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Abstract: This overview summarizes recent data disclosing the efficacy of the PARP inhibitor PJ34 in
exclusive eradication of a variety of human cancer cells without impairing healthy proliferating cells.
Its cytotoxic activity in cancer cells is attributed to the insertion of specific un-repairable anomalies in
the structure of their mitotic spindle, leading to mitotic catastrophe cell death. This mechanism paves
the way to a new concept of cancer therapy.

Keywords: the PARP inhibitor PJ34; distorted mitotic spindles; exclusive eradication of human
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1. Background

In the last twenty years the modified phenanthridine PJ34 has been known for its activity as
a PARP (polyADP-ribose polymerase) inhibitor [1,2] (Figure 1). Recently, PARP inhibitors attract
the attention of researchers and clinicians due to their FDA approval for cancer therapy [3–6].
Several comprehensive overviews on the family of PARP proteins and their inhibitors have been
published [3,7–11]. This overview is dedicated to the recently disclosed exceptional cytotoxicity of the
PARP inhibitor PJ34 in human cancer cells, which does not affect human healthy cells.

Figure 1. The chemical structure of PJ34, N-(6-Oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-dimethylamino)acet
amide hydrochloride.
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The modified phenanthridine PJ34 is a stable molecule, fairly soluble in water (22 mg/mL),
and permeable in the cell membrane. The potency of PJ34 to inhibit PARP proteins has been
measured [8]. PJ34 is a potent inhibitor of PARP1 and PARP2 (approximate IC50, 20 nM). In addition,
PJ34 inhibits tankyrase-1 and tankyrase-2 (approximate IC50, 1 µM). PJ34 hardly inhibits other PARP
proteins [8]. PJ34 was originally invented to protect cells from cell death imposed by pathological
stress conditions, such as ischemia [1,2,12–14].

The common concept in utilizing PARP inhibitors for cancer therapy is based on evidence
associating PARP1 inhibition with the prevention of DNA break repair causing apoptotic cell
death [6,15–18]. PARP1 is activated and polyADP-ribosylated in response to DNA single strand
breaks frequently caused under stress conditions, including X-ray irradiation and application of
DNA-damaging agents [3–6]. The binding of PARP1 to DNA single-strand breaks and its activation
(polyADP-ribosylation) initiates their repair [3–6]. In addition, PARP1 is implicated in the alternative
non-homologous end joining (A-NHEJ) mechanism of double strand DNA break repair [19,20].
Cancer cells have a higher percentage of DNA breaks relative to healthy cells, due to failure in
arresting mitosis of cancer cells with damaged DNA [15,16]. In addition, DNA-damaging treatments
are used for cancer therapy [6,16,17]. Thus, prevention of DNA repair by PARP inhibitors can be
beneficial for cancer therapy, either as a monotherapy, or in combination with treatments causing DNA
damage [11,16–19]. According to this concept, PARP inhibitors are offered to cancer patients carrying
BRCA gene mutations (about 2% of the western world population). The BRCA protein is implicated in
the repair of double-strand DNA breaks [17,21]. Mutations in BRCA impact the functioning of the
BRCA protein, and increase DNA breaks in the cells of BRCA mutant carriers. This frequently increases
the probability of mutations associated with malignancy [17,21]. Treatment with PARP inhibitors
in BRCA mutant carriers is based on the interference of PARP1 inhibition with DNA repair in cells
carrying a damaged DNA.

The partial efficacy of PARP inhibitors in the small population of BRCA mutant carriers,
the resistance of a variety of cancer types to the currently approved PARP inhibitors, their side
effects and the unclear impact of their chemical structure on their potency [21–26], urged a further
investigation of the activity of PARP inhibitors in cancer therapy. It was observed that apart from
PARP inhibition, some of these molecules target a variety of kinases implicated in signal transduction
pathways in both healthy and malignant cells [27]. Unexpectedly, this research also disclosed that
a group of phenanthrene derivatives acting as PARP inhibitors, exclusively kill human cancer cells
without affecting benign cells [28–32]. Unlike other PARP inhibitors, these small molecules exclusively
eradicated a variety of human cancer cells without affecting proliferating and non-proliferating healthy
somatic cells. They did not affect human epithelial, mesenchymal and endothelial cells [28–35],
nor healthy cells of mouse origin, including mouse embryonic fibroblasts (MEF), fibroblasts, neurons in
the central nervous system and neuronal progenitor stem cells [28,29,31–34]. Their exclusive cytotoxic
activity in human cancer cells was not shared by other potent PARP inhibitors [29–31]. Moreover, their
toxicity in human cancer cells was independent of the expression of PARP1 and P53, PARP1 activity
and DNA damage [29,34,35]. On the other hand, their exclusive cytotoxic activity in human cancer cells
resembles the cytotoxic activity of other phenanthridines [36–38]. The modified phenanthridine PJ34,
one of the molecules in this group, was the most potent in a variety of human cancer cells, including
cells that are resistant to currently offered therapies [28–32]. Its specific cytotoxic activity in human
cancer cells is summarized in this overview.

2. PJ34 Efficiently Eradicates a Variety of Human Cancer Cells in Tissue Cultures

After years of research based on PJ34-induced PARP inhibition in a variety of cell types under
pathological conditions [1,2,8], additional activities of PJ34 have been disclosed. It was observed that
PJ34 causes an irreversible cell growth arrest in cancer cells, that it interferes with angiogenesis, and,
most interestingly, that PJ34 exclusively eradicates human cancer cells [29,30,39,40].
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Incubation with PJ34 at higher concentrations than those inhibiting PARP1 (10–20 µM PJ34),
completely eradicated within 48 h human MCF-7 breast cancer cells that are resistant to doxorubicin [28].
Furthermore, PJ34 (20–30 µM) eradicated within 72–96 h cancer cell types that are resistant to other
therapies, including types of triple negative breast cancer, pancreatic cancer, ovary cancer, colon cancer
and non-small lung cancer [28–32].

Gangopadhyay and colleagues found that incubation with 30 µM PJ34 for 72 h eradicates several
human metastatic lung cancer cell lines: Calu-6, A549 and H460 [41]. In addition, PJ34, at higher
concentrations than those inhibiting PARP1, arrested the growth of human liver cancer cell lines
(HepG2 and SMMC7721) [42], and the human multiple myeloma RPMI8226 cell line [43]. PJ34 acts as
a potent anti-proliferating agent in human leukemia cell lines (ATLL and transformed HTLV-I) [44],
and in human ovarian cancer epithelial cells (C13 cell line) [45]. The cell death-inducing efficacy of
PJ34 at higher concentrations than those inhibiting PARP activity has been also reported in a variety
of breast cancer cell-lines, carrying or not BRCA mutations, and in a variety of triple-negative breast
cancer cell-lines [46], as well as in melanoma cell lines and melanoma metastases [47], thyroid cancer
cell lines [48], HeLa cells [49] and several glioblastoma cell lines [50]. PJ34 also efficiently prevented
Helicobacter-induced gastric pre-neoplasia [51]. On the other hand, healthy proliferating cells treated
with PJ34, at the same concentrations eradicating cancer cells, continued to proliferate in the presence
of PJ34 as untreated cells for weeks [28–32]. Furthermore, incubation with PJ34 (20 µM) did not affect
retinoic acid-induced differentiation in the human neuroblastoma cell line SHSY5Y [52], nor impaired
the neuronal excitability of mouse hippocampal neurons [34].

Notably, mice treated with PJ34 for 2–3 weeks, continued to gain a similar amount of weight as
untreated mice, and did not exert any visible stress or discomfort signs, as described below.

3. PJ34 Causes Eradication of Human Cancer Cells in Xenografts

The cytotoxicity of PJ34 in human cancer cells was tested in animal models as well. PJ34 (10 mg/kg)
intraperitoneal (IP) injection 3 times a week for 3 weeks attenuated the growth of intracranial tumors of
glioblastoma in nude mice [50]. The efficacy of daily treatment of PJ34 (30 mg/kg) using intraperitoneal
injection over 14 days has been tested in xenografts of ovarian cancers. Treatment with PJ34 at this
dosage most efficiently decreased the tumors’ size [53]. In contrast, treatment with PJ34 in xenografts
prepared from uterus and ovarian cancer of BRCA carriers showed insufficiency when PJ34 was
applied per os (10 mg/kg twice a day for 16 days), in comparison to chemotherapy with carboplatin
(80 mg/kg) and paclitaxel (24 mg/kg) injected IV (intravenous) once a week [54].

