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The post-translational modification of NuMA in cancer cells is a
new target for cancer eradication
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Recent findings identify a cell-death mechanism in human cancer cells, based on the inhibition of the post-translational
modification of NuMA (nuclear mitotic apparatus protein) in cancer cells, which interferes with its protein-binding capacity. NuMA is
an indispensable protein for mitosis in both malignant and healthy cells. However, in this cell-death mechanism, only malignant
cells are eradicated, due to structural faults inserted in the mitotic spindle poles, causing mitosis arrest. Cell death is imposed in the
cancer cells by mitosis arrest, disregarding their mutations.
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NuMA is an abundant nuclear protein, changing its subcellular
localization and activity throughout the cell-cycle [1–4]. The
consensus DNA-binding sites in NuMA and its binding to the cell
membrane and to tubulin, implicate NuMA in diverse processes
[1–4]. In the interphase, NuMA binding to the DNA is implicated in
chromatin organization, including DNA anchorage to the nuclear
matrix in the MARS (matrix attached regions) [1], and in chromatin
modulation exposing DNA regions to transcription or repair [1]. In
the pro-metaphase, the binding of NuMA to tubulin, both directly
and indirectly, via the motor protein dynein, implicates NuMA in the
construction of the mitotic spindle poles [1–3]. NuMA bound to
dynein is also implicated in the binding of NuMA to the cell
membrane, the cortical localization of NuMA [1–4]. NuMA is
manipulated along the cell-cycle between spindle localization and
cortical localization by cyclin-B dependent CDK phosphorylation in
specific domains of NuMA [1–4]. NuMA binding to the cell
membrane following down-regulation of cyclin-B in the anaphase,
is implicated in the separation of the duplicated chromosomes into
two equal sets of chromosomes incorporated in the two ‘daughter
cells’ [1–4]. In the metaphase, NuMA is implicated in the generation
of stable spindle poles [5–7]. This involves the ‘sliding’ of NuMA on
the microtubules towards the spindle poles, and its bi-polar
clustering while binding to proteins in the poles [5–7]. Stable poles
are necessary for the alignment of the duplicated chromosomes in
the spindle mid-zone in the anaphase [1–4, 8, 9]. Once all the
duplicated chromosomes are aligned in the spindle mid-zone with
their kinetochores attached to the microtubules, ubiquitination and
degradation of cyclin- B by the SAC (spindle assembly control)
mechanism leads to NuMA cortical localization and mitosis
completion [10]. Un-attachment of scattered chromosomes to the
microtubules prevents the completion of mitosis by preventing the
ubiquitination of cyclin-B, which causes mitosis arrest in the
anaphase [10]. Cell death follows persistent mitosis arrest [10].
NuMA ‘sliding’ towards the spindle poles is dependent on the

interaction of NuMA with αβ-tubulin, and this depends on the

post-translational modification (PTM) of NuMA by serine-threonine
phosphorylation of p34cdc2 phosphorylation sites in the globular
domain of the carboxy-terminal of NuMA [1, 2, 6, 7]. In addition, in
cancer cells, the protein-binding capacity of NuMA is up-regulated
by polyADP-ribosylation [11–13]. NuMA is polyADP-ribosylated by
the ADP-ribose polymerase, tankyrase1 [11–13]. Tankyrae1 accu-
mulates with NuMA in the spindle poles of cancer cells [11–13].
The binding of proteins in the spindle poles to the ankyrin repeats
of tankyrase1 contributes to their stable structure [11–14].
Recent findings identified an exclusive eradication of cancer

cells treated with the modified phenanthridine PJ34 ([15] and
Table S1 (supplementary data)). PJ34 is generally used for PARP1
inhibition [16]. However, neither PARP1 nor PARP1 inhibition are
implicated in this cell death mechanism [17–22]. Furthermore,
PJ34 eradicates cancer cells at much higher concentrations than
those inhibiting the activity of PARP1 (IC50= 20 nM) [16] (Fig. 1).
The eradication of cancer cells is attributable to the interference

of PJ34 with the PTM of NuMA in cancer cells, which is essential
for NuMA clustering in the spindle poles [15, 18]. PJ34 does not
similarly affect the PTM of NuMA in healthy proliferating cells, and
these cells continue to proliferate in the presence of PJ34 as
untreated cells [18, 20–22].

UNCLUSTERING OF NUMA IN THE SPINDLE POLES
ATTRIBUTED TO PJ34 INTERFERENCE WITH THE PTM OF NUMA
PJ34 eradicates a variety of cancer cells, including cells that are
less responsive to current therapies ([15], Fig. 1). Flow-cytometry
measurements disclosed G2/M arrest preceding cell death in the
PJ34-treated cancer cells [20], while the cell-cycle of PJ34-treated
healthy cells was not affected. Healthy cells included epithelial,
mesenchymal, and endothelial cells [20, 21]. Concomitantly,
structural anomalies were observed in the spindles of cancer cells
treated with PJ34, not necessarily multi-centrosomal cancer cells
[18, 20–22]. Multiple badly-constructed spindle poles were
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observed by confocal imaging in PJ34-treated cancer cells [18].
NuMA and tankyrase1 were dispersed in patches in these spindles
[18]. Extra centrosomes were also dispersed in the spindles of
multi-centrosomal cancer cells [18, 20–22]. Duplicated chromo-
somes were scattered in the spindles of the treated cancer cells
[18, 20–22], and these cells were eradicated within 96 h in cell
cultures [18, 20–22] (Figs. 1, 2).
In one of the attempts to identify the molecular mechanism

underlying this exclusive cell-death in human cancer cells, the
effect of PJ34 on the PTM of proteins that are implicated in mitosis
of cancer cells was measured, and compared to the effect of PJ34
on the PTM of the same proteins in healthy proliferating cells [18].

