM (D6429). IMR90 cells were cultured in MEM (51416C)
additionally supplemented with GlutaMax™.

Small-interfering RNA (siRNA) transfection

For immuno-fluorescence staining, cells were seeded on coverslips in wells of 6-well plates.
Next day, cells were treated with siRNA using Lipofectamine™ iRNAMAX (Thermo
Fisher) in Opti-MEM (Thermo Fisher) supplemented with 3% FBS. After 48 hrs of
incubation with siRNA, cells were washed with phosphate-buffered saline (PBS) and
cultured in fresh media containing 20 uM EdU (Lumiprobe) for 30 min before fixation with
10% formalin. When applicable, cells were cultured in the presence of 300 nM Aph, (150
nM for H1299, U20S, HDFn and IMR9O0 cell lines) for the last 24 hrs of siRNA treatment.
For immunablots, cells were plated in 6 cm or 10 cm dishes for siRNA treatment to prepare
whole cell lysates. Control siRNA, siRAD52-B, siORC1, and siFANCA-A/B were
purchased from Dharmacon (D-001210-01, D-011760-01, D-003283-06, and D-019283—
19/20 respectively). siRAD52-A was purchased from Qiagen (S103035123). siFANCD2-A
(CAGAGUUUGCUUCACUCUCAUU) and -B (AACAGCCAUGGAUACACUUGA) (38)
were synthesized by Dharmacon and Qiagen, respectively. siPOLD3 (s21045) was
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purchased from Thermo Fisher. Unless specified, SIRAD52-A (siR52A) and siFANCD2-A
(siD2-A) were primarily used within the final concentrations of 30-60 nM in this study.

Immunofluorescent staining for FANCD2 foci and EdU spots

Fixed cells on coverslips were first subjected to a Click-Chemistry Reaction (20uM Biotin-
Azide, 10mM sodium ascorbate, and 2mM CuSQOy in PBS) at room temperature for one
hour. After washing with PBS, cells were incubated with anti-FANCD2 (abcam ab108928;
1:250) and anti-phospho-Histone H3 at Ser10 (Cell Signaling 9706S; 1:200) antibodies in
PBS containing 0.3% Triton X-100 and 1% BSA at 4°C overnight. Next day, cells were
washed with PBS and incubated with Alexa Fluor 488 Streptavidin (Thermo Fisher S32354;
1:100), Alexa Fluor 350 anti-mouse (A11045; 1:100) and Alexa Fluor anti-rabbit (A31632;
1:1000) secondary antibodies at room temperature for one hour. Cells were washed with
PBS, and coverslips were mounted on microscope slides with Prolong Gold™ anti-fade
reagent (Thermo Fisher). EdU spots and FANCD2 foci were scored using a fluorescent
microscope Axio Imager Al (Zeiss). Experiments were performed three times to score at
least 200 cells per treatment/genotype. Obtained data were combined to determine overall
frequency of cells positive for EdU spots or >2 FANCD?2 foci per genotype/treatment.
Significance between frequencies among different genotypes/treatments was determined by
a x>-test.

Immunoblotting

After trypsinization and centrifugation, cells were re-suspended in RIPA buffer (Sigma,
R0278) supplemented with Pierce Protease Inhibitor (Thermo Fisher) for incubation on ice
for 15 min. Cell lysates were then centrifuged at 20000 g for 20 min at 4°C to obtain
supernatants. Prepared lysates were mixed with 4x NUPAGE® LDS Sample Buffer (Thermo
Fisher) for separation on denaturing gradient gels (Novex Tris-Glycine 8-10% or Tris-
Acetate 3-8%), which were transferred to Immobilon P membranes (Millipore). After
blocking in 5% milk, membranes were incubated with primary antibodies at 4°C overnight.
Subsequent incubation with horseradish peroxidase-conjugated rabbit secondary antibody
(Jackson Labs) or mouse secondary antibody (Bio-Rad) occurred at room temperature for
one hour. Protein bands were detected using Immobilon™ Western HRP Substrate
(Millipore Sigma). Primary antibodies were used for immunoblotting at the following
dilutions; anti-FANCD2 (ab108928, 1:2000), anti-tubulin (ab7291, 1:100,000), and anti-
vinculin (ab18058, 1:100,000), anti-POLD3 (Bethyl A301-244AM, 1:1000) anti-RAD52
(Santa Cruz sc-365341, 1:750), anti-ORC1 (Sigma PLA0221, 1:2000), and anti-FANCA
(Cell signaling 14657S, 1:1000)

