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This entry summarizes recent data disclosing the efficacy of the modified phenanthridine 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.

Keywords: Cancer therapy ; NUMA ; HSET ; Kif18A ; PJ34 ; Mitotic catastrophe cell death ; Phenanthridines

| 1. Background

In the last twenty years the modified phenanthridine PJ34 has been known for its activity as a PARP (polyADP-ribose
polymerase) inhibitor 2 (Figure 1). Recently, PARP inhibitors attract the attention of researchers and clinicians due to
their FDA approval for cancer therapy BI4IEIE aithough some of them failed in clinical trials. Unexpectedly, it has been
disclosed that PJ34 that has been originally invented to protect cells from cell death, imposed by pathological stress
conditions, such as ischemia and inflammation &9 has an exceptional cytotoxicity in human cancer cells. Its cytotoxic
activity does not involve PARP inhibition, and most importantly, it does not affect healthy cells ZQILUL2]13][14][15][16][17]
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Figure 1. The chemical structure of PJ34, N-(6-Oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-dimethylamino)acetamide
hydrochloride.

The modified phenanthridine PJ34 is a stable molecule, fairly soluble in water (22 mg/mL), and permeable in the cell
membrane. Unlike other PARP inhibitors, PJ34 exclusively eradicates a variety of human cancer cells, including cancer
cells resistant to current therapy, without affecting proliferating and non-proliferating healthy cells including human
epithelial, mesenchymal and endothelial cells RALLUIA and healthy cells of mouse origin, including mouse embryonic
fibroblasts (MEF), fibroblasts, neurons in the central nervous system and neuronal progenitor stem cells. Its exclusive
cytotoxic activity in a variety of human cancer cells, solid and hematological malignancies and in xenografts is
summarized in a recent review 28],

Incubation with PJ34 completely eradicates within 48 -96 hours a variety of human cancer cells (18). In addition, PJ34
retardes the development of human tumors in mouse xenografts, and most surprisingly, PJ34 exclusively eradicates
cancer cells in developing tumors. About 90% of human pancreas ductal adenocarcinoma, PANC1 cells in tumors
developed in immunocompromised mice (xenografts ) were eradicated 30 days after 14 Intravenous treatments with PJ34
(60 mg/kg). Metastases were not detected. This and other treatments with PJ34 in xenografts did not impair the weight
gain of the mice nor impact their activity and development, which were monitored during the experiments. Moreover,
treatments with PJ34 in combination with other anti-cancer agents enabled reducing their cytotoxic doses, and achieved
efficient treatment of some resistant cancer tumors 18],



Flow cytometry measurements revealed that PJ34 exclusively arrests mitosis in human cancer cells LLL4] Therefore,
the possibility that PJ34 induces mitotic arrest has been tested by testing its effect on the post-translational modification of
all the currently known proteins implicated in mitosis. These proteins were screened in a group of human cancer cells
versus healthy cells, in an attempt to identify different effects of PJ34 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 13l Also, the effect of PJ34 on the
isoelectric point of these proteins in the two groups of cells was compared to the effect of a potent PARP inhibitor, in order
to examine possible involvement of PARP inhibition in the effect of PJ34 [13],

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

This analysis identified only three proteins in the tested cancer cells with isoelectric point significantly shifted by PJ34,
while not affected in healthy cells 2. These proteins included two motor proteins 22, human kinesins 14/HSET/kifC1 and
kif18A, and the non-motor protein NUMA (nuclear mitotic apparatus protein) 2211221231241 pARP inhibition did not exert
any similar effect on these proteins.

