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Abstract: The MET oncogene encodes a tyrosine kinase (TK) receptor. Its activation protects cells
from death but also stimulates DNA damage response by triggering excess replicative stress. Tran-
scriptomic classification of cancer cell lines based on MET expression showed that response to the
PARP inhibitor (PARPi) olaparib is poorer in MET overexpressing cell lines. Accordingly, a high MET
expressing lung carcinoma cell line was sensitized to PARPi by MET TK inhibition. This was not
linked solely to MET overexpression: other MET overexpressing cell lines were biochemically but not
functionally responsive to combined inhibition. Moreover, exogenously induced MET overexpression
was unable to induce resistance to PARPi. The MET overexpressing cell line, responsive to the
combined PARP and MET inhibition, carried a heterozygous mutation of the ATM gene and showed
an attenuated response of ATM to PARPi. Among the downstream targets of ATM activation, NuMA
was phosphorylated only in response to the combined PARP and MET inhibition. Given the role
played by NuMA in mitosis, data show that the latter is affected by MET and PARP inhibition in cells
with haploinsufficient ATM. This is important as ATM heterozygous mutation is frequently found in
human cancer and in lung carcinomas in particular.
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1. Introduction

The treatment of cancer has changed dramatically over the last decade, driven by
increased understanding of the cancer genome, leading to the development of targeted
agents. Among the most successful targeted drugs, inhibitors of the poly-ADP-polymerase
(PARPi) are approved for the treatment of tumors harboring defects of genes involved in
repairing DNA double-strand breaks [1]. First, seminal papers introduced the concept that
PARP inhibitors have synthetic lethal interaction in homologous recombination defective
tumors [2,3], such as ovarian and breast cancer carrying defects of the BRCA1/2 genes.
Then, given the encouraging clinical results obtained with PARPi in BRCA1/2 deficient
cancers, several studies were undertaken to identify other proteins whose defects might
confer PARPi sensitivity (for a review, see [4]). Among mutated genes potentially con-
ferring susceptibility to PARPi, proteins directly involved in homologous recombination
repair [5], as well as those involved in sensing DNA damage, have been associated with
PARPi response/resistance [4]. Examples are REV7, RINN1/2/3, MRE11 and EZH2 (for
reviews, see [4,6]). Among the latter, ataxia telangiectasia mutated (ATM) is a DNA damage
checkpoint also able to indirectly activate homologous recombination repair [7] and/or to
counter toxic non-homologous end-joining (NHEJ) at broken replication forks [8]. ATM
is a serine-threonine kinase at the apex of a cascade responsible for global orchestration
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of cellular responses (for a review, see [9]). In ATM proficient cells, irradiation results in
the phosphorylation of consensus sites recognized by ATM and ATR encompassing over
700 proteins [10]. Homozygous or compound heterozygous germline ATM mutation causes
ataxia-telangiectasia, an autosomal recessive multisystem disorder presenting in childhood
with progressive cerebellar ataxia, oculocutaneous telangiectasia, immune deficiency, ra-
diosensitivity, and cancer predisposition [11]. In human sporadic cancers, somatic ATM
aberrations have been frequently found using next-generation sequencing [12]. COSMIC
reports ATM point mutations in 1% to 10% of lung, endometrial, kidney, liver, esophageal,
ovarian, salivary gland, gastric, thyroid and urinary tract cancers. Excluding variants of un-
known significance, 167 distinct, possibly functional, somatic mutations in ATM have been
observed in a broad range of malignancies, and are associated with loss of heterozygosity
in approximately 20% of cases (for a review, see [13]).

DNA damage response (DDR) is also impacted by signaling of growth factor tyrosine
kinase receptors (TKRs). Several oncogenes activated in cancer lead to DDR activation as a
consequence of excess replicative stress, which may result in genomic instability and alter-
ations in checkpoint and repair mechanisms [14]. Contrarily, activation of oncogenic TKRs
has been associated with resistance to genotoxic stress (see e.g., [15,16]), as it protects cells
from DNA damage via different downstream signaling pathways. Remarkable advances
have been made over the last two decades in the discovery and clinical development of
a wide range of molecular entities targeting TKRs (for a review, see [17]). Among them,
monoclonal antibodies such as Trastuzumab targeting HER2 for the treatment of breast
cancer and TK small molecule inhibitors such as Gefitinib and Erlotinib targeting the epi-
dermal growth factor receptor (EGFR) for the treatment of lung cancer have shown their
clinical efficacy.

