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Abstract

Fanconi anemia (FA) and Bloom syndrome (BS) are disorders defined by
the genome instability that leads to chromosomal abnormalities known as radials.
This instability is thought to be a large factor contributing to increased
predisposition to cancer seen in these patients. However, the exquisite
sensitivity of these cells to most DNA damaging agents limits the available
chemotherapeutics that can be tolerated. Thus it is imperative that new
chemotherapeutic agents be identified, and that new drugs are studied
thoroughly to determine if they are safe specifically for these patients. The
information presented here is a collection of manuscripts pertaining to
chromosomal radials in FA and BS, and the possibility of using PARP inhibitor as
a chemotherapeutic agent in patients who have these disorders. These data
identified BS radials as anomalous chromosome structures, identical to FA
radials, thus allowing for the continued study of the disorders in parallel.
Secondly, the minimal lesion responsible for radial formation was identified as a
double strand break and the fate of radial containing cells shown to be
elimination via PARP-dependent mitotic cell death. Lastly, PARP inhibitor was
studied in detail as it has been identified as a possible chemotherapeutic option
for FA patients. While there were specific effects of PARP inhibitor unique to FA
and BS cells, a detailed analysis was performed to better understand the general
mechanism of action. Most importantly, PARP inhibitor was able to induce

multipolar division and chromosome instability in non-cancerous and HR-



proficient cells suggesting that the cytotoxic effects of PARP inhibitor are more

universal than initially realized.

Introduction

Overview

Fanconi anemia (FA) and Bloom syndrome (BS) are two genome
instability disorders that have been studied completely separately for nearly 5
decades despite similar cellular phenotypes that have emerged over the years.
However, they share many characteristics in common including the focus of this
dissertation—increased cancer predisposition due to chromosomal abnormalities
called radials. The focus of the data presented here is to gain a clearer
understanding of the causes and consequences of radial formation in FA and BS
cells, and thoroughly investigate a chemotherapeutic agent that has been

suggested as a possible treatment option for FA patients.

Clinical Presentation

FA is an autosomal and X-linked recessive genome instability disorder
characterized by radial ray defects, absent thumbs, skin hyperpigmentation, short
stature, progressive bone marrow failure, and an increased predisposition to
cancer [1]. Specifically, FA patients are highly susceptible to developing
myelodysplastic syndrome and acute myeloid leukemia at a young age, followed
by solid tumors of the head, neck, esophagus and genitourinary tract later in life

[1]. There is currently limited treatment for FA and efforts have concentrated on



addressing the severe bone marrow failure that is responsible for much of the
mortality associated with the disorder. While bone marrow transplant is effective
at ameliorating both the bone marrow failure and eventual progression to acute
myeloid leukemia (AML), patients remain at risk for developing solid tumors for

which chemotherapeutic options are limited.

Bloom Syndrome (BS) is an autosomal recessive instability syndrome that
possesses many phenotypic similarities to FA. BS patients have severe growth
retardation, reduced fertility and are at 150-300-fold increased risk for developing
cancer [2]. AML is one of the most common cancers in BS patients, but they are
also prone to developing many other forms of cancer including lymphomas and
solid tumors of the gastrointestinal tract, genitourinary tract, larynx, and skin.
Also similar to FA, hematological cancers in BS patients tend to develop earlier in
life, while solid tumors develop later. This parallels the general development of
BS neoplasia where cancers develop early and frequently, with patients often
presenting with multiple primary tumors. Other clinical manifestations such as
bone marrow failure and café-au-lait spots can occur, but are not as common as
in FA patients. BS patients have an additional immunological phenotype that is
unigue among genome instability disorders, manifesting as increased
susceptibility to pneumonia and gastrointestinal infections, chronic lung disease,

and type Il diabetes.



Roles of BLM and FA proteins in DNA repair

FA and BS are two distinct disorders with different etiologies, yet in
accordance with phenotypic similarities, the respective dysregulated DNA repair
pathways are highly intertwined. The FA pathway is composed of 18 known
proteins which work in concert with other proteins from the nucleotide excision
repair, translesion synthesis, and homologous recombination (HR) pathways to
orchestrate the repair of complex lesions including interstrand crosslinks (ICLs)
and DNA-protein crosslinks. The pathway can be grouped into three stages:
core complex assembly, mono-ubiquitination of FANCD2 and FANCI, and
recruitment of downstream HR factors. Initially, lesions such as ICLs are
recognized at structures resembling stalled replication forks by a complex of
FANCM and FA-associated proteins FAAP24, MHF1 and MHF2 [3,4]. Once
activated by FANCM, the core complex comprised of FANCA/B/C/E/F/G and the
E3 ligase FANCL assembles, acting to mono-ubiquitinate both FANCD2 and
FANCI in the heterodimerized ID2 complex [5-7]. The ID2 complex then recruits
repair proteins FANCD1 (BRCA2), FANCJ (BRIP), FANCN (PALB2), FANCO
(RAD51C), FANCP (SLX4) and FANCQ (XPF). These proteins are coopted from
the canonical HR pathway and are responsible for HR-mediated repair after

lesion processing.

BLM protein is a 3'>5' RecQ helicase that has roles in many cellular
processes including HR for DNA repair in somatic cells, the suppression of sister
chromatid exchange, resolution of ultrafine bridges during mitosis, and in meiosis

where it functions as an anti-recombinase [8-15]. Specifically relating to DNA
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repair, BLM function is intricately intertwined with the FA pathway in both core
complex-dependent and core complex-independent ways. BLM physically
interacts with the FA helicase FANCJ, the FA sensor FANCM, and members of
the FA pathway are found in the BRAFT supercomplex (BLM, RPA, TOP3A, and
associated proteins) [16-18]. Additionally, a functional FA pathway is required for

phosphorylation of BLM, suggesting BLM is dysregulated in FA cells [19,20].

Underscoring the necessity of the FA pathway is that clinically, 95% of
patients with FA have mutations in the core complex genes, with the most
common being FANCA, FANCC and FANCG [4]. This is most likely due to the
absolute necessity of the downstream repair proteins for cell viability. The few
patients who do harbor mutations in the ID2 complex or recruited repair factors
generally have more severe cases of FA, suggesting that biallelic full loss of
function mutations are not compatible with life, thus patients are likely to harbor
at least one hypomorphic mutant allele [21,22]. BS is caused solely by mutations
in BLM, and mouse studies have determined complete knockouts to be
embryonically lethal suggesting that patients with BS may rely on at least one

hypomorphic mutation as well [23,24].

FA and BS patients exhibit similar chromosome instability, which is most
likely the result of extensive crosstalk now recognized between the two
pathways. Chromosomal radial formation is present in both FA and BS cells,
occurring spontaneously and in response to clastogens [25-28]. The first
manuscript presented in this dissertation focuses on identifying BS radials as

structurally identical to FA radials, thus likely to evolve from the same DNA repair
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defect. The similarity of FA and BS radials had been disputed since radials were
shown to form spontaneously in the cells of BS patients, and had precluded the
study of BS radials alongside FA radials [25,26]. Now that FA and BS radials
were determined to be identical, the cells could be studied in parallel for further
experiments relating to chromosomal radial formation. It has been widely
debated what the causative DNA lesion is that leads to radial formation and it is
currently unknown what the consequences are of radials as they proceed
through mitosis. Thus, five decades after the discovery of radials, we are still left
with two very important questions: where do they come from and where do they
go? The answer to both of these questions is detailed in the second manuscript

presented as part of this dissertation.

Limited Chemotherapeutic Options

Currently, one of the most critical situations facing FA and BS cancer
patients is the shortage of chemotherapeutic agents that they can tolerate. The
goal of chemotherapy is to selectively target cancer cells. In many cases this is
done by targeting disrupted DNA repair capabilities and chromosome instability
that are common developments as cancers dysregulate the cell cycle and
accumulate mutations. In doing so, DNA repair-deficient tumor cells are
selectively killed while repair proficient normal tissue is less affected. However,
patients with genome instability disorders are unable to tolerate many of these
therapies due to constitutional DNA repair deficiency, rather than acquired DNA

repair deficiency exclusive to cancer cells. Thus many of these therapies can be



toxic and even deadly to FA and BS patients. Given the high incidence of cancer

in these patients, the need for chemotherapeutics that can be tolerated is critical.

One compound that has been gaining traction as a chemotherapeutic
agent is PARP inhibitor. Initially recognized for its potent and specific killing of
BRCAZ2-deficient cancer cells, this class of inhibitors targets the multifunctional
protein Poly(ADP-ribose) Polymerase 1 (PARP1) [29,30]. PARP1 has many
roles within the cell including posttranslational modification of proteins by
poly(ADP-ribosyl)-lation, gene transcription regulation, direction of cell death
pathways, and is essential for the control of various signaling pathways including
ERK-mediated angiogenesis, the NF-k3-mediated inflammatory response, and
sex hormone signaling [31]. However, the role that is most well-characterized is
the role that PARP1 plays in single strand break repair. PARP1, and its binding
partner XRCC1, are the sensors of unrepaired single strand breaks. Thus, when
PARP1 is inhibited, single strand breaks accumulate. Eventually, prolonged
unrepaired single strand breaks become double strand breaks (DSBs) at
collapsed replication forks as cells attempt DNA synthesis. Given the inhibition
of DNA repair, PARP inhibitors have also been used in combination therapy to

sensitize tumor cells to radiotherapy, broadening their therapeutic use [32,33].

Due to the ability to specifically target HR-deficient tumors mutated in
BRCA2, PARP inhibitors have been suggested as possible chemotherapeutic
agents for sporadic tumors deficient in other HR proteins—specifically FA and BS
[34,35]. Sporadic tumors can acquire deficiencies in both the FA pathway and

BLM, providing an even broader group of tumors that could be susceptible to
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PARP inhibitor treatment. Whether through mutation, promoter methylation or
unascribed downregulation, dysregulation of the FA pathway is common in a
variety of cancers including AML and sporadic head and neck squamous cell
carcinoma [36]. These are the two common cancers in patients with FA
indicating there is likely a unique feature of these tumors that depends on
dysregulation of the FA pathway to develop. Additionally, dysregulation has
been seen in breast cancer and ovarian cancer which is unsurprising considering
the close ties between BRCA loss, breast and ovarian cancer, and the FA
pathway [37]. BLM is dysregulated in both breast cancer and sporadic gastric
carcinomas [38,39]. It should also be noted that in cancers that have
dysregulation of the FA pathway, two of the most common FA proteins to be
affected are FANCJ and FANCM which are the two that directly interact with BLM
[16,17,40]. A fairly new approach is the possible use of PARP inhibitor to treat
patients with FA or BS that have developed cancer, particularly given the limited
chemotherapeutic options. A large part of the research presented here focuses
on understanding the effects of PARP inhibitor on non-neoplastic FA and BS
cells to begin gauging the efficacy of PARP inhibitor as a recommended
chemotherapeutic agent. This dissertation focuses on the possible genome
instability induced and the cell death pathways that are corrupted under

conditions of PARP inhibition.

Expanding Cellular Consequences of PARP Inhibitor Treatment

Though the role in DNA repair is by far the most studied function of

PARP1, there are additional effects of inhibiting PARP that are just beginning to
8



be understood. All PARP inhibitors catalytically inhibit PARP1, but many vary in
having additional PARP-mediated effects within the cell. For instance, the
trapping of PARP-DNA complexes at sites of DNA damage varies depending on
the inhibitor used. Furthermore, these complexes are considered to be
particularly cytotoxic to cells [41]. Of more interest is an effect that is not directly
related to DNA repair which is the ability of some PARP inhibitors to induce
aberrant mitosis and multipolar division (MPD). Because chemotherapeutic
agents often target the highly proliferative nature of cancer cells, the ability to
induce catastrophic mitosis independent of the DNA repair capability of the tumor
would broaden the therapeutic options for PARP inhibitors. In instances of
amplified centrosomes, such as those in solid tumors, centrosomes cluster at two
spindle poles forming a pseudo-bipolar spindle in an attempt to avoid gross
chromosome instability [42,43]. Thus centrosome de-clustering agents such as
PARP inhibitor force cells to undergo MPD [43]. However, PARP1 knockout cells
undergo spontaneous centrosome amplification and MPD suggesting the
relationship between PARP1, mitotic fidelity, and centrosome homeostasis is
complex [44]. PJ34 is a uniqgue PARP inhibitor shown to induce centrosome de-
clustering, multinucleation, and cell death via mitotic catastrophe [43,45,46].
However, it has been reported that normal cells without amplified centrosomes

are unaffected by PJ34 treatment [45].

The third manuscript of this dissertation focuses on the MPD induced by
PJ34 and whether it is exacerbated in FA or BS cells that have inherent genome

instability. FA and HR proteins localize to centrosomes and cells that are



deficient in HR have been shown to be susceptible to fragmented centrosomes
and mitotic catastrophe. Thus, we hypothesized that they may be more
susceptible to MPD induction by PARP inhibitor [47-50]. MPD is usually due to
deregulation of the centrosome duplication cycle leading to amplified
centrosomes. However, MPD can occur without centrosome amplification due to
loss of centrosome integrity. This kind of MPD is usually associated with
premature entry into mitosis with unrepaired DNA or as a result of replication
stress, suggesting that this lesser known form of MPD may be induced in FA or

BS cells treated with PARP inhibitor [51,52].

Tying it all Together

The following are a collection of published and prepared manuscripts that
address some of the gaps in knowledge related to genome instability in FA and
BS cells, as detailed above. While traditionally considered two separate DNA
repair abnormalities, | hypothesized that BS and FA radials were indeed the
same abnormal chromosome structures and identifying them as such would
allow for BS and FA cells to be considered equally when researching radial
formation. Additionally, Manuscript | identifies two key phosphorylation sites that
are essential for the function of BLM in inhibiting radial formation, but are
dispensable for the suppression of sister chromatid exchange. These key sites
are unable to be phosphorylated in FA cells, suggesting BLM dysregulation may
be a key factor to radial formation in FA cells. Manuscript Il attempts to reconcile
the competing arguments currently in the literature regarding the DNA lesion

responsible for radial formation. ICLs, DNA-protein crosslinks and reactive
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oxygen species have all been implicated in radial formation—thus | theorized that
any lesion that was processed through a transient DSB, or was caused DSBs if
not repaired properly, could cause radials. | hypothesized that inducing DSBs via
the inhibition of SSB repair would be sufficient to cause radial formation, without
the need for initial complex lesions such as ICLs. Once radials are formed they
can be observed at a specific metaphase, but there is no visible evidence of
them resolving such as structural chromosome abnormalities.  Thus, |
hypothesized that radial-containing cells were dying during mitosis due to the
inherent mitotic instability of chromosomal radials. Both of these hypotheses
were proven true as DSBs alone were sufficient to cause radial formation and
radial-containing cells died specifically at metaphase via a PARP-dependent
mechanism requiring hyperfragmentation. While working with PARP inhibitor, it
became evident that there were additional cellular effects of PARP inhibitor
treatment relating to the induction of MPD. | hypothesized that FA and BS cells
would be more susceptible to MPD due to the inherent chromosome instability
and predisposition to mitotic catastrophe. The answer to this hypothesis is
complex, and will be discussed in more detail in the manuscript, but the essence
is that while the MPD rates are similar, FA and BS cells undergo more mitotic
catastrophe while wild-type cells complete more divisions. Additionally, |
hypothesized that the mechanism of MPD would be via centrosome amplification
since loss of PARP1 induces supernumerary centrosomes. However, this
hypothesis was proven wrong (for the most part) as the predominant method of

MPD was via loss of centrosome integrity. Together, these manuscripts provide
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answers to some of the outstanding questions relating to genome instability in FA
and BS cells, and provide new mechanistic information on a chemotherapeutic

agent that should be considered carefully before being used in FA or BS patients.
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Manuscript | overview: This manuscript uses detailed cytogenetic techniques
to determine that BS radials are the same chromosomal abnormalities as FA
radials, and thus can be studied in parallel. For the prevention of radial
formation, BLM is determined to require phosphorylation of T99 and T122 which
is dispensable for BLM'’s role in the suppression of sister chromatid exchange.
FA cells are unable to phosphorylate BLM at these sites, raising the possibility
that radial formation in FA cells may be due to the inability to properly modify

