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The ZNF365 locus is associated with breast cancer risk in carriers of mutated BRCA1 and BRCA2, which are important
molecules required for DNA damage response. Previously, we demonstrated that ZNF365 is necessary for timely resolu-
tion of replication intermediates of genomic fragile sites and, thus, for suppression of genomic instability; however, the
mechanism underlying the function of ZNF365 on damaged DNA and stalled replication forks remains unknown. Here,
we demonstrate that ZNF365 is induced by DNA double-strand break (DSB) signals, is involved in the homologous recom-
bination (HR) repair pathway, and maintains genome integrity during DNA replication. On the mechanistic level, ZNF365
interacts with poly(ADP-ribose) polymerase (PARP) 1 to tether MRE11 to the DNA end resection site. Loss of ZNF365
results in delayed mitotic progression and exit due to increased replication stress, ultimately leading to cytokinesis fail-
ure, re-duplication of centrosomes, and increased aneuploidy. Collectively, these results suggest an HR repair-dependent

function of ZNF365 in preventing genomic instability.

Introduction

DNA damage is generated by exogenous factors, such as
chemical agents, UV light, or ionizing radiation, and endoge-
nous factors, such as reactive oxygen species and intrinsic DNA
replication errors during cell division. Without correction, such
lesions can cause persistent DNA damage, lead to cell death,
or result in irreversible mutations that lead to tumorigenesis.'?
Therefore, DNA damage repair pathways and the subsequent
cellular responses are of vital importance in cancer and age-
related disease prevention and treatment. Indeed, individuals
with an inherited defect in the DNA repair system are often at
an increased risk of cancer.*> DNA double-strand breaks (DSBs)
are the most detrimental form of DNA damage and can result
in problems for transcription, replication, and chromosome seg-
regation and eventually lead to apoptosis or carcinogenesis. To
combat DSBs, cells employ 2 major repair pathways: non-homol-
ogous end-joining (NHE]) and homologous recombination
(HR). NHE] is an error-prone mechanism in which previously
unlinked DNA ends are randomly joined without a homologous
template. NHE], however, is the only DSB repair pathway that is
functional in the G, phase and can also occur throughout the cell
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cycle. HR, on the other hand, repairs DSB using the homologous
chromosome as a template, resulting in error-free repair. This
type of repair occurs primarily during the S and G, phases of the
cell cycle.®®

The role of replication checkpoints and DNA repair is to
ensure proper replication of the genome by removing the under-
lying causes of replication blockage. DNA replication forks are
stalled by DNA lesions, which activate checkpoint proteins such
as the ataxia telangiectasia and Rad3-related (ATR). Replication
stress-activated ATR promotes replication fork stabilization
and DNA repair. Stalled forks restart following HR-mediated
repair of DSBs. Proteins involved in this response (i.e., BRCAL,
FANCD?2, SMC1, HUS1, CHKI1) maintain the stability of dif-
ficult to replicate genomic regions known as common fragile sites
(CFS).!! Hereditary defects in the components of HR-mediated
DNA repair pathway or the presence of the mutator phenotype,
as exemplified in WRN, BLM, and BRCA1/2 mutant patients,
cause genomic breakage at fragile sites and lead to both chro-
mosomal rearrangement and genomic instability.'*"> Loss of
function of breast cancer suppressor gene BRCAZ2 results in
defective HR and triggers genomic instability, thereby acceler-
ating breast cancer tumorigenesis. BRCA2 prevents nucleolytic
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lesions at stalled replication forks by stabilizing RAD51 filaments
to maintain genomic integrity through proficient replication fork
function." Both the BRCA2 and poly ADP-ribose polymerase
(PARP) proteins function in protecting stalled replication forks,
and PARPI activity is required to protect stalled forks from
MREI11-dependent degradation.”” Recent studies have elucidated
the mechanism of the monotherapy response to PARP inhibitors
(PARPi) in BRCA-mutant, HR-defective tumors. This response
stems from increased replication fork stalling with the lack of
both HR and PARPI1-mediated repair, while increased NHE]-
mediated recombination instigates genomic instability and a pro-
liferation defect.'*'®

Previously, we identified ZNF365 as a transcriptional target
of p53 in the presence of critically short telomeres, and this fac-
tor is a novel player that contributes to genomic stability. Loss of
ZNF365 leads to incomplete replication of CFS and telomeres,
aberrant sister telomere recombination, and increased aneu-
ploidy.”” Furthermore, ZNF365 expression is downregulated in
triple-negative breast cancer (TNBC), and this finding is in line
with multiple genome-wide association studies defining ZNF365
as a major breast cancer susceptibility locus in BRCA2-mutant
patients.”>?! Together, ZNF365 may functionally interact with
BRCA2 and play an important role in DNA repair pathways. The
mechanism of ZNF365 in resolving replication stress is currently
unknown. Here, we identified ZNF365 as a necessary component
of the HR repair pathway. ZNF365 interacts with PARP1 and
tethers MREI1 to the nucleolytic resection sites for replication
fork recovery. Loss of ZNF365 resulted in replication stress and
induced checkpoint responses that led to delayed mitotic progres-
sion, deregulated centrosome dynamics, and, finally, increased
genomic instability. Our study demonstrates that ZNF365 is a
novel player essential for recovery of stalled replication forks, and
that this factor directly contributes to genomic stability.