One such TKR possibly involved in the DDR is the hepatocyte growth factor (HGF)
receptor, encoded by the MET oncogene. This oncogene was named after its isolation as
an oncogenic gene from an osteosarcoma cell line transformed in vitro by the chemical
carcinogen methyl-nitro-nitroso-guanidine (MNNG) [18] and found deregulated and/or
activated in a variety of human tumor types and serves as an oncogenic target (for a review,
see [19]). Phosphoproteomic analysis of MET overexpressing cells after irradiation and
treatment with METi revealed the modulation of several substrates of the DDR [20]. In
line with these observations, MET inhibition was shown to sensitize glioblastoma cells
to irradiation (IR) [21]. Cooperation of MET inhibitors with PARPi has been reported in
breast cancer cell lines exposed to hypoxia that resulted in MET activation [22] and nuclear
transport [23] where it could phosphorylate PARP1 directly.

The aim of this work was to find a way to enlarge the spectrum of applications of
approved drugs in the treatment of highly aggressive human cancers. Using in silico and
in vitro experimental approaches, including functional assays and protein analyses, we
show PARPi effectiveness in cells with heterozygous ATM aberration in combination with
low doses of MET inhibitors. This work is novel and has clinical impact as low and thus
manageable doses of these inhibitors in combination treatments have not been studied.
In addition, we demonstrate a new mechanism for explaining the effectiveness of this
drug combination.

2. Results
2.1. MET Overexpressing Cells Are Made Susceptible to PARPi by MET Inhibition

We interrogated MET gene expression and susceptibility to the PARPi olaparib in
547 cancer cell lines reported in the Cancer Cell Line Encyclopedia (CCLE) project
database [24], available through the tools for CCLE Data Visualization and Analysis
DepMap portal (https://depmap.org/portal (accessed on 17 May 2022)). Data on ola-
parib susceptibility were available for 200/547 cell lines. We found that cancer cell lines
overexpressing the MET oncogene were less sensitive to olaparib than cell lines not express-
ing or showing lower levels of MET expression (Figure 1).

https://depmap.org/portal
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Figure 1. Susceptibility of a panel of 200 cancer cell lines to olaparib shown as box-plots. Log2 fold 
change of olaparib treated versus untreated cells is shown on the Y axis. Cell lines were subclassified 
based on MET expression according to RNAseq measured as log2 TPM+1 (transcript per kilobase 
million, +1). MET high: cell lines showing a level of expression greater than 6 log2(TPM+1). MET 
low: cell lines showing a level of expression lower than 4 log2(TPM+1). The difference between the 
two experimental groups was statistically significant (p = 0.001); T-test was performed using 
GraphPad Prism7 software. 

Therefore, we aimed at verifying in preclinical experiments if MET overexpressing 
cells might be sensitized to olaparib by MET inhibition. We used the following cell lines 
that show the highest levels of MET expression [25]: EBC-1 cells established from a lung 
carcinoma and GTL16 cells established from a liver metastasis of gastric adenocarcinoma, 
both carrying MET amplification, and the Hs746T established from a muscle metastasis of 
gastric adenocarcinoma, harboring also MET mutation. As expected, these cells showed 
constitutive activation of the MET receptor (Figure 2A) and are the most sensitive to the 
highly selective MET kinase inhibitor JNJ-38877605 (hereafter referred to as JNJ) in the list 
of 923 cell lines reported in the Genomics of Drug Sensitivity in Cancer (GDSC) database 
(www.cancerRxgene.org), a public resource for information on drug sensitivity in cancer 
cells and molecular markers of drug response [26]. In this database, the IC50 values for JNJ 
are as follows: EBC-1, 4.96 μM; Hs746T, 0.65 μM; and MKN45, 1 μM. Figures 2B–D show 
that these cell lines are not intrinsically susceptible to olaparib, as they all displayed a GR50 
(normalized growth rate) [27] similar to that of lines described as olaparib resistant [28,29]. 
Our data are in line with the IC50 for olaparib reported in GDSC1, as follows: EBC-1, 45.27 
μM; Hs746T, 52.16 μM; and MKN45, 111.44 μM. We then treated cells with olaparib in 
combination with low doses of JNJ (10 nM, i.e., 100 times lower than the IC50 mentioned 
above). The EBC-1 cells (Figure 2B), but not the GTL16 and Hs746T cells (Figure 2C,D), 
were more susceptible to olaparib. Notably, the JNJ dose able to sensitize EBC-1 cells to 
olaparib did not fully abrogate the constitutive MET TK phosphorylation at tyrosines 
1234–1235, which is a proxy of the receptor constitutive activation (Figure 2A). We tested 
likewise the EGFR inhibitor gefitinib, as EGFR TK is also known to protect cells from gen-
otoxic stress ([15]). The IC50 values for gefitinib reported in GDSC1 are as follows: EBC-1, 
66.31 μM; Hs746T, 41.93 μM; MKN45, 75.09 μM. As shown in Figure 2B–D, none of these 

