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Abstract

Faithful genome duplication is a challenging task for dividing mammalian cells, particularly
under replication stress where timely resolution of late replication intermediates (LRIs) becomes
crucial prior to cell division. In human cancer cells, mitotic DNA repair synthesis (MiDAS)

is described as a final mechanism for the resolution of LRIs to avoid lethal chromosome mis-
segregation. RAD52-driven MiDAS achieves this mission in part by generating gaps/breaks

on metaphase chromosomes, which preferentially occur at common fragile sites (CFS). We
previously demonstrated that a MiDAS mechanism also exists in untransformed and primary
human cells, which is RAD52 independent but requires FANCD2. However, the properties of
this form of MiDAS are not well understood. Here, we report that FANCD2-driven MiDAS

in untransformed human cells: 1) requires a prerequisite step of FANCD2 mono-ubiquitination
by a subset of Fanconi anemia (FA) proteins, 2) primarily acts to preserve CFS stability

but not to prevent chromosome mis-segregation, and 3) depends on HELQ, which potentially
functions at an early step. Hence, FANCD2-driven MiDAS in untransformed cells is built to
protect CFS stability, whereas RAD52-driven MiDAS in cancer cells is likely adapted to prevent
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chromosome mis-segregation at the cost of CFS expression. Notably, we also identified a novel
form of MiDAS, which surfaces to function when FANCD?2 is absent in untransformed cells. Our
findings substantiate the complex nature of MiDAS and a link between its deficiencies and the
pathogenesis of FA, a human genetic disease.
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Introduction

Maintaining genome stability is vital for living cells to secure their survival and
functionality. In particular, dividing cells must undergo faithful DNA replication before
they divide in order to avoid harmful mutations and/or chromosome mis-segregation. Studies
have revealed that eukaryotic cells are armed with multiple mechanisms that restore stalled
and collapsed replication forks, thereby attaining successful completion of DNA replication
1.2 These mechanisms are especially critical under the conditions known as replication
stress in which replication forks fail more frequently 3. In humans, most cancer cells are
intrinsically prone to replication stress by the activation of oncogenes that often occurs
during cancer development 26 In this context, they may accumulate more late replication
intermediates (LRIs) than untransformed cells despite exploiting all available means to
repair stalled/collapsed forks. Additionally, cancer cells may have to deal with certain types
of LRIs that are more difficult to resolve. If unresolved, such LRIs may interfere with sister
chromatid disjunction "8, Therefore, as a final attempt to avoid such events, it is proposed
that cancer cells utilize mitotic DNA repair synthesis (MiDAS) during early M phase to
resolve LRIs before anaphase onset 910,

Increasing evidence indicates that MiDAS in human cells is a complex phenomenon driven
by multiple mechanisms in response to distinct types of replication stress and/or different
types of lesions, which affect respective loci such as common fragile sites (CFS), telomeres,
or rare fragile sites (RFS) 914, With respect to MiDAS induced by aphidicolin (APH), one
of the most commonly used replication inhibitors 1%, previous studies on multiple human
cancer cell lines revealed that MiDAS requires RAD52, the MUS81-EMEL endonuclease
complex along with its scaffold protein SLX4, and POLD3, a non-catalytic subunit of
DNA polymerase delta 9:10.12.16_ RAD52 promotes single-strand annealing (SSA) of DNA
double strand break (DSB) repair as well as the recovery of collapsed replication forks via
a break-induced replication (BIR) mechanism in mammalian cells 17-19. According to the
prevailing model 19, RADS52 plays multiple key roles in MiDAS in human cancer cells. At
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an early step of MiDAS, collapse or enzymatic cleavage of stalled forks would occur. A
resulting one-end DSB would be annealed with partially single-stranded templated DNA
via RAD52’s stand-annealing ability. RAD52 would also facilitate the recruitment of the
MUS81-EMEL1 endonuclease complex, which along with SLX4 participates in processing
MiDAS intermediates. Moreover, RAD52 is required for the recruitment of POLD3, which
is necessary for DNA synthesis via a BIR-like mechanism 910.19-21,

MiDAS can be visualized when early M-phase cells incorporate 5-ethynyl-2-deoxyuridine
(EdU) after treatment with a low dose of APH, exhibiting localized EdU intake 92223,
These EdU spots almost always co-localize with foci of FANCD2, a key protein mutated

in Fanconi anemia (FA) %24, Notably, FANCD2 foci form predominantly at CFS 825,
which exhibit gaps or breaks on metaphase chromosomes under the same conditions that
induce MiDAS 26:27. Hence, MiDAS preferentially occurs at CFS after APH treatment

9. Moreover, MiDAS may account for most CFS lesions, given that its key components

(the MUS81-EME1 complex along with SLX4) are required for CFS to manifest gaps

or breaks (typically referred to as “CFS expression™) 7-9. Accordingly, when MiDAS is
blocked, multiple human cancer cell lines display a significant decrease in CFS expression
accompanied by increased incidences of aberrant anaphases (with chromatin bridges and/or
ultra-fine bridges) and non-disjunction of sister chromatids 919, Therefore, it is proposed
that the primary role of MiDAS in human cancer cells is to minimize potentially lethal
chromosome mis-segregation by sacrificing CFS stability 910, This idea is supported by

an increased appearance of daughter cells harboring 53BP1-nuclear bodies (53BP1-NBs) in
the subsequent G1 phase in the absence of RAD52 or SLX4, because 53BP1-NBs are also
formed at incompletely processed CFS 9:10.28.29,

We previously demonstrated that APH-induced MiDAS in human cancer cell lines (i.e.,
HCT116, HelLa, U20S and H1299) is supported by an additional mechanism driven by
FANCD?2, which functions independently of RAD52 30, Most importantly, we discovered
that RAD52 is not required for this form of MiDAS in hTERT-immortalized, untransformed
human cell lines (nTERT-RPE1 and BJ-5ta) and primary cell lines (IMR90 and HDFn).
Instead, these cell lines depend on FANCD?2 to operate MiDAS upon APH treatment

30, As mentioned earlier, the FANCDZ2 gene is mutated in FA, a rare genetic disorder
characterized with congenital defects, bone marrow failure, and cancer predisposition 31:32,
At the molecular level, the FA proteins collectively promote the repair of DNA interstrand
crosslinks (ICL), which requires a coordination of multiple DNA repair pathways 3334
Unlike ICL repair, FANCD2-driven MiDAS does not require all the FA genes, because

BRCAZ (FANCD1) deficiency enhances MiDAS in RPE1 cells even in the absence of APH
30

In agreement with the role of FANCD2 in MiDAS, recent studies reported the presence of
an FA-mediated MiDAS/BIR-like pathway in multiple human cell lines including HCT116,
HEK?293, and TK6 cells 2135, This FA-mediated BIR reportedly suppresses aneuploidy, a
consequence of chromosome mis-segregation 1. However, HCT116 and HEK293 cells also
utilize RADS52 to operate MiDAS 13:30, To avoid any confounding effects by the RAD52-
driven mechanism, we set out to investigate the properties of FANCD2-driven MiDAS

in untransformed human cells using the hTERT-RPEL (RPE1) and BJ-5ta (BJ) cell lines.
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Therefore, our study explicitly focused on APH-induced MiDAS, which primarily impacts
CFs.

Given the key role of FANCD2 in MiDAS in untransformed human cells, we first examined
the involvement of other FA proteins in this process. Therefore, our investigations focused
on the role of FANCD2 mono-ubiquitination, a key process occurring in the S phase, in
promoting MiDAS in the subsequent M phase given it is required for FANCD2 focus
formation and chromatin binding 36-38. Moreover, we attempted to verify and discover
additional proteins involved in FANCD2-driven MiDAS, as its mechanism is relatively
unknown in untransformed human cells.

Here, we report that FANCD2 mono-ubiquitination is a crucial prerequisite for MiDAS to
occur in early M phase in untransformed human cells, and that this FANCD2-driven MiDAS
primarily functions to preserve CFS stability but not to suppress aneuploidy. Intriguingly,
enhanced CFS expression after a loss of FANCD2 was partially due to residual EdU
incorporation, which likely results from another form of MiDAS. Moreover, we discovered
HELQ as a new component in supporting MiDAS, which could use its newly discovered
DNA annealing activity at an early step in the FANCD2-driven mechanism 3940, Taken
together, these findings illustrate distinct features of the FANCD2-driven mechanism and the
multilayered nature of MiDAS even in untransformed human cells.

MiDAS depends on the FA proteins that contribute to FANCD2 mono-ubiquitination.