BLM.
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Abstract

Biallelic mutations in BLM cause Bloom syndrome (BS), a genome instability
disorder characterized by growth retardation, sun sensitivity and a predisposition

to cancer. As evidence of decreased genome stability, BS cells demonstrate not
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only elevated levels of spontaneous sister chromatid exchanges (SCE), but also
exhibit chromosomal radial formation. The molecular nature and mechanism of
radial formation is not known, but they have been thought to be DNA
recombination intermediates between homologs that failed to resolve. However,
we find that radials in BS cells occur over 95% between non-homologous
chromosomes, and occur non-randomly throughout the genome. BLM must be
phosphorylated at T99 and T122 for certain cell cycle checkpoints, but it is not
known whether these modifications are necessary to suppress radial formation.
We find that exogenous BLM constructs preventing phosphorylation at T99 and
T122 are not able to suppress radial formation in BS cells, but are able to inhibit
SCE formation. These findings indicate that BLM functions in two distinct
pathways requiring different modifications. In one pathway, for which the
phosphorylation marks appear dispensable, BLM functions to suppress SCE
formation. In a second pathway, T99 and T122 phosphorylation are essential for
suppression of chromosomal radial formation, either formed spontaneously or

following interstrand crosslink damage.
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Introduction

The highly conserved human BLM tumor suppressor protein is a RecQ
helicase that functions to maintain genome stability [53-56]. Biallelic mutations in
BLM cause Bloom syndrome, which is characterized by short stature, sun-
sensitive skin lesions primarily affecting the face, and predisposition to a wide
spectrum of cancers. BLM is a multifunctional protein with distinct roles in
somatic and germ cells where it is essential for regulating homologous
recombination (HR) for DNA repair and during meiosis, where it localizes to
programmed double strand breaks (DSB) to promote holliday junction resolution
[10-13,57,58]. BLM regulates recombination by acting to ensure dissolution of
crossover intermediates, promoting primarily non-crossover resolution [14,56].
Thus, BS cells manifest genomic instability as increased spontaneous and
damage-induced sister chromatid exchanges (SCE) [25,59,60]. SCE formation
appears to reflect instances of HR-dependent DSB repair [61]. Normally, double
holliday junction intermediates are resolved via two pathways: BLM/TOP3A-
mediated dissolution, which results in non-crossovers, or by HR resolvases,
which result in crossovers. In the absence of BLM, repair is skewed towards the
crossover pathway of resolution, which can be observed as SCEs at mitosis [61-
63]. More recently, BLM has been localized to ultrafine DNA bridges during
anaphase, along with ERCC6L and members of the Fanconi anemia (FA)
pathway, where it is proposed to have a role in bridge resolution, ensuring faithful

chromosome segregation [8,64-66].
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BS cells manifest chromosomal radial formation following DNA damage, a
sign of genome instability most commonly associated with defects in the FA
pathway [25,26,67]. FA [reviewed in [68,69]], is a recessive disorder resulting
from a defect in any of sixteen or more proteins acting to maintain genome
stability during replication and during interstrand crosslink (ICL) damage repair
[70,71]. BLM participates in the FA pathway, interacting specifically with the FA
helicase, FANCJ [16]. Additionally, several members of the FA core complex
associate with BLM in the BRAFT supercomplex (BLM, RPA, TOP3A, and
associated proteins), as defined by co-immunoprecipitation [17,18,70]. The
BLM-TOP3A complex, a conserved association, acts epistatically with the FA
pathway during ICL repair and is necessary for SCE suppression [67]. The BLM-
FA interaction appears to be required for phosphorylation of BLM [19,20].
Phosphorylation of BLM at T99 and T122 is required for normal checkpoint
response to stalled replication forks, and BS cells arrest in G2/M if
phosphorylation does not occur following replication stress [72]. Thus, the
functions of BLM and the FA pathway proteins are intricately intertwined, and are

required for maintaining genome stability.

Although spontaneous chromosomal radials are a feature of both BS and
FA cells, most research has focused on FA radials since they are the basis of
diagnostic testing for the disorder [26,27,73]. Both BS and FA cells show
increased radials after exposure to ICL-inducing agents, such as mitomycin C
(MMC) or diepoxybutane (DEB). Though spontaneous radials are unique to BS

and FA cells, induced radials are not and can be found after ICL damage in cells
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depleted of proteins that function in DNA repair or maintenance of genome
stability, including BRCA1 or BRCA2, non-homologous end joining (NHEJ)
proteins Ku70 (now known as XRCC6) and LIG4, and HR proteins RAD51 and
RADS2 [74]. However, unlike BS cells, FA cells generally do not exhibit elevated
spontaneous SCEs [67,75]. Studies characterizing BS radials have previously
classified them as homologous, or occurring between homologous chromosomes
[25,26]. However, radials are non-homologous in FA cells and occur between
various chromosome combinations [28]. Thus, despite their similarity, BS and
FA-derived radials have been documented as different types of chromosome

abnormalities and have been thought to arise from different DNA repair defects.

The observation that BS cells show increased SCE and radial formation, while
FA cells show only elevated radials, suggests a segregation of BLM activities
with one function acting to suppress SCE formation and another to inhibit radial
formation. BLM constructs mutated at T99 and T122 to preclude phosphorylation
are reported to correct SCE formation to normal levels [72]. Since BS cells lack
functional BLM protein and FA cells are unable to phosphorylate BLM [20], yet
both manifest radials, we questioned whether phosphorylated BLM is required to

suppress radial formation after ICL damage.

We find that spontaneous and ICL-induced radials in BS cells are over
95% non-homologous, appearing to be the same as in FA cells. To determine if
phosphorylated BLM is required to suppress radial formation, we used an
engineered mutant BLM that cannot be phosphorylated due to substitutions of

alanines for native threonines at T99 and T122. We found that such constructs
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suppress SCEs in BS cells, but fail to suppress radial formation after ICL
damage. In fact, exogenous, un-phosphorylatable BLM appears to have a
dominant negative effect, increasing spontaneous and clastogen-induced radial
formation in normal fibroblasts. These data suggest that BLM functions in two
distinct pathways for maintenance of genome stability: one pathway suppresses
radial formation and requires the phosphorylation of T99 and T122; the other

pathway suppresses SCE formation, independent of those modifications.
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Methods

Cell culture and reagents:

Primary BS fibroblasts (GM01492) (Coriell) were cultured in a-MEM
(Gibco) supplemented with 20% FBS (Gibco), 4 mM L-glutamine, and 50 pg/ml
gentamicin. Cells were grown at 37° C with 5% CO, and maintained at
subconfluency. Transformed fibroblasts were cultured in a-MEM medium
(Mediatech) supplemented with 10% fetal bovine serum (Hyclone). Immortalized
fibroblast cell lines GM00639 (wild-type), and GM08505 (BS), were obtained
from the NIGMS Human Genetic Cell Repository (Coriell). The functionally
complemented control for GM08505 was obtained by transfection with a pMMP

vector containing the full-length coding sequence for BLM.

G-banding studies:

The GM01492 primary fibroblasts were characterized for the karyotype, as
well as for chromosome involvement in radial formation, both spontaneous and
clastogen-induced. The treated cells were exposed to 200 ng/ml diepoxybutane
(DEB) or 20 ng/ml mitomycin C (MMC) diluted in Hank’s balanced salt solution
for 48 hr at 37° C with 5% CO, prior to harvest. Colcemid (0.05 pg/ml) was
added overnight to arrest cells at metaphase. Cells were trypsinized, pelleted,
and incubated in a hypotonic solution (0.075 M KCI, 5% FBS) for 10 min prior to
being fixed with 3:1 methanol:acetic acid. Cells were fixed to slides and baked at
95° C for 20 min. After cooling, each slide was trypsinized for 45 sec followed by

Wright’s stain for 1 min 20 sec, rinsed with diH,O and dried. Radials were
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imaged using bright field microscopy and analyzed using Cytovision software
(Applied Imaging, San Jose, CA). Chromosome breakpoints were identified

according to the ISCN [76].
Chromosome stability:

For SCE analysis, cells were allowed to go through two rounds of
replication in 25 pug/ml BrdU, 24 hr post-transfection. Clastogen-induced SCEs
were elicited by a 4-hr pulse of 20 ng/ml MMC 20 hr prior to harvest. Cells were
harvested following a 3 hr exposure to 0.05 ug/ml colcemid (Gibco), treated with
a 1:3 solution of 5% fetal calf serum:0.075 M KCI, and fixed in 3:1
methanol:acetic acid. Cells were then dropped onto slides and stained for 5 min
in 0.01% Acridine Orange. Following staining, slides were rinsed with diH,0 and
treated with Sorenson Buffer (pH 6.8) (1:1 volume of 0.06 M Na,HPO, and 0.06
M KH,PQ,). After treatment, slides were placed on a UV transilluminator (UVP
model TM-36) for 12 minutes, and then visualized using a FITC filter. Twenty to
25 metaphases from each culture were scored for chromosome counts and
numbers of SCEs. The SCE rate was calculated as the number of SCEs per

chromosome.

For chromosome breakage studies, 5x10* cells were seeded in T25 flasks,
and were treated 24 hr later with 10-20 ng/ml MMC, depending on the cell line
and its sensitivity. Following a 48 hr incubation with MMC, cells were harvested

as described [77]. Slides were stained with Wright’s stain and 50 metaphases

21



from each culture were scored for radial formation. The results are presented as

the percentage of total cells containing at least one radial.

Constructs:

FLAG-tagged full-length BLM coding sequence in a pMMPpuro retroviral
vector was digested with Clal and Sphl (NEB) to produce a 3.5 kb pMMP-BLM
junction fragment containing the T99 and T122 phosphorylation sites (Fig. 3a).
The 3.5 kb Clal-Sphl fragment was ligated into Clal-Sphl digested pBR322 vector
and minipreps were sequence-verified. Miniprep DNA was used as the template
for site directed mutagenesis (Stratagene). Individual mutant candidate
minipreps were sequence-verified. Mutations were then shuttled back into the
full-length pMMP-BLM construct via the Clal-Sphl sites. Final midipreps were

sequenced prior to transfection of human cells.

Transfection:

Cell lines were transfected with pMMP-BLM constructs using
Lipofectamine 2000 (Invitrogen) or TransIT-293 (Mirus) in 6-well plates as
directed by the manufacturer. The red fluorescent plasmid pDs-Red2-C1
(ClonTech) was used in a parallel transfection to monitor transfection efficiency.
After 24 hr cells were re-plated in 100 mm or 150 mm plates, based on
transfection efficiency, and placed under 0.1-0.4 pg/ml puromycin (Sigma)
selection. After 10 days of growth colonies were selected, expanded, and

expression was confirmed by immunoblotting.
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Immunoblotting:

Cells grown in T-75 flasks were washed with PBS, trypsinized, pelleted,
and frozen at -80° C. Whole cell extracts were prepared as previously described
[77]. 50 ug whole cell extract per lane was run on a 7.5% acrylamide gel and
transferred to a nitrocellulose membrane (Osmonics). Membranes were blocked
overnight in TBST (TBS plus 0.1% Tween) plus 5% dry milk. Membranes were
probed with anti-BLM rabbit polyclonal antibody (Abcam) at a 1:1000 dilution in
TBST with 5% dry milk. For B-tubulin blots, membranes were probed with a
rabbit polyclonal antibody (H-235, Santa Cruz) at a 1:3000 dilution in TBST. All
antibodies were visualized with HRP-conjugated secondary antibodies and

enhanced chemiluminescence.

Statistics:

Hot and cold chromosomes, and hot bands, were identified using a Monte
Carlo simulation. Multiple iterations were run (300, 500, 1000, and 2500) to
compute z-scores for each sample, and then converted to a p-value. P-values
below 0.05 were considered “hot” and above 0.95 considered “cold”. For
chromosome bands, “hot-spots” were considered those with an observed

frequency two standard deviations from the mean (95% confidence interval).
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Results

Radials in BS cells are non-homologous

The GM01492 BS primary fibroblast cell line was karyotyped and found to
be 46,XY (data not shown). Analysis of rare spontaneous chromosome radials
showed them to occur primarily between non-homologous chromosomes (Table
1). To increase the number of radial formations available for characterization,
the cells were treated with two different clastogens, DEB or MMC.
Representative radials are shown with an example of intact chromosomes
juxtaposed in order to orient the chromosomes within a radial (Figure 1la).
Again, radials occurred predominantly between non-homologous chromosomes.
Homologous radials, such as in Figure 1b, occurring between two homologs of
chromosome 8 at breakpoints 8913, were rare. Radials can also occur between
homologous chromosomes, but at non-homologous positions, such as between
sites on the short and long arms of chromosome 6 (data not shown). These
radials were also uncommon, but were observed in the present study. Despite
occurring between homologous chromosomes, these radials do not occur at
regions of gross homology—rather, they are akin to non-homologous radials that
chanced to form at a non-homologous region on the other homolog present in
each cell. Results of radial formation are summarized in Table 1. Spontaneous
(n=42), DEB-induced (n=101), and MMC-induced (n=101) radials all primarily

(>95%) formed between non-homologous chromosomes.
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Figure 1. Radials occurring in Bloom Syndrome cells are non-homologous.
(a) Intact chromosomes are superimposed alongside a radial occurring between
two non-homologous chromosomes to orient individual chromosomes within a
radial. (b) A homologous radial and (c-g) representative non-homologous radials
isolated from clastogen-treated BS cells.

Table 1: Summary of radials observed in the present study occurring between
various chromosome configurations

Non-homologous sites on

Non-homologous Homologous
homologous
chromosomes Chromosomes
chromosomes
Spontaneous 95.2% 2.4% 2.4%
DEB 96% 2% 2%
MMC 93% 3% 4%
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Breakpoint hotspots are independent of chromosome size

Radials seen in FA cells are not formed with a uniform distribution along
the chromosomes but are concentrated in hotspots [28]. We evaluated whether
the radials seen in BS cells showed similar clustering. We started by plotting the
radials observed in a Circos plot (Figure 2), which allowed for the visualization of
every chromosome pair within a radial including the specific chromosome bands
that were broken. “Hot” and “cold” chromosomes for radial formation could be
visualized, as well as the overall non-homologous nature of the radials. For a
more detailed analysis of the clustering, a Monte Carlo simulation was done to
determine if observed chromosome radial frequencies suggested hot and cold
spots. The Monte Carlo simulation randomizes choice based on a discrete
distribution. We performed 300, 500, 1,000, and 2,500 iterations. The discrete
distribution was defined to be chromosome size, with the assumption that radial
frequencies were proportionate to chromosome size. For each sample
(observed count and those generated from Monte Carlo simulation), z-scores
were computed then converted to a p-value. Table 2 summarizes the results for
chromosomes that were determined to contain hot or cold spots for 1,000

iterations of the Monte Carlo simulation.

Chromosomes 2, 5, 6, and 14 were determined to have low radial
formation and were designated as “cold”, while chromosomes 11, 17, 19, 20, and
22 were determined to have high radial formation and were designated as “hot”.
Chromosome 19 was the only chromosome to be “hot” when exposed to both

MMC and DEB as a DNA damaging agent. Conversely, chromosome 2 was
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Figure 2. Circos plots depicting radial breakpoints and chromosome
partners for radials isolated from DEB (blue) or MMC (red)—-treated BS cells.
Ideogram depictions of chromosomes are arranged p-arm to g-arm. Blue and
red lines connect the breakpoint in the first chromosome to the breakpoint in the
partner chromosome for each radial analyzed. The line thickness is quantitative,
with the thin lines indicating one observation, medium lines two, and thick lines
three.
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“cold” when exposed to either damaging agent. This can be visualized by the
densely clustered lines at chromosome 19, and the lack of chromosome 2

involvement given its size, shown in Figure 2.