Results

Loss of ZNF365 contributes to increased DNA damage and
correlates with defective HR-mediated DSB resolution

In order to decipher the functional role of ZNF365, we
employed ZNF365 transcriptome analysis. Ingenuity pathway
analysis of associated gene expression changes in cells with ecto-
pic ZNF365 expression suggested the presence of persistent
DNA damage and an overrepresented BRCA-dependent DNA
repair pathway (Fig. S1). In order to determine the function of
ZNF365 in the DNA damage response, we first tested the effect
of DSB on the expression of ZNF365. We found that mRNA
for Zfp365 (murine isoform of ZNF365) as well as ZNF365-A
isoform increased 4-fold within 12 h in mouse embryonic fibro-
blasts (MEFs) and U20S human osteosarcoma cells following
4 Gy gamma irradiation (Fig. 1A). In agreement with these
findings, we detected increased protein expression of ZNF365
in both nuclear and cytosolic fractions in response to DSB
(Fig. 1B). Thus, ZNF365 expression is regulated during the
DNA damage response.

Previously, we characterized increased DSB phenotype associ-
ated with ZNF365 depletion.” In this study, we tested the extent
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of DSB accumulation in ZNF365-knockdown cells using one
of the short hairpins we characterized previously (shZNF-1).”
Strikingly, lentivirus encoding ZNF365 hairpin-infected U20S
cells exhibited increased 53BP1-positive foci that became more
prominent after treatment with the PARP inhibitor ABT-888
(Fig. S2A). The effects of ZNF365 depletion on increased DSB
foci were consistent in a number of human cell lines (IMR90,
Panc-1, MCF7, HCT116, and U87 cells; data not shown), where
knockdown of ZNF365 led to an increased basal level of DSB
following irradiation or camptothecin (CPT) treatment as dem-
onstrated by the results of an alkaline comet assay (Fig. 1C).
Because ZNF365-depleted cells exhibit an increased sensitivity
to irradiation as well as to DNA damaging agents, we exam-
ined the potential role of ZNF365 in the DSB repair pathway.
The effect of ZNF365 loss of function on homology-mediated
repair was tested in a stable U20S cell line with a direct repeat
GFP (DR-GFP?) reporter. Knockdown of ZNF365 suppressed
HR-mediated DNA repair (control vs. k.d. = 5.1 vs. 3.1%,
P =0.04, Fig. 1D). On the other hand, an appreciable increase in
the frequency of NHE] was noted in ZNF365-knockdown cells
(control vs. k.d. = 5.6 vs. 6.8%, P=0.017, Fig. 1E), and this find-
ing is in agreement with the previously reported counter-balance
of the 2 major DSB repair pathways as reviewed by Antoniou et
al.?® These results suggest that ZNF365 is induced by DNA dam-
age signals, and that knockdown cells are defective in the timely
resolution of DSB by HR.

Loss of ZNF365 leads to enhanced 53BP1-mediated NHE]
and genomic instability

PARPi have been used successfully to treat BRCA-mutant,
HR-defective tumors, because increased replication fork stalling
due to the lack of both HR and PARP1-mediated repair provokes
genomic instability as well as a proliferation defect.’®* Therefore,
we examined the effect of PARP inhibition on compromised HR
in ZNF365-knockdown cells. ZNF365-depleted cells exhibited
dose-dependent sensitivity to the PARP inhibitor ABT-888, and
this effect was accompanied by increased 53BP1 foci and fre-
quent radial chromosome formation (Scr vs. shZNF = 48.66 +
12 vs. 143.5 + 28.3, P = 0.0294, Fig. 2A). Of note, recent studies
have demonstrated that the embryonic lethality of the Brcal®!
A" mouse was reversed by inhibition of 53BP1-mediated repres-
sion of DNA resection at the damage sites.!® Indeed, 53BP1
depletion allows ATM-dependent processing of DNA ends
to produce single-stranded DNA, which is required for HR to
proceed. We posited that depressed HR and enhanced NHE]
in ZNF365-knockdown cells are also mediated by 53BP1 and
together contribute to genomic instability. Therefore, we tested
the functional role of 53BP1-mediated NHE] in increased radial
chromosomes formation in ABT-888-treated ZNF365-deficient
cells. Tet-inducible hairpins against human or mouse 53BP1 were
introduced to knockdown the expression of 53BP1 in U20S
or Atm™~ MEFs,**» respectively (Fig. S2B). The frequency
of radial chromosomes observed in PARP inhibitor-treated
ZNF365-deficient U20S cells declined with the loss of 53BP1
expression (53BP1l+dox vs. —dox = 245.2 vs. 65.6, P = 0.029,
Fig. 2A). Furthermore, the depletion of 53BP1 in ZNF365-
knockdown U20S cells rescued the growth arrest invoked by
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ZNF365 knockdown (Fig. 2B). In contrast, ZNF365-deficient
cells lacking ATM did not recover following 53BP1 knockdown
(Fig. 2C), supporting a critical role for ATM in restoration of
HR as previously reported.’®?¢ Collectively, our data suggest that
ZNF365 plays a critical role in HR-dependent maintenance of
genomic stability, and that deficiency of this factor is compen-
sated by concurrent inactivation of 53BP1, indicating a synthetic
survival interaction between these factors.