To verify our previous finding on the central role of FANCD?2 in MiDAS in untransformed
and primary human cells 39, we first examined the formation of EdU spots in early M-phase
cells using two FANCDZ2 knockout clones of RPE1 cells 41 along with wild-type (WT) cells
(see D2KO 2B7 and 2C10 in Supplemental Figure S1D). Of note, we examined MiDAS
without the use of RO-3306, a CDK1 inhibitor that was routinely used in preceding studies
9.10.13,14.42 ‘hecause of the following two concerns: 1) Unexpectedly low levels of MiDAS
after the prolonged G2 arrest (16-24 hrs) by RO-3306, which could be attributed to disrupted
phosphorylation of FANCD2 by CDK2 43, and 2) Intensified MiDAS upon a 3hr-treatment
with RO-3306 possibly due to an off-target effect 44 (Supplemental Figure S1A-B). Since
we verified that most cells progressed no further than prometaphase within 30 min of release
from G2 arrest (Supplemental Figure S1C), we concluded that the protocol of 24-hr APH
treatment immediately followed by 30 min EdU incubation should capture MiDAS without
artifacts. Using this protocol, we observed that WT cells reproducibly generated EdU spots
at sites forming FANCD?2 foci in early M-phase (Figure 1A). Despite the complete absence
of FANCD2 foci, the D2KO clones still produced EdU spots, but their frequencies were
substantially lower (<50%) than those of WT cells (Figure 1B, left). On average, the number
of EdU spots observed in the D2KO cells were significantly fewer (<30%) than that of

WT cells (Figure 1B, right). Having confirmed that the absence of FANCD2 strongly
impairs MiDAS, we next investigated if additional FA proteins are required for this process.
FANCD2 forms a heterodimer with FANCI, and genetic disruption or depletion of FANCI
impairs FANCD?2’s stability, mono-ubiquitination, and focus formation 4546, To test the
involvement of FANCI in MiDAS, we generated two RPEL1 clones lacking FANCI (IKO
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C1 and C2) (Supplemental Figure S1D and Supplemental Table S1). As expected, the two
IKO clones produced no FANCD2 foci (Figure 1A). Much like the D2KO clones, these

IKO clones produced significantly fewer EdU spots than WT cells did (Figure 1B). Both
FANCD2 and FANCI are mono-ubiquitinated (at K561 and K523, respectively) by the

FA core complex during unperturbed S phase as well as in response to replication stress
36,37.4546 The FA core complex proteins form three sub-complexes as illustrated in Figure
1C 4750, The FANCB-FANCL-FAAP100 sub-complex contains FANCL, the E3 ubiquitin
ligase that is directly responsible for mono-ubiquitination of FANCD2 and FANCI (shown
as stars in Figure 1C) 20-33, To determine if FANCD2 mono-ubiquitination supports MiDAS,
we generated FANCL knockout RPE1 clones, LKO F1 and F4. (Supplemental Figure S1D
and Supplemental Table S1). As shown in Figure 1B, the decrease in EdU spot formation in
these LKO clones was comparable to that observed in the D2KO and IKO clones. The
remaining two subcomplexes (FANCC-FANCE-FANCF and FANCA-FANCG-FAAP20,
respectively, see Figure 1C) presumably play ancillary roles to achieve a full level of
FANCD2 mono-ubiquitination 7 vivo 905455 We generated FANCA and FANCE knockout
(AKO and EKO) clones (Supplemental Figure S1D and Supplemental Table S1) to inactivate
one component of each subcomplex. As shown in Figure 1A, the AKO and EKO clones
were unable to form FANCD2 foci as demonstrated in previous studies 2656, The AKO 2A4
and 2A7 clones produced slightly but significantly more EdU spots than the D2KO clones
(Figure 1B). The EKO C2 and C6 clones displayed further increased EdU spots compared to
the AKO clones. However, MiDAS levels in the AKO and EKO clones were still statistically
lower than those in WT cells (Figure 1B). The relatively higher levels of MiDAS seen in

the AKO and EKO clones could be attributed to their residual ability to mono-ubiquitinate
FANCD?2 (Figure 1D, top right and bottom right, seen after APH treatment) because these
FA core complex proteins are not absolutely required for FANCD2 mono-ubiquitination
50.53 |n contrast, we see no monoubiquitinated FANCD2 in the IKO and LKO clones
(Figure 1D, top left and bottom left). Collectively, these data are consistent with the idea
that FANCD2 mono-ubiquitination is a prerequisite for MiDAS to occur in early M phase

in RPEL1 cells. Finally, all the FA knockout (FAKO) clones used here proliferated at a much
slower rate compared to WT cells. (Supplemental Figure S1E). Additionally, we constructed
two FANCDZ2 knockout clones in another untransformed cell line, BJ-5ta (BJ, D2KO #10
and #13, see Supplemental Table S1). As shown in Supplemental Figures S1F-H, these
clones phenocopied the RPE1 D2KO clones, exhibiting severely impaired MiDAS and cell
proliferation. These data indicate that BJ cells also rely on FANCD?2 to operate MiDAS.

Mono-ubiquitination of FANCD?2 is critical for MiDAS.

To further verify the key role of FANCD2 in MiDAS, we complemented the D2KO

2B7 clone with cDNA encoding WT FANCD2 employing the method we previously

used 57, Relative to WT cells, the resulting complemented clones (2B7+WTD2 #34 and
#36) expressed higher levels of FANCD2 (Figure 2A). In addition, we introduced cDNA
encoding mono-ubiquitination dead FANCD2KX561R jnto the D2KO 2B7 clone, which also
produced clones (2B7+D2K561R 424 and #34) expressing elevated levels of FANCD2K561R
(see Figure 2A). The introduced WT FANCD2 was monoubiquitinated in the 2B7+WTD2
clones #34 and #36 upon APH treatment (Figure 2B, top and bottom), explaining the
recovery of FANCD?2 focus formation (Figure 2C and 2D, top panels). Expectedly, the
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2B7+D2K561R clones (#24 and #34) were unable to mono-ubiquitinate FANCD2 (Figure
2B) and their MiDAS levels were unchanged from the parental 2B7 clone (Figure 2D,
bottom panels). Vitally, these complemented clones with WT FANCD2 almost completely
restored MiDAS (Figure 2C and 2D), thereby supporting the integral role of FANCD2
mono-ubiquitination in this process.

The FAKO clones display only a modest increase in 53BP1-NBs after APH treatment.

When RAD52-driven MiDAS was impaired in cancer cells, the occurrence of 53BP1-NBs
was significantly elevated in the following G1 phase 210, We wanted to determine if this
holds true in the absence of FANCD2-driven MiDAS by using the D2KO, IKO, and LKO
clones. To better identify G1 phase cells, we employed double staining with cyclin A and
EdU (Figure 3A) because we found that cyclin A signals were relatively weak in early S
phase in our hands. In untreated conditions, the formation of 53BP1-NBs was spontaneously
elevated in the FAKO clones with respect to its frequencies and numbers, showing a >2-fold
increase relative to WT cells (Figure 3B, top left and right). Upon APH treatment, the
formation of 53BP1-NBs was enhanced in all genotypes with respect to its frequencies

and numbers (Figure 3B, bottom left and right). However, we noticed that APH treatment
increased the frequencies and numbers of 53BP1-NBs in the FAKO clones less effectively
than those of WT cells. Moreover, there were no statistical differences in the 53BP1-NB
levels between APH-treated WT cells and the 1KO clones. These observations cast a doubt
that the formation of 53BP1-NBs is significantly enhanced upon a loss of FANCD2-driven
MIDAS, although intrinsically higher levels of 53BP1-NBs in the FAKO clones prevent

a definite conclusion. The formation of 53BP1-NBs in BJ D2KO clones (Supplemental
Figure S2A-B) was essentially similar to what was observed in the RPE1 D2KO clones,
further corroborating that an increase in 53BP1-NBs is not a primary consequence of
FANCD2-driven MiDAS deficiency.

The absence of FANCD2-driven MiDAS does not uniformly increase aberrant anaphases.

Next, we examined anaphases for the presence of chromatin-bridges, which were
substantially elevated in RAD52-driven MiDAS-impaired cancer cells %19, We rarely found
anaphases with chromatin bridges in WT cells even after APH treatment (Figure 3C-D).
Most aberrant anaphases in WT cells contained lagging chromatids or possible acentric
fragments (Figure 3C-D). Although it was variable, approximately 10-50% of the aberrant
anaphases in all the FAKO clones had chromatin bridges regardless of APH treatment
(Figure 3D). Consistent with previous reports 58:59, the FAKO clones exhibited higher
frequencies of aberrant anaphases in untreated conditions compared to WT cells (Figure 3D,
left). However, the frequencies of aberrant anaphases in the FAKO clones (except for the
IKO clones) were comparable to that of WT cells after APH treatment (Figure 3D, right).
Therefore, it is unlikely that the absence of FANCD2-driven MiDAS universally increases
aberrant anaphases in RPEL1 cells. We also examined aberrant anaphases in BJ D2KO clones
(Supplemental Figure S2C), which were not elevated relative to WT BJ cells after APH
treatment. Taken together, these data suggest that the absence of FANCD2-driven MiDAS is
unlikely to enhance chromosome mis-segregation. Of note, we did not examine anaphases
for the presence of ultra-fine bridges due to a loss of FANCD2 foci in the FAKO cells.