To determine hot spots by chromosome band, we assumed a uniform
distribution across the genome and set a threshold of observed radial frequency
to be greater than two standard deviations from the mean, representing >95%
confidence interval. Table 3 summarizes these results. Chromosome 22 was
the only “hot” chromosome to not contain any “hot” bands. Chromosome 14 was
determined to be “cold” for radial formation, yet band 14916 was determined to
be a “hot” band. Chromosome 1 had three “hot” bands, but was not determined
to be a “hot” chromosome overall. The remaining “hot” bands occurred alone in
unigue chromosomes. Our results indicate that there are hotspots for radial
formation, but the occurrence of hotspots is independent of the chromosome
average. Seven of the twelve hot bands coincided with recognized fragile sites

indicating a possible link between fragile site stability and radial formation [78].
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Table 2: Summary of Monte Carlo simulation (1,000 iterations) to determine hot
and cold spots for chromosome radial formation.

Chromosome ICL agent # Obs. Radials P-value Comment
2 MMC 6 0.996384862 Cold
2 DEB 6 0.996264578 Cold
5 DEB 5 0.984008375 Cold
6 MMC 5 0.978934717 Cold
14 DEB 2 0.978817400 Cold
11 DEB 16 0.011362183 Hot
17 MMC 10 0.024462551 Hot
19 DEB 9 0.005868607 Hot
19 MMC 11 0.000203494 Hot
20 DEB 8 0.036558558 Hot
22 MMC 8 0.006393191 Hot

Table 3. Summary of radial hot-spots by chromosome band.

Observed Radials Hot Spot
Bands DEB MMC Total DEB MMC Total
1p13 2 4 6 YES YES
1p12 2 6 8 YES YES
1921 4 4 5 YES YES
80924.1 1 4 5 YES YES
14pl1.2 0 5 5 YES YES
19g13.3 2 6 8 YES YES
20g11.2 1 4 5 YES YES
112 4 2 6 YES YES
4pl6 4 2 6 YES YES
11923 6 2 8 YES YES
12g24.1 5 2 7 YES YES
17921 3 3 6 YES




BLM T99A/T122A suppresses SCEs, but not radials

In order for BLM to act in DNA replication recovery, it must be
phosphorylated at specific sites—T99 and T122 [72]. To determine whether
phosphorylation of BLM is also required to suppress chromosomal radial
formation after ICL damage, a BLM construct was made encoding BLM with
amino acids T99 and T122 converted to alanine, preventing phosphorylation of
those sites (BLM-T99A/T122A) (Figure 3a). Expression from the modified BLM
constructs was monitored using anti-BLM or anti-FLAG detection by
immunoblotting to verify expression and size (Figure 3b). BS cells transfected
with wild-type BLM (BLM-WT) showed a decrease in SCEs as expected (Figure
3c). BS cells transfected with BLM-T99A/T122A suppressed SCE formation both
with and without ICL damage as well, as previously reported [72]. This result
indicates that BLM protein is required for regulation of SCE formation, but
phosphorylation of these two sites is not needed. Similarly, BS cells transfected
with BLM-WT had a significant decrease in radials following MMC treatment
(Figure 3d). However, BS cells transfected with the BLM-T99A/T122A construct
failed to suppress chromosome radial formation following ICL damage. This
indicates that T99 and T122 phosphorylation are required for BLM to perform its

function in preventing radial formation, but not for it to suppress SCEs.
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Figure 3. BLM Construct and Expression. (a) BLM Construct. The numbers
above the linear construct refer to nucleotide position of targeted sites. The
numbers below with opposing arrows indicate PCR primers used for
mutagenesis. (b) Immunoblots of representative clones expressing BLM
constructs with anti-BLM or anti-FLAG antibody, as indicated. Tubulin was used
as a loading control. GMO00639 are wild-type cells, GM08505 are BS cells, and
lanes 3 through 5 contain GMO08505 cells transfected with various constructs.
BLM-WT encodes full length BLM protein and BLM - T99A/T122A encodes BLM
protein with two threonine—>alanine mutations at key phosphorylation sites. (c)
SCE formation in BS cells, cells expressing BLM-WT construct, and cells
expressing the BLM - T99A/T122A construct. Data represent 25 or more
metaphase analyses from each of four independent clones. ‘M20’ is treatment
with 20 ng/ml MMC. (d) Radial formation in cells from part “c’. M10 is a dose of
10 ng/ml of MMC. The error bars in “c” and “d” represent standard error.
**p<0.01; ***p<0.001; n/s is “not significant”.
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BLM T99A/T122A acts as a dominant negative

Normal transformed human fibroblasts (GM00639) were transfected with
BLM-T99A/T122A in an effort to determine whether dysfunctional BLM protein
interfered with functional BLM. Without ICL damage, the rate of spontaneous
radial formation increased with the addition of BLM-T99A/T122A (Figure 4).
Additionally, an increase (approximately 65%) in radial formation was observed
with ICL damage. Thus, expression of a BLM that cannot be phosphorylated
appears to hinder the function of normal phosphorylated BLM present in the
cells, suggesting a possible dominant negative effect on suppression of radial

formation.

p=0.11
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Figure 4. Radial formation in normal transformed human fibroblasts
(GMO00639) expressing the BLM - T99A/T122A construct. Data are the
average of combined results from eight trials (duplicates of four independent
T99A/T122A clones). ‘M20’ represents treatment with 20 ng/ml MMC. The error
bars represent standard error.

32



Discussion

Radials in both BS and FA cells form preferentially between non-
homologous chromosomes. This is contrary to previous reports that had
classified BS radials as occurring between primarily homologous chromosomes.
Previous studies utilized a solid staining method, such as Giemsa or Wright’s
stain, which does not allow specific identification of the chromosomes involved.
The homologous interpretation was largely based on symmetry, which we now
appreciate can also be the presentation for non-homologous radials. For
example, the radial formation between chromosomes 1 and 7 in Figure 1a would
appear to be symmetrical and, without identification by G-banding, assumed to

involve homologous chromosomes.

The chromosome pairing with respect to radial formation provides
valuable information about the underlying repair defect that causes them.
Homologous radials were thought to result from a failure to resolve
recombination intermediates, and thus represented a defect in homologous
recombination. However, non-homologous radials suggest that a non-
homologous end-joining pathway—either canonical or alternative—is more likely
responsible for radial formation in both BS and FA cells. The physical similarity
between both spontaneous and induced radials in BS and FA cells indicates that
they most likely arise from a shared DNA repair defect. Similar to FA radials, BS
radials also exhibit “hot” and “cold” chromosomes and bands, suggesting
preferential spots in the genome for radial formation. The origin of these

“hotspots” requires further investigation, but may reflect differences in chromatin
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compaction or preference of clastogens to target GC-rich regions [79]. Either of
these situations may explain the trend of gene-rich chromosomes being
“hotspots” for radial formation. For instance, chromosomes 1 and 19 are similar
in size to 2 and 18, respectively. However, chromosomes 2 and 18 are both
gene-poor and “colder” for radial formation, while chromosomes 1 and 19 are
“hotter” and much more gene-rich. It is also possible that specific fragile sites
play a role in radial formation. Interestingly, some of the bands that are
considered “hot” are also documented chromosome fragile sites [78]. BLM has
been localized to ultrafine bridges that form between chromosome fragile sites,
especially after replication stress, and is required for their resolution [80]. In
addition, the FA pathway has been shown to be involved in maintaining fragile
site stability and localize to these sites regardless of whether they are broken at
metaphase [80,81]. Given this, fragile site instability may have an unexplored

role in radial formation.

The findings presented show that phosphorylation of BLM at T99 and
T122 acts as a molecular switch inhibiting chromosomal radial formation, but that
these marks are dispensable for the suppression of SCEs, separating the
regulation of these two events. Thus, BLM acts in different modes to limit these
two kinds of genomic instability (Figure 5). When phosphorylated, BLM prevents
radial formation and is known to interact with FA pathway elements.
Suppression of SCEs does not require BLM phosphorylation and evidence is

lacking to support interaction with the core FA pathway.
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Figure 5. Schematic displaying the segregated actions of BLM. The proposed
scheme depicts the separate roles BLM plays in suppression of excess SCE and
radial formation, each differentially dependent on the phosphorylation status of
BLM.
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Blocking phosphorylation of BLM at T99 and T122 has a dominant
negative effect on radial suppression that is compatible with models suggesting
that BLM acts in a complex with FA proteins, TOP3A, RPA and other proteins
functioning in response to ICL formation. Overexpression of an non-
phosphorylatable BLM may hinder complex formation, which is likely dependent
on those phosphorylation marks, and thus compromises the ability of cells to

prevent radial formation.

These results raise the question as to whether the radials
characteristically seen in FA cells are the result of defective BLM
phosphorylation. If FA cells are unable to phosphorylate BLM protein as reported
[20], then radials could ultimately be the result of impaired BLM protein function.
This defect would not hinder the ability of BLM to suppress SCEs in FA cells—as
we have shown this process to be independent of BLM phosphorylation—but
only affect the ability to suppress radials. If this is in fact so, then the interaction
of BLM and FA in a single epistatic pathway to process ICLs might reflect a
requirement for FA protein function to promote ATM or ATR activation of BLM
protein via phosphorylation. The structural similarities observed between FA and
BS radials—as both occurring between non-homologous chromosomes—also
supports a single pathway of radial formation dependent on both FA and BLM

protein function.
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Manuscript Il overview: Despite radial induction by complex lesions such as
ICLs and DNA-protein crosslinks, the minimum essential lesion for radial
formation is a DSB, suggesting any DNA lesion that is processed via a DSB can
induce radials. Once radials are formed, they undergo PARP-dependent mitotic
cell death that includes hyper-fragmentation of chromosomes. PARP inhibitor
not only induces radial formation, but it prevents radials from undergoing the
normal mechanism of cell death, suggesting that PARP inhibitor may not be an

advisable chemotherapeutic agent for FA or BS patients.
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Abstract

Fanconi anemia (FA) and Bloom syndrome (BS) are two genome
instability disorders that carry an increased risk of developing cancer due to
deficiencies in DNA repair that result in unigue chromosome abnormalities known
as radials. Radials have been attributed to a wide variety of DNA damaging
agents in the past—most classically ICL-inducing agents, but it is not well
understood how such a variety of lesions can lead to radial formation, and what
happens to radials once they are formed. Here, we show that double strand
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breaks (DSBs) are the minimum essential lesions necessary to form radials,
providing a model whereby any DNA damaging agent that contains a DSB
intermediate can be responsible for both spontaneous and induced radial
formation. Radial formation triggers PARP-dependent cell death at metaphase,
appearing as over-stretched and hyper-fragmented chromosomes. This cell
death is abrogated by PARP inhibitor treatment—which itself elicits radials in FA
and BS cells—raising concerns for PARP inhibitor as a possible

chemotherapeutic agent in FA or BS-derived tumors.
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Introduction

Fanconi anemia (FA) is a genome instability disorder characterized by
growth delay, developmental abnormalities, progressive bone marrow failure,
and an increased risk of developing cancer [69]. Specifically, patients with FA
are predisposed to develop acute myeloid leukemia and squamous cell
carcinoma of the head, neck, esophagus and gynecologic tract [82]. Recessive
mutations in any of the 18 genes that comprise the core FA/BRCA DNA repair
pathway lead to FA, while biallelic mutations in FA-associated proteins lead to
separate, but similar genome instability disorders such as Bloom syndrome (BS).
BS is an extremely rare disorder with less than 300 known cases that results
from pathogenic mutations in the BLM gene [24]. BLM is a 3'-5' helicase which
has been shown to participate in integral steps associated with recombination,
replication, DNA repair, and faithful chromosome segregation at mitosis [8,9]. In
BS, much like in FA, severe pre- and post-natal growth delay and a
predisposition to develop numerous neoplasia are characteristic, though there
are differences in the organ systems affected [58]. In general, patients with
genome instability disorders are hundreds to thousands of times more likely to
develop cancer, yet they cannot be treated currently with most approved
chemotherapeutic agents due to the inherent DNA repair deficiency in their cells.
A better understanding of the innate chromosome instability in these disorders,
and the cellular consequences of irreparable DNA damage, is needed to be able
to further understand the pathophysiology of these disorders and develop

effective treatments.
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Underlying the shared cancer predisposition in FA and BS is inherent
chromosome instability due to what is thought to be aberrant DNA repair of DNA
interstrand crosslinks (ICLs), a particularly toxic form of DNA damage [83,84].
DNA ICLs are characterized by physical linkage of parallel strands of DNA and
have been shown to be induced by both exogenous and endogenous agents,
such as cellular metabolites from the breakdown of lipids and alcohol [85]. ICL
repair requires the orchestration of multiple DNA repair pathways, under the
direction of the FA/BRCA pathway, in order to excise and bypass the lesion,
before finally repairing the resulting double strand break (DSB) via homologous
recombination [86]. In the absence of an intact FA/BRCA pathway, FA and BS
cells form aberrant chromosome structures called radials whose etiology is not
well understood despite their clinical use in diagnosing FA [26,27,73,87]. A
recent publication in our lab suggests that radials in FA and BS cells are
structurally identical chromosome abnormalities and result from a shared DNA
repair defect [28,88]. Now, our focus has shifted to identifying the common origin
of radials in both these disorders, and understanding the cellular ramifications of

their induction.

Traditionally, BS and FA have been considered solely ICL disorders due
to their exquisite sensitivity to ICL-inducing agents, but recent evidence suggests
a wider spectrum of mutagens may be responsible for radial formation. Aldehyde
involvement in DNA damage and radial formation has been suggested from
observations showing that concomitant loss of Fancd2 and Aldh2, a gene

essential for aldehyde catabolism, led to worsening bone marrow failure and
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sporadic leukemia in FA mouse models [89,90]. In addition, it has been shown
that FA cells are hypersensitive to plasma levels of formaldehyde and
acetaldehyde, and formaldehyde has been shown to stimulate FANCD2 mono-
ubiquitination, the seminal step in the FA pathway [91,92]. Likewise, BS cells
have been shown to form chromosomal radials after acute formaldehyde
treatment [9]. Reactive aldehydes like formaldehyde mainly cause DNA-protein
crosslinks suggesting FA and BS may be more than ICL disorders [93,94]. The
identification of multiple DNA lesions that could lead to radial formation
suggested that the common origin of radials may in fact be an intermediate
structure that arises during the process of DNA damage repair rather than the
initial lesion. Both ICLs and DNA-protein crosslinks form a double strand break
(DSB) as a repair intermediate [95,96]. We hypothesized that DSBs were the
underlying cause sufficient to induce radial formation regardless of the original
DNA lesion that preceded it. This implies that any DNA damage capable of
transiently becoming a DSB could lead to radial formation, and perturbations to
any of many cellular detoxification processes could exacerbate the FA
phenotype, as observed with the simultaneous loss of Fancd2 and aldehyde

catabolism [89].

In order to make simple transient DSBs, we utilized PARP inhibitor which
has been shown not to directly induce any DNA damage, but rather blocks the
repair of nascent PARP1-dependent single strand breaks (SSBs) [30,97]. The
nascent unrepaired single strand breaks then enter S-phase and become DSBs

during replication at collapsed replication forks [98]. This process mimics—on a
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larger scale—the natural evolution of endogenous DSBs where it is estimated
that roughly 1% of single strand breaks, arising from AP sites, topoisomerase-
induced breaks and reactive oxygen species, are converted to DSBs [99]. By
assessing this process in FA and BS cells, we can identify whether transient
DSBs, no matter the source, are sufficient to induce radials. Further, our
hypothesis that a plethora of endogenous agents can contribute to radial
formation in FA and BS cells provided they are processed through a transient
DSB may explain conflicting results in the field over the endogenous source of

radial formation.

The fate of both the chromosomes involved in radials and the cells
containing them is currently unknown. Radials are mitotically unstable structures
that compromise chromosome integrity and eventually the fitness of the cell.
Thus we hypothesized that radials would either resolve prior to anaphase or
trigger cell death. Here, we determined that radials are not resolved into
structural chromosome abnormalities, but rather trigger a crucial hyper-
fragmented metaphase and PARP1-dependent mitotic cell death. This process
is essential for clearing radial-containing cells directly at the metaphase in which
radials appear, suppressing further instability at the expense of increased cell

death.
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Materials and Methods

Cell Culture and Reagents:

Transformed fibroblasts GMO00639 (Wild-type), GM08505 (BS) and
GMO06914 (FA) were obtained from the NIGMS Human Genetic Cell Repository
and maintained as subconfluent cultures in a humidified incubator at 37° C w/ 5%
CO,. Cell lines were cultured in a-MEM (Gibco) supplemented with 10% FBS
(GeneTex), 4 mM GlutamaX (Gibco) and 50 pg/ml gentamicin (Gibco). Primary
FA fibroblasts (PD220) were a gift from the OHSU Fanconi anemia Cell
Repository and maintained in a-MEM supplemented with 20% FBS, 4 mM

GlutamaX and 50 pyg/ml gentamicin.