Metaphase spreads

Cells plated in 6 cm dishes were cultured for two days in normal media or treated with
siRNAs for 48 hrs before incubation with colcemid and 20 uM EdU for one hour. Cells were
then trypsinized for fixation with a 3:1 ratio of methanol to glacial acetic acid to prepare
metaphase spreads as previously described (39). Metaphase spreads were subjected to the
Click-Chemistry Reaction as described above before staining with 4’,6-diamidino-2-
phenylindole (DAPI). Metaphase chromosomes were scored for EdU spots and gaps/breaks
using the fluorescent microscope. Experiments were performed three times to score at least
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120 metaphase cells per treatment/genotype. The average number of EdU spots and gaps/
breaks was determined for each genotype. Significance was determined by a #test.

Cell proliferation/colony formation assays

Results

After 48 hrs of incubation with siRNA, cells were trypsinized, and the number of live cells
were counted by a trypan blue exclusion method using the Countess 11 Automated Cell
Counter (Invitrogen). For colony formation assays, cells were then replated in 6 cm plates
(600 cells/plate). Ten days later, colonies were fixed with 100% methanol, stained with
Giemsa, and counted. Each assay was performed with triplicates per genotype/treatment and
repeated three times. Significance between the average cell/colony numbers among different
genotypes/treatments was determined by a £test.

Mitotic DNA synthesis is promoted not only by RAD52 but also by FANCD2 in HCT116 cells

We made use of an HCT116 mutant cell line lacking RAD52 (R52K0) (31) to understand
the formation of EdU spots in the complete absence of RAD52 (see Fig. 1A). As
spontaneous EdU spots are rarely observed in HCT116 cells regardless of genotype (Fig. 1C
and Fig. 2B), we treated cells with Aph (300 nM) for 24 hrs followed by pulse-labeling with
EdU for 30 min before fixation. We scored early M-phase (prophase to prometaphase) cells
positive for phosphorylated Histone H3 at Serine 10 for the presence of EdU spots, which
were almost always found at loci containing FANCD?2 foci (Fig. 1B). As shown in Fig. 1C,
the vast majority (94.5%=1.6) of parental HCT116 cells (refer to wildtype, WT) contained at
least one EdU spot under this condition. In R52KO cells, the percentage of cells with EAU
spots was slightly but significantly decreased to 78.5%=2.9, consistent with the promoting
role of RAD52 in mitotic DNA synthesis (11). We noticed that the lack of RAD52 also
caused a significant decrease in the number of cells positive for >2 FANCD?2 foci (81.0%
+2.8) relative to WT cells (99.5%=0.5). Intrigued by this parallel decrease in FANCD2 foci
in R52KO cells, we also used a HCT116 FANCD?2 null line (D2KO)(37). Relative to WT
cells, these cells formed Aph-induced EdU spots at a decreased frequency (82.5%=2.7),
suggesting a role of FANCD2 in promoting mitotic DNA synthesis. As shown in
Supplementary Fig. 1, we also depleted RAD52 or FANCD?2 in WT cells using SiRNAs,
which consistently caused a significant decrease in the number of cells with Aph-induced
EdU spots in both cases (87.0%=1.9 for sSiRAD52, 87.3%z=1.9 for sSiFANCD?2) relative to
control siRNA (siC)-treated conditions (96.3%z=1.1). Finally, we scored Aph-induced
chromosome aberrations in WT, R52KO and D2KO cells. Regardless of genotype, nearly all
(>98%) cells exhibited Aph-induced gaps and/or breaks on metaphase chromosomes (Fig.
1D), so we analyzed the number of gaps/breaks per cell among the genotypes (Fig. 1E). On
average, 13.2+0.7 gaps/breaks were found per WT cell, and the majority (79.1%) were
associated with EdU spots. Consistent with previous studies (11), the average number of
gaps/breaks per cell was substantially decreased in R52KO cells (6.9+0.3), and only a small
fraction of them were found at EAU spots (35.4%). Relative to WT cells, the average number
of gaps/breaks per cell was significantly lower in D2KO cells (10.9£0.5), and the percentage
of them at EdU spots was also decreased (65.9%). It should be noted that the observed
decreases in gaps/breaks in R52KO and D2KO cells were also correlated with a lower
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number of EdU spots per cell in these mutants compared to WT cells (Fig. 1F). Taken
together, these findings reveal FANCD?2 as a supporter of mitotic DNA synthesis in addition
to RAD52 in HCT116 cells.