Changes in the PTM of the proteins in four types of epithelial
cancer cells and healthy epithelial cells were measured by the shift
in their isoelectric point in 2-D gel electrophoresis [18]. The
examined malignant epithelial cells included pancreas ductal
adenocarcinoma PANC1, breast triple-negative epithelial adeno-
carcinoma MDA-MB-231, lung alveolar basal epithelial cells A549,
and neuro-epithelial cancer cells, glioblastoma U87 [18].
Out of thirty tested proteins, we identified substantial changes

in the isoelectric point of only three proteins in the PJ34-treated
epithelial malignant cells versus their isoelectric point in healthy
epithelial cells treated with PJ34 [18]. Their isoelectric point was
shifted towards higher pH values [18]. These proteins included

Fig. 1 PJ34 eradicates human malignant epithelial cells. An exclusive eradication of the indicated human malignant epithelial cells, treated
with PJ34 (96 h) at the indicated concentrations. Benign human epithelial cells are not impaired. From ref. [19].

Fig. 2 Dispersion of NuMA and duplicated chromosomes in mitotic spindles of multi-centrosomal cancer cells. Left panel: A schematic
presentation of a normal spindle of an untreated cancer cell in mitosis (control), and an aberrant spindle of PJ34-treated cancer cell. In the
treated cancer cell, un-clustered NuMA in the spindle poles, dispersed centrosomes and dispersed duplicated chromosomes, leading to
activation of the spindle assembly control (SAC) mechanism, mitosis arrest and cell death. Microtubules (green), centrosomes (red), NuMA
(purple) and duplicated chromosomes (blue) are displayed. Right panel: multi-centrosomal MDA-MB-231 cells. Untreated cell (control): A
confocal image of clustered centrosomes (immune-labeled, red) in the pole of a well-constructed spindle, and chromosomes aligned in the
spindle mid-zone (DAPI-labeling, blue). PJ34 treated cells: confocal images of aberrant spindle poles with scattered chromosomes (DAPI-
labeling, blue) un-aligned in the spindle mid-zone, and dispersed centrosomes (immuno-labeled, red). Microtubules are labeled by Immuno-
labeled α-tubulin (green). From: [15] and [18].
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two kinesins, HSET/kifC1 [23, 24] and kif18A [25], and NuMA [1–4].
These proteins are implicated in the construction of the mitotic
spindle. The kinesin HSET/kifC1 is mainly implicated in the
construction of the microtubules from building blocks of α-and
β-tubulin polymers [23]. The kinesin kif18A is mainly implicated in
the binding of microtubules to the duplicated chromosomes in
the spindle mid-zone [25]. The bipolar clustering of NuMA is
implicated in the construction and stabilization of the spindle
poles [1–3, 6, 8, 9]. The stability of the poles is essential for a stable
spindle structure and for the alignment of the duplicated
chromosomes in the spindle mid-zone [8, 9]. Kinesins HSET/kifC1
and kif18A have already been examined for their possible role in
cancer therapy [26], while to the best of our knowledge, NuMA
clustering in the spindle poles has not been examined before as a
target for cancer cells’ eradication.
The bi-polar clustering of NuMA depends on NuMA interaction

with αβ-tubulin [1–3, 5–8, 18], and on the binding of NuMA to
proteins in the spindle poles [11–13]. Thus, evidence indicating
the dependence of the protein-binding capacity of NuMA on its
PTM [7, 11, 18] raised the idea of a possible interference with the
PTM of NuMA, preventing the alignment of the duplicated
chromosomes in the spindle mid-zone [18].
In cancer cells treated with PJ34, NuMA was not clustered in the

spindle poles, and NuMA dispersion was accompanied by
scattered duplicated chromosomes in the anaphase [18, 22] (Fig.
2). Also, supernumerary centrosomes were dispersed in the
spindles of multi-centrosomal cancer cells treated with PJ34
[18, 20, 22]. Dispersed extra-centrosomes co-localized with
dispersed tankyrase1 in PJ34-treated multi-centrosomal cancer
cells, suggesting a causal relation between NuMA unclustering in
the poles and dispersed extra-centrosomes in poorly constructed
multi-polar spindles [18]. None of these structural anomalies was
observed in the spindles of PJ34-treated healthy epithelial cells
[18, 22].
Cancer cells were eradicated in xenografts as well [18, 27]. A