PJ34 prevented the development of human breast cancer MCF-7 and triple negative breast
cancer MDA-MB-231 tumors in immunocompromised mice treated with a slowly released PJ34 from
subcutaneous osmotic pump (Alzet) over 14 days [28]. The PJ34-treated mice that were injected
subcutaneously with MCF-7, 5 × 106 cells before treatment, did not develop breast cancer tumors,
and remained tumor-free during the following four months. In mice subcutaneously injected with
human MDA-MB-231 triple negative breast cancer cells (5 × 106), PJ34 slow release for 14 days
prevented the development of tumors in three out of five mice, and those mice remained tumor-free
during the following four months. Importantly, the treatments with PJ34 did not affect the vitality,
growth and weight-gain of the treated mice during the follow-up periods [28]. The therapeutic
potency of PJ34 was also tested in triple negative MDA-MB-231 breast cancer xenografts after tumor
development. In these experiments PJ34 (60 mg/kg) was injected IP after the tumors reached a volume
>100 mm3. PJ34 injected daily for 14 days efficiently suppressed tumor growth [31].

The efficacy of PJ34 (60 mg/kg, IV injected daily, 5 days a week, 14 intravenous injections) was tested
in xenografts of human pancreas ductal adenocarcinoma PANC1 developed in immunocompromised
mice. A substantial reduction of 80–90% in human cancer cells in the tumors was measured by
immunohistochemistry in slices prepared from the excised tumors (16 mice) 30 days after the treatment
with PJ34 has been terminated. One of the tumors disappeared after the treatment with PJ34 [32].
Benign fibroblasts infiltrated into the PANC1 tumors (stroma cells) were not impaired by the treatment
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with PJ34. Growth, weight-gain and behavior of the treated mice were not impaired during, and
30 days after the treatment with PJ34 has been terminated [32]. A similar cytotoxic activity of PJ34 was
observed in patients-derived pancreatic cancer cells, and in patient-derived xenografts [32].

A combined treatment of PJ34 (IV) with other agents was examined, as well. A combined treatment
of PJ34 with agents inducing TRAIL-mediated apoptosis in glioma xenografts reduced glioma tumor
growth, and revealed minimal cytotoxicity in non-neoplastic astrocytes [55]. The combined treatment of
PJ34 with TRAIL agonists was non-toxic to normal human primary glial and neuronal cells, anticipating
minimal side-effects of this treatment in patients [55]. A similar effect was achieved in pancreas cancer
xenografts treated with PJ34 in combination with agonists activating TRAIL-mediated apoptosis [56].

A combined treatment with PJ34 and the HDAC (histone-deacetylase) inhibitor SAHA blocked
the growth of liver tumors [42]. In these experiments, HepG2 (5 × 106) cancer cells were injected
subcutaneous into immunocompromised mice. These mice were treated with a combination of PJ34
(IP, 10 mg/kg) and SAHA (IP, 25 mg/kg), 3 times a week for 3 weeks. Under these conditions, tumor
growth was substantially suppressed without affecting human hepatocytes [42]. Notably, SAHA at
higher doses was cytotoxic to normal liver human fetal hepatocytes, while high dosage of PJ34 did not
harm these cells [42].

Combining PJ34 with other anti-cancer treatments enabled reducing their cytotoxic doses and
achieved efficient eradication of HL-60, Jurkat-T cells, multiple myeloma cellsPRMI8226/R and B16F10
melanoma cells [57–59].

In view of these findings, the possibility that common mechanisms are targeted by PJ34 in a
variety of human cancer cell types has been examined.

4. The Mechanism of Action of PJ34 in Human Cancer Cells

In a search for the mechanism of action of PJ34 in human cancer cells, several mechanisms have
been considered. The activity of PJ34 in cancer cells has been suggested to promote cell death by
preventing PARP1-mediated DNA repair. This suggested mechanism is in line with PARP inhibition
sensitizing cancer cells to apoptotic cell death by DNA-damaging agents [53,58–60] and by blocking
DNA double-strand break repair [42]. In view of the decreased expression of PARP1 and NFkappaB
in several cancer cell types eradicated by PJ34, it has been suggested that eradication by PJ34 can be
attributed to the attenuation of PARP1-dependent NF-kappaB activity that promotes proliferation [45].
However, the suggested mechanisms of PARP1-dependent activity of PJ34 in cancer cells are inconsistent
with its exclusive PARP1 independent cytotoxic activity in human cancer cells at a higher concentration
range than that causing PARP1 inhibition [29–31,35]. Its exclusive cytotoxic activity in human cancer
cells was not shared by other potent PARP inhibitors [29–31,61]. PJ34 applied at the concentration range
eradicating cancer cells did not cause breaks in the DNA, nor impaired healthy cells, and its activity
was not restricted to cancer cells exposed to DNA-damaging agents nor BRCA mutants [28–32,35,46].

Flow cytometry measurements revealed that PJ34 exclusively arrests mitosis in human cancer
cells [28,29,32]. Incubation with PJ34 causes cell-cycle arrest in a variety of healthy proliferating and
cancer cells within 3–6 h [28]. However, healthy cells of mouse and human origin overcame the
imposed cell-cycle arrest [28,29,31,33], and continued to proliferate in the presence of PJ34 similarly
to untreated cells for weeks [28,29] (Figure 2). The tested healthy proliferating human cells included
human epithelial, mesenchymal and endothelial cells [28,29,31]. Proliferating healthy cells of mouse
origin included mouse embryonic fibroblasts, fibroblasts [28,29,32], and neuronal progenitor cells and
astroglia [33].
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Figure 2. Cont.
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Figure 2. G2/M arrest and cell death in human cancer cells treated with PJ34. PJ34 does not impair the
cell-cycle of human healthy proliferating cells. Flow cytometry of the indicated human cancer cells (a)
and human healthy proliferating cells (b) is displayed. Cells were treated with PJ34 at the indicated
concentrations and incubation periods. From: Castiel et al., 2011, BMC Cancer.

In contrast, the cell-cycle arrest in mitosis which was imposed by PJ34 in human cancer cells
was irreversible in all the tested human cancer cells, and the mitosis arrest was accompanied by cell
death [28–32] (Figure 2). Cell-cycle arrest preceding cell death was measured in a variety of human
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cancer cell types, including cancer cells prepared from human colon, ovary, lung, pancreas, T-cell
leukemia and breast cancers, including triple negative breast cancer [28,29,31,32,44].

Flow cytometry measurements at the measured time intervals did not reveal G1 or S-phase arrest
in the tested human healthy and cancer cells treated with PJ34 (10, 20 and 30 µM) ([28,29], Figure 2)).

Since many of the tested malignant cell types included a high percentage of extra-centrosomal
cells [28–30], the cytotoxic activity of PJ34 was attributed to de-clustering of extra-centrosomes in
the mitotic spindle poles of multi-centrosomal cancer cells [29,30]. According to several reports,
de-clustering of centrosomes in multi-centrosomal cancer cells leads to aberrant multi-polar spindles
with un-assembled chromosomes [30,62–64]. Thus, it has been suggested that multi-centrosomes
de-clustering in the spindle poles activates the spindle assembly check-point (SAC) proteins, which
arrest mitosis [65,66], subsequently leading to mitotic catastrophe cell death [65–68].

Since mitotic arrest was induced by PJ34 in a variety of cancer cells, including cell types with a
low percentage of extra-centrosomal cells [69,70], other mechanisms inducing mitotic catastrophe cell
death were examined.

In one approach, all proteins currently known to be implicated in mitosis were screened in a
group of human cancer and healthy cells, in an attempt to identify different effects of PJ34 (eradicating
only cancer cells) on the post-translational modifications of proteins in the cancer versus healthy cells.
Changes induced by PJ34 in their post-translational modifications were measured by the shift in their
isoelectric point (IP) in two-dimensional (2-D) gel electrophoresis [31]. This approach was used because
PARP inhibitors may modify a variety of proteins in both healthy and malignant cells [27,61,71].

Among other proteins associated with mitosis, proteins that are implicated in the structure of the
mitotic spindle were examined for a possible interference with their post-translational modification
by PJ34 in human cancer cells versus the effect of PJ34 on their post-translational modification in
healthy epithelial cells [31]. This analysis was conducted in four types of human cancer cell lines
(glioblastoma U87, PANC1 pancreas cancer cells, lung cancer cells A549 and triple-negative breast
cancer cells MDA-MB-231). All these cells are eradicated by PJ34 [28–32]. A similar analysis was
used to identify possible effects of PJ34 on the post-translational modifications of the same proteins in
healthy human epithelial cells, which are not impaired by PJ34 [28,29,31].