RAD52 and FANCD2 independently support the formation of EdU spots in HCT116 cells

As a next step, we wanted to test a functional interplay between RAD52 and FANCD2 in
supporting mitotic DNA synthesis in HCT116 cells. However, we were unable to do so with
Aph treatment due to poor viability of R52KO and D2KO cells when FANCD2 or RAD52
was additionally depleted. Previously, we and others reported that partial depletion of
MCM4 or MCMS5 induces EdU spots in mouse or human cells without the use of Aph
(12,15). However, depletion of MCM4 strongly inhibited the proliferation of HCT116 as
reported elsewhere (40), inducing EdU spots only in 12.7%=1.9 of surviving WT cells
(Supplementary Fig. 2). Rather, we found that ORC1 depletion was far more efficient in
inducing EdU spots in HCT116 cells, as the majority of WT cells were positive for EdU
spots (70.3%z+2.5, Fig. 2AB). Consistent with the data on Aph-induced EdU spots (Fig. 1),
the lack of RAD52 or FANCD?2 decreased the number of cells with EdU spots under this
condition (34.6%+2.5 in R52K0, 51.3%+2.9 in D2KO, see Fig. 2B). Importantly, additional
depletion of FANCD2 in R52KO cells substantially impaired the formation of EdU spots
under ORC1 depletion (9.7%zx1.7). Co-depletion of RAD52 with ORCL1 in D2KO cells also
had a similar inhibitory effect on the formation of EdU spots (32.0%2.7). Moreover, co-
depletion of RAD52 and FANCD?2 caused a significant decrease of WT cells containing
EdU spots under ORC1 depletion (45.3%+2.9). While it appears that RAD52 promotes
mitotic DNA synthesis by supporting a full level of FANCD2 focus formation, these data
collectively suggest that RAD52 and FANCD2 function independently of one another to
promote EdU spot formation in HCT116 cells.

Multiple cancer cell lines also rely on both RAD52 and FANCD?2 for mitotic DNA synthesis

Having found the dual regulation of mitotic DNA synthesis by RAD52 and FANCD2 in
HCT116 cells, we wanted to test if this holds true for other cancer cell lines. In H1299 cells,
a lung cancer cell line, Aph-induced EdU spots were observed in the vast majority of cells
(93.9%=1.2) under siC-treated conditions (Fig. 3B left). As shown in Fig. 3AB, depletion of
RAD52 by siR52-A caused a significant decrease in the number of cells containing EdU
spots (76.5%=2.2). Depletion of FANCD?2 by siD2-A caused a sharp reduction in the
number of cells with EAU spots (47.3%=2.9). Co-depletion of RAD52 and FANCD2 by
these siRNAs further decreased the number of cells with EdU spots than single depletion
alone (28.6%=2.6). Note that we also observed a significant decrease in cells with EdU spots
when RAD52 or FANCD2 was depleted by siR52-B or siD2-B, respectively. We next
investigated the role of FANCA in mitotic DNA synthesis, as this protein is involved in the
monoubiquitination of FANCD2 as a member of the Fanconi core complex (41). Depletion
of FANCA (done independently using two different siRNAs; siFA-A and siFA-B)
significantly reduced the number of cells with EdU spots at a level comparable to POLD3
depletion or lower (Fig. 3B, right). Therefore, FANCD2 and FANCA both promote mitotic
DNA synthesis in H1299 cells. Unlike HCT116 cells, approximately one third of H1299
cells displayed basal EdU spots (30.9%+2.6) in siC-treated conditions. Upon ORC1
depletion, EAU spots were detected in nearly all cells (96.4%z=1.1, Fig. 3CD). Induction of
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EdU spots was significantly suppressed by co-depletion of RAD52 with ORC1 (72.3%2.7).
Co-depletion of FANCD2 and ORC1 substantially decreased the formation of EdU spots
(22.7%zx1.7). Co-depletion of RAD52, FANCD2 and ORC1 further decreased the number of
cells with EdU spots (16.2%=+2.1). These data are consistent with the dual regulation of
mitotic DNA synthesis by FANCD2 and RAD52. We then examined U20S and HeLa cells,
which rely on RAD52 in promoting mitotic DNA synthesis (11). As shown in
Supplementary Figs. 3 and 4, these cell lines also depend on FANCD?2 for mitotic DNA
synthesis in addition to RAD52 regardless of how it is induced.