HSET/kifC1 has an essential role in the spindle structure of human cancer cells [22[21[22](25]126][271[28] = pjfferences in the
expression and function of HSET in cancer versus healthy cells have been reported 231261271 HSET/KifC1 inhibition or
silencing causes small aberrant spindles in human malignant cells 28],

The kinesin Kifl8A is implicated in microtubules de-polymerization, necessary for the binding of the duplicated
chromosomes to kinetochores in the spindle mid-zone [23],

The third identified protein, NuMA, is essential for mitosis in both malignant and benign cells 2239 A clear-cut difference
has been disclosed by the effect of PJ34 on the post-translational modification of NUMA in the human malignant cells (3]
versus the effect of PJ34 on the post translational modification of NUMA in benign human cells (13). PJ34 did not affect
the isoelectric point of NUMA in healthy epithelial cells 13, while prevented the post translational modification of NUMA in
the tested human cancer cells 231, Concomitantly, the ability of NUMA to bind proteins was lost in the PJ34-treated
malignant cells 23], Moreover, the lost ability of NUMA to bind proteins was accompanied by un-clustering of NUMA in the
spindle poles of malignant cells treated with PJ34, as disclosed by confocal imaging 12! (Figure 2). In contrast, the bi-polar
clustering of NuMA in the mitotic spindles of the healthy benign cells was not affected by the same treatment with PJ34 13!
(Figure 2).

A post-translational modification of NUMA by either polyADP-ribosylation or phosphorylation promotes the binding of
NUMA to proteins [BU[321331[34]35]136] NyMA is phosphorylated by serine-threonine kinase pim1, and NuMA phosphorylation
by serine threonine kinases at a specific site in the protein is crucial for its ability to bind proteins BB, Similarly,
polyADP-ribosylation of NuMA by tankyrasel in cancer cells promotes the ability of NUMA to bind other proteins [,

Pim kinases and tankyrasel are both inhibited by PJ34 at the same concentrations range of PJ34 that causes cell death
in human cancer cells (measured IC50 = 3.7 yM for pim1 inhibition by PJ34, and IC50 = 1 pM for tankyrasel inhibition by
PJ34) [BAIBSISEIST] Fyrthermore, tankyrasel and pim kinases are hardly expressed in healthy somatic cells, while highly
expressed in human cancer cells B8IE7,

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, which are required for the alignment of the chromosomes in the spindle mid-
zone [Z711281[291130] - B|ocking the post-translational modification of NUMA by PJ34 can prevent the clustering of NUMA in the
spindle poles 13!,

Thus, blocking the post translational modification of kinesines HSET and kif18A and the post translational modification of
NuMA can also prevent the construction of spindles in cancer cells by HSET, and the construction of stable spindle poles
by NuMA clustering and the tethering of microtubules in the spindle poles. of chromosomes in the mid-zone to the
kinetochores (L8, Figure 2).
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Figure 2. (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 uM, 27 h) impaired spindle poles (labeled by immunolabelling, 0-tubulin in the centrosomes—red), microtubules
(labeled by immunolabelling—kinesin HSET or by immunolabelling O-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 y-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 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.

The unstable structure of the spindle poles preventing chromosomes arrangement in the midzone 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 283340141 This js exactly the phenomenon observed by confocal imaging in a variety
of human cancer cells treated with PJ34 23], De-clustering of centrosomes observed in multi-centrosomal cancer cells
treated with PJ34 could result from the un-stable aberrant spindle poles 23!, Thus, by preventing the post translation
modification of HSET, kif18A and NuMA in human cancer cells, specific anomalies in their mitotic spindle structure are
inserted (i3] and Figure 2). These results are in consistence with previous findings 221431,



The potency of PJ34 to exclusively eradicate human cancer cells without impairing healthy cells can be attributed to the
anomalies exclusively inserted in the structure of the mitotic spindle of human cancer cells, which arrest mitosis and kills
cancer cell in the pre-anaphase stage by mitotic catastrophe cell death. Therefore, the more frequently cancer cells enter
mitosis, the more efficiently they are eradicated. Thus, despite the permeability of PJ34 in the cell membrane, and despite
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.

| 3. Conclusion

In conclusion, the modified phenanthridine PJ34, which has been invented for PARP inhibition, efficiently eradicates a
variety of human cancer cells by mitotic catastrophe cell death caused by faults in their mitotic spindle.

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.
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