J Mol Biol. Author manuscript; available in PMC 2024 November 15.
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Depletion of MUS81, EMEL or SLX4 impairs MiDAS but also decreases FANCD2 levels.

The structure-specific endonuclease complex MUS81-EMEL1 alongside its scaffold protein
SLX4 promotes MiDAS in cancer cells %19, We depleted MUS81, EME1 or SLX4 in RPE1
cells using two different siRNAs (Supplemental Figure S3A) to determine their effects on
MiDAS (Figure 4A). Expectedly, we found that depletion of respective proteins caused an
approximately 50% reduction in the frequency of EdU-positive cells relative to conditions
treated with control siRNA (Figure 4B, left). Upon depletion of MUS81, EME1 or SLX4,
the average number of EdU spots per cell was also significantly decreased (Figure 4B,
right). However, we noticed that impaired MiDAS in the above conditions was accompanied
by a significant reduction in FANCD2 focus formation in both its frequencies and numbers
(Figure 4C, left and right). This led us to uncover consistent co-depletion of FANCD2

with MUS81, EME1 or SLX4 regardless of quantification via enhanced chemiluminescence
(ECL)- or fluorescence-based methodology, the latter possessing greater sensitivity and
accuracy (Figure 4D and Supplemental Figure S3B)®0. A partial loss of FANCD2 cannot
fully explain the severely impaired MiDAS in MUS81-, EME1- or SLX4-deficient cells
because their MiDAS levels were comparable to those in the D2KO clones (see Figure

1B). To better evaluate the role of MUS81 and SLX4 in MiDAS, we took advantage of the
complemented clones 2B7+WTD2 #34 and #36, which overexpress WT FANCD?2 (Figure
2). Despite the higher base levels of FANCD?2 in these clones, depletion of MUS81 or
SLX4 still decreased FANCD2 protein levels and focus formation in addition to lowering
MiDAS levels (Supplemental Figure S3E-F). Consequently, co-depletion of FANCD2 with
these proteins limits our conclusions regarding the definite role of MUS81-EME1/SLX4 in
MiDAS in RPEL1 cells. The XPF (or FANCQ) endonuclease, which forms a heterodimer
with ERCC1, is required for ICL repair and can function in complex with SLX4 61-65,
Depletion of XPF had little effect on the formation of EdU spots and FANCD2 foci
(Supplemental Figure S3A and Figure 4A-C), thereby discounting XPF’s involvement in
FANCD2-driven MiDAS.

FANCD2 and MUS81-EME1/SLX4 are interdependent for sustaining normal protein levels.

Upon consistent co-depletion of FANCD2 with MUS81-EME1/SL X4, we next analyzed the
MUS81 and SLX4 protein levels in the D2KO 2B7 and 2C10 clones and found that the
levels of these proteins were reciprocally reduced in the absence of FANCD2 (Supplemental
Figure S3C). Importantly, complementation of the 2B7 clone with WT FANCD?2 (#34 and
#36) restored SLX4 and MUSB8L1 levels to near WT levels (Figure 4E). These observations
indicate that MUS81-EME1/SLX4 and FANCD2 are dependent on one another to maintain
their protein levels. This interdependence is also applicable to mono-ubiquitination dead
FANCD?2, as the 2B7+D2K561R clones (#24 and #34) reproducibly displayed WT levels

of MUS81 and SLX4 (Figure 4E and Supplemental Figure S3D). It should be noted that

the 2B7+D2K561R clones (#24 and #34) have impaired MiDAS (Figure 2) despite having
restored levels of MUS81 and SLX4. This observation clearly demonstrates that impaired
MiDAS in the 2B7+D2K561R ¢lones #24 and #34 and their parental clone 2B7 cannot be
due to reduced levels of MUS81 and SLX4. Rather, it supports our claim that FANCD2
mono-ubiquitination is critical for MiDAS, which is lacking in the 2B7+D2K561R ¢clones
#24 and #34. Additionally, we examined the effects of MUS81 or SLX4 depletion on

the formation of 53BP1-NBs (Supplemental Figure S3G). While cells treated with control
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siRNA exhibited a dose-dependent increase in 53BP1-NBs upon APH treatment, MUS81- or
SLX4-depleted cells failed to show a consistent increase in 53BP1-NBs with/without APH
treatment. These data suggest that the elevated levels of 53BP1-NBs in the D2KO clones
(Figure 3B) are primarily attributed to the lack of FANCD2 by itself but not co-depletion of
MUS81 or SLX4.

The absence of FANCD2 unfailingly increases CFS expression.

In human cancer cells, impairment of MiDAS due to depletion of RAD52, MUS81 or SLX4
significantly decreased expression of CFS (i.e., reduced occurrences of gaps/breaks) 910,
Given this finding, we wondered if the absence of FANCD2-driven MiDAS decreases CFS
expression. However, it has long been understood that the lack of FANCD?2 or other FA
proteins increases CFS expression %, To clarify the role of FANCD2-driven MiDAS in CFS
stability in untransformed cells, we investigated APH-induced chromosome aberrations in
RPE1 WT and D2KO cells by identifying all gaps and breaks on G-banded chromosomes
(Supplemental Figure S4). In both genotypes/clones, the most common locations for
aberrations (~50%) were found in Chromosomes 1, 2, 4, and 7 (Figure 5A). Among

60 metaphases analyzed per genotype/clone, a total of 76 chromosome aberrations were
detected in WT cells (Figure 5B). Only 13 of them were breaks and the rest of them were
gaps. Relative to WT cells, both D2KO clones had increased numbers of chromosome
aberrations (108 and 104 aberrations for the clones 2B7 and 2C10, respectively) due to an
increase in the proportion of cells with aberrations (Figure 5C, left). The average numbers
of chromosome aberrations per metaphase were slightly higher in the D2KO clones, but
there was no statistical difference among the genotypes/clones (Figure 5C, right). As in
WT cells, most chromosome aberrations in these two clones were gaps, and only 10 and
22 breaks were observed for clones 2B7 and 2C10, respectively (Figure 5B). Moreover,

we divided all APH-induced chromosome aberrations into two categories: (i) aberrations
at CFS and (ii) aberrations at non-CFS, using information from preceding studies 67-69,
Chromosome aberrations at CFS and non-CFS were both increased in the D2KO clones
(Figure 5B). Consistent with a previous study that characterized CFS in the RPE1 cell

line %9, chromosome regions such as 1p31-32 (contains FRA1C, FRAIL, and FRA1B) and
4031-34 (contains FRA4C and “Novel” site) were most frequently affected regardless of the
genotypes (see Supplemental Table S2). In addition, we found the region of 7q11.2-11.23
(containing FRA7J) frequently broken. There was no obvious increase in gaps/breaks in
these most affected regions (1p31-32, 4931-34, or 7911.2-11.23) in the D2KO clones
compared to WT cells. Rather, the D2KO clones exhibited CFS instability by expanding
the number of affected loci (Supplemental Table S2). Of note, CFS instability in the D2KO
clones are not attributed to higher incidences of spontaneous chromosome aberrations. We
found no significant difference in the frequency of spontaneous chromosome aberrations
between the genotypes upon analyses of 20 respective metaphases (i.e., six gaps for WT
cells, three gaps and two breaks for D2KO 2B7, and 5 gaps for D2KO 2C10).

Residual EdU spots in the D2KO clones are increasingly associated with chromosome
gaps/breaks.