Non-cancerous RPEL cells rely on FANCD2 but not on RAD52 for EdU spot formation

We then extended our investigations to non-cancerous cell lines to understand if dual
regulation of mitotic DNA synthesis is universal. We first used hnTERT-RPE1 (RPEL1), an
hTERT-immortalized, noncancerous epithelial cell line. As shown in Fig. 4AB, Aph
treatment induced EdU spots in the majority of siC-treated RPE1 cells (77.7%%1.8).
Expectedly, depletion of POLD3 significantly decreased the number of cells with EdU spots
compared to siC-treated conditions (54.9%z=2.9). To our surprise, depletion of RAD52 (done
independently using two different sSiRNAs) did not cause any significant change in the
frequency of EdU positive cells (73.6%+2.4 for siR52-A, 77.0%=+2.4 for siR52-B). However,
FANCD?2 depletion (also done independently using two different siRNAS) consistently
caused a significant decrease in the number of cells with EdU spots relative to siC-treated
conditions (56.5%=3.3 for siD2-A, 53.0%=2.9 for siD2-B). Co-depletion of RAD52 and
FANCD?2 also decreased the number of cells with EdU spots to levels seen in conditions of
FANCD?2 single depletion (53.6%2.9). These data suggest that mitotic DNA synthesis in
RPEL1 cells depends primarily on FANCD2. To further verify this striking result, we
constructed RAD52 deficient lines in RPE1 cells by genome editing (see Supplementary
Methods). Consistent with RAD52 depletion by siRNAs, the absence of RAD52 in RPE1
cells did not cause any decrease in the number of cells with EdU spots (Fig. 4CD).
Depletion of FANCD2 in R52KOB?7, one of the R52KO lines constructed, resulted in a
sharp decrease in cells with EdU spots. Moreover, depletion of FANCA also significantly
impaired mitotic DNA synthesis in RPE1 cells. These findings strongly support that mitotic
DNA synthesis in RPEL1 cells is driven by these Fanconi proteins but not by RAD52. It
should also be noted that a selective decrease in EdU-positive cells after FANCD?2 depletion
in RPEL1 cells cannot be explained by a difference in cell cycle progression. Cell cycle
profiles were very similar after RAD52 or FANCD?2 depletion in RPE1 cells (Supplementary
Fig. 5). In contrast to cancer cell lines, RPE1 cells were relatively insensitive to ORC1
depletion, as a small fraction of cells (23.0%z=1.7) displayed EdU spots under this condition
(Fig. 4EF). Consistently, co-depletion of RAD52 with ORCL1 did not suppress the formation
of EdU spots (22.0%=2.5). Interestingly, RAD52 depletion by itself slightly increased the
number of cells positive for EAU spots as well as FANCD?2 foci.