ZNF365 is necessary for stalled replication fork recovery,
and its deficiency leads to mitotic checkpoint activation, multi-
polar cytokinesis, and aneuploidy

Notably, stalled replication induced by hydroxyurea (HU)
caused redistribution of ZNF365 from diffused nucleoplasmic
sites to more particulate structures that contained replication
protein A (RPA) as well as increased ZNF365 protein expres-
sion (Fig. 2D and E), demonstrating that the localization and
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Figure 1.ZNF365 is induced by irradiation, and its depletion correlates with increased DNA damage and defective HR-mediated DSB resolution. (A) ZNF365
expression was induced by irradiation. Atm~"~ MEFs, U20S Scr, and shZfp or shZNF cells were y-irradiated. The mRNA levels for ZNF365 were normalized
with B-actin. n = 3 (B) ZNF365 expression was induced by 12 h zeocin treatment (40 pg/ml). U20S Scr and shZNF cells were fractionated and analyzed by
immunoblot. Beclin and lamin A/C were included as cytoplasmic and nuclear proteins loading controls, respectively. C, cytoplasmic; N, nuclear. Quantified
results of ZNF365 expression normalized to loading controls were listed on top. (C) ZNF365 protected cells against DNA damage. Representative images
from a comet assay for U20S Scr and shZNF cells y-irradiated with 2 Gy or treated with 1 M CPT for 30 min. The mean DNA tail percentage was plotted on
right. (D and E) Knockdown of ZNF365 impaired HR-mediated DNA repair. Analysis of the frequency of HR- (D) and NHEJ- (E) mediated DNA repair events
in U20S DR-GFP cells transfected with the indicated ZNF365 or BRCA2 siRNAs. Each value corresponds to the percentage of HR- or NHEJ-positive cells rela-
tive to total number of cells analyzed and represents the average of three independent experiments. Error bars represent s.d. **P < 0.05.
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expression of ZNF365 are regulated during replication stress.
Increased DSB may reflect failed resolution of stalled replica-
tion at these sites. Thus, we investigated the role of ZNF365 in
replication fork recovery. First, we tested whether ZNF365 is
involved in the recovery of stalled replication forks based on the
possibility that increased DSB in ZNF365-knockdown cells is
due to the conversion of arrested replication forks. In support of
our hypothesis, pulse-labeling with halogenated nucleosides and
analysis of DNA fibers showed significantly decreased fork tract
length in the ZNF365-depleted cells following HU-mediated
replication arrest (Fig. 3A). Without replication arrest, a trend
toward decreased replication track length was observed, yet the
difference was less significant (Fig. 3B). Together, these results

place ZNF365 at stalled forks, where this factor seemingly pro-
motes resolution and recovery of replication.

Next, we examined the cell cycle changes caused by defec-
tive replication fork recovery in ZNF365-deficient cells. These
cells exhibited delayed G,/M transition after replication arrest
at the G,/S boundary, and this finding is consistent with a role
for ZNF365 in replication fork recovery (Fig. 3C). Stalled rep-
lication forks are stabilized by checkpoint machinery until the
causes of cell cycle arrest can be removed, and the cell cycle
can be resumed.” HU-induced phosphorylation of checkpoint
kinases ATR, CHK1 (S317/345), and CHK2 (T68) was further
increased in ZNF365-deficient cells (Fig. 3D). In addition, the