In any of the FAKO clones we examined, EdU spots were reduced but not entirely abolished
(Figure 1B). Therefore, we investigated the fate of these residual EdU spots in the D2KO

J Mol Biol. Author manuscript; available in PMC 2024 November 15.
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clones by enumerating them on metaphase chromosomes (Figure 5D). Reproducibly, the
frequencies of metaphases with EdU spots in the D2KO clones were significantly lower
than that of WT cells (Figure 5E, left). The D2KO clones also had fewer numbers of

EdU spots per cell than WT cells (Figure 5E, right). Consistent with findings in MiDAS

in cancer cells 10, we found approximately 50% of EdU spots on single sister chromatids
(“single”), indicative of a conservative pattern of DNA synthesis in MiDAS 10, and another
50% of them on both sister chromatids (“both”; Figure 5F-G). However, we rarely observed
sister chromatids with multiple EdU spots defined as a “complex” pattern seen in MiDAS
in cancer cells 10, Despite overall decreases in EdU spots, “single” EdU spots were still
observed in the D2KO clones (Figure 5G). This finding suggests an intriguing possibility
that the remaining EdU spots are a product of a FANCD2-independent MiDAS mechanism.
We then analyzed EdU spots in association with gaps/breaks (Figure 5F-G). Only 46%

of EdU spots in WT cells were associated with gaps/breaks (66 of 142 total EdU spots),
and the remaining 54% of them were on intact chromatids. However, the numbers of EdU
spots on intact chromatids were noticeably decreased in the D2KO clones, 42% in 2B7
and 34% in 2C10 (Figure 5G). These data suggest that EdU spots in the D2KO clones

are more associated with gaps/breaks. Notedly, this cannot fully explain the significant
increases in APH-induced chromosome aberrations in the D2KO clones (Figure 5C) given
that the numbers of EdU spots on gaps/breaks were still fewer in the D2KO clones than

in the WT. Therefore, a large portion of APH-induced chromosome aberrations must occur
independently of MiDAS mechanism(s) in FANCDZ2-deficient cells.

POLD3-dependent DNA synthesis still occurs in the absence of FANCD2, which is
enhanced by ATRX depletion.

As about half of EdU spots in the D2KO clones were still observed on single chromatids
(Figure 5G), we wanted to test the idea that they are a product of another form of MiDAS.
Given the established role of POLD3 in MiDAS and BIR 1920 we depleted POLD3 in
WT cells and the D2KO clones (Figure 6A, top and bottom, respectively). This resulted

in a significant decrease in EAU spot formation (Figure 6B) with respect to its frequency
and numbers in not only WT cells but also the D2KO clones (Figure 6C, top and bottom,
respectively), supporting the idea that another MiDAS mechanism operates in the absence
of FANCD2. Additionally, we used a second independent siRNA to deplete POLD3, which
produced similar results (Supplemental Figure S5A-B). Moreover, POLD3-dependent DNA
synthesis was also present in BJ D2KO clones (Supplemental Figure S5C-D). A previous
study reported ATRX as a regulator of CFS stability, as its depletion increases MiDAS-
associated gaps/breaks in cancer cells 70. This is because the absence of ATRX most
likely hinders the resolution of LRIs by homology-mediated mechanism(s) 773 given that
enhanced formation of 53BP1-NBs and aberrant anaphases accompanied ATRX depletion
(Supplemental Figure S5E-F). Consistent with the previous finding 79, ATRX depletion
drastically elevated MiDAS in WT RPEL1 cells (Figure 6D-F) even after a lower dose of
APH treatment (150 nM), suggesting that a fraction of LRIs are redirected to MiDAS

for resolution when ATRX is not available. We exploited ATRX as a negative regulator

of MiDAS to further test if EAU spots observed in the absence of FANCD2 are truly a
product of another form of MiDAS. Upon ATRX depletion, the D2KO clone 2B7 indeed
displayed a modest but significant increase in EdU spots (Figure 6D-F). Given this finding
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and the dependence of residual EdU spot formation on POLD3, it is likely that EdU spots

in the D2KO clones are produced from a FANCD2-independent form of MiDAS. We
excluded a possibility that RAD52 emerges to drive MiDAS in the absence of FANCD?2

in RPEL1 cells, as MiDAS levels were not altered in the 2B7 clone after RAD52 depletion
using a previously validated siRNA that significantly impaired MiDAS in cancer cells
(Supplemental Figure S5G-H) 30. Therefore, RAD52 is dispensable for any forms of MiDAS
in RPE1 cells examined so far.

HELQ depletion severely impairs MiDAS in RPE1 and BJ cells.

As RAD52 has no role in MiDAS in untransformed and primary cells 30, we sought a
counterpart which could potentially act at a strand annealing or an equivalent early step.
Recent studies discovered that HELQ possesses a strand annealing activity, which functions
in a gene conversion mechanism independent of RAD52 3940, Given this finding, we
investigated HELQ’s involvement in MiDAS in RPEL1 cells. To our surprise, RPE1 cells
were unable to tolerate HELQ depletion, which caused a significant decrease in S-phase
cells regardless of APH treatment (Supplemental Figure S6A-C). Consistently, our attempt
to generate HEL Q-null RPE1 cells has been unsuccessful (data not shown). HELQ depletion
was tolerated in BJ cells to some extent, and we found that MiDAS was impaired in
HELQ-depleted BJ cells (Supplemental Figure S6D-E). In both RPE1 and BJ cells, HELQ
depletion lowered FANCD?2 protein levels (Supplemental Figure S6A and S6D), which in
turn caused ~50% decrease in FANCD?2 foci in HELQ-depleted BJ cells (Supplemental
Figure S6E). Co-depletion of HELQ and FANCD2 was unexpected given previous studies
including our own 74-76, and this also hindered our investigation on the role of HELQ in
MiDAS. To circumvent this problem, we exploited the complemented clones 2B7+WTD2
#34 and #36, which over-express FANCD2 (Figure 2). These clones better tolerated HELQ
depletion by keeping high levels of FANCD?2 unlike WT RPEL1 cells (Figure 7A). Nearly
all HELQ-depleted cells displayed FANCD2 foci upon APH treatment (Figure 7B and

7C, top left). Accordingly, the average numbers of FANCD2 foci decreased only ~10%

in HELQ-depleted conditions relative to cells treated with control siRNA (Figure 7C, top
right). In contrast, HELQ depletion resulted in a 40% reduction in MiDAS relative to
control conditions (Figure 7C, bottom left). The average numbers of EdU spots were also
significantly decreased in HELQ-depleted cells (40-60% of control conditions, Figure 7C,
bottom right). These data support a definite role of HELQ in MiDAS beyond its contribution
to sustaining FANCD?2 level in RPE1 cells.

HELQ functions together with FANCD2 in supporting MiDAS.

Due to evidence for HELQ’s involvement in MiDAS, we next investigated epistasis between
HELQ and FANCD?2. For this purpose, we used the 2B7+D2K561R clones #24 and #34
(Figure 2) in which residual EdU spots should be produced by a FANCD2-independent
mechanism. As shown in Figure 7D, these clones also tolerated HELQ depletion well
possibly supported by the high levels of FANCD2 even in its mutant form. HELQ depletion
had little effect on EdU spot formation in its frequencies and numbers in both clones (Figure
7E, left and right). These findings suggest that HELQ and FANCD?2 act in the same pathway
to support MiDAS in RPEL1 cells. Next, we investigated HELQ’s involvement in MiDAS in
cancer cells in which both FANCD2- and RAD52-driven mechanisms act independently of
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one another 30, For this goal, we used the HCT116 cancer cell line (WT) and its derivative
RADS52-deficient and FANCD2-deficient clones (R52KO and D2KO, respectively)18:57,
Unlike RPE1 and BJ cells, HCT116 cells were less impacted by HELQ depletion regardless
of genotypes (Supplemental Figure S6F). We observed only a marginal effect of HELQ
depletion on FANCD2 focus formation in HCT116 WT and R52KO cells (Supplemental
Figure S6G, top left and right), while R52KO cells intrinsically form fewer FANCD?2 foci
30, Therefore, we proceeded to investigate the involvement of HELQ in MiDAS in HCT116
cells. In both WT and R52KO cells, HELQ depletion significantly decreased EdU spots with
respect to their frequencies and numbers (Supplemental Figure S6G, bottom left and right).
These data indicate that HELQ is required for MiDAS in HCT116 cells and that it functions
in a non-epistatic manner with RAD52. In contrast, the effect of HELQ depletion on MiDAS
levels in D2KO cells was minimal, only slightly decreasing the number of EdU spots per cell
(Supplemental Figure S6G). Therefore, HELQ also functions in FANCD2-driven MiDAS in
HCT116 cells as observed in RPE1 cells.

Co-depletion of HELQ and FANCD2 is observed only in untransformed cells.