Chromosomal Breakage Studies:

For the experiment in Figure 1, cells were treated with PARP inhibitor PJ-
34 (Enzo Life Sciences; ALX-270-289) for 48 hrs prior to harvest. For the
chromosomal breakage experiment in Figure 4, cells were treated for 24 hrs
before media was removed, cells were washed with Hanks balanced salt solution
(HBSS), and new media was added. Three hr before harvest, colcemid (0.05
Mg/ml) was added to arrest cells at metaphase and allow for the visualization of
radials and breaks. Cells were trypsinized, pelleted, and resuspended in a
hypotonic solution (0.075 M KCI, 5% FBS) for 10 min prior to being fixed with 3:1
methanol:acetic acid. Cells were stained with Wright’s stain for 2 min 30 sec and

read on a Brightfield Microscope using Cytovision software (Applied Imaging,
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San Jose, CA). For each sample, 50 metaphases were scored and each

experiment was done in triplicate.

Immunofluorescence:

Cells were seeded on coverslips and grown overnight prior to treatment or
harvesting. For 53BP1 time course, 16 yM PARPi was added to all treatment
wells at TO (time 0) and every timepoint thereafter, a treated coverslip and a
paired untreated coverslip were harvested. For harvest, coverslips were washed
in cold HBSS for 1 minute, and fixed in 4% PFA for 15 minutes. Three (5) minute
washes with PBS were followed by permeabilization with PBS-T (PBS + 0.25%
Triton-X) for 15 minutes. Cells were blocked in 5% BSA for 1 hr followed by
incubation with primary antibody to XRCC1 (Genetex; GTX111712; 1:200) or
53BP1 (BD Transduction; 612522; 1:350), and incubated at room temperature
overnight. Following three (5) minute washes with PBS + 0.1% TritonX, the
appropriate secondary antibody for each was diluted 1:250 or 1:500 in PBS
(Jackson Immunoresearch) and incubated for 45 min at room temperature.
FITC-donkey-a-mouse was used for 53BP1 and FITC-donkey-a-rabbit was used
for XRCC1. After a final set of washes with PBS + 0.01% TritonX, cells were
mounted in Antifade with DAPI to visualize the nucleus. Cells were imaged using
a Nikon E800 Fluorescence Microscope with an Applied Imaging Camera, and
analyzed using Cytovision Software. For each experiment, foci were counted
using Image J. For 53BP1, 100 cells were counted and positive cells were those

that had 210 foci. For XRCC1, 25 random cells were counted from each
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experiment to assess the basal level of XRCC1 foci. Each experiment was

performed in triplicate.

Neutral Comet Assay:

Neutral comet assay was performed according to manufacturer’s protocol
with minor modifications (Trevigen). Briefly, cells were treated with PARPI for 4
or 24 hrs before being harvested. Cells were trypsinized, pelleted, and
resuspended in HBSS so that they could be immobilized in LM Agarose on the
provided Comet slides before being placed in chilled lysis solution overnight at 4°
C. Slides were drained and placed in 1x Neutral Electrophoresis Buffer (NEB) at
4° C for 30 min before undergoing electrophoresis for 35 min at 22 V in 1x NEB
at 4° C. Slides were placed in DNA precipitation solution for 30 min at room
temperature, then 70% ethanol for 30 minutes at room temperature. Slides were
dried for 15 min prior to being stained with SYBR Green. Cells were imaged
using a fluorescence microscope (described above) and analyzed using
CometScore software. For each experiment, 100 individual comets were scored
and each experiment was done in triplicate. To ensure the assay worked each
time, a positive control was done by treating cells with 75 yM H,O, for 20 min,
and running the sample in parallel with the PARPIi-treated and untreated

samples.

Colony Forming Assay:

Each cell line was plated according to their respective growth kinetics
(500-1000 cells for GM00639, 1200-3600 for GM06914, and 2000-8000 for
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GMO08505). Cells were seeded and allowed to attach for 24 hrs before being
treated with 0-32 yM PARPI for 24 hrs. Media was then removed and cells were
washed with HBSS before new growth media was added. Cells were allowed to
grow until colonies were of appropriate size to count (10 days for GM00639, 12
days for GM06914, and 15 days for GM08505). Colonies were visualized by

staining with methylene blue. These assays were performed in triplicate.

G-Banding for Structural Chromosome Abnormalities:

PD220 primary FA-A fibroblasts were treated for 4 hrs with 25 ng/ml
mitomycin C (Sigma) diluted in HBSS, then washed with HBSS, given fresh
media and allowed to recover. At time zero and every 24 hrs (24, 48, and 72
hrs), a recovery sample, along with an untreated PD220 control sample, was
harvested to analyze the accumulation of structural chromosome abnormalities
over time following ICL induction. Cells were harvested and slides made as
described in chromosomal breakage methodology, except colcemid was added
for 6 hrs prior to harvest. Slides were then baked at 95°C for 20 min, cooled,
trypsinized for 45 sec and stained with Wright’s stain. Cells were imaged using
Brightfield microscopy and analyzed using Cytovision software. Chromosome

abnormalities were characterized according to the ISCN (2012).

Metaphase fragmentation studies:

Cells were treated as indicated with PARPi (32 yM), MMC (varies), or
PARPi + MMC, and then collected at the indicated time points. MMC doses were
selected based on each cell line’s sensitivity to the clastogen, using a treatment

48



dose that would consistently induce 30-60% radial formation. Cells were
collected using a mitotic shake off, pelleted for 2 min 30 sec and resuspended in
HBSS. Cells were attached to slides using 3:1 methanol:acetic acid dropped
onto beads of cell suspension pipetted onto glass slides. Slides were stained
with Wright's stain for 2 min 30 sec and imaged with a Brightfield Microscope
(described above). Paired radial studies took two flasks of the same cell line,
treated them with the same dose of MMC, and collected them at the same time,
one for chromosomal breakage analysis (described above) and one for
metaphase plate analysis, to determine the correlation between the number of
cells containing radials and the number of fragmented metaphases. They cannot
be studied in the same sample because chromosomal breakage requires
disrupting microtubule attachments to analyze each individual chromosome while
fragmented metaphase analysis aims to maintain microtubule attachment to
observe an intact metaphase plate. For each experiment, 50 metaphases were
analyzed for normal metaphase alignment or fragmentation across the

metaphase plate and each experiment was performed in triplicate.
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Results

PARP inhibitor induces chromosomal radials in FA and BS cells, but not in WT

cells, despite equivalent DSB formation

The role of transient DSBs is difficult to study using common DNA
damaging agents due to the simultaneous induction of diverse classes of lesions,
many of which are repaired using different repair pathways. In order to address
the impact of DSBs alone on radial formation, we utilized PARP inhibitor
(PARPIi), which produces exclusively DSBs by inhibiting the repair of
endogenous SSBs by PARP1, leading to persistent SSBs that are converted via
replication into DSBs. If radials are the result of DSBs alone, regardless of the
initial lesion that preceded them, then FA and BS cells should form radials in
response to PARPIi. Radials have been reported to take two replication cycles,
or roughly 48 hr, to form after DNA damage or perturbation to DNA repair
pathways [100]. Treatment of cells with PARPI for 48 hr resulted in a dose-
dependent formation of chromosomal radials in FA and BS cells, but not in Wild-
type cells (Figure 1). PARPi-dependent radial formation was not observed after
24 hr treatment (data not shown) indicating these radials followed similar kinetics

to classical radial formation.

Next, we wanted to assess whether radial formation was a quality or a
guantity issue—that is, is radial formation a response to a disproportionate
amount of DSB damage in FA and BS cells compared to wild-type cells, or is it

an inability to deal with equivalent levels of minor DSB damage. Given the
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Figure 1: PARP inhibitor induces chromosomal radials in Fanconi anemia and
Bloom syndrome fibroblasts. (a) Chromosomal breakage studies were used to
assess radial formation in FA, BS, and wild-type cells at metaphase in response
to escalating doses of PARPI treatment.
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Figure 1: PARP inhibitor induces chromosomal radials in Fanconi anemia and
Bloom syndrome fibroblasts. (b) Quantification of radials observed in each cell
type showing a dose-dependent induction of radial formation in FA and BS cells.
For each study, 50 metaphase cells were analyzed for each indicated treatment

dose in each cell line.

bars represent standard error.

students t-test.
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Each experiment was performed in triplicate and error
Significance was calculated using two-tailed
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mechanism of action of PARPI, we assessed the levels of spontaneous PARP1-
dependent single strand breaks and induced DSBs to gauge the relative damage
induced by PARPI treatment in each cell type. Others have shown that analysis
of endogenous PARP1-dependent single strand breaks can be assessed by
using XRCC1 as a surrogate marker, since XRCC1 forms discrete foci at PARP1
positive SSB during PARP1-dependent SSB repair [97]. We found that the levels
of endogenous XRCC1 foci were not significantly different across the three cell
types (Figures 2a, 2b), indicating similar levels of spontaneous SSB lesions that
can be repaired by PARP1, and thus are susceptible to PARPI treatment. To
assess whether treatment with PARPi results in a similar conversion of
endogenous SSB lesions to DBSs in the three cell lines tested, we performed a
neutral comet assay. The neutral comet assay measures only DSB damage and
not SSBs, so it is a measure of the SSBs that have been converted to DSBs by
PARPi. We found that PARPi-induced DSBs were not significantly different
between mutant and wild-type cells after 4 or 24 hr treatments (Figures 2c, 2d)
suggesting that the number of SSBs converted to DSBs is not discernably
different in any of the cells lines. FA cells do have noticeably elevated
spontaneous DSBs, as has been previously recognized using fluorescent DSB
markers [101,102]. Given that treatment with PARPI exclusively resulted in radial
formation in FA and BS cells, and that the levels of endogenous SSBs and
PARPI-treatment induced DSBs were not significantly different across these cells
types, these results indicate that FA and BS cells are not only exquisitely

sensitive to DSB damage, but also form radials directly as a result of DSB
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Figure 2: Endogenous PARP1-dependent single strand breaks and PARPI-
induced double strand breaks are identical across FA, BS, and wild-type cells.
(&) PARPi works by inhibiting the repair of PARP1-dependent single strand
breaks which can be identified using an antibody to XRCC1, the binding partner
of PARP1 during PARP1-dependent single strand break repair. Representative
images of each cell type are shown with XRCCL1 foci in green and nuclear stain
DAPI in blue. (b) Quantification of the experiment in (a) showing no significant
difference between the endogenous XRCC1 foci in FA, BS and wild-type cells.
For each, the foci in 75 cells were counted in three independent experiments. (c)
Neutral comet assay measures only DSBs (not SSBs) and was used to assess
the total induction of DSBs by PARPIi. Representative images from wild-type
cells are shown along with the positive control (75 uM H;0,) run with each
experiment. (d) Quantification of the damage observed in the experiments in (c)
expressed as the average taill moment. For each, 300 random comets were
scored from 3 independent experiments. For all experiments, error bars reflect
standard error and significance was calculated using two-tailed students t-test.
n/s = not significant.
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formation. It is also evident that radials do not appear to be the result of an
inordinate amount of DNA damage amassing in FA and BS cells, but rather the
inability of those cells to repair damage comparable to what is observed in wild-

type cells.

FA and BS cells display aberrant DSB repair kinetics

In light of the exclusivity of radial formation in FA and BS cells in response
to PARPIi-induced DSBs, we hypothesized that radial formation was a result of
persistent unrepaired DSBs. Repair delay in response to DNA damage has been
observed before in FA cells in response to gamma irradiation, and in BS cells in
response to formaldehyde treatment [9,101]. Therefore, to assess the repair
kinetics of PARPI-induced DSBs, we analyzed the formation and resolution of
53BP1 foci, a widely-used marker of DSBs. The percentage of cells positive for
53BP1 was analyzed at both early (1-4 hr) and late (24-72 hr) time points during
continuous PARPI treatment (Figure 3). For all cell types, 53BP1 positive cells
accumulated and eventually peaked at 4 hr, indicating that PARPI treatment does
not result in a gross delay in initial accumulation of 53BP1 foci and DSB
formation. However, both FA and BS cells failed to resolve their 53BP1 foci even
after 72 hr, while wild-type cells returned to basal levels by 24 hr. Similar results
were observed with an earlier DSB marker, yH2A.X (data not shown). This,
combined with the data from the neutral comet assay, indicates that delayed
repair kinetics leading to the persistence of DSBs may be the key contributor to
radial formation, and that the quantity of DSBs induced may be of less

importance.
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Figure 3: FA and BS cells display aberrant DSB repair kinetics. (a)
Representative images from a time course measuring induction and resolution of
DSBs after PARPI treatment. TO = time of treatment, T4 = 4 hr post treatment,
T48 = 48 hr post treatment. (b) Quantification of the experiments in (a) including
short term (1-4 hr) and long term (24-72 hr) time points. The percentage of cells
positive for 53BP1 foci are charted over time with cells containing 210 foci called
positive. For each, 300 cells were scored from 3 independent experiments. For
all experiments, error bars reflect standard error and significance was calculated
using two-tailed students t-test. ** = p<0.01
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DNA damage directly caused by acute PARP inhibitor treatment results in

chromosomal radial formation and induced cellular death

Given PARP1’s role as both a DNA repair protein and a post-translational
modifier, we investigated whether the cellular effects observed were either 1) due
directly to an accumulation of DNA damage or 2) as a result of continued
catalytic inhibition of PARP1, which is responsible for poly(ADP)-ribosylation of
multiple proteins important for cell function [103]. Cells were treated with PARPI
for 24 hr to allow DSBs to accumulate during replication before being washed
and given new growth media. After a 24 hr recovery without PARPI, radial
formation was again assessed and both FA and BS cells showed a dose-
dependent formation of chromosomal radials reminiscent of that observed with
continuous PARPI treatment (Figures 4a and 1). Furthermore, survival
assessed via colony forming assay following acute rather than continuous PARPI
treatment revealed a dose-dependent increase in cell death in accordance with
chromosome radial formation (Figure 4b). Altogether, these results indicate
DNA DSBs accrued during PARPI treatment are the primary cause of radial

formation, and not continued catalytic inhibition of PARP.