Figure 1. Susceptibility of a panel of 200 cancer cell lines to olaparib shown as box-plots. Log2 fold
change of olaparib treated versus untreated cells is shown on the Y axis. Cell lines were subclassified
based on MET expression according to RNAseq measured as log2 TPM+1 (transcript per kilobase
million, +1). MET high: cell lines showing a level of expression greater than 6 log2(TPM+1). MET
low: cell lines showing a level of expression lower than 4 log2(TPM+1). The difference between
the two experimental groups was statistically significant (p = 0.001); T-test was performed using
GraphPad Prism7 software.

Therefore, we aimed at verifying in preclinical experiments if MET overexpressing
cells might be sensitized to olaparib by MET inhibition. We used the following cell lines
that show the highest levels of MET expression [25]: EBC-1 cells established from a lung
carcinoma and GTL16 cells established from a liver metastasis of gastric adenocarcinoma,
both carrying MET amplification, and the Hs746T established from a muscle metastasis of
gastric adenocarcinoma, harboring also MET mutation. As expected, these cells showed
constitutive activation of the MET receptor (Figure 2A) and are the most sensitive to the
highly selective MET kinase inhibitor JNJ-38877605 (hereafter referred to as JNJ) in the list
of 923 cell lines reported in the Genomics of Drug Sensitivity in Cancer (GDSC) database
(www.cancerRxgene.org (accessed on 17 May 2022)), a public resource for information
on drug sensitivity in cancer cells and molecular markers of drug response [26]. In this
database, the IC50 values for JNJ are as follows: EBC-1, 4.96 µM; Hs746T, 0.65 µM; and
MKN45, 1 µM. Figure 2B–D show that these cell lines are not intrinsically susceptible
to olaparib, as they all displayed a GR50 (normalized growth rate) [27] similar to that
of lines described as olaparib resistant [28,29]. Our data are in line with the IC50 for
olaparib reported in GDSC1, as follows: EBC-1, 45.27 µM; Hs746T, 52.16 µM; and MKN45,
111.44 µM. We then treated cells with olaparib in combination with low doses of JNJ (10 nM,
i.e., 100 times lower than the IC50 mentioned above). The EBC-1 cells (Figure 2B), but not
the GTL16 and Hs746T cells (Figure 2C,D), were more susceptible to olaparib. Notably, the
JNJ dose able to sensitize EBC-1 cells to olaparib did not fully abrogate the constitutive MET
TK phosphorylation at tyrosines 1234–1235, which is a proxy of the receptor constitutive
activation (Figure 2A). We tested likewise the EGFR inhibitor gefitinib, as EGFR TK is also
known to protect cells from genotoxic stress ([15]). The IC50 values for gefitinib reported
in GDSC1 are as follows: EBC-1, 66.31 µM; Hs746T, 41.93 µM; MKN45, 75.09 µM. As
shown in Figure 2B–D, none of these cell lines was affected by the combination of gefitinib
and olaparib.

www.cancerRxgene.org
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treated with PARPi olaparib and either MET inhibitor JNJ-38877605 (10 nM) or EGFR inhibitor ge-
fitinib (0.5 μM), evaluated using a 5-day crystal violet assay. Normalized growth rate (GR value) 
inhibition metrics have been used that take into account cell division rates across the cell lines. The 
sign of GR values relates directly to response phenotype: positive for partial growth inhibition, zero 
for complete cytostatic effect and negative for cytotoxicity. In B-D, the EBC-1 (B), GTL-16 (C) and 
Hs746T (D) cell growth rates after treatment with the indicated concentration of olaparib in combi-
nation with either JNJ or gefitinib. 