This analysis identified only three proteins in the tested cancer cells with isoelectric point
significantly shifted by PJ34, while not affected in healthy cells [31]. These proteins included two
motor proteins [72], human kinesins 14/HSET/kifC1 and kif18A, and the non-motor protein NuMA
(nuclear mitotic apparatus protein) [73–77]. For comparison, the IP shift of these proteins in the tested
cells was also measured when these cells were incubated with the PARP inhibitor ABT-888 (Veliparib),
which is a potent inhibitor of PARP-1,-2,-3 proteins (with a similar affinity for PARP1 and PARP2,
Kd = 2.9 and 5.2 nM, respectively) [8,31]. Unlike PJ34, ABT-888 did not affect the isoelectric points of
human kinesins 14/HSET/kifC1 and kif18A and of NuMA. There was no difference between the IP of
these proteins in ABT-888-treated versus untreated cancer cells [31]. This result may exclude possible
involvement of PARP-1,-2,-3 inhibition in the IP shift induced by PJ34 in the tested cancer cells [31].
In accordance, ABT-888 neither arrested mitosis, nor eradicated the tested human cancer cells [31].
These findings suggested a possible interference of PJ34 with the construction of the mitotic spindle in
the tested human cancer cells.

Numerous findings indicate the essential role of HSET/kifC1 in the spindle structure of human
cancer cells [73–75,78–81]. Differences in the expression and function of HSET in cancer versus healthy
cells have been reported [74,78–80]. HSET/kifC1 inhibition or silencing causes small aberrant spindles
in human malignant cells [79].

The kinesin Kif18A is implicated in microtubules de-polymerization, necessary for the binding of
the duplicated chromosomes to kinetochores in the spindle mid-zone. Loss of its function results in the
formation of long microtubules with chromosomes un-attached to kinetochores in the mid-zone [76].

The third identified protein, NuMA, is essential for mitosis in both malignant and benign
cells [77,82,83]. Recently, several reports indicated some differences between NuMA proteins and their
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expression in benign versus malignant cells [84,85]. In this analysis, a clear-cut difference has been
disclosed by the effect of PJ34 on the post-translational modification of NuMA only in the variety
of human malignant cells ([31] and Figure 3). PJ34 did not affect the isoelectric point of NuMA in
the healthy epithelial cells [31]. Concomitantly, the ability of NuMA to bind proteins was lost in the
PJ34-treated malignant cells [31]. Moreover, the lost ability of NuMA to bind proteins was accompanied
by un-clustering of NuMA in the spindle poles of the malignant cells treated with PJ34, as disclosed by
confocal imaging [31] (Figure 3). In contrast, the bi-polar clustering of NuMA in the mitotic spindles of
the healthy benign cells was not affected by the treatment with PJ34 ([31] (Figure 3).

Previous findings indicated the post-translational modification of NuMA by both
polyADP-ribosylation and phosphorylation, both modifications promoting the binding of NuMA
to proteins [82–89]. NuMA is phosphorylated by serine-threonine kinase pim1, and NuMA
phosphorylation by serine threonine kinases at a specific site is crucial for its ability to bind
proteins [87,89]. In addition, polyADP-ribosylation of NuMA by tankyrase1 in cancer cells promotes
the ability of NuMA to bind other proteins [31,88].

Pim kinases and tankyrase1 are both inhibited by PJ34 at the concentrations range PJ34 causes cell
death in human cancer cells (measured IC50 = 3.7 µM for pim1 inhibition by PJ34, and for tankyrase1
inhibition by PJ34, IC50 = 1µM) [90–92]. Furthermore, tankyrase1 and pim kinases are hardly expressed
in healthy somatic cells, while they are highly expressed in human cancer cells [92,93].

Clustered NuMA in the spindle poles and tethering of microtubules to the clustered proteins
in the spindle poles are essential for the construction of stable poles required for the binding of
the chromosomes to kinetochores in the spindle mid-zone [31,77–83]. Thus, PJ34 blocking of the
post-translational modification of NuMA concomitantly prevents the clustering of NuMA in the spindle
poles, causing mitotic arrest and cell death by preventing the binding of chromosomes to kinetochores
in the spindle mid zone [31,65–68,80–82].

The causal association of the post-translational modification of NuMA with the ability of NuMA
to bind proteins [31,87–89] could explain the interference of PJ34 with NuMA clustering and binding
to HSET in the spindle poles of cancer cells treated with PJ34 [31,80–83]. NuMA clustering in the poles
and the tethering of microtubules to the spindle poles implicates that HSET and NuMA binding in the
protein clusters causes a stable structure that is lost in the spindle poles of human cancer cells treated
with PJ34, at the concentration range inhibiting pim1 and tankyrase1 [31,91,92].

An unstable structure of the spindle poles due to impaired function of HSET and NuMA,
and impaired function of kif18A in the binding of chromosomes to the kinetochores may result in
scattered chromosomes instead of chromosomes bound to the kinetochores in the mid-zone (Figure 3).
This activates the spindle assembly control (SAC) proteins, which leads to mitosis arrest followed by
mitotic catastrophe cell death when the structural anomaly is not amended [65–68]. This is exactly
the phenomenon observed by confocal imaging in a variety of human cancer cells treated with
PJ34 [29–31]. De-clustering of centrosomes observed in multi-centrosomal cancer cells treated with
PJ34 (20 µM) could result from the un-stable aberrant spindle poles [31,78]. Thus, prevention of the
post-translational modification of NuMA and kinesins HSET and Kif18A by PJ34, could evoke mitotic
arrest and mitotic catastrophe cell death in human cancer cells [30–32] (Figure 2) just by inserting
specific anomalies in their mitotic spindle structure ([31] and Figure 3). This effect of PJ34 was not copied
by ABT-888 at concentrations inhibiting PARP-1,-2,-3 [8,31]. It was achieved by inhibiting the activity
of serine-threonine kinases, and by inhibition of tankyrase polyADP-ribosylation [31]. Other tankyrase
inhibitors and tankyrase1 silencing caused similar faults in the structure of spindle poles as well as G2/M
arrest, which could be attributed to inhibition of NuMA polyADP-ribosylation [31,88,94,95]. These
results are consistent with the consequences of the treatment with PJ34 causing aberrant spindles with
dispersed chromosomes (Figure 3) arresting mitosis and killing cancer cells without impairing healthy
proliferating cells (Figure 2) [28–32]. In consistence, the findings of Leber and collaborators implicated
NuMA and HSET in the construction of aberrant spindle poles with un-clustered multi-centrosomes in
human cancer cells [96].
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Figure 3. (a) Confocal images of mitotic spindles in human triple negative breast cancer cells
(MDA-MB-231) and in human healthy breast epithelial cells (MCF10A), untreated or incubated
with PJ34. Incubation of human cancer cells with PJ34 (20 µM, 27 h) impaired spindle poles
(labeled by immunolabelling, γ-tubulin in the centrosomes—red), microtubules (labeled by
immunolabelling—kinesin HSET or by immunolabelling α-tubulin—green), segregation and alignment
of chromosomes (labeled by DAPI—blue), and NuMA clustering in the spindle poles (Immunolabeled
NuMA—red). Column 1: Microtubules in spindles of healthy and cancer cells immunolabeled by
the kinesin HSET in cancer and healthy cells, untreated and treated with PJ34. Column 2: Spindle
poles labeled by γ-tubulin in healthy and cancer cells, untreated and treated with PJ34. HSET is
immunolabeled in the microtubules. Column 3: Clustered NuMA in bipolar spindles of healthy cells
either treated or not with PJ34, and in untreated cancer cells. Un-clustered NuMA in spindles of cancer
cells treated with PJ34. Column 4: upper frame: In cancer cells—clustered NuMA in spindle poles and
aligned chromosomes in the midzone of untreated cancer cells. Aberrant spindles, un-clustered NuMA
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and scattered chromosomes in cancer cells treated with PJ34. Lower frame: In healthy cells—clustered
NuMA in the spindle poles and segregated chromosomes aligned in the mid-zone of the mitotic spindle
of healthy cells either untreated or treated with PJ34. (b) A schematic presentation indicating the effect
of PJ34 on the spindle structure in human cancer cell. In the untreated cancer cell, normal bipolar
spindles with clustered NuMA, clustered multi-centrosomes, and aligned chromosomes in the spindle
mid-zone. In the PJ-34 treated cancer cell, aberrant microtubules (green), aberrant spindle poles,
un-clustered NuMA (as indicated), dispersed chromosomes (blue) and un-clustered multi-centrosome
(red), From: Visochek et al., 2017, Oncotarget.