As it appears that RAD52 is dispensable for mitotic DNA synthesis in RPEL1 cells, we tested
the role of BRCAZ in induction of EdU spots. As reported previously (11,32,33), depletion
of BRCA2 (done independently using two different siRNAs) induced EdU spots in ~50% of
RPEL1 cells, which was effectively suppressed by co-depletion of POLD3 (Supplementary
Fig. 6AB). EdU spots induced under BRCAZ2 depletion were also associated with
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chromosome aberrations (Supplementary Fig. 6C). Therefore, EdU spots formed under this
condition displayed the features of mitotic DNA synthesis. These findings indicate that
RADS52 and BRCAZ2 are both dispensable for mitotic DNA synthesis in RPE1 cells.

Depletion of RAD52 increases EdU spot formation in non-cancerous fibroblasts

To exclude the possibility that RPE1 cells are an exceptional cell line which does not require
RADS52 for mitotic DNA synthesis, we next examined BJ-5ta (BJ) cells, an hTERT-
immortalized non-cancerous fibroblast cell line (Fig. 5). Following Aph treatment,
approximately half of BJ cells displayed EdU spots (48.0%+2.9). Unexpectedly, depletion of
RADS52 by siR52-A caused a 1.8-fold increase in cells with EdU spots (87.3%+1.9, Fig.
5AB). While RAD52 depletion by siR52-B did not change the percentage of cells positive
for EAU spots (46.7%=2.9, Fig. 5AB), it increased the number of cells with =20 EdU spots
(12%) relative to siC-treated conditions (0.67%, Fig. 5C, left). Overall, RAD52 depletion
enhanced EdU spot formation in BJ cells, which accompanied a significant increase in the
fraction of cells with 220 FANCD?2 foci (45.3% for siR52-A, 70.0% for siR52-B, relative to
34.3% for siC, Fig. 5C right). As seen in RPEL1 cells, depletion of FANCD2 decreased the
number of cells positive for EAU spots (36.3%+2.8 for siD2-A, 23.5%+2.5 for siD2-B). Co-
depletion of RAD52 and FANCD?2 significantly suppressed the formation of EdU spots
(32.3%+2.7 for siR52-A+siD2-A, 33.7%=2.7 for siR52-B+siD2-A), suggesting that
FANCD?2 is a dominant factor to support mitotic DNA synthesis in BJ cells. Under ORC1
depletion, BJ cells with EdU spots were very rare (3.0%+0.98), although FANCD?2 focus
formation was greatly enhanced relative to siC-treated conditions (Fig. 5B right). We further
tested HDFn and IMR90, primary fibroblast cell lines (Fig. 6). Again, RAD52 depletion by
siR52-A caused a significant increase in the number of cells positive for Aph-induced EdU
spots (60.0%z=2.4 for HDFn, 67.7%=3.2 for IMR90) from siC-treated conditions (46.0%
+2.9 for HDFn, 41.8%+3.2 for IMR90). When siR52-B was used, Aph-induced EdU spots
were also significantly increased in HDFn cells (52.0%+2.9). Therefore, RAD52 may have
an inhibitory role in mitotic DNA synthesis in fibroblasts. Depletion of FANCD2
significantly decreased the number of cells with EdU spots (19.0%z2.2 for HDFn, 34.6%
+3.5 for IMR90), suggesting FANCD2 as a dominant player in supporting mitotic DNA
synthesis in these cells. In these cell lines, ORC1 depletion had very little effect on the
induction of EdU spots (9.0%z+1.7 for HDFn, 4.3%+1.2 for IMR90). These data suggest that
ORCL1 depletion is far more effective at inducing mitotic DNA synthesis in cancer cells than
non-cancerous cells. This may be attributed, partially if not all, to the highly up-regulated
expression of ORC1 in cancer cell lines relative to non-cancerous cell lines (Fig.7A)(42).