To further assess the possible translational impact of the cooperation between PARPi 
and METi, we tested this combination in a panel of ovarian cancer cell lines, using PARP 
inhibitors approved for the treatment of human epithelial ovarian carcinomas (EOC) that 
represent a fraction of susceptible ovarian carcinomas [30]. Susceptibility to PARPi was 
tested in the following BRCA1/2 mutated EOC cell lines: UWB1.289 (homozygous 
p.2594delC BRCA1), IGROV1 (heterozygous frameshift deletion of BRCA1 and missense 
mutation of BRCA2), OVCAR8 (BRCA1 gene methylated), COV362 (splice site mutation 
in BRCA1) and, as a control, the BRCA1/2 fully proficient A2780 cell line. These cell lines 
showed differential susceptibility to PARP inhibitors (olaparib, veliparib, rucaparib and 
niraparib, Supplementary Figure S1), in agreement with previous reports [28,29] that 
showed that not all BRCA1/2 mutated lines are sensitive to PARP inhibition. Notably, in 
agreement with previously published data [31], the UWB1.289 cells showed the highest 
susceptibility to all of the PARP inhibitors tested (Supplementary Figures S1 and S3C). 

Expression of the MET receptor was detected in all ovarian cancer cell lines except 
A2780 (Figure 3A). UWB1.289 and IGROV1 also showed a basal level of MET phosphor-
ylation at tyrosines 1234–1235 in the absence of the added specific ligand HGF and irre-
spective of the level of MET protein expression (Figure 3A). These phospho sites represent 
established markers of activation of the MET receptor. However, we found that this acti-
vation was not indicative of susceptibility to MET inhibition: cells showing a basal consti-

Figure 2. Growth rate of MET overexpressing cells (EBC-1, GTL16 and Hs746T) treated with the
PARPi olaparib and either MET inhibitor JNJ-38877605 or EGFR inhibitor gefitinib. (A) Expression and
phosphorylation status of the p145 MET receptor subunit in response to the indicated concentration
of the inhibitor JNJ-38877605 (JNJ). (B–D) Growth rate (GR) of MET overexpressing cells treated
with PARPi olaparib and either MET inhibitor JNJ-38877605 (10 nM) or EGFR inhibitor gefitinib
(0.5 µM), evaluated using a 5-day crystal violet assay. Normalized growth rate (GR value) inhibition
metrics have been used that take into account cell division rates across the cell lines. The sign of GR
values relates directly to response phenotype: positive for partial growth inhibition, zero for complete
cytostatic effect and negative for cytotoxicity. In B-D, the EBC-1 (B), GTL-16 (C) and Hs746T (D) cell
growth rates after treatment with the indicated concentration of olaparib in combination with either
JNJ or gefitinib.

To further assess the possible translational impact of the cooperation between PARPi
and METi, we tested this combination in a panel of ovarian cancer cell lines, using PARP in-
hibitors approved for the treatment of human epithelial ovarian carcinomas (EOC) that rep-
resent a fraction of susceptible ovarian carcinomas [30]. Susceptibility to PARPi was tested
in the following BRCA1/2 mutated EOC cell lines: UWB1.289 (homozygous p.2594delC
BRCA1), IGROV1 (heterozygous frameshift deletion of BRCA1 and missense mutation of
BRCA2), OVCAR8 (BRCA1 gene methylated), COV362 (splice site mutation in BRCA1)
and, as a control, the BRCA1/2 fully proficient A2780 cell line. These cell lines showed
differential susceptibility to PARP inhibitors (olaparib, veliparib, rucaparib and niraparib,
Supplementary Figure S1), in agreement with previous reports [28,29] that showed that not
all BRCA1/2 mutated lines are sensitive to PARP inhibition. Notably, in agreement with
previously published data [31], the UWB1.289 cells showed the highest susceptibility to all
of the PARP inhibitors tested (Supplementary Figure S1).

Expression of the MET receptor was detected in all ovarian cancer cell lines except
A2780 (Figure 3A). UWB1.289 and IGROV1 also showed a basal level of MET phosphoryla-
tion at tyrosines 1234–1235 in the absence of the added specific ligand HGF and irrespective
of the level of MET protein expression (Figure 3A). These phospho sites represent estab-
lished markers of activation of the MET receptor. However, we found that this activation
was not indicative of susceptibility to MET inhibition: cells showing a basal constitutive
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MET activation were neither per se affected by JNJ (Figure 3B) nor showed a significantly
increased susceptibility to olaparib when administered in combination with JNJ (Figure 3D).
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2.2. Exogenous MET Activation Is Not Sufficient to Convert PARPi Susceptible Cells to Be Re-
sistant 