5. The Potency of PJ34 and Other PARP Inhibitors in Preventing Metastases

PJ34 and additional PARP inhibitors inhibit the activity of matrix metalloproteinase-2 in a range
of concentrations higher than that inducing PARP inhibition [97]. The measured IC50 was about 56 µM
for PJ34 inhibition of MMP-2 [97], lower than the IC50 values of other tested PARP1 inhibitors [97].

In healthy tissues, matrix metalloproteinases (MMPs) are key enzymes in the development
and remodeling of tissues, including in wound healing [98]. However, MMPs are also dominant
in tumor angiogenesis, in tumor cells escape from the primary tumor and their dissemination to
secondary sites [98,99]. Elevated expression of MMPs, including MMP-2, has been implicated
in metastasis [98–100]. Metastases predict high invasive stage of the malignancy, and a poor
prognosis [99,100]. MMP inhibitors prevent metastases in a variety of solid cancer types [99,100].
MMP inhibition by PARP inhibitors is their additional advantage in cancer therapy. ABT-888 hindered
cancer cell migration rate measured in vitro by the scratch assay [101]. PJ34 at the concentration range
inhibiting MMP-2 prevented metastasis in melanoma xenografts [102].

6. Conclusions and Future Perspectives

The potency of PJ34 to exclusively eradicate human cancer cells without impairing healthy cells
can be attributed to anomalies exclusively inserted in the structure of the mitotic spindle of human
cancer cells. Blocking the post-translational modification of NuMA and kinesins HSET and kif18A by
PJ34 causes these anomalies, which subsequently prevent the alignment of chromosomes bound to
kinetochores in the spindle mid-zone. This structural anomaly in the mitotic spindle arrests mitosis
and kills the cancer cell in the pre-anaphase stage by mitotic catastrophe cell death.

Notably, the modified phenanthridine PJ34, which has been invented for PARP inhibition,
exclusively eradicates a variety of human cancer cells without impairing normal healthy somatic
quiescent and proliferating cells. Thus, in spite of the permeability of PJ34 in the cell membrane and its
rapid distribution in the animal’s tissues, treatment with PJ34 did not impair healthy tissues in the
tested animals, nor their development and weight-gain.

On the basis of these findings, we hope that cell death evoked by structural faults in the mitotic
spindle of human cancer cells will pave the way to a new concept in cancer therapy. Inserting specific
structural anomalies in the mitotic spindle of human cancer cells may specifically eradicate cancer
cells while saving healthy cells and physiological functions frequently lost during the currently offered
DNA-damaging cancer therapies.

Funding: This research received no external funding.

Conflicts of Interest: The author declare no conflict of interest.

References

1. Abdelkarim, G.E.; Gertz, K.; Harm, C.; Katchanov, J.; Dirnagi, U.; Szabo, C.; Enders, M. Protective effects
of PJ34, a novel potent inhibitor of poly(ADP-ribose)polymerase (PARP) in in-vitro and in-vivo models of
stroke. Int. J. Mol. Med. 2001, 7, 255–260. [CrossRef] [PubMed]

2. Jagtap, P.; Szabo, C. Poly(ADP-ribose)polymerase and the therapeutic effects of its inhibitors. Nat. Rev.
Drug Discov. 2005, 4, 421–440. [CrossRef] [PubMed]

3. Slade, D. PARP and PARG inhibitors in cancer treatment. Gene Dev. 2020, 34, 1–35. [CrossRef] [PubMed]

http://dx.doi.org/10.3892/ijmm.7.3.255
http://www.ncbi.nlm.nih.gov/pubmed/11179503
http://dx.doi.org/10.1038/nrd1718
http://www.ncbi.nlm.nih.gov/pubmed/15864271
http://dx.doi.org/10.1101/gad.334516.119
http://www.ncbi.nlm.nih.gov/pubmed/32029455


Cancers 2020, 12, 1628 11 of 15

4. Carden, C.P.; Yap, T.A.; Kaye, S.B. PARP inhibition: Targeting the Achilles heelof DNA repair to treat germline
and sporadic ovarian cancers. Curr. Opin. Oncol. 2010, 22, 473–480. [CrossRef]

5. Plummer, R. Perspective on the pipeline of drugs being developed with modulationof DNA damage as a
target. Clin. Cancer Res. 2010, 16, 4527–4531. [CrossRef]

6. Mangerich, A.; Burkle, A. How to kill tumor cells with inhibitors of poly(ADP-ribosyl)ation. Int. J. Cancer
2011, 128, 251–265. [CrossRef]

7. Hassa, P.O.; Hottiger, M.O. The diverse biological roles of mammalian PARPs, a small but powerful family of
poly-ADP-ribose polymerases. Front. Biosci. 2008, 13, 3046–3082. [CrossRef]

8. Wahlberg, E.; Karlberg, T.; Kouznetsova, E.; Markova, N.; Macchiarulo, A.; Torsell, A.-G.; Pol, E.; Frostell, A.;
Ekblad, T.; Öncü, D.; et al. Family-wide chemical profiling and structural analysis of PARP and tankyrase
inhibitors. Nat. Biotech. 2012, 30, 283–289. [CrossRef]

9. Citarelli, M.; Teotia, S.; Lamb, R.S. Evolutionary history of the poly(ADP-ribose)polymerase gene family in
eukaryotes. BMC Evol. Biol. 2010, 10, 308. [CrossRef]

10. Krishnakumar, R.; Kraus, W.L. The PARP side of the nucleus: Molecular actions, physiological outcomes,
and clinical targets. Mol. Cell 2010, 39, 8–24. [CrossRef]

11. Gibson, B.A.; Kraus, W.L. New insights into the molecular and cellular functions of poly(ADP-ribose) and
PARPs. Nat. Rev. Mol. Cell Biol. 2012, 13, 411–424. [CrossRef] [PubMed]

12. Kauppinen, T.M.; Swanson, R.A. The role of poly(ADP-ribose) polymerase-1 in CNS disease. Neuroscience
2007, 145, 1267–1272. [CrossRef] [PubMed]

13. Strosznajder, R.P.; Czubowicz, K.; Jesko, H.; Strosznajder, J.B. Poly(ADP-ribose) metabolism in brain and its
role in ischemia pathology. Mol. Neurobiol. 2010, 41, 187–196. [CrossRef] [PubMed]

14. Ba, X.; Garg, N.J. Signaling mechanism of poly(ADP-ribose)polymerase-1 (PARP-1) in inflammatory diseases.
Am. J. Pathol. 2011, 178, 946–955. [CrossRef] [PubMed]

15. Gregersen, L.H.; Jesper, J.Q. The cellular response to transcription blocking DNA damage. Trend Biochem. Sci.
2018, 43, 327–341. [CrossRef]

16. Lesueur, P.; Chevalier, F.; Austry, J.-B.; Waissi, W.; Burckel, H.; Noel, G.; Habrand, J.-L.; Saintigny, Y.; Joly, F.
PolyADP-ribose) polymerase inhibitors as radiosensitizers: A systematic review of preclinical human studies.
Oncotarget 2017, 8, 69105–69124. [CrossRef]

17. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.;
Helleday, T. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature 2005, 434, 913–917. [CrossRef]

18. Andrabi, S.A.; Kim, N.-S.; Yu, S.W.; Wang, H.; Koh, D.W.; Sassaki, M.; Klaus, J.A.; Otsuka, T.; Zhang, Z.;
Koehler, C.K.; et al. Poly(ADP-ribose) (PAR) polymer is a death signal. Proc. Natl. Acad. Sci. USA 2006, 103,
18308–18313. [CrossRef]

19. Chang, H.H.Y.; Pannunzio, N.R.; Adachi, N.; Lieber, M.R. Non-homologous DNA end joining and alternative
pathways to double-strand break repair. Nat. Rev. Mol. Cell Biol. 2017, 18, 495–506. [CrossRef]

20. Paddock, M.N.; Bauman, A.T.; Higdon, R.; Kolker, E.; Takeda, S.; Scharenberg, A.M. Competition between
PARP-1 and Ku70 control the decision between high-fidelity and mutagenic DNA repair. DNA Repair 2011,
10, 338–343. [CrossRef]

21. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.;
Hickson, I.; Knights, C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature 2005, 434, 917–921. [CrossRef] [PubMed]

22. Mak, J.P.Y.; Ma, H.T.; Poon, R.Y.C. Synergism between ATM and PARP1 inhibition involves DNA damage
and abrogating the G2 DNA damage checkpoint. Mol. Cancer Ther. 2020, 19, 123–134. [CrossRef] [PubMed]

23. Zhang, R.; Hong, J.-J.; Yang, Q.; Ong, C.-T.; Li, B.-A.; Liou, Y.-C. Poly(ADP- ribosyl)ation of OVOL2 regulates
aneuploidy and cell death in cancer cells. Oncogene 2019, 38, 2750–2766. [CrossRef]

24. Zhou, J.X.; Feng, L.J.; Zhang, X. Risk of severe hematologic toxicities in cancer patients treated with PARP
inhibitors: A meta-analysis of randomized controlled trials. Drug Des. Dev. Ther. 2017, 11, 3009–3017.
[CrossRef] [PubMed]

25. Lee, Y.R.; Yu, D.-S.; Liang, Y.-C.; Huang, K.-F.; Chou, S.-J.; Chen, T.-C.; Lee, C.-C.; Chen, C.-L.; Chiou, S.-H.;
Huang, H.-S. New approaches of PARP1 inhibitors in human lung cancer cells and cancer stem-like cells by
some selected anthraquinone-derived small molecules. PLoS ONE 2013, 8, e56284. [CrossRef]

http://dx.doi.org/10.1097/CCO.0b013e32833b5126
http://dx.doi.org/10.1158/1078-0432.CCR-10-0984
http://dx.doi.org/10.1002/ijc.25683
http://dx.doi.org/10.2741/2909
http://dx.doi.org/10.1038/nbt.2121
http://dx.doi.org/10.1186/1471-2148-10-308
http://dx.doi.org/10.1016/j.molcel.2010.06.017
http://dx.doi.org/10.1038/nrm3376
http://www.ncbi.nlm.nih.gov/pubmed/22713970
http://dx.doi.org/10.1016/j.neuroscience.2006.09.034
http://www.ncbi.nlm.nih.gov/pubmed/17084037
http://dx.doi.org/10.1007/s12035-010-8124-6
http://www.ncbi.nlm.nih.gov/pubmed/20411356
http://dx.doi.org/10.1016/j.ajpath.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21356345
http://dx.doi.org/10.1016/j.tibs.2018.02.010
http://dx.doi.org/10.18632/oncotarget.19079
http://dx.doi.org/10.1038/nature03443
http://dx.doi.org/10.1073/pnas.0606526103
http://dx.doi.org/10.1038/nrm.2017.48
http://dx.doi.org/10.1016/j.dnarep.2010.12.005
http://dx.doi.org/10.1038/nature03445
http://www.ncbi.nlm.nih.gov/pubmed/15829967
http://dx.doi.org/10.1158/1535-7163.MCT-19-0474
http://www.ncbi.nlm.nih.gov/pubmed/31597711
http://dx.doi.org/10.1038/s41388-018-0615-3
http://dx.doi.org/10.2147/DDDT.S147726
http://www.ncbi.nlm.nih.gov/pubmed/29075104
http://dx.doi.org/10.1371/journal.pone.0056284


Cancers 2020, 12, 1628 12 of 15

26. Kishi, Y.; Fujibara, H.; Kawaguchi, K.; Yamada, H.; Nakayaima, R.; Yamamoto, N.; Fujihara, Y.; Hamada, Y.;
Satomura, K.; Masutani, M. PARP inhibitor PJ34 supresses osteogenic differentiation in mouse mesenchymal
stem cells by modulating BMP-2 signaling pathway. Int. J. Mol. Sci. 2015, 16, 24820–24838. [CrossRef]
[PubMed]

27. Antolin, A.A.; Ameratunga, M.; Banerji, U.; Clarke, P.A.; Workman, P.; Al-Lazikani, B. The kinase
polypharmacology landscape of clinical PARP inhibitors. Sci. Rep. 2020, 10, 2585. [CrossRef] [PubMed]

28. Inbar-Rozensal, D.; Visochek, L.; Castel, D.; Castiel, A.; Izraeli, S.; Dantzer, F.; Cohen-Armon, M. A
selective eradication of human nonhereditary breast cancer cells by phenanthridine-derived polyADP-ribose
polymerase inhibitors. Breast Cancer Res. 2009, 11, R78. [CrossRef]

29. Castiel, A.; Visochek, L.; Mittelman, L.; Dantzer, F.; Izraeli, S.; Cohen-Armon, M. A phenanthrene derived
PARP inhibitor is an extra-centrosomes de-clustering agent exclusively eradicating human cancer cells.
BMC Cancer 2011, 11, 412. [CrossRef]

30. Castiel, A.; Visochek, L.; Mittelman, L.; Zilberstein, Y.; Dantzer, F.; Izraeli, S.; Cohen-Armon, M. Cell death
associated with abnormal mitosis observed by confocal imaging in live cancer cells. J. Vis. Exp. 2013, 78,
e50568. [CrossRef]

31. Visochek, L.; Castiel, A.; Mittelman, L.; Elkin, M.; Atias, D.; Golan, T.; Izraeli, S.; Peretz, T.; Cohen-Armon, M.
Exclusive destruction of mitotic spindles in human cancer cells. Oncotarget 2017, 8, 20813–20824. [CrossRef]

32. Visochek, L.; Atias, D.; Spektor, I.; Castiel, A.; Golan, T.; Cohen-Armon, M. The phenanthrene derivative
PJ34 exclusively eradicates human pancreatic cancer cells in xenografts. Oncotarget 2019, 10, 6269–6282.
[CrossRef] [PubMed]

33. Okuda, A.; Kurokawa, S.; Takehashi, M.; Maeda, A.; Fukuda, K.; Kubo, Y.; Nogusa, H.; Takatani-Nakase, T.;
Okuda, S.; Ueda, K.; et al. Poly(ADP-ribose) polymerase inhibitors activate the p53 signaling pathway in
neural stem/progenitor cells. BMC Neurosci. 2017, 18, 2–18. [CrossRef]

34. Visochek, L.; Grigoryan, G.; Kalal, A.; Milshtein-Parush, H.; Gazit, N.; Slutsky, I.; Yeheskel, A.; Shainberg, A.;
Castiel, A.; Seger, R.; et al. A PARP1-ERK2 synergism is required for the induction of LTP. Sci. Rep. 2016, 6,
24950. [CrossRef] [PubMed]

35. Madison, D.L.; Stauffer, D.; Lundblad, J.R. The PARP inhibitor PJ34 causes a PARP1-independent, p21
dependent mitotic arrest. DNA Repair 2011, 10, 1003–1013. [CrossRef] [PubMed]

36. Lamoral-Theys, D.; Andolfi, A.; Van Goietsenoven, G.; Cimmino, A.; Le Calv, B.; Wauthoz, N.; Mégalizzi, V.;
Gras, T.; Bruyère, C.; Dubois, J.; et al. Lycorine, the Main Phenanthridine Amaryllidaceae Alkaloid,
Exhibits Significant Antitumor Activity in Cancer Cells That Display Resistance to Proapoptotic Stimuli: An
Investigation of Structure-Activity Relationship and Mechanistic Insight. J. Med. Chem. 2009, 52, 6244–6256.
[CrossRef]

37. Wang, Y.-Y.; Taniguchi, T.; Baba, T.; Li, Y.-Y.; Isibashi, H.; Nukaida, N. Identification of a phenanthrene
derivative as a potent anticancer drug with pim kinase inhibitory activity. Cancer Sci. 2011, 103, 107–115.
[CrossRef]

38. Mariappan, A.; Soni, K.; Schorpp, K.; Zhao, F.; Minakar, A.; Zheng, X.; Mandad, S.; Macheleidt, I.; Ramani, A.;
Kubelka, T.; et al. Inhibition of CPAP-tubulin interaction prevents proliferation of centrosome-amplified
cancer cells. EMBO J. 2019, 38, e99876. [CrossRef]

39. Huang, S.H.; Xiong, M.; Chen, X.P.; Xiao, Z.Y.; Zhao, Y.F.; Huang, Z.Y. PJ34 an inhibitor of PARP1, suppresses
cell growth and enhances the suppressive effects of cisplatin in liver cancer cells. Oncol. Rep. 2008, 20,
567–572.