frequency of clonogenic survival following HU treatment for
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Figure 2. Loss of ZNF365 leads to increased 53BP1-mediated NHEJ. (A) Metaphase from U20S Scr and shZNF cells treated with ABT-888. Arrows pointed
to radial chromosome structure. Frequency of metaphase with radial chromosomes was plotted on right side. Quantification of radial chromosome
structures upon tet-on knockdown of 53BP1 expression by doxycycline treatment in U20S Scr or shZNF cells. At least 100 metaphases were counted for
each group. P=0.0295 (B) Doxycyclin-induced 53BP1 depletion rescued growth arrest by ABT-888 in ZNF365 deficient U20S cells compared with non-
induced cells by MTT assay. Two-way ANOVA was performed to obtain a P value on the cell viability of each group to assess the significance of ABT-888
effect. (C) The growth suppression of ZNF365 deficient Atm~'~ MEFs cells with PARP inhibition could not be reversed by 53BP1 knockdown. * P < 0.01,
**P < 0.05 (D) HU treatment caused re-distribution of ZNF365 into the foci-structure containing RPA. ZNF365-v5 transfected cells were treated with or
without 5 mM HU for 24 h and stained with RPA (red) and v5 (green) antibodies. The percentage of colocalization between ZNF365-v5 and RPA foci was
plotted on right. (E) ZNF365 expression was induced by replication stress. Panc-1 cells were treated with 2 mM HU for 16 h and nuclear fractions were
analyzed for expression of ZNF365. The quantified immunoblot result of ZNF365 induction was shown on top.
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Figure 3. ZNF365 is necessary for stalled replication fork recovery. (A and B) Analysis of ongoing replication fork in U20S Scr or ZNF365 knockdown cells.
Top: schematic of the DNA fiber labeling; bottom, ongoing replication fork track length shown as frequency distribution in U20S Scr and shZNF cells
treated with (A) or without (B) HU for 3 h before the second labeling. The representative images of DNA fibers were shown as insets. (C) U20S cells trans-
fected with or without ZNF365 siRNA were synchronized with HU and then released. At indicated time points cell cycle distribution was analyzed by flow
cytometry. (D) Depletion of ZNF365 activated checkpoints. U20S Scr and shZNF cells were treated with 2 mM HU for 3 h and analyzed by immunoblot.
Normalized densitometry values were plotted on right. (E) Clonogenicity assay. U20S Scr and shZNF cells were treated with HU for 48 h and released.
Viable colonies were stained with crystal violet and scored after 14 d. *P < 0.05.
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48 h and release was significantly lower in ZNF365-depleted cells
(Fig. 3E). Together, these results support the notion that replica-
tion stress in ZNF365-deficient cells delays cell cycle progression.

We further characterized the molecular events following
enhanced replication stress that leads to reduced survival in
ZNF365-knockdown cells. Persistent DNA damage signal-
ing and consequent checkpoint activation inhibit mitotic pro-
gression by suppressing APC/C E3 ubiquitin ligase activity.?
Concordantly, phosphorylation of CDC25C, a CHK-dependent
G,/M checkpoint effector, was also significantly increased in
ZNF3065-depleted cells (Fig. 3D). Given the G,/M checkpoint
activation (Fig. 3D) and delayed cell cycle progression observed
upon ZNF365 knockdown, we hypothesized that inhibition of
APC/C activity followed by cytokinesis failure occurred in these
ZNF365-depleted cells. In cells that were released following
pro-metaphase synchronization, increased inhibitory phosphory-
lation of CDC2 (CDK1, Y15) and accumulation of APC/C sub-
strates such as Aurora A and B, Cyclin A and B, and Securin,
were obvious (Fig. 4A). Together, these results point to a role for
ZNF365 in effective resolution of replication stress and resump-
tion of the normal cell cycle. Incomplete replication and the
ensuing checkpoint response led to delayed mitotic progression
and accumulation of mitotic regulators, ultimately contributing
to cytokinesis failure.

Interestingly, we noted an abnormal number (>2) of pericen-
trin- (or gamma tubulin)-positive foci in ZNF365-knockdown
cells (Fig. 4B). Cultures of these cells exhibited an identical
increase in the fraction of cells with more than 4 centrioles (cen-
trin-positive cells), indicating that increased centrosome number
is due to duplication of centrioles rather than abnormal fragmen-
tation. Prolonged S-phase arrest by HU treatment uncouples
DNA and centrosome replication cycle. We quantitated the frac-
tion of nuclei with an abnormal number of centrosomes after
HU-induced arrest in order to distinguish centrosome-auton-
omous amplification from failed cytokinesis. Typically, only
2-3% of U20S cells exhibited more than 2 centrosomes when
arrested in S phase by HU treatment for 16 h; however, ZNF365-
knockdown cells exhibited an additive increase in the frequency
of 2 or more centrosome-containing cells rather than a syner-
gistic increase following HU-induced arrest, negating the direct
regulation of centrosome duplication (Fig. 4B). Finally, knock-
down of ZNF365 resulted in 4.9% of cells with supernumerary
centrosomes with multipolar mitotic spindles (Fig. 4C). After
a round of cell division, these cultures accumulated aneuploid
cells (Fig. 4D). Together, these effects are due to a series of cel-
lular responses: defective nuclear DNA repair induces checkpoint
activation and inhibition of mitotic progression and exit, culmi-
nating in cytokinesis failure, re-duplication of centrosomes, mul-
tipolar cytokinesis, and resultant aneuploidy.