We tested whether an increased level of MET expression, resulting in further MET 
activation, could impair ovarian cancer cell response to PARPi. Using lentiviral vectors, 
we transduced the most PARPi responsive UWB1.289 EOC cells to overexpress the wild-
type MET receptor (Figure 4A). Exogenously induced MET overexpression resulted in 
increased constitutive activation, in the absence of the ligand, and in biochemical suscep-
tibility to JNJ (Figure 4A). However, MET overexpression was not associated with either 

Figure 3. Growth rate of ovarian cancer cell lines treated with the PARP inhibitor olaparib with or
without the MET inhibitor JNJ-38877605 (JNJ), evaluated using a 5-day crystal violet assay. Normal-
ized growth rate (GR value) inhibition metrics have been used as described in the legend to Figure 2.
(A) Expression (p145) and phosphorylation status (P-p145) of the 145 kDa MET receptor subunit in
the ovarian cancer cell lines listed on the top. β tubulin was used as loading control. (B) Growth rate
of the UWB1.289, IGROV1 and A2780 cells treated with the indicated µM concentration of the MET
inhibitor JNJ-38877605 (JNJ). (C) Growth rate of the UWB1.289, IGROV1 and A2780 cells treated with
the indicated µM concentration of olaparib. (D) Growth rate of the UWB1.289, IGROV1 and A2780
cells treated with the indicated µM concentration of olaparib with or without the MET inhibitor JNJ
(10 nM).

2.2. Exogenous MET Activation Is Not Sufficient to Convert PARPi Susceptible Cells to
Be Resistant

We tested whether an increased level of MET expression, resulting in further MET
activation, could impair ovarian cancer cell response to PARPi. Using lentiviral vectors, we
transduced the most PARPi responsive UWB1.289 EOC cells to overexpress the wild-type
MET receptor (Figure 4A). Exogenously induced MET overexpression resulted in increased
constitutive activation, in the absence of the ligand, and in biochemical susceptibility to
JNJ (Figure 4A). However, MET overexpression was not associated with either increased
functional susceptibility to JNJ (Figure 4B) or increased resistance to PARP inhibitors
olaparib and rucaparib (Figure 4C,D).

Altogether, these data show that the exogenously induced MET activation was not, on
its own, sufficient to make PARPi-susceptible cells resistant to PARP inhibition.
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Figure 4. Growth rate of UWB1.289 cells transduced to overexpress the MET receptor (UWB_MET),
treated with PARP inhibitors with or without the MET inhibitor JNJ-38877605 (JNJ), evaluated using
a 5-day crystal violet assay. Normalized growth rate (GR value) inhibition metrics have been used as
described in the legend to Figure 2. (A) Expression (p145) and phosphorylation status (P-p145) of the
145 kDa MET receptor subunit in response to the indicated µM concentration of the inhibitor JNJ-
38877605 (JNJ). On the left, un-transduced UWB1.289 cells; on the right, UWB1.289 cells transduced
with the wild-type MET transgene (UWB_MET) to overexpress the receptor. β tubulin was used
as loading control. (B) Growth rate of the UWB1.289 and UWB_MET cells treated with the MET
inhibitor JNJ (2 µM). (C,D) Growth rate of the UWB1.289 and UWB_MET cells treated with either
the PARP inhibitor olaparib (C) or rucaparib (D) at the indicated concentrations with or without the
MET inhibitor JNJ (2 µM).

2.3. In MET Overexpressing Cells with ATM Mutation, Combined PARP and MET Inhibition
Affects a Downstream Cascade Leading to the Phosphorylation of the Nuclear Mitotic Apparatus
(NuMA) Protein

As PARPi and METi cooperation in triple negative breast cancer cells has been pre-
viously described and reported as dependent on both proteins’ localization within cell
nuclei [22] where the two proteins might interact, leading to PARP1 phosphorylation, we
assessed PARP1 and MET localization in the above-listed MET overexpressing cell lines.
As shown in Supplementary Figure S2, PARP1 and MET were respectively located in the
nuclei and at the cell membrane, and were never found in the same cellular compartment.

To understand the mechanism of the distinctive response of EBC-1 cells to the com-
bined PARPi and METi treatment, we compared their genomic profiles to those of the
non-responsive cell lines and found that EBC-1 cells carry a heterozygous mutation of the
ATM gene.