Co-depletion of RAD52 and ORC1 selectively impairs the proliferation of cancer cells

RADS52 now emerges as an attractive target for cancer therapies given its role in mitotic
DNA synthesis (11). To enhance the efficacy of this strategy, we exploited ORC1 depletion
to induce mitotic DNA synthesis preferentially in cancer cells. In a short-term assay to
determine cell numbers (Fig. 7B, top), HCT116 R52KO cells (as well as D2KO cells) were
found to be less proliferative relative to WT HCT116 cells even in siC-treated conditions
(31,37). ORC1 depletion further impaired the proliferation of these cells. Co-depletion of
RAD52 and ORCL1 also impaired the proliferation of U20S cells but not of RPE1 or BJ cells
relative to siC-treated conditions (Fig. 7C). In a colony forming assay (Fig. 7B, bottom), the
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less proliferative nature of HCT116 R52KO cells was more evident particularly after ORC1
depletion. Co-depletion of RAD52 and ORC1 also substantially inhibited the colony
forming abilities of H1299 and U20S cells compared to siC-treated conditions (Fig. 7D).
We could not perform the colony forming assay on non-cancerous cell lines, because these
cells did not form distinct, scorable colonies. Overall, these data support that co-targeting
RADS52 and ORC1 selectively impairs the proliferation of cancer cells.

Discussion

In this study, we demonstrated that FANCD?2 supports mitotic DNA synthesis along with
RADS52 in cancer cell lines. Moreover, our data consistently indicate that mitotic DNA
synthesis in non-cancerous cell lines predominantly depends on FANCD2. Unexpectedly,
RAD52 had little effect on mitotic DNA synthesis in RPEL cells. In the fibroblast cell lines,
it appears that RAD52 suppresses mitotic DNA synthesis, as its depletion significantly
enhanced the formation of EdU spots. Collectively, we propose models (Fig. 7E) in which
FANCD?2 acts as a fundamental player in mitotic DNA synthesis in human cells. Recent
studies identified a RAD52-independent mechanism for DNA synthesis at telomeres during
the G2/M phases in cancer cells (43,44). Since this unusual timing of DNA synthesis at
telomeres displays mechanistic similarities with mitotic DNA synthesis, it will be intriguing
to find out if this new mechanism also depends on FANCD?2. Given our finding on the
involvement of FANCA in mitotic DNA synthesis (Figs 3 and 4), it is likely that the Fanconi
core complex and FANCD2 coordinately regulate this process independently of BRCA2/
RAD51 (FANCD1/FANCR). In this context, it will be important to understand the
underlying mechanism with respect to the human genetic disorder Fanconi anemia. In
contrast, we previously reported that FANCC was dispensable for EdU spot formation in
mice (12), suggesting the possibility that mitotic DNA synthesis operates differently
between these species. It may be possible that mitotic DNA synthesis in mice primarily
depends on RAD52 or unknown factors. These possibilities should be addressed in future
studies. Our findings suggest that the role of RAD52 in mitotic DNA synthesis is restricted
to cancer cells. Given the highly up-regulated expression of RAD52 in cancer cells (Fig.
7A), we speculate that RAD52 may acquire a role as an additional promoter of mitotic DNA
synthesis during cancer development. This may allow for cancer cells to perform an
“upgraded” form of mitotic DNA synthesis, which may help them cope with replication
stress to sustain their survival and proliferation.

While RAD52 depletion reproducibly caused a significant inhibition of EdU spot formation
in cancer cells, its effect on FANCD2 focus formation was far from uniform among the
cancer cell lines used in this study. In HCT116 cells, the absence/depletion of RAD52
invariably resulted in a decline in the number of FANCD?2 foci (Figs. 1 and 2, and
Supplementary Fig. 1). In H1299 cells, RAD52 depletion had either no effect or impaired
FANCD?2 focus formation (Fig. 3). In U20S and HeLa cells, we observed complicated
bimodal forms of FANCD?2 focus formation (see Supplementary Figs. 3 and 4). While such
differences may be attributed to cancer types, mutations/deficiencies each cancer line
harbors, and/or their intrinsic genetic make-ups, we do not have a feasible explanation for it
at this time. Whatever the effect of RAD52 depletion on FANCD2 focus formation would
be, our data inherently point out that RAD52 and FANCD?2 function independently in
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mitotic DNA synthesis in the cancer cell lines we tested. On the other hand, RAD52
depletion consistently enhanced the formation of FANCD?2 foci and EdU spots in the
fibroblast cell lines. Even in RPEL1 cells, we found that depletion/lack of RAD52 increases
the number of FANCD?2 foci per cell (see R52KOD8 in Fig.4D).