ZNF365 interacts with PARP1 to mediate MREI1I-
dependent DNA end resection during replication fork recovery

Using mass spectrophotometry analysis of ZNF365 co-
immunoprecipitated proteins to identify ZNF365-binding part-
ners, we identified PARPI as an interacting protein (Fig. 5A).
Interestingly, both PARP1 expression and overall PARP activity
increased upon knockdown of ZNF365, suggesting a potential
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functional interaction between these 2 factors (Fig. 5B and C).
Furthermore, ZNF365 co-localized and co-precipitated with
PAR polymers following HU treatment (Fig. 5D); however, we
did not detect PAR modification on ZNF365, suggesting a physi-
cal association between ZNF365 and other poly-ADP ribosylated
(PARsylated) proteins (data not shown). In addition, co-immu-
noprecipitation of truncated forms of ZNF365 showed differen-
tial binding to PARP1 and MREI11, and both were shown to be
PARsylated upon replication stalling.”” Lack of the C2H2 zinc
finger domain in ZNF365 abolished co-precipitation of PARPI1
and MREI11, suggesting that the single C2H2 motif may serve
as a previously defined PAR-binding zinc finger (PBZ) domain
(Fig. 5E).*

MREI11-mediated nucleolytic resection of DSB is an inter-
mediate step in recovery of stalled replication forks and is fol-
lowed by RPA coating, RAD51 loading, and homology-mediated
strand exchange.””?" Previously, PARPl-mediated replication
fork restart was shown to be achieved by timely recruitment of
MREI1 to the stalled forks through a physical association.?**
Notably, ZNF365 and MREI1 co-localized upon HU-mediated
replication stalling (Fig. 5F). In order to determine whether
ZNF365 functions in the nucleolytic resection step, we quan-
titated the 3’ single-strand generation by MREI1 following
induction of DSB. BrdU incorporation is not readily detectable
by antibody under native conditions; however, a 3" single-strand
overhang is generated by MRE11 nuclease upon DSB, and BrdU
binding within the overhang is detectable without denaturation,
serving as an indicator of cellular nucleolytic resection effi-
ciency.?® Importantly, a clear decrease in resection activity was
noted in CPT-treated ZNF365-knockdown cells compared with
Scr control cells (Fig. 5G). Thus, we hypothesized that impaired
recruitment of MREI1 to the replication fork was the cause of
this depressed resection activity. Indeed, MREI11 localization to
the stalled replication forks was partially impaired in ZNF365-
knockdown cells, providing evidence for an intermediate func-
tion of ZNF365 between PARPI activation and nucleolytic
resection at stalled forks (Fig. 5H). Furthermore, ZNF365 and
RADS51 colocalized upon induction of DSB, suggesting that
ZNF365 may facilitate RAD51 loading at the HR repair sites
(Fig. S2C). Together, our results suggest that ZNF365 is nec-
essary for PARP1-mediated replication fork recovery at the end
resection step via tethering of MREI11 to the stalled forks.

Discussion

In this study, several lines of evidence support the notion
that ZNF365 is a primary responder to stalled replication forks.
Inhibition of DNA replication caused increased expression and
re-distribution of ZNF365 to stalled replication forks along with
single-strand DNA binding protein RPA. Previously, we identi-
fied ZNF365 as a component necessary for genomic stability, and
demonstrated that its expression was induced by p53 under criti-
cally short telomeres. ZNF365 suppressed expression of a subset
of CFS, and its loss caused formation of an anaphase ultra-fine
DNA bridge, a structure prevalent in Fanconi anemia mutant
cells, which harbor a DNA repair-defective cells.”** These
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absence of 2 mM HU. Insets showed PCNT staining (red) with higher magnification. Centrosome and centriole numbers per cell were plotted on right.
Results are shown as mean * s.d. from multiple experiments. (C) Knockdown of ZNF365 caused supernumerary centrosomes along with multipolar spin-
dle formation. Panc-1 Scr and shZNF cells were stained for PCNT (red). Arrows point to centrosomes. Insets showed Panc-1 Scr (bipolar) and shZNF (mul-
tipolar) mitotic cells stained for PCNT (green) and a-tubulin (red) with DAPI counterstaining, (D) metaphase of p53~~ shZfp MEFs exhibiting aneuploidy.