Chromosomal radials induce PARP1-mediated cell death during mitosis

Given the structural architecture of a chromosomal radial—two or more
chromosomes associated with each other—it is expected that mitosis could not
proceed without consequence. Therefore, we initially investigated whether

chromosome radials would result in specific structural chromosome
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Figure 4: Radial formation and cell death occur as a direct result of accumulated
DSB damage. (a) Acute PARPI treatment followed by 24 hr of recovery in
normal media is able to cause radial formation indicating accrued DSB damage
is responsible for radial formation, not continued catalytic inhibition of PARP1 by
PARPI. For each study, 50 metaphase cells were analyzed for each indicated
treatment dose in each cell line. Each experiment was performed in triplicate
and error bars represent standard error. Significance was calculated using two-
tailed students t-test. * = p<0.05, ** = p<0.01, *** = p<0.001 (b) Survival curves
as a result of colony forming assays indicating increased sensitivity of FA and BS
cells to PARPI. The amount of cell death is directly related to the induction of
radials in FA and BS cells.
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abnormalities, such as the translocations that occur in Brca2” cells following
MMC-induced chromosomal radial formation [104]. MMC directly induces ICLs
and is used to induce radials in the clinical diagnosis of Fanconi anemia [105].
As radials form roughly 48 hr, or two replication cycles, after MMC exposure, we
devised the scheme in Figure 5a to assess any and all chromosomal
abnormalities (including translocations) that were the direct result of radial
formation in primary FA cells (PD220). An acute treatment with MMC to induce
DNA damage was followed by periods of recovery in normal growth media.
Every 24 hr, or roughly one replication cycle, a recovery flask and an untreated
flask were harvested to collect metaphase cells and look for any chromosome
abnormalities (Figure 5a). Given that radials do not appear until 48 hr, we would
expect no, or limited, amounts of chromosomal abnormalities resulting from
radial formation until at least 48 hr, and for any significant chromosomal
abnormalities directly resulting from radial formation to not be present until 72 hr,
or roughly one replication cycle after radial formation. MMC treatment induced a
minimal increase in structural chromosomal abnormalities but no specific type
was observed at an increased frequency (Figures 5b-d). If radials were
specifically resolving into translocations, then we would expect a
disproportionately high number of translocations at the metaphase following
radial formation. On the contrary, the metaphases collected after radial formation
had few overall abnormalities and they were of no particular type. Thus, it
appeared that radials either resolved without a gross cytogenetic footprint, or

more likely—that the cells containing any radials died.
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Figure 5: Radials do not result in specific structural chromosome abnormalities.
(a) Treatment schematic for the present experiment to observe chromosome
abnormalities that would be the result of radial formation. A pulse of MMC to
induce radials was followed by harvests of paired treated (radial induced) and
untreated cells every 24 hr, or one replication cycle. Radials normally appear at
48 hr so the expectation is for radial-induced chromosome abnormalities to be
visible and concentrated at the subsequent metaphase (72 hr). (b) A selection
of the different types of structural chromosome abnormalities observed in the
current study.
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all of the abnormalities observed in each sample. U = untreated, T = treated with
MMC.
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To investigate whether the lack of chromosomal abnormalities following
radial formation was in fact due to radial-induced cell death, we analyzed radial-
containing cells as they proceeded through the cell cycle, beginning with the
remainder of mitosis. First, we wanted to assess the ability of cells to align along
the metaphase plate by allowing them to proceed through metaphase without the
use of colcemid to arrest them. We observed that concurrent with the induction
of radials was the appearance of fragmented metaphases, where chromosomes
appear to be pulled and highly fragmented across the metaphase plate, with
chromosome fragments aggregating at the spindle poles and lagging along the
cell periphery (Figures 6a-b and Sla). The percentage of metaphase-stage
cells undergoing this fragmented metaphase correlates almost exactly with the
percentage of radial-containing cells observed in a paired metaphase study
(Figure 6¢). These fragmented metaphases were also observed spontaneously
in FA and BS cells at levels similar to the rates of spontaneous radial formation
(Figure 6b). Importantly, highly fragmented metaphases were observed in wild-
type cells at the same rate as radial formation in response to high-dose MMC
treatment (Figure 6b), indicating this is a normal cellular response to radial

formation and not a genome instability-specific response to radial formation.

We have shown that PARPi induces chromosomal radials in FA and BS
cells. Therefore, we investigated whether radials induced by PARPI, like those
induced by MMC, resulted in fragmented metaphases. Surprisingly, PARPI
treated cells did not undergo this fragmentation and PARPI treatment even

suppressed the spontaneous fragmented metaphases observed in FA and BS
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Figure 6: Chromosomal radials induce PARP-mediated cell death during
metaphase that appears as hyper-fragmented chromosomes. (a) Examples of a
normal metaphase (top) and a fragmented metaphase (bottom). (b)
Quantification spontaneous and MMC-induced fragmented metaphases. Each
experiment was performed in triplicate and error bars represent standard error.
Significance was calculated using two-tailed students t-test. * = p<0.05, ** =
p<0.01, *** = p<0.001, n/s = not significant.
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(c) Paired metaphase studies for each cell line treated with MMC showing the
percentage of cells containing radials versus the percentage of cells undergoing
fragmented metaphase at the same time point (48 hr) when radials occur after
DNA damage. (d) The process metaphase hyper-fragmentation is dependent on
PARP. PARPI suppresses spontaneous fragmented metaphases and
fragmented metaphases induced by MMC. Despite being able to induce radial
formation, PARPI treatment does not result in fragmented metaphases. Each
experiment was performed in triplicate and error bars represent standard error.
Significance was calculated using two-tailed students t-test. * = p<0.05, ** =
p<0.01, *** = p<0.001, n/s = not significant.
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cells (Figure 6d). To clarify the role of PARP in this process, we set out to
determine whether PARPi-induced radials were dealt with differently than
spontaneous and MMC-induced radials, or if PARP was essential for cellular
initiation of fragmented metaphase in response to all radials. In order to tease
out the difference, cells were co-treated with MMC and PARPI. If PARPI radials
were simply dealt with in a different manner by the cell, then co-treatment would
result in the same amount of fragmented metaphases as observed with MMC
treatment alone. However, if PARP was necessary to trigger a fragmented
metaphase in response to all radial formation, then co-treatment with PARPI
would eliminate the fragmented metaphases normally observed with MMC
treatment. In accordance with the latter, PARPi completely abolished
fragmented metaphases in all cell types when co-treated with MMC (Figure 6d).
To rule out the possibility that the absence of fragmented metaphases were due
to a lack of radial induction with PARPi and MMC combination treatment, radial
formation was assessed following co-treatment (Figure 6d). We observed that
combination treatment with PARPi and MMC was additive with regards to
chromosomal radial formation, and therefore could not explain the absence of
fragmented metaphases (Figure S1b). Mitotic indices were taken following 48 hr
of PARPI treatment and the loss of fragmented metaphases could not be
explained by a loss in total metaphases either (Figure S1c). Further validating
our hypothesis was that PARPi-induced DSB damage caused radial-dependent
cell death if the acute treatment was removed prior to radial formation (Figure

4b). Detailed microscopy of wild-type cells at metaphase that were treated with
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Figure S1: (b) The loss of fragmented metaphases with MMC and PARPI
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both PARPi and MMC allowed for the visualization of a chromosomal radial
aligning at metaphase and not inducing a fragmented mitosis (Figure S1d).
Altogether, these findings indicate that cells regularly dispense with radial-
containing cells via a PARP-dependent mitotic cell death that morphologically
appears as a severely fragmented metaphase. Moreover, given that the level of
chromosome fragmentation observed in fragmented metaphases is much too
severe to be accounted for by a single radial observed at metaphase, it is likely
that the mechanism of cell death due to radial formation is directly at metaphase

and involves hyper-DNA fragmentation in addition to PARP1.
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Discussion

Despite years of clinical use for the diagnosis of Fanconi anemia,
chromosomal radials have remained enigmatic in the DNA repair field.
Historically attributed to a defect in the processing of ICLs, recent evidence
points to radial formation as a possible byproduct of other classes of DNA
lesions. Recent work has shown FA cells to be exquisitely sensitive to
perturbations in aldehyde metabolism, and DNA-protein crosslinks induced by
formaldehyde have been shown to induce chromosomal radials in BS cells
[9,89]. These somewhat contradictory findings regarding the endogenous lesion
responsible for radial formation lead us to address the question as to what DNA
lesion is the source of chromosomal radial formation. We hypothesized that the
most likely answer was that it was in fact all of the aforementioned DNA lesions
that were causing radial formation. DNA ICLs, DNA-protein crosslinks, and
unrepaired SSBs all share a common step in their processing—they all converge
at a DSB. Whether via direct processing of the initial complex lesion by DNA
repair proteins, or through transformation of unrepaired SSBs during S-phase, all
of the lesions so far shown to induce radial formation are capable of becoming
DSBs [99]. These experiments aimed to ascertain whether the commonality
between multiple suspected perpetrating DNA lesions—a transient DSB—is
sufficient to cause radial formation, and thus explains the wide-spectrum of

mutagens that can cause radial formation.

The mechanism by which PARP inhibitor leads to DSB damage is to

impede the repair of PARP1-dependent SSBs. SSBs then become DSBs during
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replication, leading to an accumulation of DSBs that must be repaired via
alternative methods. Acute PARPI treatment rather than continued inhibition of
PARP1 was sufficient to cause chromosomal radial formation in FA and BS cells
indicating DSBs alone are able to induce radial formation. Given DSBs can be
generated endogenously from a variety of sources, including byproducts of lipid
peroxidation and unrepaired ROS damage, multiple DNA lesions could lead to
spontaneous chromosomal radial formation. It follows that manufactured
perturbations to mechanisms that assist with clearing endogenous DNA-
damaging agents from the cell would exacerbate the genome instability
phenotype associated with Fanconi anemia and Bloom syndrome, such as the
concomitant loss of Fancd2 and detoxifying Aldh2 [89]. Furthermore,
antioxidants and other therapeutics that detoxify the cell of DNA damaging
agents have been shown to be beneficial to FA cells, such as delaying tumor

formation in FA animal models [106].

PARPi has been investigated for the last decade for its potent action
against BRCA1/2-deficient tumors. In this same vein, PARPi has been assessed
as a possible chemotherapeutic option for sporadic tumors deficient in other HR
factors including the FA proteins. Recently, the question was raised as to
whether FA-derived tumors would benefit from PARPi treatment, given the
limited chemotherapeutic options these patients face. This research suggests
that PARPi treatment in FA-patients may be detrimental as it both induces
chromosomal radials and abrogates the associated mechanism of cell death.

Not only are PARPi-derived radials prevented from triggering cell death as long
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as PARP1 is inhibited, but PARPI is able to eliminate all radial-induced cell
death, including those triggered by other mutagens. This is concerning if PARPI
is to be considered as a potential chemotherapeutic agent—especially in
combination therapy—for Fanconi anemia and Bloom syndrome patients who are
highly predisposed to cancer development. Chromosomal radials are mitotically
unstable structures that, if allowed to proceed unimpeded through mitosis, would
most likely lead to broken chromosomes or gross chromosomal rearrangements
like those observed after radial induction in Brca2” cells [104]. Cytogenetic
changes can lead to further loss of tumor suppressor genes and activation of
proto-oncogenes, both hallmarks of cancer progression. In a similar situation,
sporadic attenuation of the G2 damage checkpoint has been observed in the
peripheral blood of Fanconi anemia patients which abrogates DNA damage-
associated cell death and promotes tumorigenesis [107]. Continuing research
should focus on understanding the fate of chromosomal radials once they are
blocked from undergoing PARP1-dependent mitotic cell death, to Dbetter

comprehend the liability of PARPI treatment in the context of FA and BS.

The mechanism of cell death employed by wild-type, FA and BS cells in
response to radial formation is a PARP1-dependent mitotic cell death occurring
at metaphase. While the signaling cascade leading to this specific type of cell
death has yet to be elucidated, the process shares features of both parthanatos
and caspase-independent mitotic death (CIMD). Parthanatos is PARP1-
dependent programmed necrosis that has been shown to occur in response to

DNA alkylation and ROS damage [108,109]. PARP1 catalyzes the formation of
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PAR polymers that deliver the death signal, prompting the translocation of AlIF
from the mitochondria into the cytoplasm and initiating chromosome
condensation and large-scale DNA fragmentation. CIMD is a form of mitotic
death that shares many features with parthanatos. It is a form of programmed
cell death similarly caspase-independent and reliant on AIF translocation and
DNA fragmentation. Most importantly, it represents a mechanism of cell death
immediately at mitosis as a way of suppressing aneuploidy when cells fail to fulfill
the spindle assembly checkpoint between metaphase and anaphase [110]. It
has not been shown directly whether CIMD is PARP1-dependent, but PARP1
has been localized to centromeres where it has been implicated in spindle
assemble checkpoint control, and PARPi is able to down-regulate essential
spindle assembly protein BUBR1, providing an intriguing possible mechanism of
action [111,112]. If PARPI is able to suppress the SAC through inhibiting PARP1
and down regulating essential SAC proteins, then radial containing cells would
not trigger the SAC, but would continue unimpeded through mitosis, as observed
in Figure S1d, potentially resulting in compromised or broken chromosomes.
Further studies are needed to tease apart the specific mechanism of cell death
beyond a PARP1-dependent pathway employing large-scale hyper-DNA
fragmentation at metaphase, and understand the full effect of PARPi on

chromosome stability.
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Manuscript lll: PARP inhibitor PJ34 is able to induce MPD via loss of
centrosome integrity rather than through amplification of centrosomes. This
finding is contrary to the current understanding of PJ34 which proposes it acts as
a centrosome de-clustering agent targeting cancer cells with previously amplified
centrosomes. These data raise questions regarding the mechanism of action for
PARP inhibitors and suggest that these inhibitors are able to induce chromosome

instability in normal cells.
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Abstract

PARP inhibitors have primarily been studied for their role in BRCAL1/2-
combined synthetic lethality, but many have additional effects on cancer cells
related to the preservation of a bipolar spindle during mitosis that are not as well
understood. Tight control of centrosome number and cohesion is essential for
maintaining a bipolar spindle and loss of either can lead to multipolar division and

gross chromosome instability. Most of the multipolar division in response to
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PARP inhibition has been tied to either the direct induction of centrosome
amplification or the de-clustering of endogenously amplified centrosomes, as is
common in solid and hematological tumors. Moreover, it has long been thought
that normal cells are refractory to PARP inhibition, increasing the therapeutic
efficacy of PARP inhibitors. Here, we present evidence for the induction of
multipolar division via loss of centrosome integrity rather than whole centrosome
amplification. In normal cells and cells prone to chromosome instability, MPD is
primarily via loss of centrosome integrity. Only BS-derived cells that have
spontaneous supernumerary centrosomes developed amplified centrosomes in
response to PARP inhibitor, suggesting that amplification may only happen under
certain cellular conditions. Additionally, chromosome instability in response to
PARP inhibitor is not limited to cells undergoing multipolar division, which is likely
underestimating the toxicity of PARP inhibitors where MPD-induction is often the

only readout of toxicity.
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Introduction

The discovery of Poly(ADP-ribose) polymerase (PARP) inhibitors as
potential treatments for homologous recombination (HR)-deficient cancers
promised to be a groundbreaking discovery in targeted chemotherapy. These
inhibitors exclusively targeted BRCAL/2-deficient cancer cells with staggering
efficiency, spurring an explosion of research aimed at further understanding their
mechanism of action, and broadening the scope of potential tumor types that
could benefit from treatment [30,34]. Their utility in tumors deficient in HR-
associated proteins, such as members of the Fanconi anemia pathway, have
been explored, as well as for tumors mutated in PTEN due to shared
susceptibility to induced DNA damage [34,112]. However, more extensive
research into the details of PARP inhibition has led to the identification of stark
differences in cellular responses to various PARP inhibitors, suggesting a need
to reexamine the wide-ranging effects of PARP inhibition and identify other

possible cellular pathways that are affected by PARP inhibitor treatment.

PJ34 is a potent phenanthrene-derived inhibitor of PARP1 that has been
investigated for use as a chemotherapeutic agent in solid tumors and
hematologic cancers [43]. Not only does it have the classic DNA damage-
inducing and chemosensitizing phenotypes of other PARP inhibitors, but it has
the unique ability to eliminate cells with supernumerary centrosomes—a common
characteristic of solid tumors and other neoplasia. Cancers favor amplified
centrosomes as a way to induce genomic instability and promote tumor

progression through the generation of genetically diverse subclones [113].
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However, constant multipolar division can eventually compromise cell viability
through unfavorable aneuploidies. Thus, in an effort to avoid gross chromosome
and mitotic instability, cancer cells with supernumerary centrosomes have
developed a mechanism of centrosome clustering to mimic bipolar mitotic
division [114,115]. PJ34 has previously been shown to be a centrosome de-
clustering agent, negating this important survival mechanism and leading to the
death of cells with supernumerary centrosomes via mitotic catastrophe [43].
Mitotic catastrophe is an H2AX-ATM-p53-mediated apoptosis that occurs either
directly at mitosis or at the subsequent G1 following multipolar division (MPD)
[116,117]. Itis a mechanism of cell death specific to the inhibition of PARP1 and
related proteins, such as Poly(ADP-ribose) glycohydrolase, that results in
multinucleation and eventual cell death. Recent research has also shown that
the loss of PARP1 can itself directly cause amplified centrosomes by
deregulating the centrosome duplication cycle. Thus, there is a dichotomy to the
relationship between PARP1 and centrosome homeostasis that is not fully

understood.