As HCT116 cells depleted for HELQ did not exhibit decreased levels of FANCD2 as

seen in RPE1 and BJ cells (Supplemental Figure S6A, D, and F), we examined additional
cancer cell lines for the effect of HELQ depletion on FANCD?2 protein levels. To ensure
precision in our approach, we utilized additional siRNAs that were modified to reduce
off-target effect and fluorescent western imaging to better quantitate protein levels 60.77.78,
As before, HELQ depletion had little effect on FANCD2 levels in HCT116 cells, and this
was true for the HeLa and U20S cell lines (Figure 7F). Using the same approach, we
reproducibly observed lower levels of FANCD2 in RPE1 and BJ cells after depletion of
HELQ (Figure 7G). Quantification of FANCD?2 levels after two independent experiments
are given in Figure 7H. Use of the same siRNAs resulted in cell-type specific co-depletion
of FANCD2 and HELQ, which largely eliminates the involvement of off-target effects by
siRNAs. Moreover, this new finding explains why co-depletion of these proteins has never
been reported in preceding studies in which U20S and mouse cells were used 7476, Using
the same approach, we also discovered that interdependence of FANCD2 and MUS81/SLX4
is restricted to RPE1 and BJ cells, as depletion of MUS81 or SLX4 had no detectable
effect on FANCD?2 levels in the three cancer cell lines examined (Supplemental Figure
S7A-C). Likewise, depletion or absence of FANCD2 had no effect on MUS81, SLX4 and
HELQ levels in these cancer cells, while RPE1 and BJ cells exhibited lower levels of
MUS81, SLX4 and HELQ when FANCD2 was depleted (Supplemental Figure S7D-F).
After repeated experiments using multiple siRNAs (plus D2KO cells) and different protein
quantification methods, FANCD2’s interdependence with MUS81, SLX4, and HELQ in
untransformed cells was unfailingly observed, which verifies its veracity.

Discussion

In this study, we investigated FANCD2-driven MiDAS in untransformed human cells by
using RPE1 and BJ cells. In alignment with previous findings 2130, FANCD2-driven
MiDAS is supported by FANCD2 mono-ubiquitination by the FA core complex with
FANCI (Figures 1 and 2). While RAD52-driven MiDAS and FA-mediated BIR both prevent
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chromosome mis-segregation (i.e., aneuploidy) upon replication stress 1921, FANCD2-
driven MiDAS is unlikely to function in a similar manner in untransformed human

cells. This is because the FAKO clones (excluding the IKO clones) did not display a
significant increase in aberrant anaphases (which consequently elevate aneuploidy) upon
APH treatment (Figure 3 and Supplemental Figure S2C). Importantly, we observed a clear,
significant enhancement in CFS expression in the D2KO clones (Figure 5 and Supplemental
Table S2) after APH treatment, which stands in agreement with the long-held concept

that the FA proteins protect CFS stability %6. This finding is not limited to supplying

an additional confirmation that FANCD?2 and other FA proteins protect CFS stability,
because we revealed that a subset of FA proteins accomplish this mission by conducting
FANCD2-driven MiDAS. Taken all together, we propose that FANCD2-driven MiDAS
primarily functions to support CFS stability in untransformed human cells. This is in stark
contrast to RAD52-driven MiDAS in human cancer cells, which avoids lethal chromosome
mis-segregation by sacrificing CFS stability 910,

Our data suggest the enhanced CFS instability in the D2KO clones is attributed to not
only an increase in chromosome aberrations arising independently from MiDAS but also
the emergence of another form of MiDAS. In the absence of FANCD2, EdU spots were
still formed, and their appearance on single chromatids (~half of them) was consistent
with a characteristic of MiDAS (Figure 5F-G). Notably, POLD3 depletion significantly
decreased such EdU spots in the D2KO clones in RPE1 and BJ cells (Figure 6A-C and
Supplemental Figure S5A-D). Moreover, upon ATRX depletion, the D2KO clone was able
to upregulate EAU spot formation (Figure 6D-F). ATRX (together with DAXX) promotes
replication fork recovery via a homologous recombination (HR)-mediated mechanism
71-13,79 Therefore, when ATRX is unavailable, it is likely that a fraction of LRIs (that

are presumably dealt with normally by ATRX-mediated HR) are diverted to MiDAS for
resolution, thereby upregulating EdU spot formation. Based on these observations, we
propose that residual EdU spots are a product of a novel type of MiDAS, which surfaces
to function in the absence of the FANCD2-driven mechanism. Tentatively, we refer to this
newly discovered mechanism as backup MiDAS. We also noticed that backup MiDAS
produces disproportionally fewer numbers of EdU spots on intact chromatids compared to
conditions where FANCD2-driven MiDAS is present (Figure 5G). This suggests that backup
MiDAS is less efficient in promoting CFS stability than the FANCD2-driven mechanism.
Our future investigations aim at elucidating the key proteins and underlying molecular
mechanisms of backup MiDAS.

Our study demonstrated the involvement of HELQ in MiDAS for the first time to the

best of our knowledge (Figure 7). Moreover, we found that HELQ and FANCD2 work
together in the same pathway to support MiDAS in RPE1 (Figure 7C-E) and HCT116 cells
(Supplemental Figure S6F-G). Furthermore, we provided evidence that HELQ and RAD52
act in a non-epistatic manner in driving MiDAS in HCT116 cells (Supplemental Figure
S6F-G). These findings present HELQ as a reasonable candidate which could navigate a
strand annealing step in FANCD2-driven MiDAS, although a recent finding implicates that
this scenario is not straightforward 80, HELQ’s helicase activity is stimulated by RAD51
39 which implicates HELQ’s involvement in other branches of HR mechanisms 4081, The
role of RAD51 in MiDAS by itself 13:82 and its effect on HELQ’s activities remain to be
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investigated in untransformed human cells. HELQ deficiency was well tolerated in mice and
multiple human cell lines 7478, In contrast to these observations, HELQ depletion severely
impacted the survival of untransformed human cells. This finding causes a notion that HELQ
plays a more significant role in untransformed and primary human cells than previously
thought.

Unlike ICL repair, which requires all FA proteins, our studies indicate that FANCD2-driven
MiDAS utilizes only a subset of FA proteins including those involved in FANCD2 mono-
ubiquitination. The significance of FANCD2 mono-ubiquitination for MiDAS may be
explained by its recently discovered function as a DNA clamp 83-86_ It is possible that mono-
ubiquitinated FANCD2 protects certain types of LRIs and allows them to be processed from
late G2 to early M-phase, given that this modification of FANCD?2 is cell-cycle controlled
37, Unexpected interdependence between FANCD2 and MUS81-EME1/SLX4 to sustain
normal protein levels prohibited us from demonstrating SLX4 (FANCP)’s true involvement
in MiDAS in RPE1 cells 87:88 while it is known that SLX4 participates in ICL repair
downstream of FANCD2 33. Thus far, multiple proteins involved in FANCD2-driven MiDAS
including HELQ depend on each other to sustain their normal levels in untransformed cells
(Figure 7F-H and Supplemental Figure S7). Future investigations will address this novel
discovery and expand on its significance in MiDAS and FA. Similar to what was observed
in RAD52-driven MiDAS in cancer cells 19, we previously demonstrated that BRCA2
(FANCD1) is also dispensable for FANCD2-driven MiDAS in RPE1 cells 30. Notably,
BRCAZ2 deficiency induces MiDAS regardless of human cell types even in the absence of
APH 30.89.90 MiDAS is impaired in FA patient cells with defects in core complex genes,
FANCDZ2 and FANCI. However, MiDAS is likely upregulated in FA patient cells with
defects in BRCA2 (FANCD1) and possibly other downstream FA pathway members. It will
be crucial to understand how different forms of MiDAS mis-regulation contribute to FA
pathogenesis.

Reflecting the complex nature of MiDAS, we have shown that human cancer cells evoke
at least two types of MiDAS (i.e., RAD52- and FANCD2-driven mechanisms) upon

APH treatment, whereas untransformed human cells rely primarily on the FANCD2-driven
mechanism 30. Notably, these two mechanisms have completely opposed consequences on
CFS stability in corresponding cell types. This is possibly because cancer cells may have
fine-tuned their MiDAS by recruiting RAD52 in response to the pressure of an increased
amount of diverse LRIs. In contrast, the FANCD2-driven mechanism probably constitutes
a fundamental form of MiDAS due to its presence in untransformed and primary human
cells. In mice, we previously reported that the lack of FANCC, a component of the FA core
complex, further increases EdU spot formation on mitotic nuclei after APH treatment 91.
This finding again suggests a mechanistic difference in MiDAS between humans and mice.
Therefore, we should take such key differences in cell types and species into consideration
for investigations on MiDAS and other biological processes.
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Materials and Methods

Cell lines.

hTERT-RPEL (RPE1), BJ-5ta (BJ), HeLa and U20S cell lines were purchased from

ATCC. In this study, cells were thawed from frozen stocks of early passages (p2-4) and
cultured for less than 6 weeks. The FANCD2-null clones (2B7 and 2C10) of RPE1 cells

41 and the HCT116 cell line and its RAD52 and FANCD2 mutant derivatives 1857 were
generously provided by Drs. Anja Bielinsky and Eric Hendrickson (University of Virginia),
respectively. These lines have been authenticated by these researchers in house. All cell
culture media were purchased from Sigma-Aldrich and supplemented with 10% fetal bovine
serum (FBS, R&D systems S11150H) and Penicillin-streptomycin (Thermo Fisher Scientific
15140-122). RPEL1 cells were cultured in DMEM/F12 (D6421) additionally supplemented
with GlutaMax™ (Thermo Fisher Scientific 35050-061). BJ and Hela cells were cultured

in DMEM (D6429). HCT116 and U20S cells were cultured in McCoy’s 5A (M8403)
additionally supplemented with GlutaMax™ (Thermo Fisher). Cells were cultured in a CO5
incubator at 37°C. All the cell lines used in this work are free from mycoplasma infections.