As reported above (Figure 2B), this genetic alteration in EBC-1 cells was not sufficient
per se to make these cells responsive to olaparib. In agreement, Figures 5 and 6B show
that olaparib treatment was able to induce ATM phosphorylation in EBC-1 cells only at
higher concentrations and at a later timepoint than those reported to be necessary for ATM
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activation by olaparib in non-ATM mutated cells [32,33]. The addition of JNJ to olaparib did
not further increase the phosphorylation of ATM in response to olaparib alone (Figure 6B).
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Figure 6. Molecules affected after treatment of the EBC-1 cells with olaparib and JNJ at the indicated
concentrations and after the indicated times. (A) IPA allowed identifying molecules potentially
affected in response to MET and PARP inhibition. (B) Western blot analysis of expression and/or
phosphorylation of the indicated proteins after cell treatment at the indicated concentrations of
olaparib with or without JNJ (100 nM). Proteins examined are: ATM, CHK2 (checkpoint kinase 2), the
nuclear mitotic apparatus (NuMA) protein, MET and the Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) used as loading control.

We then asked which mechanism might affect cell proliferation upon treatment with
the combination of olaparib and JNJ. We used an unbiased approach to discover connections
among molecules associated with cell response to either olaparib or JNJ. Ingenuity Pathway
Analysis (IPA, Figure 6A) showed that the pathway from one inhibitor to the other involves
ATM. It is known that ATM phosphorylates hundreds of substrates [10], although it is
unclear which of these is functionally important. Moreover, ATM phosphorylates and
activates other protein kinases that phosphorylate yet more substrates, meaning that ATM-
dependent signaling events are not just restricted to factors directly phosphorylated by
ATM. Interestingly, the unbiased IPA analysis resulted in connecting olaparib and JNJ
cellular response through the ATM substrate CHECK2 and the nuclear mitotic apparatus
(NuMA) protein. As shown in Figure 6B, we have confirmed that CHECK2 phosphorylation
was associated with ATM activation after prolonged treatment with olaparib alone and also
when combined with JNJ. Interestingly, NuMA was observed to be phosphorylated only in
cells treated with the combination of olaparib and JNJ (Figure 6B).
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3. Discussion

After the initial biological and subsequent clinical demonstration of the effectiveness
of PARPi in cells with BRCA1/2 defects, other biomarkers of response to PARPi have been
sought to select potentially responsive tumors (for a review, see [4]). We show here that
heterozygous somatic ATM mutation alone is not sufficient to make cells susceptible to
PARPi, but that heterozygous ATM mutation, leading to attenuated ATM activation by
PARPi, makes cells more susceptible to the combined inhibition of PARP and MET tyrosine
kinase. Indeed, ATM signaling attenuation has been reported to sensitize cells to DNA
damaging agents, such as chemotherapeutics [34]. Moreover, lung cancer cells carrying
ATM mutation and wild-type RAS and BRAF, such as EBC-1, display a strong dependency
on MEK linked to the ATM heterozygous mutation [35].

As mentioned above, ATM is one of the most common genes that is somatically
mutated in cancer, in particular in lung adenocarcinomas [13]. Germline heterozygous
variants of ATM have been associated with lung cancer susceptibility and onset [36]. While
ATM heterozygous knockout mice with 50% loss of Atm protein did not show a pronounced
DNA repair phenotype [37], and ATM null mice were viable, mice with kinase dead ATM
died before birth [38]. Although neither observation in mice can directly be transferred to
the interpretation of somatic mutations in human cancer, this reinforces the concept that the
absence of a protein does not equal the presence of a defective counterpart. ATM protein
might be such an example: resting ATM forms a homodimer, and heterozygous mutations
might exert dominant negative effects by interfering with the dissociation and activation
associated with autophosphorylation [39].

ATM haploinsufficiency is the feature that make cells overexpressing MET susceptible
to the combined treatment even at low doses of the small molecule METi. Data shown here
confirm that MET expression and activation are not sufficient to make MET overexpressing
cells, such as ovarian cancer cells, susceptible to METi or to the combined treatment, in line
with the report that no synergistic effects of the combined treatment with PARPi and METi
were found in cell lines with BRCA1 or BRCA2 deficiency [40]. This agrees also with the
recent report that increased MET protein expression was found in primary cultures of PARPi
resistant high-grade serous ovarian carcinomas [41]. Again, in line with data reported
here, it has been recently shown that in cellular models of castration-resistant prostate
cancer, MET inhibition enhances the efficacy of PARPi by suppressing the ATM/ATR and
PI3K/AKT pathways [42].