Without Aph treatment, EdU spots were rarely observed in non-cancerous cell lines. This
was also the case for HCT116 cells. However, other cancer cell lines (in particular H1299
cells) had relatively high basal levels of EdU spots along with an increased number of
FANCD?2 foci. As shown for DNA synthesis at telomeres during G/M phases, the status of
p53 may play a role for high basal levels of EdU spots (45). While Aph is a non-selective
inducer of mitotic DNA synthesis, depletion of ORC1 induced EdU spots preferentially in
cancer cells. This is consistent with the idea that cancer cells rely heavily on dormant origins
to resolve stalled replication forks to better cope with intrinsic replication stress they may
harbor. In fact, depletion of ORC or MCM proteins cause a significant loss of dormant
origins (26,27,46), which makes cancer cells far less viable and proliferative relative to non-
cancerous cells (42,47). In this context, a loss of dormant origins is expected to cause the
accumulation of late replication intermediates especially in cancer cells, which are most
likely resolved by mitotic DNA synthesis. Supported by our data (Fig. 7B-D), inhibition of
mitotic DNA synthesis by targeting RAD52 under such conditions may provide a chance to
selectively impair the proliferation of cancer cells. For this purpose, we think that ORC is a
better target, as a chronic reduction of MCM causes tumors in mice (48,49). On the other
hand, defects in ORC are associated with Meier-Gorlin syndrome, a primordial dwarfism
which has no known increased risks of cancer (50).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FANCD2 promotes mitotic DNA synthesisin addition to RAD52 in HCT116 cells.
A. Immunoblotting to confirm the lack of FANCD2 and RAD52 in respective mutant lines

(D2KO and R52KO0) along with expression levels of these proteins in parental wild-type
(WT) cells. Vinculin was used as a loading control. B. Representative images of phospho-H3
stained nuclei/chromosomes (blue), EAU spots (green), and FANCD?2 (red) foci are
displayed for each genotype. C. Percentage of early M-phase (prophase to prometaphase)
cells positive for EdU spots (top) or >2 FANCD2 foci (bottom) in the presence/absence of
Aph treatment for each genotype. D. Representative images of metaphase spreads that
display Aph-induced EdU spots and/or gaps/breaks in each genotype. E. The average
number of gaps/breaks for each genotype and those found at EdU spots per cell. F. The
average number of EdU spots for each genotype. Error bars indicate standard deviations of
respective frequencies in C and standard errors of means in E and F, respectively. ***
indicates p<0.001 by a Xz-test in C and by a #test in E and F, respectively. Bars in
microscope images in B and D indicate 10 um. ND; none detected.
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Figure 2. FANCD2 and RAD52 act in parallél in supporting EdU spot formation under ORC1
depletion in HCT116 cells.

A. Immunoblotting to show depletion of ORCL1 (top/bottom) in all genotypes and additional
depletion of RAD52 and/or FANCD?2 (bottom) in respective HCT116 genotypes. Tubulin
was used as a loading control. A filled triangle indicates a non-specific band detected by the
RADS52 antibody. B. Percentage of early M-phase cells positive for EAU spots (top) or >2
FANCD?2 foci (bottom) after ORC1 depletion in combination with RAD52 and/or FANCD2
depletion. Error bars indicate standard deviations of respective frequencies. *** indicates
p<0.001 by a XZ- test. ND; none detected. NA; not applicable.
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Figure 3. FANCD2 and RAD52 both support the formation of APH- and ssORC1-induced EdU
spotsin H1299 cells.