40. Pyriochou, A.; Olah, G.; Deitch, O.; Szabo, C.; Papaetropoulos, A. Inhibition of angiogenesis by the
poly(ADP-ribose) polymerase inhibitor. J. Mol. Med. 2008, 22, 113–118. [CrossRef]

41. Gangopadhyay, N.N.; Luketich, J.D.; Opest, A.; Meyer, E.M.; Landreneau, R.; Schuchert, M.J. Inhibition of
Poly(ADP-Ribose) Polymerase (PARP) Induces Apoptosis in Lung Cancer Cell Lines. Cancer Investig. 2011,
29, 608–616. [CrossRef] [PubMed]

42. Liang, B.; Xiong, M.; Ji, G.; Zhang, E.; Zhang, Z.; Dong, K.; Chen, X.; Huang, Z.-Y. Synergistic suppressive
effect of PARP-1 inhibitor PJ34 and HDAC inhibitor SAHA on proliferation of liver cancer cells. J. Huazhong
Univ. Sci. Technol. 2015, 35, 535–540. [CrossRef] [PubMed]

43. Xiong, T.; Chen, X.; Wei, H.; Xiao, H. Influence of PJ34 on the genotoxicity induced by melphalan in human
multiple myeloma cells. Arch. Med. Sci. 2015, 11, 301–306. [CrossRef]

http://dx.doi.org/10.3390/ijms161024820
http://www.ncbi.nlm.nih.gov/pubmed/26492236
http://dx.doi.org/10.1038/s41598-020-59074-4
http://www.ncbi.nlm.nih.gov/pubmed/32066817
http://dx.doi.org/10.1186/bcr2445
http://dx.doi.org/10.1186/1471-2407-11-412
http://dx.doi.org/10.3791/50568
http://dx.doi.org/10.18632/oncotarget.15343
http://dx.doi.org/10.18632/oncotarget.27268
http://www.ncbi.nlm.nih.gov/pubmed/31692907
http://dx.doi.org/10.1186/s12868-016-0333-0
http://dx.doi.org/10.1038/srep24950
http://www.ncbi.nlm.nih.gov/pubmed/27121568
http://dx.doi.org/10.1016/j.dnarep.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21840268
http://dx.doi.org/10.1021/jm901031h
http://dx.doi.org/10.1111/j.1349-7006.2011.02117.x
http://dx.doi.org/10.15252/embj.201899876
http://dx.doi.org/10.3892/ijmm.22.1.113
http://dx.doi.org/10.3109/07357907.2011.621916
http://www.ncbi.nlm.nih.gov/pubmed/22011283
http://dx.doi.org/10.1007/s11596-015-1466-6
http://www.ncbi.nlm.nih.gov/pubmed/26223923
http://dx.doi.org/10.5114/aoms.2014.43164


Cancers 2020, 12, 1628 13 of 15

44. Bai, X.T.; Moles, R.; Chaib-Mezrag, H.; Nicot, C. Small PARP inhibitor PJ34 induces cell-cycle arrest and
apoptosis of adult T cell leukemia cells. J. Hematol. Oncol. 2015, 8, 117. [CrossRef] [PubMed]

45. Wang, Z.; Li, Y.; Lv, S.; Tian, Y. Inhibition of proliferation and invasiveness of ovarian cancer C13 cells by
a poly(ADP-ribose)polymerase inhibitor and the role of nuclear factor-kappaB. J. Int. Med. Res. 2013, 41,
1577–1585. [CrossRef]

46. Keung, M.Y.; Wu, Y.; Badar, F.; Vadgama, J.V. Response of breast cancer cells to PARP inhibitors is independent
of BRCA status. J. Clin. Med. 2020, 9, 940. [CrossRef]

47. Chevanne, M.; Zampieri, M.; Rizzo, A.C.R.; Ciccarone, F.; Catizone, A.; D’Angelo, C.; Guastafierro, T.;
Biroccio, A.; Raele, A.; Zupi, G.; et al. Inhibition of PARP activity by PJ34 leads to growth impairment and
cell death associated with aberrant mitotic pattern and nucleolar actin accumulation in M14 melanoma cell
line. J. Cell Physiol. 2010, 222, 401–410. [CrossRef]

48. Lavarone, E.; Puppin, C.; Passon, N.; Filetti, S.; Russo, D.; Damante, G. The PARP inhibitor PJ34 modifies
proliferation, NIS expression and epigenetic marks in thyroid cancer cell lines. Mol. Cell Endocrinol. 2013,
365, 1–10. [CrossRef]

49. Magan, N.; Isaacs, R.J.; Stowell, K.M. Treatment with the PARP-inhibitor PJ34 causes enhanced
doxorubicin-mediated cell death in HeLa cells. Anticancer Drugs 2012, 23, 627–637. [CrossRef]

50. Majuelos-Melguizo, J.; Rodríguez, M.I.; López-Jiménez, L.; Jose, M.; Rodríguez-Vargas, J.;
Martín-Consuegra, M.; Serrano-Sáenz, S.; Gavard, J.; Ruiz de Almodóvar, J.M.; Oliver, F.J. PARP targeting
counteracts gliomagenesis through induction of mitotic catastrophe and aggravation of deficiency in
homologous recombination in PTEN-mutant glioma. Oncotarget 2015, 6, 4790–4803. [CrossRef]

51. Toller, I.M.; Altmeyer, M.; Kohler, E.; Hottiger, M.O.; Muller, A. Inhibition of ADP-ribosylation prevents and
cures Helicobacter-induced Gastric Preneoplasia. Cancer Res. 2010, 70, 5912–5922. [CrossRef] [PubMed]

52. Horvat, L.; Grubar, M.; Madunic, J.; Antica, M.; Matulic, M. Inhibition of PARP activity does not affect
the differentiation processes caused by retinoic acid in SHSY5Y cells. Mol. Exp. Biol. Med. 2019, 1, 38–43.
[CrossRef]

53. Hou, D.; Liu, Z.; Xu, X.; Liu, Q.; Zhang, X.; Kong, B.; Wei, J.-J.; Gong, Y.; Shao, C. Increased oxidative stress
mediates the antitumor effect of PARP inhibition in ovarian cancer. Redox Biol. 2018, 17, 99–111. [CrossRef]
[PubMed]

54. Press, J.Z.; Kenyon, J.A.; Xue, H.; Miller, M.A.; DeLuca, A.; Miller, D.M.; Huntsman, D.G.; Gilk, C.B.;
McAlpine, J.N.; Wang, Y.Z. Xenografts of primary human gynecological tumors grown under the renal
capsule of NOD/SCID mice show genetic stability during serial transplantation and respond to cytotoxic
chemotherapy. Gyn. Oncol. 2008, 109, 256–264. [CrossRef]

55. Karpel-Massler, G.; Pareja, F.; Aime, P.; Shu, C.; Chau, L.; Westhoff, A.; Halatsch, M.-E.; Crary, J.F.; Canoll, P.;
Siegelin, M. PARP inhibition restores extrinsic apoptotic sensitivity in Glioblastoma. PLoS ONE 2014, 9,
e114583. [CrossRef]

56. Yuan, K.; Sun, Y.; Zhou, T.; McDonald, J.; Chen, Y. PARP1 regulates resistance of pancreatic cancer to TRAIL
therapy. Clin. Cancer Res. 2013, 19, 4750–4759. [CrossRef]

57. Stepnik, M.; Spryszynska, S.; Gorzkiewicz, A.; Ferlinska, M. Cytotoxicity of anticancer drugs and PJ-34
(polyADP-ribose)polymerase-1(PARP-1) inhibitor) on HL-60 Jurkat cells. Adv. Clin. Exp. Med. 2017, 26,
379–385. [CrossRef]

58. Cseh, M.; Zsolt, F.; Quintana-Cabrera, R.; Szabo, A.; Eros, K.; Eugenia Soriano, M.; Gallyas, F.; Scorrano, L.;
Sumegi, B. PARP Inhibitor PJ34 Protects mitochondria and induces DNA-damage mediated apoptosis in
combination with Cisplatin or Temozolomide in B16F10 Melanoma. Cells Front. Physiol. 2019, 10, 1–15.
[CrossRef]

59. Heng Wei, X.; Chen, X.; Xiao, H. PJ34, a poly(ADP-ribose) polymerase (PARP) inhibitor, reverses
melphalan-resistance and inhibits repair of DNA double-strand breaks by targeting the FA/BRCA pathway
in multidrug resistant multiple myeloma cell line RPMI8226/R TING. Int. J. Oncol. 2015, 46, 223.