These experiments were aimed at gaining a detailed understanding of the
mitotic instability and centrosome defects induced by PJ34 treatment, particularly
in the context of intrinsic genome instability. Fanconi anemia (FA) and Bloom
syndrome (BS) are two instability disorders that are characterized by growth
abnormalities and an increased cancer predisposition. At the cellular level,
aberrant double strand break repair, a predilection for aneuploidy, and

cytokinesis defects result in spontaneous chromosome instability and
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multinucleation. The FA proteins have also been localized to the mitotic spindle
apparatus and centrosomes where they are thought to be essential for spindle
assembly checkpoint signaling, suggesting these cells may be particularly
sensitive to centrosome perturbations. BS protein has an unexplored role in
spindle assembly checkpoint control as well as through its incorporation into the
BTR (BLM-TOP3A-aRMI1-RMI2) complex, which is essential for maintaining
mitotic arrest. Here, we find that multinucleation is a universal response to PJ34,
but the mechanisms are distinct between different cell types and are not
universally dependent on supernumerary centrosomes. Given the association
between PARP1 and amplified centrosomes, and the lack of endogenous
supernumerary centrosomes, we hypothesized that MPD due to PARP inhibition
was via induction of centrosome amplification. Surprisingly, this was not the
case and we present the first evidence that extensive multipolar division in
response to PARP inhibition is not associated with amplified centrosomes, but

rather the loss of centrosome integrity.
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Methods

Cell Culture and Reagents:

Transformed fibroblasts GMO00639 (wild-type), GMO08505 (BS) and
GMO06914 (FA) were obtained from the NIGMS Human Genetic Cell Repository
and maintained as subconfluent cultures in a humidified incubator at 37° C w/ 5%
CO,. Cell lines were cultured in a-MEM (Gibco) supplemented with 10% FBS
(GeneTex), 4 mM GlutamaX (Gibco) and 50 pg/ml gentamicin (Gibco). Primary
FA fibroblasts (PD220) were a gift from the OHSU Fanconi anemia Cell
Repository and maintained in a-MEM supplemented with 20% FBS, 4 mM
GlutamaX and 50 pg/ml gentamicin. PARP inhibitor PJ-34 (ALX-270-289) was
purchased from Enzo Life Sciences and kept as a stock concentration of 1 mM in

HBSS at 4° C.

Lagging Chromosome Assay:

Cells were treated with PJ34 for varying times (see Figure 1) and collected
via mitotic shake off. Cells were centrifuged at 1000 rpm for 2 minl5 sec and
resuspended in 40 pl HBSS. Cells were attached to glass slides using 3:1
methanol:acetic acid fixative. Briefly, a drop of fixative was placed on a glass
slide to create a thin layer that would repel and hold 5 pl drops of cell
suspension. Then, additional fixative was dropped directly on the apex of the cell
suspension that beads up while repelling the fixative. Cells were stained with
Wright's stain for 2 min 30 sec and imaged with a Brightfield Microscope.
Images were taken with Cytovision Software. For each cell line and treatment,
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100 metaphase cells were analyzed for the number of lagging chromosomes.
Chromosomes were considered to be lagging if there was clear separation and at
least one chromosome width between the chromosome and the metaphase

plate.

Micronucleus Assay:

Cells were seeded on coverslips, allowed to recover for at least 24 hrs,
and treated for the indicated timepoints (see Figure 1) with 16 pM PJ34.
Coverslips were harvested by washing in cold HBSS for 1 min before being fixed
in 4% PFA for 15 min. Three (5) minute washes with PBS were followed by
permeabilization with PBS-T (PBS + 0.25% Triton-X) for 15 min. Cells were
stained with Phalloidin to visualize actin and determine cell borders before being
mounted with antifade plus DAPI to visualize DNA. Imaging was performed on a
Nikon E900 Fluorescence Microscope with an Applied Imaging Camera, and
images were captured using Cytovision software. For each cell line and

timepoint, 100 cells were scored for the presence and number of micronuclei.

Mitotic Index:

PJ34-treated and untreated cells were harvested via trypsinization,
pelleting, and resuspension in a hypotonic solution (0.075 M KCI, 5% FBS) for 10
min prior to being fixed with 3:1 methanol:acetic acid. Cells were stained with
Wright’s stain for 2 min 30 sec and read on a Brightfield Microscope. 1000 cells

were scored for each condition and each replicate as mitotic or non-mitotic.
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Western Blot Analyses:

For Western blot analyses, cells were seeded in T-25 flasks and incubated
overnight at 37° C prior to a 16 pM PJ-34 treatment. Cells were harvested at
indicated time points and disrupted via a lysis buffer (50 mM Tris-HCI, pH 8.0,
0.5% Nonidet P-40, 5 mM EDTA, 150 mM NaCl, 1 mM pepstatin A, and 1 mM
PMSF) and sonicated. Aliquots of total cell lysate (35 pg) for detection of P53, p-
P53, GAPDH and Cyclin B1 proteins were run on a SDS—-PAGE gel, followed by
transfer onto PVDF membranes. Membranes where then immunoblotted
independently with the following primary antibodies at 4 °C: rabbit polyclonal anti-
Cyclin B1 overnight (Cell Signaling D5C10, 1:1,000 dilution), rabbit polyclonal
anti-p53 for 3 hrs (GeneTex GTX102965; 1:1,000 dilution), rabbit polyclonal anit-
phospho-p53 (Serl5) overnight (Cell Signaling #9284, 1:1,000), and mouse
monoclonal anti-GAPDH for 2 hr (Sigma, 1:10,000 dilution). The membranes
were then incubated for 1 hr with appropriate secondary antibodies conjugated to
horseradish peroxidase, and proteins were detected by the enhanced
chemiluminescence detection system (Western Lightning™ Plus-ECL from

Perkin Elmer or Clarity Western ECL Substrate from Bio-Rad).

Metaphase Plates and Multipolar Division Studies:

Cells were collected, fixed and stained as described above for the lagging
chromosome studies. For metaphase plate studies, 100 plates were analyzed
for each condition. The number of cells scored for the MPD studies are

designated in Figure 3.
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Anaphase Fluorescent in situ Hybridization (FISH):

Slides were initially made as described in the lagging chromosome assay
and stained with Wright's stain to mark the location of anaphase cells and
determine which ones were undergoing MPD. Then, slides were de-stained
using 3:1 methanol:acetic acid, dried, and put in 2xSSC (0.3 M NaCl, 0.03 M
NazCsHs07*2H,0, pH7) at 37° C for 30 min. Slides were transferred to 0.01 N
HCI with 0.005% pepsin for 13 minutes at 37°C. Slides were rinsed in 1xPBS for
5 min, post-fixed (1xPBS with 4.73 mM MgCl, and 0.925% Formaldehyde) for 5
min, and rinsed in 1XxPBS for another 5 min. Then slides were run through 70%,
80% and 90% ethanol for 2 min each to dehydrate the slides. The FISH probe
cocktail was CEP8 (aqua), CEP17 (green) and CEP18 (orange) diluted in CEP
buffer (Vysis). All FISH probes were purchased from Abbott Molecular.
Hybridization was performed on a HYBrite (Vysis) running a hybridization
program of ramping up to 72° C and holding for 2 min and then ramping down
and holding at 37° C. Slides were incubated overnight at 37° C in a humidified
chamber and post-washed the following morning: 0.4X SSC w/ 0.3% NP40
heated to 72° C for 2 min and 2X SSC w/ 0.15% NP-40 at room temperature for
30 sec. Slides were mounted in Antifade with DAPI. Imaging was done using a
Nikon E800 Fluorescence Microscope with an Applied Imaging Camera, and

analyzed using Cytovision Software.
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Interphase FISH:

Cells were harvested and affixed to slides as described in the mitotic index
methods section. Slides were baked for 5 min at 95° C before being placed in 2X
SSC (0.3 M NacCl, 0.03 M NazCgHs07*2H,0, pH7) at 37° C for 30 min. Slides
were then run sequentially through dehydrating alcohols (70%, 80% and 90% for
2 minutes each) and dried. Cells were hybridized and mounted as outlined in the
Anaphase FISH methodology, but the FISH probe cocktail consisted of CEP6
(green), CEP17 (aqua) and RB1 (Chr. 13) (orange) in LSI buffer (Vysis). The
CEPG6 probe was purchased from Aquarius and the CEP17 and RB1 probes were

purchased from Abbott Molecular.

Centrosome Immunofluorescence:

Cells were seeded on coverslips prior to being treated with PJ34 for 24 hr.
Untreated and treated samples were harvested by washing in cold HBSS for 1
minute before being fixed in ice cold methanol for 10 min. Then,
permeabilitzation with PBG (PBS + 100 mM glycine) + 0.5% Triton X for 15 min,
3x5 min washes with PBG + 0.1% Triton X, and blocking in Abdil (PBG-0.1%T +
2% BSA + 0.01% NaAzide) for one hr. Coverslips were incubated overnight at
37° C with primary antibody against y-tubulin diluted 1:300 (GeneTex;
GTX629704). Coverslips were rinsed in PBG + 0.1% Triton X 3x5 min, and
incubated with secondary antibody diluted 1:300 for 45 min at room temperature.
Three more rinses with PBG + 0.1% Triton X were done prior to mounting

coverslips with Antifade + DAPI.
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Multipolar Spindle Immunofluorescence:

Cells were collected via mitotic shake off in 1X HBSS and pelleted using a
microcentrifuge (1000 rpm; 2 min 15 sec). For each, HBSS was aspirated off
and the cell pellets were resuspended in Microtubule Stabilizing Buffer plus
fixative (MTSB-PFA) (64 uM PIPES, pH 6.8; 0.8 mM MgCI2; 4.8 mM EGTA; 2%
PFA; 0.5% Triton-X). After incubating for 10 min in MTSB-PFA, cells were spun
onto glass coverslips using a spin bucket centrifuge (1800 rpm for 5 min).
Coverslips were permeabilized in PBS + 0.25% Triton X for 15 min and blocked
for 1 hr in Abdil (PBG-0.1%T + 2% BSA + 0.01% NaAzide). Primary antibody to
y-tubulin (GeneTex; GTX629704) was diluted 1:300 in Abdil and incubated
overnight at 37° C in a humid chamber. Three washes with PBS + 0.1% Triton X
(5 mineach) were done before incubating with B-tubulin primary antibody
(Genetex; GTX100117) diluted 1:150 in Abdil. Incubation was done at room
temperature for 4 hr. Three more washes with PBS + 0.1% Triton X were done
prior to incubating for 45 min with appropriate secondary antibodies (Jackson
Immunoresearch) diluted 1:300 (FDAM) and 1:200 (RDAR). Coverslips were

washed again prior to being mounted in Antifade with DAPI.

Multinucleation Immunofluorescence:

Cells were seeded on coverslips and grown overnight prior to treatment or
harvesting. For the multinucleation time course, 16 yM PARPi was added to all
treatment wells at TO (time 0) and every timepoint thereafter, a treated coverslip

and a paired untreated coverslip were harvested. For harvest, coverslips were
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washed in cold 1X HBSS for 1 min, and fixed in 4% PFA for 15 min. 3x5 min
washes with PBS were followed by permeabilization with PBS-T (PBS + 0.25%
Triton-X) for 15 min. Cells were blocked in 5% BSA for 1 hr followed by
incubation with Far Red direct-conjugated Phalloidin for 20 min to visualize actin
and determine cell boundaries. Three more washes and coverslips were

mounted in Antifade with DAPI to visualize the nuclei.
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Results

PJ34-induced lagging chromosomes result in spindle assembly checkpoint

arrest, which is blunted in FA and BS cells

PARP inhibitors have been studied in detail for their clinical application in
treating various HR-deficient cancers, especially those with mutations in
BRCA1/2. However, knowledge of the multifunctional role of PARP, alongside
the search for a broader chemotherapeutic application of PARP inhibitors, has
led to the need for further research on the additional cellular implications of
inhibiting PARP. PARP inhibitor PJ34 has been previously shown to be an
inducer of cell death via mitotic catastrophe, but the exact mechanism of action is

unknown since only terminal cellular multinucleation was observed.

Multinucleation is most likely the result of a defect in mitosis, so in order to
better understand the mechanism of PJ34-induced cell death, we began with a
detailed analysis of metaphase under conditions of PARP inhibition. Mitotic cells
from cultures treated with PJ34 were harvested after 24 and 48 hrs of treatment
in order to look for PJ34-induced metaphase defects. In untreated cells,
metaphases appeared as tightly clustered chromosomes aligned along a single
metaphase (Figure la). PJ34 treatment induced lagging chromosomes at
metaphase in all cell types, but to different degrees (Figure la and 1b). There
were more lagging chromosomes observed in treated FA cells than in wild-type

cells, despite similar low levels of lagging chromosomes present in untreated
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cultures. Counterintuitively, BS cells had higher endogenous lagging

chromosomes, but had significantly fewer PJ34-induced lagging chromosomes.

Given the considerable increase in lagging chromosomes, we wanted to
know whether they resolved during metaphase or persisted further in the cell
cycle. In accordance with the metaphase data, an increase in lagging
chromosomes was observed for all cell types at anaphase (data not shown).
Unresolved lagging chromosomes during mitosis can become micronuclei when
the nuclear envelope reforms during telophase with lagging chromosomes
separated from the primary nucleus (Figure 1c). To test this, interphase cells
were observed after treatment with PJ34 and a progressive increase in
micronuclei was observed, especially starting around 24 hr (after at least one
round of mitosis) (Figure 1d). Micronuclei can also be the result of damaged
DNA being expelled from the nucleus, but the timing of the micronuclei—not
appearing until 24 hr after treatment suggests they are more likely lagging
chromosomes after undergoing mitosis in the presence of PARP inhibitor.
Likewise, in manuscript Il we showed equal levels of induced DNA damage in
these three cell types, yet BS cells have more micronuclei than FA or wild-type
cells indicating a substantial portion of these micronuclei are likely lagging
chromosomes and cannot be accounted for by DNA damage levels alone.
These data suggest that multipolar division and multinucleation are not
necessary for PARP-inhibitor to induce chromosome instability. Thus there is the

potential to grossly underestimate the amount of instability generated by PARP1
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Figure 1. PARP inhibitor treatment induces lagging chromosomes. (a)
Representative images of lagging chromosomes at metaphase in wild-type (WT),
Fanconi anemia (FA), and Bloom syndrome (BS) fibroblasts. Metaphase plates
from untreated (left) and treated (16 uM PJ34) samples are shown.
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Figure 1: PARP inhibitor treatment induces lagging chromosomes. (b)
Quantification of the lagging chromosomes represented in (a). For each
condition, 300 metaphases from 3 independent experiments were scored for the
number of lagging chromosomes. Chromosomes were deemed lagging if there
was clear separation from the primary metaphase plate of at least one
chromosome width. Significance was calculated using two-tailed students t-test.
* = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 1. PARP inhibitor treatment induces lagging chromosomes. (c)
Representative images of PJ34-induced micronuclei. (d) Quantification of
micronuclei represented in (c) as an induction over time. Measurements were
taken between one hr (T1) and 72 hr (T72). For each, 300 cells from 3
independent experiments were scored for the number of micronuclei present.
Results presented as micronuclei per cell. Significance was calculated using
two-tailed students t-test. * = p<0.05, ** = p<0.01, *** = p<0.001
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inhibition when only taking into account the induction of catastrophic mitosis.