daily intravenous application of PJ34 (50 mg/kg) during 15 days
reduced about 90% of PANC1 cells in tumors developed in nude
mice, as measured by immuno-histochemistry, 30 days after the
treatment with PJ34 was terminated [27]. In contrast, fibroblasts in
the mouse origin stroma of the developed PANC1 tumors were
not eradicated [27]. The same treatment with PJ34 significantly
attenuated tumor growth in nude mice implanted with triple-
negative breast cancer cells MDA-MB-232 [18]. PJ34 did not cause
any visible adverse effects in the treated mice, and their weight
gain was not impaired [27]. In addition, mutations in patients’
derived pancreatic cancer cells [27] and mutations in triple
negative breast cancer cells [28] did not affect their eradication by
PJ34 [27, 28].
In the PJ34-treated cancer cells, the unclustering of NuMA in

spindle poles was accompanied by the interference of PJ34 with
NuMA binding to α-tubulin and to kinesins HSET/KifC1 and Kif18A
that interact with αβ-tubulin [18]. In addition, PJ34 inhibits the
polyADP-ribosylation of NuMA by inhibiting the activity of
tankyrase1 [18]. These observations outline a mechanism in which
inhibition of the post-translational modifications of NuMA
interferes with the protein binding capacity of NuMA, including
interference with NuMA sliding on αβ-tubulin towards the spindle
poles, and interference with NuMA binding to proteins in the
spindle poles [7, 11, 12, 18].
The isoelectric point of NuMA in PJ34-treated epithelial cancer

cells was shifted towards higher pH values, in accordance with the
prevention of phosphorylation and polyADP-ribosylation of NuMA,
causing covalent modifications adding negative charges to
modified NuMA [18]. In cancer cells, NuMA is phosphorylated by
the serine-threonine kinase pim1 [29–31]. Pim kinases are hardly
expressed in healthy cells, while their expression is extensively
upregulated in human malignant cells [31]. PJ34 inhibits pim1
kinase (IC50= 3.7 μM) [32]. PJ34 also inhibits the ADP-ribose donor

of NuMA, tankyrase1 (IC50= 1. μM, [33]), and tankyrase1 is not
expressed in human healthy somatic cells [11–14]. Thus, PJ34
inhibits both tankyrase1 and pim1 kinase, in the range of
concentrations inhibiting the PTM of NuMA in cancer cells [18]
and eradicates human cancer cells ([18], Fig. 1). This inhibition of
the PTM of NuMA could interfere with the assembly of duplicated
chromosomes in the spindle mid-zone by preventing the bi-polar
clustering of NuMA and tankyrase1 in spindles of PJ34-treated
cancer cells [5–9, 11–14]. The resulting unalignment of the
duplicated chromosomes in the spindle mid-zone [8, 9, 18]
activates the SAC mechanism, which arrests abnormal mitosis
before completion in the anaphase by preventing the ubiquitina-
tion of cyclin-B [10]. Its expression, as long as mitosis is not
completed, results in a persistent activation of cyclin-B-dependent
CDK, promoting CDK-catalyzed phosphorylation of several target
proteins, including Bcl proteins in the mitochondria [10].
Phosphorylation of Bcl proteins turns the mitochondrial mem-
brane leaky to cytochrome-c [10]. Cytochrome-c release, causing
cell death [34], may underlie the eradication of PJ34-treated
cancer cells during mitosis arrest [18, 22]. Thus, this cell-death
mechanism is induced by an exclusive interference with the PTM
of NuMA in cancer cells, inhibiting NuMA polyADP-ribosylation
and NuMA phosphorylation by pim1 kinase [18]. This mechanism
can cause cell death by mitosis arrest in malignant cells, while
mitosis in healthy cells is not impaired [18, 20–22].
Cancer treatments based on cell death during mitosis (Mitotic

Catastrophe cell death) have been examined before [35]. Out of
several examined mechanisms, only microtubule-targeting inhibi-
tors, taxol and vinca alkaloids, are currently used for cancer
therapy, despite their side effects on both healthy proliferating
and quiescent cells [35]. Thus, identifying an exclusive eradication
of cancer cells during mitosis, which saves the proliferation of
healthy cells, could lead to the development of a new cancer
therapy. The small molecule PJ34 has many virtues [15, 18].
However, the development of more potent inhibitors targeting
the PTM of NuMA in cancer cells might help in translating this cell
death mechanism into an effective cancer therapy.
In conclusion, the exclusive PTM of NuMA in cancer cells by

polyADP-ribosylation and by Pim1 phosphorylation unveils a new
target for the eradication of cancer cells, exploiting the
dependence of the bipolar clustering of NuMA in mitotic spindles
on its PTM. NuMA bipolar clustering has a major role in the
construction of stable spindle poles required for the alignment of
the duplicated chromosomes in the spindle mid-zone. Scattered
duplicated chromosomes cause mitosis arrest and Mitotic
Catastrophe cell death in the anaphase. Thus, molecules
exclusively interfering with the PTM of NuMA in cancer cells can
kill cancer cells while retaining the proliferation of healthy cells.
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