findings are in concert with our new results that demonstrate a Our characterization of ZNF365 showed its similarity to
role for ZNF365 at the replication fork, where it promotes recov-  previously identified molecules in DNA DSB repair path-
ery and resolution of stalled replication. ways. For example, replication stress-activated ATR and ATM
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Figure 5. ZNF365 interacts with PARP1 and functions at nucleolytic resection step of fork recovery. (A) Co-immunoprecipitation of ZNF365-v5 with
PARP1 and MRET1 in 293T cells. Increased expression (B) and activity (C) of PARP1 upon ZNF365 depletion. (B) Quantification of the PARP1 expression
after normalization was shown on top. Co-localization of ZNF365 with PAR polymers (D) or MRE11 (F) following 24 h HU treatment. Cells were treated
with HU or not and IF stained for ZNF365-v5, PARsylated proteins, or MRE11. The percent co-localization of ZNF365 with PAR or MRE11 were quantified
and plotted on right side. (E) Scansite motif prediction of ZNF365 and the constructs and cellular locations of the truncation mutants were shown on
top. Co-IP analysis of interaction of ZNF365 truncation mutants with PARP1 and MRE11 (bottom). (G) ZNF365 depletion impaired nucleolytic resection
steps. BrdU-labeled cells were treated with 1 wM CPT for 30 min and stained for BrdU under a non-denaturing condition. Nuclei with >20 BrdU foci
were counted as positive for end resection activity. Data represent the mean =+ s.d. (H) Tet-on shZNF U20S cells were pulse-labeled with BrdU followed
by HU treatment. Cells were IF stained for BrdU (green) and MRE11 (red). White arrows pointed to co-localization of MRE11 to stalled forks. Percent co-
localization of MRE11 with BrdU foci was plotted on right side (n = 8).
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phosphorylate WRN' helicase to maintain fork integrity and
re-establishment of fork progression.”> Loss of RECQI helicase
results in replication fork collapse and DNA damage response.*®
Interestingly, RECQI-deficient cells show defective chromo-
somal condensation due to untimely DNA replication, reminis-
cent of anaphase ultra-fine DNA bridges in ZNF365-knockdown
cells."”* Our identification of MRE11-dependent DNA end
resection as an affected step upon ZNF365 loss supports its role
in interplay between HR repair and replication fork recovery.
Similarly, DNA2 nuclease mediates replication-coupled repair of
DSB at the resection step and interacts with the Faconi anemia
interstrand crosslinking (ICL) repair machinery.” In agreement,
we observed hypersensitivity of ZNF365-deficient cells to a DNA
strand crosslinking drug mitomycin C (Park and Paik, unpub-
lished observation). Despite similar phenotypic outcomes upon
their loss, the mechanism of action appears to be distinct. We
speculate that ZNF365 may function through interacting with
other molecules based on its lack of enzymatic activity.

PARPI is activated at stalled replication forks to recruit DNA
repair molecules, and MRE11 is then attracted to stalled forks
to promote resection and replication restart.”’ Likewise, the
BRCAI1/BARDI heterodimer is recruited to DNA damage sites
through the BRCA1 C-terminus (BRCT) motif, which serves
as the PAR-binding module.® ZNF365 is present in a com-
plex with PARP1 and MREI1, and this interaction requires the
N-terminus-containing C2H2 zinc finger motif of ZNF365. This
single C2H2 motif may serve as a PBZ domain, which recruits
ZNF365 to stalled replication forks or DSB sites. Functionally,
a common function of PARP1 and ZNF365 in replication fork
recovery is reflected in the altered cell cycle profile observed in
their absence. In fact, ZNF365-depleted cells strongly resemble
PARPI1-null cells, as both cell types have delayed S to G,/M pro-
gression following HU-mediated cell cycle arrest (Fig. 3C).%
In addition, significant upregulation of PARP1 expression and
activity in ZNF365-deficient cells suggest compensatory upregu-
lation of a functional partner. Similarly, BRCAI mutant tumors
overexpress RAD51, which may help to restore defective HR.%°
Additional studies are necessary in order to explore the detailed
molecular mechanism of the interaction between PARP1 and
ZNF365 in the context of DNA repair response.

PARPI block base excision repair and impair repair of DSB in
HR-defective cells, leading to enhanced cytotoxicity.” Sensitivity
of ZNF365-depleted cells to PARPi in a 53BP1- and ATM-
dependent manner predicts its function in the DNA repair path-
way. In particular, defects in MRE11 recruitment to the damage
sites places ZNF365 in the same pathway with 53BP1-mediated
repression of DNA resection. Furthermore, the PARPI sensitivity
of ZNF365-depleted Atm~'"- MEFs was not significantly decreased
by 53BP1 knockdown. Thus, this result is consistent with the
dependency of nucleolytic resection and HR on ATM activity.
Inhibition of PARP combined with chemotherapies that cause
DNA damage induces cell death in tumors with defective HR
machinery. Cells depleted of ZNF365 exhibited decreased HR,
suggesting the potential for therapeutic application of PARPi and
ZNF365 targeting in cancer treatment.