60. Meng, W.; Koh, B.D.; Jin-San Zhang, J.-S.; Flatten, K.S.; Schneider, P.A.; Billadeau, D.D.; Hess, A.D.;
Smith, B.D.; Karp, J.E.; Kaufmann, S.H. Poly(ADP-ribose) Polymerase Inhibitors Sensitize Cancer Cells to
Death Receptor-mediated Apoptosis by Enhancing Death Receptor Expression. J. Biol. Chem. 2014, 289,
20543–20558. [CrossRef]

http://dx.doi.org/10.1186/s13045-015-0217-2
http://www.ncbi.nlm.nih.gov/pubmed/26497583
http://dx.doi.org/10.1177/0300060513480913
http://dx.doi.org/10.3390/jcm9040940
http://dx.doi.org/10.1002/jcp.21964
http://dx.doi.org/10.1016/j.mce.2012.08.019
http://dx.doi.org/10.1097/CAD.0b013e328350900f
http://dx.doi.org/10.18632/oncotarget.2993
http://dx.doi.org/10.1158/0008-5472.CAN-10-0528
http://www.ncbi.nlm.nih.gov/pubmed/20634404
http://dx.doi.org/10.33602/mebm.2.1.7
http://dx.doi.org/10.1016/j.redox.2018.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29684820
http://dx.doi.org/10.1016/j.ygyno.2008.03.011
http://dx.doi.org/10.1371/journal.pone.0114583
http://dx.doi.org/10.1158/1078-0432.CCR-13-0516
http://dx.doi.org/10.17219/acem/60848
http://dx.doi.org/10.3389/fphys.2019.00538
http://dx.doi.org/10.1074/jbc.M114.549220


Cancers 2020, 12, 1628 14 of 15

61. Passeri, D.; Camaioni, E.; Lisco, P.; Sabbatini, P.; Ferri, M.; Carroti, A.; Giacche, N.; Pellicciari, R.;
Gioiello, A.; Macchiarulo, A. Concepts and molecular aspects in the polypharmacology of PARP-1 inhibitors.
ChemMedChem 2016, 11, 1219–1226. [CrossRef] [PubMed]

62. Ganem, N.J.; Godinho, S.A.; Pellman, D. A mechanism linking extra centrosomes to chromosomal instability.
Nature 2009, 460, 278–282. [CrossRef] [PubMed]

63. Quintyne, N.J.; Reing, J.E.; Hoffelder, D.R.; Gollin, S.M.; Saunders, W.S. Spindle multipolarity is prevented
by centrosomal clustering. Science 2005, 307, 127–129. [CrossRef] [PubMed]

64. Kramer, A.; Anderhub, S.; Maier, B. Mechanisms and Consequences of centrosomes clustering in cancer cells.
In The Centrosome: Cell and Molecular Mechanisms of Functions and Disfunctions in Disease; Schatten, E., Ed.;
Humana Press Springer: Totowa, NJ, USA, 2012; pp. 255–277.

65. Rieder, C.L.; Maiato, H. Stuck in Division or Passing through: What Happens When Cells Cannot Satisfy the
Spindle Assembly Checkpoint. Dev. Cell 2004, 7, 637–651. [CrossRef]

66. Etemad, B.; Kops, J.P.L.G. Kinetochore transformations and spindle checkpoint silencing. Curr. Opin. Cell Biol.
2016, 39, 101–108. [CrossRef]

67. Vakifahmetoglu, H.; Olsson, M.; Zhivotovsky, B. Death through a tragedy: Mitotic catastrophe. Cell Death
Differ. 2008, 15, 1153–1162. [CrossRef]

68. Galimberti, F.; Sarah, L.; Thompson, S.L.; Ravi, S.; Compton, D.A.; Dmitrovsky, E. Anaphase Catastrophe is a
Target for Cancer Therapy. Clin. Cancer Res. 2011, 17, 1218–1222. [CrossRef]

69. La Terra, S.; English, C.N.; Hergert, P.; McEwen, B.F.; Sluder, G.; Khodjakov, A. The de novo centriole
assembly pathway in HeLa cells: Cell cycle progression and centriole assembly/maturation. J. Cell Biol. 2005,
168, 713–722. [CrossRef]

70. Godinho, S.A.; Pellman, D. Causes and consequences of centrosome abnormalities in cancer. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 2014, 369, 20130467. [CrossRef]

71. Cohen-Armon, M.; Yeheskel, A.; Pascal, J.M. Signal-induced PARP1-Erk synergism mediates IEG expression.
Sig. Transduct. Target. Ther. 2019, 4, 1–8. [CrossRef]

72. Miki, H.; Okada, Y.; Hirokawa, N. Analysis of the kinesin superfamily: Insights into structure and function.
Trends Cell Biol. 2005, 15, 467–476. [CrossRef]

73. Simeonov, D.R.; Kenny, K.; Seo, L.; Moyer, A.; Allen, J.; Paluh, J. Distinct kinesin-14 mitotic mechanisms in
spindle polarity. Cell Cycl. 2009, 8, 3571–3583. [CrossRef] [PubMed]

74. Goshima, G.; Nedelec, F.; Vale, R.D. Mechanisms for focusing mitotic spindle poles by minus end directed
motor proteins. J. Cell Biol. 2005, 171, 229–240. [CrossRef] [PubMed]

75. Verhey, K.; Hammond, J.W. Traffic control: Regulation of kinesin motors. Nat. Rev. Mol. Cell Biol. 2009, 10,
765–777. [CrossRef] [PubMed]

76. Mayr, M.I.; Hummer, S.; Bormann, J.; Gruner, T.; Adio, S.; Woehlke, G.; Mayer, T.U. The human kinesin
Kif18A is a motile microtubule depolymerase essential for chromosome congression. Curr. Biol. 2007, 17,
488–498. [CrossRef] [PubMed]

77. Silk, A.D.; Holland, A.J.; Cleveland, D.W. Requirement for NuMA in maintenance and establishment of
mammalian spindle poles. J. Cell Biol. 2009, 184, 677–690. [CrossRef] [PubMed]

78. Kleylein-Sohn, J.; Pollinger, B.; Ohmer, M.; Hofmann, F.; Nigg, E.A.; Hemmings, B.A.; Wartmann, M.
Acentrosomal spindle organization renders cancer cells dependent on the kinesin HSET. J. Cell Sci. 2012, 125,
5391–5402. [CrossRef]

79. Cai, S.; Weaver, L.N.; Ems-McClung, S.C.; Walczak, E. Kinesin-14 Family Proteins HSET/XCTK2 Control
Spindle Length by Cross-Linking and Sliding Microtubules. Mol. Biol. Cell 2009, 20, 1348–1359. [CrossRef]

80. Gordon, M.B.; Howard, L.; Compton, D.A. Chromosome Movement in Mitosis Require Microtubule
Anchorage at Spindle Poles. J. Cell Biol. 2001, 152, 425–434. [CrossRef]

81. Cai, S.; Weaver, L.N.; Ems-McClung, S.C.; Walczak, C.E. Proper Organization of Microtubule Minus-Ends is
needed for Midzone Stability and Cytokinesis. Curr. Biol. 2010, 20, 880–885. [CrossRef]

82. Haren, L.; Gnadt, N.; Wright, M.; Merdes, A. NuMA is required for proper spindle assembly and chromosome
alignment in prometaphase. BMC Res. Notes 2009, 2, 64. [CrossRef] [PubMed]