A. Immunoblotting (top) to show depletion of RAD52 and/or FANCD2. Immunoblotting
(bottom) to show single depletion of POLD3 (left) or FANCA (right). B. Percentage of early
M-phase cells positive for EAU spots (top) or >2 FANCD?2 foci (bottom) per siRNA
treatment after Aph treatment. C. Immunoblotting to show single depletion of ORC (left),
and co-depletion of RAD52 and/or FANCD2 with ORCL (right). D. Percentage of early M
phase cells positive for EdU spots (left) or >2 FANCD?2 foci (right) per sSiRNA treatment. In
B and D, error bars indicate standard deviations of respective frequencies. *. **. and ***
indicate p<0.05, p<0.01, and p<0.001 by a XZ- test, respectively.
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Figure 4. FANCD?2 but not RAD52 supportsthe formation of EdU spotsin RPE1 cells.
A. Immunoblotting to show single depletion of RAD52 (top left) or FANCD2 (top right),

POLD3 (bottom left), and double depletion of FANCD2 and RAD52 (bottom right). B.
Percentage of early M-phase cells positive for EAU spots (top) or >2 FANCD?2 foci (bottom)
per siRNA treatment group after APH treatment. C. Immunoblotting to show depletion of
FANCA (top left), the lack of RAD52 (top right), and depletion of FANCD2 in R52KOB7
(bottom). D. Percentage of early M-phase cells positive for EdU spots (left) or >2 FANCD2
foci (right) per siRNA treatment/genotype group. E. Immunoblotting to show single

Mol Cancer Res. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Graber-Feesl et al.

Page 18

depletion of RAD52 and ORC1 and double depletion of RAD52 and ORC1. F. Percentage
of early M-phase cells positive for EAU spots (left) or >2 FANCD2 foci (right) per siRNA
treatment group. In A and E, filled triangles indicate a non-specific band detected by the
RADS52 antibody. In B, D and F, error bars indicate standard deviations of respective
frequencies. *** indicates p<0.001 by a Xz_ test.
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Figure5. BJ cellsrely on FANCD2 but not on RAD52 for EdU spot formation.
A. Immunoblotting to show single depletion of RAD52 (top left), FANCD2 (top right) or

ORCL1 (bottom right), and double depletion of FANCD2 and RAD52 (bottom left). B.
Percentage of early M-phase cells positive for EAU spots (top) or >2 FANCD?2 foci (bottom)
per siRNA treatment group in the presence/absence of Aph treatment. C. Distribution of
cells having respective ranges of EdU spots (left) and FANCD2 foci (right) per cell for each
SiRNA treatment. In A, a filled triangle indicates a non-specific band detected by the RAD52
antibody. In B and C, error bars indicate standard deviations of respective frequencies. ***
indicates p<0.001 by a ?- test.
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Figure 6. EJU spot formation isimpaired by FANCD2 depletion but enhanced by RAD52
depletion in primary HDFn and IMR90 cells.

A. C. Immunoblotting to show single depletion of RAD52, FANCD2 or ORC1 in HDFn (A)
and IMR90 cells (C). B. D. Percentage of early M-phase cells positive for EdU spots (top) or
>2 FANCD?2 foci (bottom) per siRNA treatment group in the presence/absence of Aph
treatment for HDFn (B) and IMR 90 (D) cells. In A and C, filled triangles indicate a non-
specific band detected by the RAD52 antibody. In B and D, error bars indicate standard
deviations of respective frequencies. * and *** indicate £<0.05 and p<0.001 by a XZ— test,
respectively.
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Figure 7. Co-depletion of RAD52 and ORC1 selectively impairsthe proliferation of cancer cells.
A. Immunoblotting to show levels of FANCD2, RAD52, and ORCL in the eight cell lines

used in this study. Filled triangles indicate a non-specific band detected by the RAD52
antibody. B. Cell number (top) and colony forming efficiency (bottom) per siRNA treatment
group for HCT116 WT, R52KO (and D2KO) cells. C. Cell number per siRNA treatment
group for U20S, RPE1 and BJ cells. D. Colony forming efficiency per siRNA treatment
group for H1299 and U20S cells. E. Proposed models for mitotic DNA synthesis in cancer
(left) and non-cancerous cells (right). In B-D, Error bars indicate standard errors of the
mean. *, ** and *** indicate p<0.05, p<0.01 and p<0.001 by a t- test, respectively.
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