BS cells accumulated the most micronuclei which is counterintuitive given
they had the least number of lagging chromosomes. We hypothesized that the
inconsistency between the number of lagging chromosomes at metaphase and
the number of observed micronuclei in BS cells may be due to a spindle
assembly checkpoint (SAC) defect causing cells to transition to anaphase before
full chromosome alignment was achieved. In order to determine if incompletely
aligned metaphases were hitting the SAC, mitotic indexes were taken following
PJ34 treatment. In a mitotic index, the ratio of metaphases to all other cell
stages is determined to calculate any possible enrichment or loss of metaphase-
stage cells. If cells were arresting at the SAC, they would be stalling at the
metaphase-anaphase transition and this would be reflected as an increase in the
mitotic index. Wild-type cells showed a robust arrest at the SAC in response to
the observed lagging chromosomes with a 6-fold increase in the number of
metaphase cells at 24 hrs (Figure 2a). FA cells had a blunted SAC arrest, only
doubling the number of metaphases at 24 hr, despite having more lagging
chromosomes at metaphase (Figure 1b). SAC inactivation has been previously
reported after knocking down FA proteins, indicating this is not a unique
response to PARP inhibitor but rather a global deficiency in FA cells. Supporting
the hypothesis of a SAC defect in BS cells, there was no mitotic arrest observed
in response to PJ34. This would mean that the lagging chromosomes observed
at metaphase were not triggering the SAC, allowing lagging chromosomes to

proceed through anaphase and into the resulting interphase cells as micronuclei.
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The arrest of metaphase cells at the SAC can also be monitored using the
accumulation of Cyclin B1, a cyclin that accumulates in G2-phase, peaks in
metaphase and whose rapid degradation is required for entry into anaphase. In
order to confirm the data from the mitotic indexes, a western blot was performed
for Cyclin B1 on cells collected every 24 hr during PJ34 treatment (Figure 2b).
Confirming the results from the mitotic indexes, Cyclin B1 rapidly accumulated in
wild-type cells after 24 hr treatment. FA cells had a more minor accumulation of
Cyclin B1, and BS cells showed no accumulation, confirming the mitotic index
data of marginal and no arrest at the SAC, respectively. In accordance with cells
undergoing mitotic arrest in both wild-type and FA cells, but not BS cells,
continuous PARP inhibitor treatment eventually exhausted the cultures of mitotic
cells as evidenced by depleted Cyclin B1 at 72 hrs. Accordingly, BS cells show
no depletion of Cyclin B1 over time confirming a severe SAC defect in these
cells. Altogether, these data indicate that PARP inhibition compromises the
ability of chromosomes to align along the metaphase plate, inducing lagging
chromosomes and SAC arrest in normal cells. However, the SAC is
compromised in cells with inherent genomic instability (like BS and FA cells),
leading to premature entry into anaphase and accumulating micronuclei in

response to PARP inhibitor.
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Figure 2: Lagging chromosomes at metaphase trigger the spindle assemble
checkpoint, which is blunted in FA and BS cells. (a) Mitotic index over time in

response to 16uM PJ34 treatment. For each condition, 1000 cells were analyzed
and each experiment was performed in triplicate. (b) Western blot for Cyclin B1
which peaks at metaphase and degrades before anaphase onset. GAPDH is
shown as a loading control. Significance was calculated using two-tailed students
t-test. * =p<0.05, ** = p<0.01, *** = p<0.001, n/s = not significant.
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PJ34 induces supernumerary metaphase plates and multipolar division

Lagging chromosomes and micronucleation indicate PARP inhibition
affects global chromosome stability, but cannot explain the previously observed
multinucleation. Thus, we wanted to determine if there were gross metaphase or
anaphase abnormalities as a result of PJ34 treatment that could produce
multinucleated cells. One way of producing multinucleated cells is to undergo
multipolar division (MPD) and subsequent cytokinesis failure. MPD is a
dysregulated mitotic division that relies on assembling supernumerary
metaphase plates leading to anaphase between more than two spindle poles.
Cells can then continue with the cell cycle and become highly aneuploid daughter
cells, or they can undergo cytokinesis failure and remain as a single large
multinucleated cell. The first step in analyzing MPD is to determine whether
PJ34 induced additional metaphase plates. Cells with more than one metaphase
plate were observed spontaneously, though rarely in untreated wild-type cells
(Figure 3a and S1). Untreated FA cells had a slight increase in cells with 2 or
more metaphase plates, reflecting a possible mechanism for the previously
observed multinucleation defect in cells depleted of FA proteins. Close to 20% of
BS cells spontaneously had more than one metaphase plate, indicating they
possessed an inherent predisposition for MPD. Multinucleation due to the loss of
BLM has historically been attributed solely to a defect in cytokinesis, but given
the presence of such a high number of spontaneous metaphase plate
abnormalities, it is possible that some of the observed multinucleation is due to

the presence of supernumerary metaphase plates during mitosis. PJ34
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treatment exacerbated this defect, eliciting two or more metaphase plates in 40-
50% of cells (Figure 3a and S1). Most of the time, the cells contained two plates
rather than one, but on occasion there were three metaphase plates. This was
most evident in BS cells where despite fewer total cells with induced
supernumerary metaphase plates, there was a larger proportion of cells with

three metaphase plates rather than two.

Given the induction of supernumerary metaphase plates, it was likely that
multipolar division (MPD) would follow. Spontaneous multipolar division is rare in
wild-type and FA cells, yet more common in BS cells reflecting a similar pattern
seen in the metaphase plate data in Figure 3a (Figure 3b and 3c). BS cells are
also the only cells to have spontaneous MPD with more than 4 poles, which most
likely reflects division in the cells with the most metaphase plates. The MPD
induced by PJ34 is primarily tripolar division in wild-type cells after 24 hr,
progressing to 4 or more-polar division after treatment for 48 hr. FA and BS cells
both have similar numbers of tripolar and 4 or more-polar division at both
timepoints, with no worsening over time as observed in the wild-type cells. Once
again, PJ34 induced less MPD abnormalities in BS cells despite there being an
innate predisposition to supernumerary metaphase plates and MPD. Overall,
these data support a role for PARP in maintaining bipolar spindle orientation
during mitosis, suggesting PARP inhibition not only interferes with single

chromosome stability, but with overall mitotic stability.
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Figure 3: PARP inhibitor induces supernumerary metaphase plates and
multipolar division. (a) Supernumerary metaphase plates are described in
untreated (Unt), and after 24 or 48 hr of 16 pM PJ34 treatment. For each
experiment, 300 cells were scored.
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Single Metaphase Plate

Multiple Metaphase Plates

Figure S1: Representative images of single (top) and multiple (bottom)
metaphase plates. Multiple metaphase plates can be parallel (left) or
perpendicular (right).
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Figure 3: PARP inhibitor induces supernumerary metaphase plates and
multipolar division. (b) Representative images of bipolar division in untreated
cells and multipolar division in wild-type (WT), FA and BS cells after 16 uM PJ34
treatment. (c) Quantification of the images represented in (b).
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PJ-34 induced multipolar division is primarily via loss of centrosome integrity
rather than centrosome amplification

The most likely mechanism for generating MPD is to interfere with
centrosome integrity or the centrosome duplication process. Centrosomes are
the anchors of the spindle poles and the maintenance of exactly two
centrosomes composed of a pair of centrioles is essential for maintaining a
bipolar spindle. However, there are multiple ways that the centrosomes can be
perturbed that can lead to MPD. Dysregulation of the centrosome duplication
process can lead to additional centrosomes being generated, each of which is
capable of establishing a spindle pole during mitosis. Centriole disengagement
is a mechanism of MPD that requires no centrosome amplification, relying on the
centriole pair becoming disengaged via a loss of centriole cohesion and traveling
apart prior to anaphase. Lastly, fragmentation of the pericentriolar material
(PCM) can lead to MPD without centrosome amplification by creating a pseudo-
spindle pole capable of nucleating microtubules despite lacking at least one
centriole. The induction of MPD and possible connection to centrosome integrity
is interesting because PJ34 has been previously shown to have a somewhat
opposite mechanism of action—as a centrosome de-clustering agent. It had
been shown to exclusively eradicate cancer cells with amplified centrosomes by
preventing the centrosome clustering during mitosis that is a recognized survival

mechanism.

In order to determine the type of centrosome defect that PJ34 was
inducing, via centrosome amplification or via loss of centrosome integrity, we

took two different approaches to dissect the chromosome content of multipolar

101



anaphase cells and identify any centrosome amplification in multinucleated
interphase cells. First, we used a fluorescent in situ hybridization (FISH)
approach to identify any incidences of multipolar division in which centrioles had
disengaged. Loss of centrosome integrity defects have a unique chromosome
footprint during MPD reflective of one centrosome remaining intact and one
centrosome either splitting centriole pairs or fragmenting the PCM. This allows
for the use of FISH probes to mark specific chromosomes, with one pole having
the full complement of FISH signals, and the other two or more poles all adding
up to a single complete set of chromosome signals (Figure 4a). Cells were
treated with PJ34, collected via mitotic shake off, and stained as in Figure 3 to
identify cells undergoing MPD. Then, cells were de-stained and hybridized with
FISH probes to Centromere 18 (CEP18; red), Centromere 17 (CEP17; green)
and Centromere 8 (CEPS8; aqua) (Figure 4b). As seen in the left column, bipolar
division results in two equivalent daughter cells, each with the same number of
red, green and aqua FISH signals. MPD that is characteristic of loss of
centrosome integrity, and most likely centriole disengagement, shows the
characteristic additivity of two of the spindle poles (left column); while MPD that is
not due to centriole disengagement shows a random distribution of

chromosomes between the three spindle poles (right column).

In order to confirm these findings, metaphase cells were stained with
antibodies to 3 and y-tubulin to observe the spindle orientations induced by PJ34
treatment (Figure S2). In untreated cells, a single bi-oriented spindle pole

between two centrosomes was observed. As shown in the center column, a
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Figure 4: Multipolar division induced by PARP inhibitor is primarily via loss of
centrosome integrity. (a) A schematic representation of the FISH probe
distribution seen with loss of centrosome integrity.

103



b Bipolar Division Loss of Centrosome Integrity Random Division

CEP18

CEP17

CEPS8

@,
2

Figure 4. Multipolar division induced by PARP inhibitor is primarily via loss of
centrosome integrity. (b) Representative images of FISH on cells undergoing
bipolar (left) and multipolar division via loss of centrosome integrity (center) or
random division (right) in response to 16 uM PJ34. Each anaphase pole is
circled in white to help place FISH signals at the correct location.
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Figure 4: Multipolar division induced by PARP inhibitor is primarily via loss of
centrosome integrity. (c) Quantification of the cells represented in (b).
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single centrosome has lost integrity and the spindle has fractured. The poles that
are due to loss of integrity only form spindle apparatuses back to the intact
centrosome and never between each other. The cells undergoing MPD that
have random distribution of their chromosomes have microtubule attachments
between all the centrosomes resulting in a random collection of chromosomes at
each pole during anaphase. Unexpectedly, there were instances of 4-polar
division that were additive, with one pole remaining intact and one splitting into
more than two poles (Figure S2). This phenomenon was observed in both the
FISH assay and with microtubule staining. Centriole disengagement cannot
explain these since there are not three centrioles in a centrosome capable of
disengaging, only two. It is likely, then, that in a small subset of these PJ34-
induced MPD events, PCM fragmentation occurs as well. Thus, PARP is
essential for gross centrosome integrity and PJ34 treatment manifests as varied

centrosome defects.

When specifically looking at the genome instability cells studied here,
these different types of MPD are almost exclusive to different cell types. Wild-
type and FA cells mainly undergo MPD due to loss of centrosome integrity, while
BS cells undergo primarily random MPD (Figure 4c). In cases of tripolar
division, wild-type and FA cells exclusively go through MPD due to loss of single
centrosome cohesion, while half of BS cells do this and half undergo random
division. In cases of higher order MPD, the majority of wild-type and FA cells still
undergo loss of single centrosome stability. BS cells almost exclusively undergo

random division under these conditions. Given these results, it was likely that

106



Bipolar Multipolar Division

i i Loss of Centrosome Integrity Random
Division 2 plates 3 plates

y-tubulin

DAPI
Figure S2: Representative images of bipolar (left), and multipolar spindle
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complete multipolar attachment that results in random chromosome distribution

(right).
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PJ34 was affecting the BS cells uniquely in a way that was facilitating multipolar

microtubule attachment and random division of chromosomes.

Despite universal MPD, PJ34 induces centrosome amplification only in BS cells

only

Given the propensity of BS cells to undergo random division of
chromosomes during anaphase, we hypothesized that the MPD phenotype that
BS cells display when dividing was due to centrosome amplification exclusively in
these cells. The loss of PARP1 has been shown to result in centrosome
hyperamplification in PARP™ mouse embryonic fibroblasts, supporting a model
whereby the loss of PARP1, either through inhibition or mutation, is capable of
deregulating the centrosome duplication cycle. In order to identify centrosome
amplification, cells were treated with PJ34 for 24 hr and stained with y-tubulin to
mark the centrosomes in interphase cells (Figure 5a). Both single nucleus and
multinucleated cells were analyzed for the number of centrosomes present and
the possession of more than two centrosomes was considered amplified. Single
nucleus cells rarely had amplified centrosomes, whether untreated or under
conditions of PJ34 treatment (Figure 5b). Specifically looking at multinucleated
cells, centrosome amplification was nonexistent in untreated cultures and PJ34
induced only rare instances of centrosome amplification in wild-type and FA cells.
In accordance with our hypothesis, single nucleus cells continued to have normal
centrosome numbers, yet a significant portion of spontaneous multinucleated
cells and half of the PJ34-induced multinucleated BS cells displayed centrosome

amplification. This suggests that BS cells have an innate and unique
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Figure 5: Centrosome amplification is unique to BS cells in response to PARP
inhibitor. (a) Representative images of single centrosomes in single nuclei (top),
single centrosomes in multinucleated WT and FA cells (middle), and amplified
centrosomes in BS cells (bottom). For each condition, at least 300 cells were
scored from 3 independent experiments after treatment with 16 uM PJ34.
Additional multinucleated cells were scored in PJ34-treated samples to finely
gauge the percentage of centrosome amplification. Arrows indicate single
centrosomes.
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Figure 5: Centrosome amplification is unique to BS cells in response to PARP
inhibitor.  (b) Quantification of the images represented in (a). 2 or fewer
centrosomes were considered normal and more than two were considered
amplified.
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susceptibility to centrosome amplification that is exacerbated by PARP inhibitor

treatment.

Centrosome amplification explains the discrepancy in the types of MPD
that PJ34 induces in BS cells versus wild-type or other genome instability-type
(FA) cells. Centrosome amplification allows for multipolar spindle formation
where all centrosomes are joined, rather than centriole disengagement which is
akin to splitting a single bipolar spindle apparatus in two. Thus centrosome
amplification can lead to arbitrary chromosome complements at each pole at
anaphase, while centriole disengagement has a specific chromosome distribution

pattern.

PJ34-induced MPD can result in mitotic catastrophe or completed division with

resulting hypoploid cells

Mitotic catastrophe has long been the accepted mechanism of PARP-
mediated cell death, but not all cells are equally susceptible. If mitotic
catastrophe is a direct result of failed MPD, then one would expect relatively
similar levels of MPD and multinucleation. Looking back to Figure 3, FA and
wild-type cells had almost identical levels of PJ34-induced MPD, yet there are
significantly more multinucleated FA cells as a result (Figure 6a and S3).
Similarly, BS cells had even less PJ34-induced MPD and yet have significantly
more multinucleation than wild-type cells. Mitotic catastrophe is a p53-mediated
cell death and in accordance with observed multinucleation, phosphorylated p53

(and total p53) are increasingly elevated after PJ34 treatment in BS and FA cells
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(Figure 6b). However, wild-type cells do not show p53 accumulation after 24 hr
suggesting, along with the multinucleation data, that wild-type cells undergoing

MPD are meeting a different fate.