83. Haren, L.; Andreas -Merdes, A. Direct binding of NuMA to tubulin is mediated by a novel sequence motif in
the tail domain that bundles and stabilizes microtubules. J. Cell Sci. 2002, 115, 1815–1823. [PubMed]

http://dx.doi.org/10.1002/cmdc.201500391
http://www.ncbi.nlm.nih.gov/pubmed/26424664
http://dx.doi.org/10.1038/nature08136
http://www.ncbi.nlm.nih.gov/pubmed/19506557
http://dx.doi.org/10.1126/science.1104905
http://www.ncbi.nlm.nih.gov/pubmed/15637283
http://dx.doi.org/10.1016/j.devcel.2004.09.002
http://dx.doi.org/10.1016/j.ceb.2016.02.016
http://dx.doi.org/10.1038/cdd.2008.47
http://dx.doi.org/10.1158/1078-0432.CCR-10-1178
http://dx.doi.org/10.1083/jcb.200411126
http://dx.doi.org/10.1098/rstb.2013.0467
http://dx.doi.org/10.1038/s41392-019-0042-0
http://dx.doi.org/10.1016/j.tcb.2005.07.006
http://dx.doi.org/10.4161/cc.8.21.9970
http://www.ncbi.nlm.nih.gov/pubmed/19838064
http://dx.doi.org/10.1083/jcb.200505107
http://www.ncbi.nlm.nih.gov/pubmed/16247025
http://dx.doi.org/10.1038/nrm2782
http://www.ncbi.nlm.nih.gov/pubmed/19851335
http://dx.doi.org/10.1016/j.cub.2007.02.036
http://www.ncbi.nlm.nih.gov/pubmed/17346968
http://dx.doi.org/10.1083/jcb.200810091
http://www.ncbi.nlm.nih.gov/pubmed/19255246
http://dx.doi.org/10.1242/jcs.107474
http://dx.doi.org/10.1091/mbc.e08-09-0971
http://dx.doi.org/10.1083/jcb.152.3.425
http://dx.doi.org/10.1016/j.cub.2010.03.067
http://dx.doi.org/10.1186/1756-0500-2-64
http://www.ncbi.nlm.nih.gov/pubmed/19400937
http://www.ncbi.nlm.nih.gov/pubmed/11956313


Cancers 2020, 12, 1628 15 of 15

84. Sukhai, M.A.; Wu, X.; Xuan, Y.; Zhang, T.P.P.; Dubé, K.; Rego, E.M.; Bhaumik, M.; Bailey, D.J.; Wells, R.A.;
Kamel-Reid, S.; et al. Myeloid leukemia with promyelocytic features in transgenic mice expressing
hCG–NuMA–RARα. Oncogene 2004, 23, 665–678. [CrossRef]

85. Zink, D.; Fischer, A.H.; Nickerson, J.A. Nuclear structure in cancer cells. Nat. Rev. Cancer 2004, 4, 677–687.
[CrossRef] [PubMed]

86. Whitehurst, A.; Xie, Y.; Purinton, S.C.; Capell, K.M.; Swanik, J.T.; Larson, B.; Girard, L.; Schorge, J.O.;
White, M.A. Tumor antigen Acrosin binding protein normalizes mitotic spindle function to promote cancer
cell proliferation. Cancer Res. 2010, 70, 7652–7661. [CrossRef]

87. Compton, D.A.; Luo, C. Mutations in the predicted p34cdc2 phosphorylation sites in NuMA impair the
assembly of the mitotic spindle and block mitosis. J. Cell Sci. 1995, 108, 621–633. [PubMed]

88. Chang, W.; Dynek, J.N.; Smith, S. NuMA is a major acceptor of polyADP-ribosylation by tankyrase1 in
mitosis. Biochem. J. 2005, 391, 177–184. [CrossRef]

89. Bhattacharya, N.; Wang, Z.; Davitt, C.; McKenzie, I.F.; Xing, P.X.; Magnuson, N.S. Pim-1 associates with
protein complexes necessary for mitosis. Chromosoma 2002, 111, 80–95. [CrossRef]

90. Haikarainen, T.; Narwal, M.; Joensu, P.; Lehtiö, L. Evaluation and structural basis for the inhibition of
tankyrases by PARP inhibitors. ACS Med. Chem. Lett. 2014, 5, 18–22. [CrossRef]

91. Kirby, C.A.; Cheung, A.; Fazal, A.; Shultz, M.D.; Stam, T. Structure of Human tankyrase1 in complex with
small-molecule inhibitors PJ34 and XAV939. Acta Cryst. 2012, 68, 115–118.

92. Antolín, A.A.; Jalencas, X.; Yelamos, J.; Mestres, J. Identification of Pim Kinases as Novel Targets for PJ34
with Confounding Effects in PARP Biology. ACS Chem. Biol. 2012, 7, 1962–1967. [CrossRef] [PubMed]

93. Haikarainen, T.; Krauss, S.; Lehtiö, L. Tankyrases: Structure, Function and Therapeutic Implications in
Cancer. Curr. Pharm. Des. 2014, 20, 6472–6488. [CrossRef] [PubMed]

94. Paul Chang, P.; Margaret Coughlin, M.; Mitchison, T.J. Tankyrase-1 polymerization of poly(ADP-ribose) is
required for spindle structure and function. Nat. Cell Biol. 2005, 7, 1133–1139.

95. Tian, X.H.; Hou, W.J.; Fang, Y.; Fan, J.; Tong, H.; Bai, S.-L.; Chen, Q.; Xu, H.; Li, Y. XAV939, a tankyrase 1
inhibitior, promotes cell apoptosis in neuroblastoma cell lines by inhibiting Wnt/β-catenin signaling pathway.
J. Exp. Clin. Cancer Res. 2013, 32, 100. [CrossRef]

96. Leber, B.; Maler, B.; Fuchs, F.; Chi, J.; Riffel, P.; Anderhub, S.; Wagner, L.; Ho, A.D.; Salisbury, J.L.; Boutros, M.;
et al. Proteins required for chromosome clustering in cancer cells. Sci. Trans. Med. 2010, 2, 1–11. [CrossRef]

97. Nicolescu, A.C.; Holt, A.; Kandasamy, A.D.; Pacher, P.; Schultz, R. Inhibition of matrix metalloproteinase-2
by PARP inhibitors. Biochim. Biophys. Res. Commun. 2009, 374, 646–650. [CrossRef]

98. Chambers, A.F.; Matrisian, L.M. Changing views on the role of metalloproteinases in metastasis. J. Natl.
Cancer Inst. 1997, 89, 1260–1270. [CrossRef]

99. Deryugina, E.I.; Quigley, J.P. Matrix metalloproteinases and tumor metastasis. Cancer Metastasis Rev. 2006,
25, 9–34. [CrossRef]

100. Stuelten, C.H.; Parent, C.A.; Montell, D.J. Cell motility in cancer invasion and metastasis: Insights from
simple model organisms. Nat. Rev. Cancer 2018, 18, 296–312. [CrossRef]

101. Inbar, D.; Cohen-Armon, M.; Neumann, D. Erythropoietin-driven signaling and cell migration mediated by
polyADP-ribosylation. Br. J. Cancer 2012, 107, 1317–1326. [CrossRef]

102. Rodriguez, M.I.; Peralta-Leal, A.; OValle, F.; Rodriguez-Vagas, J.M.; Gonzales-Flores, A.; Majuelos-Melquizo, J.;
Lopez, L.; Serrano, S.; Garcia de Herreros, A.; Rodrigues-Manzaneque, J.C.; et al. PARP1 regulates metastatic
melanoma through modulation of vimentin–induced malignant transformation. PLoS Genet. 2013, 9,
e1003531. [CrossRef] [PubMed]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.onc.1207073
http://dx.doi.org/10.1038/nrc1430
http://www.ncbi.nlm.nih.gov/pubmed/15343274
http://dx.doi.org/10.1158/0008-5472.CAN-10-0840
http://www.ncbi.nlm.nih.gov/pubmed/7769006
http://dx.doi.org/10.1042/BJ20050885
http://dx.doi.org/10.1007/s00412-002-0192-6
http://dx.doi.org/10.1021/ml400292s
http://dx.doi.org/10.1021/cb300317y
http://www.ncbi.nlm.nih.gov/pubmed/23025350
http://dx.doi.org/10.2174/1381612820666140630101525
http://www.ncbi.nlm.nih.gov/pubmed/24975604
http://dx.doi.org/10.1186/1756-9966-32-100
http://dx.doi.org/10.1126/scitranslmed.3000915
http://dx.doi.org/10.1016/j.bbrc.2009.07.080
http://dx.doi.org/10.1093/jnci/89.17.1260
http://dx.doi.org/10.1007/s10555-006-7886-9
http://dx.doi.org/10.1038/nrc.2018.15
http://dx.doi.org/10.1038/bjc.2012.395
http://dx.doi.org/10.1371/journal.pgen.1003531
http://www.ncbi.nlm.nih.gov/pubmed/23785295
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	PJ34 Efficiently Eradicates a Variety of Human Cancer Cells in Tissue Cultures 
	PJ34 Causes Eradication of Human Cancer Cells in Xenografts 
	The Mechanism of Action of PJ34 in Human Cancer Cells 
	The Potency of PJ34 and Other PARP Inhibitors in Preventing Metastases 
	Conclusions and Future Perspectives 
	References