Constructions of FA-deficient cell lines.

Using the following standard method, all the FA mutant clones used in this study were
generated by Genome Engineering Shared Resource (GESR) at the University of Minnesota/
Masonic Cancer Center. Sense-stranded (or antisense-stranded) guide RNAs that used for
editing respective exons were purchased from Synthego. For each editing experiment, 100
picomol Synthego single guide RNA (sgRNA) was electroporated into 1 x 108 RPE1 or

BJ cells along with one microgram CleanCap 3XNLS Cas9 mRNA (TriLink) using a

Neon electroporator (Invitrogen). Cells were then subcloned in 96-well plates (1-3 cells

per well) for expansion to prepare individual populations’ frozen stocks and genomic

DNA. To confirm CRISPR/Cas9 editing of respective exons, PCR was performed on the
isolated genomic DNA (primer information available upon request). Resulting amplicons
were Sanger sequenced to identify biallelic mutations in each clone (Supplemental Table S1)

Immunofluorescence staining.

Cells were seeded on coverslips in wells of 6-well plates (2-3 x10° cells per well). Two
days later, cells were subjected to a 24-hour treatment of aphidicolin (APH; Sigma A4487)
when applicable. Two phosphate-buffered saline (PBS) washes occurred prior to release
into fresh media containing 20 uM EdU (Lumiprobe 10540) for 30 min before fixation
with 10% formalin. All fixed cells on coverslips were first subjected to a Click-Chemistry
reaction at room temperature for one hour as previously described 0. Cells for MiDAS
scoring underwent three PBS rinses followed by overnight incubation with anti-FANCD2
(Abcam, ab108928; 1:250) and anti-phospho-Histone H3 at Ser10 (Cell Signaling 97065,
1:200) antibodies in PBS containing 0.3% Triton X-100 and 1% BSA at 4°C. Cells were
then washed with PBS and incubated with Alexa Fluor™ 488 Streptavidin (Thermo Fisher
Scientific $32354, 1:100), Alexa Fluor™ 350 anti-mouse (Thermo Fisher Scientific A11045,
1:100) and Alexa Fluor™ 594 anti-rabbit (Thermo Fisher Scientific A31632, 1:1,000)
secondary antibodies at room temperature for one hour. Cells on coverslips received a

final wash with PBS prior to mounting on microscope slides with Prolong Gold™ anti-fade
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reagent (Thermo Fisher Scientific P36930). For scoring of 53BP1-NBs, following the Click-
Chemistry reaction, cells were stained with anti-53BP1 (Abcam, ab36823; 1:500) and anti-
cyclin A (Santa Cruz, sc-271682; 1:500) at 4°C overnight followed by one hour incubation
with Alexa Fluor™ 488 Streptavidin, Alexa Fluor™ 594 anti-rabbit and Alexa Fluor™

488 anti-mouse (Thermo Fisher Scientific A11001; 1:100) secondary antibodies at room
temperature. Nuclei were counterstained with 0.1 ug/mL 4”,6-diamidino-2-phenylindole
(DAPI, Thermo Scientific 62248) before mounting coverslips on microscope slides with
Prolong Gold™ anti-fade reagent.

Immunoblotting.

Cells plated in 6 cm or 10 cm dishes (4 x10° or 8 x10° cells per dish, respectively) were
cultured for 3 days before harvest. When applicable, cells were treated with 600 nM APH
for 24 hours prior to harvest. When preparing whole cell extracts, cells were trypsinized,
centrifuged, and washed with PBS prior to re-suspension of the cell pellet in RIPA

buffer (Sigma R0278) supplemented with Halt Protease Inhibitor (Thermo Fisher Scientific
1862209) for 15-minute incubation on ice. Cell lysates were then centrifuged at 10,000 g for
20 min at 4°C to obtain the supernatants. Prepared lysates were mixed with 4x NUPAGE®
LDS Sample Buffer (Thermo Fisher Scientific NP0007) and boiled for 5 minutes. Chromatin
bound nuclear extract was obtained using a subcellular protein fractionation kit (Thermo
Scientific 78840), after first extracting cytoplasmic, membrane, and soluble nuclear proteins.
For separation, both whole cell extracts and chromatin fraction were run on denaturing
gradient gels (Thermo Fisher Scientific Novex Tris-Glycine 8-16% XP08160 or NuPAGE ™
Tris-Acetate gel 3-8% EA0375), followed by protein transfer to Immobilon™ P membranes
(Millipore Sigma IVPHO00010). Membranes imaged via enhanced chemiluminescence (ECL)
using Immobilon TM Western HRP Substrate (Millipore Sigma, WBKLS0500) were
blocked in 5% milk and incubated with primary antibodies in 5% milk at 4°C overnight
followed by incubation with horseradish peroxidase-conjugated rabbit secondary antibody
(Cell Signaling 7074S) or mouse secondary antibody (Cell Signaling 7076S) at room
temperature for one hour before imaging. Membranes imaged by fluorescence were blocked
in PBS with 1% Casein (Bio Rad 1610783) and incubated with primary antibodies in

TBST at 4°C overnight. Protein bands were detected on a Li-Cor Odyssey after incubation
in fluorescent secondary antibodies against mouse (Li-Cor 926-68070) and rabbit (Li-Cor
926-32211) at room temperature for one hour. Primary antibodies for immunoblotting were
used at the following dilutions; anti-FANCD?2 (Santa Cruz sc-20022, 1:500), anti-FANCI
(Millipore Sigma ABE1817, 1:500), anti-FANCL (proteintech, 66639-1-1g, 1:1,000), anti-
FANCE, (Bethyl, A302-125A, 1:4,000), anti-FANCA (Cell Signaling 14657S, 1:1,000),
anti-MUS81 (Abcam ab14387, 1:750 for ECL and Proteintech 67351-1-Ig, 1:1000 for
fluorescence), anti-EMEI (Santa Cruz sc-53275, 1:200), anti-SLX4 (Bethyl A302-270A,
1:5,000), anti-XPF (Bethyl A301-315A, 1:1,000), anti-ATRX (Santa Cruz sc-55584, 1:500),
anti-POLD3 (Bethyl A301-244AM, 1:1000), anti-RAD52 (Santa Cruz sc-365341, 1:750),
anti-HELQ (Cell Signaling 19436S, 1:1000), anti-MCM2 (Cell Signaling 12079S, 1:1000),
anti-MCM4 (Cell Signaling 12973S, 1:1,000), anti-MCM7 (Cell Signaling 3575S, 1:1,000),
anti-Tubulin (Abcam ab7291, 1:50,000), and anti-Vinculin (Abcam ab18058, 1:50,000).

J Mol Biol. Author manuscript; available in PMC 2024 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Traband et al. Page 16

Small-interfering RNA (siRNA) treatment.

For immunofluorescence staining or immunoblotting, treatment with siRNA took place 24
hours after cell seeding. Lipofectamine™ RNAIMAX (Thermo Fisher Scientific 13778)
was used for transfection of siRNA, and cells were cultured in Opti-MEM™ (Thermo
Fisher Scientific 31985070) supplemented with 3% FBS for 48 hours of sSiRNA treatment.
When applicable, APH treatment occurred for the final 24 hours of siRNA treatment

prior to fixation. Two siRNAs including siPOLD3-A (521045) and siATRX-A (s59081)
were purchased from Thermo Fisher Scientific. Control siRNA (1022076) and siPOLD3-B
(S104142621) were purchased from Qiagen. The remaining siRNAs including siMUS81-
A/B (D-016143-02/03), SIEME1-A/B (D-016420-01/02), siSLX4-A/B (D-014895-01/02),
siXPF-A/B (D-019946-01/02), siATRX-B (5’-GCAGAGAAAUUCCUAAAGAUU-3’), and
SIHELQ-A/B (D-015379-01/03) were purchased from Horizon (Dharmacon). All siRNAs
above were primarily used within the final concentrations of 30-60 nM in this study

except for siPOLD3-A (up to 90 nM). Additionally, ON-TARGETplus Human siHELQy
(LQ-015379-02), siMUS81,,, (LQ-016143-01), siSL X4, (LQ-014895-00) and siFANCD2,,
(LQ-016376-00) were purchased from Horizon (Dharmacon). ON-TARGETplus siRNAs are
a mixture of four independent siRNAs (each used within the final concentrations of 7.5-15
nM) which are modified to reduce off-target effects 77:78,

Scoring MiDAS and 53BP1-NBs.