If MPD is not triggering mitotic catastrophe all of the time, particularly in
wild-type cells, then it is possible that some of the cells are completing
cytokinesis and forming hypoploid cells rather than remaining as giant
multinucleated cells. In order to test this, cells were treated with PJ34 and
assessed in interphase for chromosome content using FISH probes on
chromosomes 6, 13, and 17. The normal signal pattern is 2 red/3 green/4 aqua
signals and under conditions of bipolar division, this signal pattern should persist
(Figure 6c, left). Under conditions of PARP inhibitor treatment, cells began to
accumulate what appeared to be the product cells of completed MPD. These
cells were missing >40% of the expected FISH signals, suggesting not a minor
aneuploidy problem, but a single catastrophic reduction in chromosome content
consistent with completing MPD (Figure 6c, right). Analyzing the prevalence of
these cells over time suggests that wild-type cells are much more likely to
generate these hypoploid cells, particularly after the longer treatment times and

in accordance with the resumption of normal levels of p53.
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Figure 6: Wild-type cells undergo more completed multipolar division resulting in
hypoploid interphase cells while FA and BS cells undergo enhanced mitotic
catastrophe (a) The percentage of multinucleated cells over time in response to
16uM PJ34, measuring the endpoint of mitotic catastrophe. For each condition,
300 cells from 3 independent experiments were scored. (b) pSerl5-p53 and total
p53 levels in response to PJ34 suggesting p53-mediated mitotic catastrophe.
GAPDH is shown as a loading control. * = p<0.05, ** = p<0.01, *** = p<0.001.
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Figure 6: Wild-type cells undergo more completed multipolar division resulting in
hypoploid interphase cells while FA and BS cells undergo enhanced mitotic
catastrophe. (c) Identification of multipolar division-derived hypoploid cells using
FISH probes to CEP6, CEP17, and RB1 on Chromosome 13. 100 cells total
were scored for each condition. Arrow indicates a MPD-derived cell. (d)
Quantification of the cells represented in (c). Cells were considered MPD-
derived if they were missing >40% of the normal complement of FISH signals.
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Figure S3: Representative images of multinucleated cells induced by 16 uM
PJ34. Actin is used to indicate cell borders. Arrows indicate multinucleated
cells.
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Figure S3 Cont: Representative images of multinucleated cells induced by 16
MM PJ34. Actin is used to indicate cell borders. Arrows indicate multinucleated
cells.
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Discussion

The emphasis of PARP inhibitor research has long been on the notion of
synthetic lethality—the idea that PARP inhibition or HR deficiency alone are not
particularly damaging to cancer cells, but together they are exponentially more
lethal. This is a universal property of all PARP inhibitors and the reason they
were initially brought into the clinic as a promising chemotherapeutic agent.
However, recent research suggests that some PARP inhibitors, specifically those
that are phenanthrene-derived, have additional mechanisms of action to target
cancer cells. Most notably, they have been shown to selectively target cells with
amplified centrosomes, a common feature of cancer cells. Mechanistically, they
do this by preventing bipolar clustering of supernumerary centrosomes, which is
a survival mechanism employed by cancer cells in an effort to avoid continuous
and potentially catastrophic multipolar division. Yet other research has identified
the poly(ADP)ribosylation activity of PARP1 as an important regulator of
centrosome duplication and that loss or inhibition can lead to supernumerary
centrosomes. Thus, given the complex nature of the relationship between PARP
inhibition and centrosome homeostasis, we took a detailed and comprehensive
look at the mitotic instability and centrosome defects induced by PARP inhibition.
This analysis was done in the context of both normal cells, and cells associated
with the genome instability syndromes Fanconi anemia and Bloom syndrome for
two reasons. First, both are deficient in HR and essential HR proteins [47].
Second, FA proteins have been localized to the centrosomes at mitosis where

they are essential for maintaining mitotic stability [50]. Third, PARP inhibitors
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have been suggested as possible chemotherapeutic options for FA and BS-
derived cancers. Thus, we wanted to understand the possible effects of PARP
inhibition on non-cancerous cells, particularly in the context of FA and BS

patients.

Historically, the model of PARP inhibitor-induced MPD was that MPD was
a consequence of either induced centrosome de-clustering in cells with already
amplified centrosomes, or by directly induced centrosome amplification.
However, the work presented here supports a model whereby PARP inhibition
generates MPD without relying on supernumerary centrosomes, and can even
generate chromosome instability completely distinct from MPD. In cells that
underwent normal bipolar division (without amplified and clustered centrosomes)
in the presence of PARP inhibitor, numerous lagging chromosomes and
micronuclei were observed indicating chromosome instability was not exclusive
to cells undergoing MPD. These lagging chromosomes should trigger the
spindle assembly checkpoint (SAC) which ensures bipolar attachment of all
chromosomes prior to anaphase onset. Accordingly, wild-type cells had a robust
SAC while the SAC in FA cells was blunted. It is likely that the diminished SAC
response in FA cells is responsible for the high prevalence of aneuploidy in FA
cells, and the PARP inhibitor-induced effect seen here reflects a larger issue with
maintaining the SAC, even under non-stressed conditions. BS cells, on the other
hand, did not show any evidence of an intact SAC. They had fewer lagging
chromosomes in response to PJ34 treatment, but did not accumulate

metaphases or Cyclin B1 as a result, leading to premature anaphase and
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considerably more micronuclei. This suggests that BS cells have a significantly
impaired SAC that, like previously observed in FA cells, is most likely an inherent
defect associated with the loss of BLM. HR proteins have previously been
implicated in maintaining proper bipolar division and BLM patrticularly has been
identified as essential for proper chromosome segregation at mitosis where it is
necessary for the centromere disjunction of sister chromatids. Furthermore, BLM
is phosphorylated by MPS1 during mitosis where it, as a member of the BTR
complex, is required for maintaining mitotic arrest at the SAC, perhaps providing
a mechanism to explain the failure of lagging chromosomes to trigger arrest at

the SAC [118,119].

On the surface, the unique types of MPD can appear identical. All present
with supernumerary metaphase plates and multiple spindle poles, but
mechanistically they are very different. Understanding these differences is
essential if MPD and abnormal centrosome biology are to be potential targets for
chemotherapeutic agents. Traditionally, MPD in response to PARP inhibition or
PARP1 knock down has been associated exclusively with the amplification of
centrosomes. However, these data suggests that centrosome amplification only
occurs under specific conditions, and the most common form of MPD is actually
via loss of centrosome integrity. BS cells are susceptible to spontaneous
supernumerary centrosomes and were the only cells to undergo PARP inhibitor-
induced amplification, suggesting that amplification-directed MPD may be a
result only when cells are specifically predisposed to it. This may extend to

cancer cells as well where it is common for somatic mutations that affect
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centrosome regulation to amass during the course of neoplastic transformation.
Importantly, normal cells, and other genome instability cells studied here, still
underwent MPD via the loss of centrosome integrity in response to PJ34. This is
in conflict with the long-standing belief that normal cells are refractory to PARP
inhibitor treatment, and suggests further studies need to be done to understand

the full spectrum of PARP inhibitor effects on vital cellular pathways.
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Conclusion

Individual manuscripts have detailed discussions about the work
presented in each. This is a summation of the work as a whole, weaving the
individual chapters together and exploring the significance of my research

findings to the field of genome instability.

Despite years of diagnostic use for the identification of FA, the nature and
formation of chromosomal radials has remained rather enigmatic. Everything
from the initial DNA lesion responsible for their formation to the cellular
consequences of radials has been the subject of debate with little consensus or
resolution. Complicating the field was the long-held belief that the radials
observed in FA cells and the radials observed in BS cells were structurally
different and the product of divergent DNA repair defects. The first manuscript
focused on characterizing BS radials as structurally identical to FA radials.
Specifically, the historical characterization of BS radials as the result of
homologous sequence interactions was proven false by the data presented,
which indicates that BS radials represent the same chromosome abnormality as
FA radials. This finding allows for BS radials to be studied in conjunction with FA
radials, rather than independently, and offers further insight into the DNA repair
pathway dysregulation that leads to radial formation. BLM is not a member of the
FA core complex, nor has it been shown to function downstream of FANCD2
monoubiquitination with the other recruited HR proteins. BLM does form a
BRAFT supercomplex with FA core complex proteins, although the function of

this complex is not well understood. It should also be noted that despite the
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presence of normal BLM alleles in FA patients, BLM protein is not fully functional
due to the associated lack of important phosphorylation marks which guide the
function of BLM. Thus, a focus of further study should be on the repercussions
of dysregulated BLM in the context of FA patient cells, with the idea that radial
formation in FA cells may be dependent on the loss of BLM function. This is a
provocative theory since this paper is the first to even place BLM in the core FA
pathway with regards to radial formation, but it warrants further study to be able
to truly understand the intricacies of genome instability in these disorders.
Additionally, it is interesting that many of the hot bands for radial formation are
also known fragile sites and while the data presented in Manuscript | pertaining
to this point is correlative, it begs further research on the role of BLM and FA
proteins at fragile sites. Once established that FA and BS radials were identical,
the remaining experiments were performed with FA cells and BS cells alongside
wild-type cells to help determine the commonalities relating to radial formation in

the two cell types.

Currently there is an inspired debate, based on decades of research,
comprised of three competing opinions, over the DNA lesion responsible for
radial formation. First is the classic view that ICLs induced by endogenous and
exogenous agents, such as mitomycin C and psoralens, are responsible for
radial formation. This is the basis of diagnostic testing and years of research into
the exquisite sensitivity of FA cells to ICL-inducing agents. Second is the
hypothesis that reactive aldehydes are responsible for radial formation. This

hypothesis was born out of seminal work done in the UK that showed the
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concomitant loss of aldehyde catabolism in conjunction with FA exponentially
worsened the FA phenotype leading to bone marrow failure and sporadic
hematologic malignancies. Lastly, the least well-known opinion is that reactive
oxygen species are responsible for radials. Thus, a wide spectrum of DNA
lesions has been associated with radial formation. Given this, the hypothesis
suggested in manuscript Il was that all of these aforementioned lesions could
lead to radial formation due to the simple fact that while the initial lesions are
markedly different, each lesion type has a common processing step—a transient

DSB—which is ultimately responsible for radial formation.

DSBs arise during normal DNA repair of complex lesions or can arise at
collapsed replication forks when single strand breaks are left unrepaired. Using
PARP inhibitor, | exploited the latter using it to limit PARP1-dependent repair of
spontaneous single strand breaks and allowing them to be transformed into
DSBs. This alone is sufficient to drive radial formation in FA and BS cells,
indicating DSBs are the common lesion responsible for radial formation and the

means by which the DSB is generated is, for the most part, irrelevant.

PARP inhibitor has been suggested as a potential chemotherapeutic
agent for FA and BS-derived tumors as an extension of their efficacy in BRCA2-
deficient tumors. There is an immense and immediate need for
chemotherapeutic agents that can be tolerated by FA and BS patients since the
inherent genome instability precludes these patients from receiving most
treatments. However, my data suggest that treating FA or BS patients with

PARP inhibitor would not be advisable. In response to both spontaneous and
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induced radials, cells trigger a PARP-dependent mitotic cell death that includes
hyperfragmentation of chromosomes during mitosis. This ensures that the radial-
containing cells die instead of continuing on to become potentially oncogenic
cells. Given that radials are mitotically unstable, completed anaphase would
likely generate either structural chromosome abnormalities or aneuploidy—both
hallmarks of cancer cells. The resulting cell death can eventually be detrimental,
suggesting that the bone marrow failure seen in FA and BS may be in part due to
cell death due to excessive DNA damage. However, DNA damage-triggered cell
death is a protective mechanism that could prevent the development of cancer,
and abolishing the mechanism of elimination for these cells may foster the
survival of cytogenetically abnormal cells. The discovery of the fate of
chromosomal radials opens up a number of questions that need further study to
be answered. First, it is shown here that this mechanism of cell death is PARP
dependent, but it is unclear what role PARP plays. PARP1 may PAR-ylate other
essential spindle assembly checkpoint proteins, or itself be involved in signaling.
Additionally, the fact that this mechanism of cell death can be blocked by PARP
inhibitor is worrisome as a potential chemotherapeutic for FA or BS patients.
PARP inhibitor is able to simultaneously create radials and eliminate the chosen
method of cell death to protect against them, fostering an environment of
enhanced chromosome instability. Further experiments need to be done to
clarify the fate of radials when mitotic cell death is blocked in order to understand

the type of instability induced. But the fact that PARP inhibitor can eliminate an

124



oncoprotective mechanism suggests this would not be an appropriate

chemotherapeutic agent for FA or BS patients.

The ever expanding roles of PARP1 in the cell have shifted the focus of
possible pathway targets for PARP inhibitor. One aspect that had not been
explored well was the role of PARPL1 at the centrosome and the ability of PARP
inhibitor to induce MPD. Until now, all reports of MPD due to PARP inhibition
were as a result of centrosome de-clustering forcing cells that normally undergo
pseudo-bipolar division to undergo catastrophic MPD. Thus, PARP inhibitor has
been considered for treatment of cancers with supernumerary centrosomes, a
relatively common occurrence in tumors. The consensus is, however, that
normal cells are refractory to PARP inhibitor treatment due to normal numbers of
centrosomes and thus an inability to undergo de-clustering and MPD. The data
presented in manuscript Il contradicts this finding, and non-oncogenic cells from
both wild-type and HR-deficient cells are induced to undergo MPD. Given the
accepted mechanism of action, one would presume that PARP inhibition was
inducing centrosome amplification in these cells, the centrosomes could not
cluster, and the cells were thus undergoing MPD. However, there was no
evidence of centrosome amplification despite MPD, and FISH analysis
suggested that single centrosomes were losing integrity rather than erroneously
duplicating centrosomes. The fact that normal cells were undergoing MPD
without specific cellular abnormalities that were being targeted, such as amplified
centrosomes, suggests PARP inhibitor may be more toxic to normal cells than is

currently realized.
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MPD via loss of centrosome integrity and fragmentation of the
pericentriolar material has been seen in response to various taxanes, such as
paclitaxel. Completion of MPD leads to the production of aneuploid daughter
cells. Data suggest that this occurs in response to PARP inhibitor as well,
though less in FA and BS cells than in wild-type cells [120-122]. Instead, FA and
BS cells undergo more multinucelation and p53 hyperactivation suggestive of
elevated mitotic catastrophe, an oncosuppressive mechanism for eliminating
cells that would otherwise go on to be aneuploid and potentially oncogenic [116].
Progressively worsening mitotic catastrophe in response to PARP inhibitor has
been seen in HR-deficient PTEN-mutated glioblastoma cells, suggesting that
susceptibility to mitotic catastrophe may be a common feature of HR
deficiency[113]. Considering mitotic catastrophe is morphologically the
completion of karyokinesis without the completion of cytokinesis, the specific
susceptibility seen in HR-deficient cells may be due to the inherent cytokinesis

defects present in FA and BS cells.

These data raise many questions about the mechanisms of action
attributed to different PARP inhibitors, and about the efficacy of PARP inhibitor
as a general chemotherapeutic agent. First, it would be interesting to understand
what is unique about phenanthrene-derived PARP inhibitors that make them able
to induce MPD where other PARP inhibitors cannot. The apparent ability to
target exclusively cells with supernumerary centrosomes has made
phenanthrene-derived PARP inhibitors desirable chemotherapeutic agents for

solid tumors in the past and understanding the mechanism of action is crucial.
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Second, the data in manuscript Il is the first time PARP-mediated MPD has been
attributed to the loss of centrosome integrity rather than centrosome
amplification. That being said, there are two types of integrity loss and further
research should focus on defining specifically whether centriole disengagement
or fragmentation of the pericentriolar material is being induced. This would go a
long way towards explaining the specific effect of PARP inhibitor on
centrosomes, and narrow the targets as far as what protein or structure
specifically is being affected. Lastly, these data raise the question of the
eventual fate of the cells that successfully undergo MPD. Normal cells that did
this would most likely eventually die due to unfavorable aneuploidies, but cancer
cells that possess extra chromosomes to begin with may be able to generate
cytogenetically diverse clones using this process.  Further research should
determine whether cancer cells that are forced to undergo MPD give rise to

diverse subclones.

Overall, the various cellular effects of PARP inhibitor drive chromosomal
instability, which is exacerbated by HR-deficiency, rather than exclusively
eliminate cells that have it. The loss of PARP1 leads to prolonged unrepaired
DSBs and excessive replication stress due to PARP1’s additional role as a
necessary protein to restart collapsed replication forks [123,124]. This not only
leads to radial formation in FA and BS cells, but the radials are not able to trigger
PARP-dependent cell death. Replication stress and unrepaired DNA at mitosis
have been tied intimately to the induction of MPD without the need for

centrosome amplification [51,52]. While some MPD results in mitotic
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catastrophe, there is a significant portion of MPD events that complete
cytokinesis and the aneuploid progeny are able to survive for multiple
generations, as seen here and in other studies [113]. Thus PARP inhibitor is
able to generate both structural and numerical chromosome instability in non-
cancer cells which are hallmarks of neoplasia and drive tumorigenesis. This is
important since PARP inhibitor is currently used as a chemotherapeutic agent to
specifically eliminate cells with multiple centrosomes. The fact that PARP
inhibitor, on its own, is able to induce MPD in cells without supernumerary
centrosomes suggests it may put an exorbitant amount of stress on normal cells,
especially those that are highly proliferative, which is contradictory to the goal of

modern chemotherapeutic agents.
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