www.landesbioscience.com

Single nucleotide polymorphisms (SNPs) of ZNF365 were
identified as a major breast cancer susceptibility loci in BRCA-
mutant patients’*?' by multiple genome-wide association studies.
It is possible that these SNPs have other relevant functional links
to either BRCA2 and ZNF365 expression or function. As we pre-
viously reported, the significantly lowered expression of ZNF365
in TNBC reflects its negative correlation with BRCAness.”
In the context of decreased BRCA2 function, low expression
of ZNF365 may fuel genomic instability, accelerate cancer-
promoting mutations, and, thus, facilitate cancer progression.
Furthermore, loss of p53, the upstream regulator of ZNF365, is
an obligatory step in BRCAI mutation-associated tumorigenesis,
further pointing to multiple mechanisms involved in downregu-
lation of ZNF365.44

Aneuploidy can be caused by oncogene-induced replica-
tion stress, which has been proposed to occur in early neoplas-
tic lesions.* Loss of ZNF365 function deregulates centrosome
number to further induce chromosomal instability. Multipolar
mitosis with the supernumerary centrosomes observed in
ZNF365-depleted cells results in cell death or aneuploidy. In
yeast, ploidy-mediated lethality was rescued by genes functioning
in HR-mediated DNA repair or centrosome regulation, suggest-
ing an important role of these processes in viability of genetically
unstable cells.” Interestingly, we noted that ZNF365 expression
remained high in a number of tumors, including non-TNBC.”
These results, together, suggest that ZNF365 is likely essential
for the viability of cells that develop aneuploidy in light of its
function within the HR-mediated repair pathway.

In conclusion, our study suggests that ZNF365 functionally
interacts with or promotes the HR repair pathway to facilitate
stalled replication fork recovery. These results offer a potential
molecular mechanism by which reduced function of ZNF365
instigates genomic instability (Fig. 6). Whether ZNF365 func-
tionally contributes to the pathogenesis of breast cancer or other
cancers, and whether this factor could be exploited as a bio-
marker that serves to stratify patients for targeted therapy, war-
rants future investigation.

Materials and Methods

Antibodies and cell lines

We used rabbit polyclonal antibodies against pATR, pCHKI1
(S317 or S345), pCHK2 (T68), pCDC25C (S216), CDC2,
Cyclin A, Aurora A, BECLIN, SCCI1, SA2, MRE11 (Cell
Signaling), pericentrin (Abcam), ZNF365 (Sigma, ab-1), 53BP1
(Bethyl labs), PARP-1, pSMC1 (§8957), SMC3 (epitomics).
Mouse and rat monoclonal antibodies are including BrdU,
Aurora B (Becton Dickinson), BrdU (sheep, Abcam), v5 (invi-
trogen), a-tubulin (DSHB), RPA32 (cell signaling), lamin A/C
(Abcam), and Cyclin Bl. U20S, Panc-1 and IMRI0 cells were
obtained from the American Type Culture Collection (ATCC).
Cells were tested for the absence of mycoplasma and authenti-
cated by standard DNA microsatellite short tandem repeats
(PowerPlex 1.2 System, Promega), and the resulting DNA fin-
gerprints were matched to the reference published by ATCC.
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Figure 6. Schematic diagram summary of ZNF365 function. ZNF365 is necessary for HR
DSB repair pathway. It binds to PARP1 and tethers MRE11 to the DNA end resection sites
for timely resolution of stalled replication forks. Loss of ZNF365 results in incomplete
replication and ensuing checkpoint response, leading to delayed mitotic progression
and exit, cytokinesis failure, re-duplication of centrosomes, and increased aneuploidy.

was denatured for 15 min in 2.5 M HCI, followed by
5 PBS washes and then blocking. The incorporated
BrdU was detected with sheep anti-BrdU antibodies
and with the goat anti-sheep Alexa Fluor 488-conju-
gated antibodies according to the standard immuno-
fluorescence procedure.

Co-immunoprecipitation

Cells were lysed with 0.5% NP-40 and 0.5%
Triton X-100 lysis buffer containing 50 mM HEPES
pH 74,1 mM EGTA, 1 mM MgClz, 150 mM KCl,
10% glycerol, protease, and phosphatase inhibitors.
Four hundred micrograms of protein lysates were
incubated with anti-v5 antibody conjugated-beads
(Sigma) 4 °C overnight. The beads were washed,
boiled in Laemmli’s sample buffer and the superna-
tant was used for SDS-PAGE.

Quantitative RT-PCR

Total RNA was extracted by using trizol RNA

Atm'- MEFs were used to study the effects of ATM effect on the
53BP1 knockdown.