We unveiled the mechanism of the efficacy of this combined PARPi and METi treat-
ment, which relies on the failure of kinase activation triggered by ATM. We show here
that in cells carrying heterozygous somatic ATM mutation, ATM activation by PARP1
inhibition requires higher doses and longer treatment with PARPi than those necessary for
ATM phosphorylation in ATM proficient cells [32,33]. We also found that prolonged and
stronger treatments were required for the substrate CHK2 phosphorylation to be observed.
The mechanism by which olaparib affects the phosphorylation status of ATM and other
molecules is still a conundrum. It is well known that olaparib causes DNA damage and
that DDR results in ATM phosphorylation. On the other hand, it is not clear which DNA
damage caused by olaparib is directly eliciting ATM phosphorylation. Indeed, PARP1
protein was initially identified for its role in the detection and repair of single-strand DNA
breaks, but subsequent evidence suggested that PARP1 may also have a role in alternative
DNA repair pathways, including nucleotide excision repair, nonhomologous end joining
(both classical and alternative), homologous recombination, DNA mismatch repair and
fork damage (for a review, see [43]).

In search of a protein involved in the specific response to PARPi and METi combination,
we used IPA, which drew attention to the nuclear mitotic apparatus (NuMA) protein.
This was not totally unpredictable, as the Ser395 of NuMa is one of the hundreds of
consensus sequences phosphorylated by ATM in response to irradiation [10]. Moreover,
the phospho-proteomic analysis of EBC-1 cells treated with irradiation and MET inhibition
showed the increased phosphorylation of NuMA [20]. NuMA is a key structural nuclear
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protein, that binds microtubules and plays a role in the formation and maintenance of
the spindle poles and the alignment and segregation of chromosomes during mitotic
cell division (for a review, see [44]). NuMa localization and phosphorylation status vary
throughout mitosis [45]. NuMA is phosphorylated by a number of different kinases, such
as CDK1 [46,47] and ATM [48], and its phosphorylation is required for attachment to,
and assembly of, the mitotic spindle. NuMA phosphorylation is also required for its
efficient PARylation (by PARP3 and tankyarase 1), in turn necessary for correct spindle
assembly [49]. It is noteworthy that olaparib, as well as rucaparib, inhibits PARP3 as well
as PARP1 and PARP2 [50]. PARP3, which participates also in the DSB repair pathway(s), by
interacting with NuMA and Tankyrase 1 [51], regulates mitotic progression. Altogether, our
data suggest that a more complex interplay between MET activation/inhibition and PARP
inhibitor activity might interfere with mitotic spindle organization, resulting in mitotic
blockade and directing cells to mitotic catastrophe.

In conclusion, the model shown here introduces the proof of concept that ATM hap-
loinsufficiency, which is found quite frequently in human cancers and alone is not able to
limit the effectiveness of genotoxic pharmacological agents, such as PARP inhibitors, can be
circumvented by interfering with other pathways (e.g., MET) leading to mitosis regulation.
These results have clinical impact as low and thus manageable doses of these inhibitors in
combination treatments are effective in killing cancer cells with a specific and identifiable
genetic profile.

4. Materials and Methods
4.1. Cell Lines and Reagents

All but the GTL16 cell lines used are commercially available. The EBC-1 cells were
derived from a metastatic tumor of a patient with lung squamous cell carcinoma and
were purchased from the Japan Cancer Resources Bank. The other cell lines were pur-
chased from ATCC and cultured as suggested by the provider. GTL16 was a clonal gastric
cell line established in our laboratory [52]. JNJ-38877605 was from OCTIMET Oncology,
and olaparib, rucaparib and gefitinib were purchased from Selleck Chemicals (Munich,
Germany). Olaparib and rucaparib were used in functional assays in escalating doses,
given that 10–40 µM are the effective doses reported in the literature. JNJ-38877605 and
gefitinib were used at concentrations of 10 nM and 500 nM, respectively.

4.2. Immunofluorescence

Cells were plated on glass coverslips coated with 0.5% gelatin in PBS. After 24 h, cells
were fixed in 4% formaldehyde for 15 min at room temperature and permeabilized in
PBS, 1% BSA and 0.1% Triton X-100 for 15 min at room temperature. Subsequently, cells
were stained with the MET mouse mAb DO24 [53] and rabbit mAb anti-PARP (Cat# 9532)
purchased from Cell Signaling Technology (Denver, MA, USA). Primary antibodies were
revealed by Alexa Fluor 555 and 488 conjugated secondary antibodies (Thermo Fisher Sci-
entific; Waltham, MA, USA). Cell nuclei were stained with DAPI (Thermo Fisher Scientific;
Waltham, MA, USA). Confocal analysis was performed on a Leica TCS SPE and processed
using ImageJ.