EdU spots, FANCD?2 foci, 53BP1-NBs, and anaphases were scored using a fluorescent
microscope Axio Imager Al (Zeiss). Experiments were performed three times to score at
least 300 cells per treatment/genotype, with an exception for cases with extremely low
cell proliferation. Overall frequency of cells containing EdU spots, >2 FANCD2 foci,
53BP1-NBs, or aberrant anaphases per genotype/treatment were determined by combining
obtained data, and significance between frequencies among different genotypes/treatments
was determined by a two-tailed Xz-test. Significance between the numbers of EdU spots,
FANCD?2 foci, or 53BP-NBs among different genotypes/treatments was determined by a
two-tailed Mann-Whitney test.

Complementation of RPE1 2B7 clone with WT hFANCD2 cDNA.

Wild-type FANCD2 cDNA was cloned into PiggyBac transposon vector system (containing
a CMV promoter and a NEO selection cassette) via Gateway cloning method 57.

RPE1 FANCDZnull 2B7 cells were transfected with WT hFANCD2- or hFANCD2K561R.
piggyBac expression vector along with transposase plasmid by using lipofectamine 3000
(Thermo Fisher Scientific L3000). After 3 days of transfection, cells were selected by G-418
(400 pg/ml) for 7 days. G-418 resistant single cell clones were selected and screened for
hFANCD?2 expression by immunoblotting.

Cytogenetic analyses.

Metaphase spreads were prepared for examining MiDAS-associated chromosome
aberrations as previously described 30:76. Metaphase chromosomes were scored for EU
spots using a fluorescent microscope Axio Imager Al (Zeiss). G-banded karyotyping

for chromosome aberrations was performed at the Masonic Cancer Center Cytogenomics
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Shared Service. Each type of experiment was conducted three times to score at least 60
metaphase cells per genotype/clone. When applicable, significance was determined by a
two-tailed - ?-test or a two-tailed Mann-Whitney test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Untransformed human cells operate MiDAS that depends on FANCD?2 but not
RAD52.

. This form of MiDAS requires FANCD2 mono-ubiquitination as a prerequisite
step.

. HELQ and FANCD?2 (but not RAD52) act epistatically in supporting MiDAS.

. Unlike cancer cells, untransformed cells use MiDAS to protect common
fragile sites.

. MiDAS in untransformed cells is functionally distinct from that in cancer
cells.
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Figure 1.
The absence of FA proteins that support FANCD2 mono-ubiquitination decreases MiDAS in
RPEL1 cells.

A) Representative microscopic photos of each genotype after staining M-phase (prophase
and prometaphase) cells with phospho-Histone H3 S10 (blue), EAU spots (green), FANCD2
foci (red), and merged images. MiDAS can be seen as EdU spots in prophase and
prometaphase nuclei, marked with white arrows in the FA mutant clones. The scale bar
indicates 10 um.
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B) Percentages of early M-phase (prophase and prometaphase) cells with at least one EdU
spot (left) and numbers of EdU spots per cell (right) with mean (shown as a midline)

for each FA mutant clone and WT cells after 300nM Aphidicolin (APH) treatment for 24
hrs. Bars indicate standard errors. Experiments were repeated at least three times, and a
minimum of 300 nuclei were scored per clone. Pooled data (shown here) were analyzed for
significances using a XZ test (left) or a Mann-Whitney test (right).

C) Simplified illustration of the FA core proteins (comprising three subcomplexes shown
by orange, brown, and yellow dotted circles) and FANCI, which are involved in FANCD2/
FANCI mono-ubiquitination (represented as stars). RPE1 clones lacking FANCA (orange),
FANCE (yellow), FANCL (brown), FANCI (maroon), or FANCD2 (red) were generated.
D) Immunoblotting of the chromatin fractions from FANCL-(top left), FANCI-(bottom left),
FANCE-(top right), and FANCA-(bottom right) deficient cells demonstrating the presence
or absence of FANCD2 mono-ubiquitination. The lower FANCD?2 band is unmodified
while the upper band is mono-ubiquitinated. A 600 nM dose of APH for 24 hrs was

used to intensify upper mono-ubiquitination bands. Under this condition, WT cells display
predominantly the upper mono-ubiquitinated FANCD2 band, while the mono-ubiquitinated
FANCD2 bands in the EKO and AKO clones appear only as subtle shadows above the
unmodified FANCD2 band. MCM4 and MCM7 were used as chromatin fraction loading
controls.
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Figure 2.

Complementation of RPE1 D2KO clone 2B7 with WT FANCD2 restores FANCD?2 focus
formation and MiDAS levels, but introduction of mono-ubiquitination-dead FANCD2K561R
does not.

A) Immunoblotting showing equally upregulated levels of FANCD2 in D2KO 2B7 clones
with cDNA encoding WT FANCD2 (WTD2) or mono-ubiquitination-dead FANCD2K561R
(D2K561RY relative to WT cells after two different exposure times (long and short). Whole
cell lysates were made from WT cells, D2KO clone 2B7, and its derivatives with WTD2
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(clones #34 and #36) or D2X56IR (clones #24 and #34). Due to overexpression of FANCD2
in the 2B7+WTD2 (clones #34 and #36) and 2B7+D2K561R (clones #24 and #34), a
relatively longer exposure time was required to visualize FANCD2 in WT cells.

B) Immunoblotting of whole cell lysates (top) and chromatin fractions (bottom)
demonstrating enhanced mono-ubiquitination of FANCD?2 in APH-treated WT RPE1 cells
and the clones #34 and #36 with WTD?2 but the lack of FANCD2 mono-ubiquitination in the
clones #24 and #34 with D2X561R_ A 600nM dose of APH for 24 hrs was used to intensify
mono-ubiquitination of FANCD?2.

In A and B, Tubulin and MCM?7 were used as loading controls for WCL and chromatin
fractions.

C) Representative microscopic photos of each genotype/clone after staining M-phase
(prophase and prometaphase) cells with phospho-Histone H3 S10 (blue), EAU spots (green),
FANCD?2 foci (red), and merged images. The scale bar indicates 10 um.

D) Percentages of early M-phase cells with >2 FANCD?2 (D2) foci (top left) or those with
EdU spots (bottom left) as well as numbers of D2 foci (top right) and those of EdU spots per
cell (bottom right) for WT cells, D2KO clone 2B7, and its derivatives with WTD2 (clones
#34 and #36) or D2K%61R (clones #24 and #34). Midlines in the right-side panels show
means. Bars indicate standard errors. Experiments were repeated at least three times, and

a minimum of 300 nuclei were scored per genotype/clone. Pooled data (shown here) were
analyzed for significances using a XZ test (left) or a Mann-Whitney test (right).
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The formation of 53BP1-NBs and aberrant anaphases in untreated and APH-treated RPE1

cells lacking FA proteins.

A) Microscopic photos showing the presence or absence of 53BP1-NBs (53BP1+ or
53BP1-) in Cyclin A/EdU- double negative (A—-/EdU-) G1-phase cells (top panels).
Cyclin A or EdU-positive cells (A+ or EdU+) are both stained green (bottom panels)
and were excluded from analysis for 53BP1-NBs (red). Nuclei were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI, blue).

J Mol Biol. Author manuscript; available in PMC 2024 November 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Traband et al.

Page 29

B) Percentages of G1-phase cells with 53BP1-NBs in the FAKO clones as well as WT

cells in untreated (top left) and APH-treated (bottom left) conditions as well as numbers

of 53BP1-NBs per cell in untreated (top right) and APH-treated (bottom right) conditions.
Midlines in the right-side panels show means. Bars indicate standard errors. Experiments
were repeated at least three times, and a minimum of 600 nuclei were scored per clone.
Pooled data (shown here) were analyzed for significances using a XZ test (left) or a Mann-
Whitney test (right).

C) Microscopic photos showing examples of normal and aberrant anaphases stained with
DAPI (blue). Aberrant anaphases have either lagging chromosomes/acentric fragments, or
bridges (indicated by white triangles).