Assay for HR and NHE]- mediated DSB repair activity

NHE] and HR assay were performed as previously described.?
U20S cells with single-copy incorporation of the NHE] or
DR-GFP reporter were infected with ZNF365 shRNA lentivirus
and transfected with I-Scel plasmid. Seventy-two h later, cells
were analyzed by flow cytometry. NHE] or HR activities were
determined by the percentage of GFP-positive cells.

DNA fiber analysis

Cells were pulse-labeled with 250 wM IdU after incubation
with 25 wM CIdU for 30 min. With HU treatment, cells were
pretreated with 2 mM HU for 3 h before IdU labeling. Fiber
spreads were prepared as described before.*¢ Slides were incubated
in 2.5 M HClI for 80 min and then washed 3 times in PBS, fol-
lowed by incubation in blocking buffer (2% BSA in PBS) for
20 min. Primary antibodies 1:250 rat anti-BrdU (detects CIdU,
AbD seroTec) plus 1:500 mouse anti-BrdU (detects IdU) (Becton
Dickinson) were diluted in blocking buffer and incubated for 1
h followed by extensive washes in PBS and secondary antibodies.
Pictures were taken from randomly selected fields with untan-
gled fibers and analyzed using the Image] software. Minimum
of 300 individual fibers were analyzed for each experiment and
the mean of at least 3 independent experiments presented. The
relative frequency of the red or green replication tracks was scored
as a percentage of all the different structures counted. Statistics
were calculated using Prism software.

MRE11 colocalization with active replication sites

The sites of active replication in cell were labeled by 15 min
incubation with 10 WM BrdU before the HU treatment. After
fixing with 4% PFA, cells were detected by immunofluorescence
using mouse polyclonal anti-MREI11 (1:100) antibodies, washed
with 0.1% Triton in PBS and incubated with goat anti-mouse
Alexa Fluor 568-conjugated (1:1000) (Invitrogen) antibodies.
Following washing with 0.1% Triton in PBS, cells were incubated
in 4% paraformaldehyde for 20 min at room temperature. DNA

2826 Cell Cycle

extraction protocol. One microgram of total
RNA was reverse transcribed into cDNA by using
SuperScript® III. Specific primers for QRT-PCR were designed
with the primer express 3.0 software (Applied Bisystem). The
ZNF365 gene expression was analyzed by real time quantitative
PCR using StepOnePlus Real-time PCR system. PCR reaction
included the following components: 100 nM each primer, diluted
c¢DNA templates and SYBR Green supermix, and running for 40
cycles at 95 °C for 20 s and 60 °C for 1 min. Each cDNA sample
was run as duplicates. The mRNA level of each sample for each
gene was normalized to that of the B-actin mRNA. The relative
mRNA level was presented as unit values of 2A(Ct[p-actin] —
Ct[gene of interest]).

Tetracycline inducible ZNF365 shRNA knockdown

Target  sequence  within ~ ZNF365 ORF (5
GAGGAGCTTCTTAGGAAAGAA 3’) was cloned into pLKO-
Tet-On lentiviral vector (Addgene). Virus infected cells were
selected with puromycin and 1 pg/ml Doxycycline was added
for 48 h to induce shRNA expression.

siRNA transfection and cell cycle analysis

One hundred nM ZNF365 siRNA (5'-
CATACCAGATTTAGAAGCTTGTCAT-3’, Dharmacon) was
transfected into U20S cells using Lipofectamine 2000. After 24
h, cells were synchronized with 2 mM HU for 16 h and then
released. At indicated time points cells were fixed in 70% ethnol,
stained with propidium iodide analyzed on BD FACScan. Data
were further analyzed with Flow]Jo software.

Immunofluorescence staining and image analysis

Cells were fixed, permeabilized in 0.2% Trition X-100 fol-
lowed by staining with different antibodies. All the images of
immunofluorescence were acquired by on an Olympus Fluoview
confocal microscope using 60 x water objective. All data represent
the average from at least 3 independent experiments, with at least
100 cells counted per experiment. Significance was calculated
using Student 2-tailed 7 test. Differences were considered signifi-
cant when P was < 0.05.

Clonogenic assay

U20S Scr or shZNF cells were plated in drug-free medium
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at 5 different densities, in triplicates, for the counting of 30-300
clones depending on expected survival. The next day cells were

treated with indicated doses of HU (0, 250, 500, 750, and 1000
uM) for 48 h followed by switching to normal growth media.

After 14 to 21 d of incubation, colonies were fixed and stained
with crystal violet and scored. Only experiments giving a linear

correlation between the different dilutions were considered. Cell

survival was estimated by dividing the number of colony-forming

units in treated samples by the number of colony-forming units
in untreated samples, with control cell survival defined as 1.

Statistical analysis
The unpaired two-tail Student # test or one-way ANOVA test

with Tukey HSD post-test was used to determine significance for

all experiments unless noted.
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