D) Percentages of aberrant anaphases observed in the FAKO clones and WT cells in
untreated (left) and APH-treated (right) conditions. The proportion of anaphases with either
lagging chromosomes or bridges are shown in gray and black, respectively. Bars indicate
standard errors. Experiments were repeated at least three times, and a minimum of 300
anaphases were scored per clone. Pooled data (shown here) were analyzed for significances
using a x 2 test. In A and C, the scale bar represents 10 pum.
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Figure 4.
Depletion of MUS81, EME1, or SLX4 decreases MiDAS and FANCD?2 levels in RPE1

cells.

A) Representative microscopic photos of each siRNA treatment condition after staining
M-phase (prophase and prometaphase) cells with phospho-Histone H3 S10 (blue), EdU
spots (green), FANCD2 foci (red), and merged images. The scale bar indicates 10 um.
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B) Percentages of early M-phase cells positive for EdU spots (left) and numbers of EdU
spots per cell (right) for WT cells after treatment with siControl, siMUS81, siEME1,
SiSLX4, or siXPF in APH-treated conditions.

C) Percentages of early M-phase cells with >2 FANCD2 (D2) foci (left) and numbers of D2
foci per cell (right) for WT cells after treatment with siControl, siMUS81, siEMEL, siSLX4,
or siXPF in APH-treated conditions.

In B and C, two independent siRNAs were used to deplete respective proteins. Midlines

in the right-side panels show means, and bars indicate standard errors. Experiments were
repeated at least three times, and a minimum of 400 nuclei were scored per treatment.
Pooled data (shown here) were analyzed for significances using a XZ test (left) or a Mann-
Whitney test (right).

D) Fluorescent immunoblotting showing decreased levels of FANCD2 in WCL made from
WT cells treated with siMUS81 (left), SiEMEL (middle), or siSLX4 (right) compared to
siControl-treated conditions. On the left, EMEL was also co-depleted after treatment with
siMUS81.

E) Fluorescent immunoblotting of WCL showing decreased levels of MUS81 and SLX4 in
the D2KO 2B7 clone and restored MUS81 and SLX4 levels in clones #34 and #36 with
WTD2 and clones #24 and #34 with D2X%61R comparable to WT levels.

In D and E, quantifications shown for the representative blots were normalized to the
loading control and calculated relative to the siControl conditions or WT cells as indicated
using Image Studio. Tubulin was used as a loading control.
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Figure 5.

Loss of FANCD2 increases APH-induced chromosomal aberrations and decreases EdU
spots on intact chromatids in RPEL1 cells.
A) Distribution of APH-induced aberrations across chromosomes in WT, 2B7, and 2C10

clones.

B) Summary of APH-induced chromosomal aberrations in WT, 2B7, and 2C10 cells after
examining 60 metaphases per clone. The total number of aberrations are provided and
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classified by their occurrence at common fragile sites (CFS) or non-common fragile sites
(non-CFS). The numbers in parentheses indicate chromatid/chromosome breaks.

C) Percentage of metaphases with APH-induced aberrations (left) and the number of
aberrations per metaphase with means indicated by midlines (right) in the 2B7 and 2C10
clones as well as WT cells. Significances were calculated using a XZ test (left) or a Mann-
Whitney test (right).

D) Microscope photos of DAPI-stained metaphase spreads (blue), with EdU spots marking
sites of MiDAS (green) from WT (right), 2B7 (middle), and 2C10 (left) cells. The inserts are
3x magnified to show multiple examples of MiDAS on metaphase chromosomes. The scale
bar indicates 10 um.

E) Percentage of metaphases positive for EJU spots (left) and number of EdU spots

per metaphase with means indicated by midlines (right) in the 2B7 and 2C10 clones as
well as WT cells. Number of metaphases analyzed per genotype/clone is provided in G.
Significances were calculated using a XZ test (left) or a Mann-Whitney test (right).

F) Microscope images showing examples of EAU spots (green) on a single (left) or both
(right) sister chromatids (blue). EdU spots on intact chromatids are shown on top, and those
at chromatid gaps (white arrows) are below.

G) Summary of EdU spots on metaphase chromosomes from WT, 2B7, and 2C10 cells.
Numbers of EdU spots obtained from metaphases analyzed are classified based on 1)
number of EdU spots on single sister chromatids and both and 2) percentages present at
intact chromatids. Significances were calculated using a XZ test.

In C and E, bars indicate standard errors.
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Figure 6.
Residual MiDAS in the RPE1 D2KO clones depends on POLD3 and can be elevated by
ATRX depletion.

A) Immunoblotting of WCL confirming depletion of POLD3 in comparison to siControl
treated conditions in WT (top) and D2KO cells (bottom) and the absence of FANCD2 in the
D2KO clones. Vinculin was used as a loading control.
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B) Representative microscopic photos of each genotype/clone with respective SiRNA
treatment conditions after staining early M-phase cells with phospho-Histone H3 S10 (blue),
EdU spots (green), FANCD?2 foci (red), and merged images. The scale bar indicates 10 um.
C) Percentages of early M-phase cells positive for EJU spots (top) and numbers of EdU
spots per cell (bottom) in WT cells and the D2KO clones treated with siPOLD3-A or
siControl.

D) Immunoblotting of WCL confirming depletion of ATRX (using two independent
SiRNASs) in WT cells and the D2KO clone 2B7 as well as the lack of FANCD?2 in the

2B7 clone. Tubulin was used as a loading control.

E) Representative microscopic photos of each genotype with respective siRNA treatment
conditions after staining early M-phase cells with phospho-Histone H3 S10 (blue), EdU
spots (green), FANCD2 foci (red), and merged images. The scale bar indicates 10 um.

F) Percentages of early M-phase cells positive for EAU spots (top) and numbers of EdU
spots per cell (bottom) after treatment with siATRX or siControl in WT cells and the D2KO
clone 2B7.

In C and F, midlines in the bottom panels show means, and bars indicate standard errors.
Experiments were repeated at least three times, and a minimum of 200 nuclei were scored
per treatment. Pooled data (shown here) were analyzed for significances using a XZ test (top)
or a Mann-Whitney test (bottom).
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Figure 7.
HELQ depletion significantly impairs MiDAS in RPEL1 cells.

A) Immunoblotting of WCL confirming HELQ depletion (using two independent siRNAS)
in comparison to siControl treated conditions in the D2KO 2B7 over-expressing WTD2
clones #34 and #36 along with RPE1 WT cells. Tubulin was used as a loading control.

B) Representative microscopic photos of the D2KO 2B7 over-expressing WTD2 clones
#34 and #36 cells treated with siControl or sSiHELQ after staining early M-phase cells
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with phospho-Histone H3 S10 (blue), EdU spots (green), FANCD2 foci (red), and merged
images. The scale bar indicates 10 pm.

C) Percentages of early M-phase cells with >2 FANCD2 (D2) foci (top left) and those
positive for EAU spots (bottom left) as well as numbers of FANCD2 (D2) foci (top right)
and those of EdU spots per cell (bottom right) for the D2KO 2B7 over-expressing WTD2
clones #34 and #36 after treatment with siControl or siHELQ in APH-treated conditions.

D) Immunoblotting of WCL confirming HELQ depletion in comparison to siControl treated
conditions in the D2KO 2B7 over-expressing D2X561R clones #24 and #34. Tubulin was
used as a loading control.

E) Percentages of early M-phase cells positive for EdU spots (left) and numbers of EdU
spots per cell (right) for the D2KO 2B7 over-expressing D2K%61R clones #24 and #34 after
treatment with siControl or siHELQ in APH-treated conditions.

F) Representative fluorescent immunoblotting images showing urnchanged levels of
FANCD2 in WCL made from HCT116 (left), HeLa (middle), and U20S (right) cells treated
with ON-TARGETplus siHELQ, compared to siControl-treated conditions. Tubulin was
used as a loading control.

G) Representative fluorescent immunoblotting images showing decreased levels of
FANCD2 in WCL made from RPEL1 (left) and BJ (right) cells treated with ON-TARGETplus
SIHELQp, compared to siControl-treated conditions. Tubulin was used as a loading control.
H) FANCD?2 protein levels in RPE1, BJ, HeLa, HCT116, and U20S cells after depletion

of HELQ relative to control conditions quantified from two independent experiments, one
of which is shown in F and G. The column for each cell line indicates average relative
FANCD? intensity of two independent measurements (indicated by dots). Quantifications
shown were normalized to the loading control and calculated relative to the siControl
conditions using Image Studio.

In C and E, midlines in the right-side panels show means, and bars indicate standard errors.
Experiments were repeated at least three times, and a minimum of 200 nuclei were scored
per treatment. Pooled data (shown here) were analyzed for significances using a XZ test (left)
or a Mann-Whitney test (right).
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