4.3. Western Blot Analysis

For Western blot analysis, cells were plated and treated in complete medium after
24 h with the indicated drug or vehicle for the indicated doses and time points. Proteins
were extracted in ice cold elution buffer (TrisHCl pH 7.4, containing EDTA, 1% Triton X-
100, 10% glycerol), with protease inhibitor cocktail (1:1000), sodium orthovanadate (1:100)
and phenylmethylsulfonyl fluoride (1:100), all purchased from Sigma-Aldrich (St. Louis,
MI, USA), freshly added to lysis buffer. The extracted proteins were fractionated by
SDS–PAGE and blotted onto nitrocellulose membrane using Trans-Blot Turbo Transfer
System (BioRad, Hercules, CA, USA). The membranes were labeled overnight at 4 ◦C
with the following antibodies: rabbit mAb anti-phosphoATMSer1981 (Cat# ab81292; Abcam,
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Cambridge, UK), and the following antibodies, all purchased from Cell Signaling Tech-
nology (Denver, MA, USA): rabbit mAb anti-phosphoMETTyr1234/1235 (Cat# 3077), rabbit
mAb anti-phosphoEGFRTyr1068 (Cat#3777), rabbit mAb anti-phosphoCHK2Thr68 (Cat#2661),
rabbit mAb anti-phosphoCHK1Ser345 (Cat#2341), rabbit mAb anti-phosphoNuMASer395

(Cat#3429), rabbit mAb anti-NuMa (Cat#3888), rabbit mAb anti-ATM (Cat#2873), rabbit
mAb anti-CHK2 (Cat#2662), mouse mAb anti-CHK1 (Cat#2360); mouse mAb anti-MET
DL21 [53] and mouse mAb anti-EGFR (Cat# sc373746) purchased from Santa Cruz Biotech-
nology (Dallas, TX, USA). Membranes were then incubated with HRP conjugated secondary
antibodies, and the chemo-luminescent signals were reveled with ECL (Thermo Fisher Sci-
entific; Waltham, MA, USA) using the ChemiDoc Touch Imaging System (BioRad, Hercules,
CA, USA).

4.4. CellTiter-Glo® Viability Assays

CellTiter-Glo® assays were performed according to the manufacturer’s protocol
(Promega Madison, WI, USA) and used to evaluate the viability of cell lines after 72 h
long treatment with drugs. After incubation, the luminescent signal was measured using
microplate reader BioTek Synergy HTX (Winooski, VT, USA). Results were analyzed with
GR metrics, which normalize cell drug response on cell doubling, and data obtained by
GR analyses were plotted using GraphPad Prism 7. All experiments were performed
in triplicate, each being repeated at least three times, and all data are expressed as the
mean ± standard deviation. T test was performed to compare between two experimental
groups using GraphPad Prism 7 software. The synergistic effects were evaluated with the
combination index (CI) using the Chou–Talalay method.

4.5. Crystal Violet Cytotoxicity Assay

Cells were treated with the indicated drugs for 5 days and, at the end of experiments,
fixed with 2% paraformaldehyde (PAF) in PBS for 40 min. After washing, cells were
stained with crystal violet (10% in 20% methanol) for 40 min. Crystal violet was dissolved,
incubating with 10% acetic acid for 20 min on shaker. Crystal violet absorbance signal
was measured at 595-nm with the microplate reader BioTek Synergy HTX. Results were
analyzed with GR metrics, which normalize cell drug response on cell doubling, and
data obtained by GR analyses were plotted using GraphPad Prism 7. All experiments
were performed in triplicate, each being repeated at least three times, and all data are
expressed as the mean ± standard deviation. T-test was performed to compare between
two experimental groups using GraphPad Prism 7 software.
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//www.mdpi.com/article/10.3390/ijms23105770/s1.

Author Contributions: Conceptualization, M.O. and M.F.D.R.; methodology, M.O.; software, J.E.;
validation, M.O., G.V. and M.F.D.R.; formal analysis, S.C. (Sonia Capellero); investigation, C.D.;
resources, J.E.; data curation, S.C. (Simona Cignetto) and M.A.; writing—original draft preparation,
E.C. and T.P. writing—review and editing, M.F.D.R. and G.V.; visualization, G.V.; supervision, M.O.
and G.V.; project administration, M.O.; funding acquisition, M.O. and M.F.D.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by progetto DIRM_CT_RIC_17_01 to MFDR.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This work was supported by Octimet Oncology, progetto DIRM_CT_RIC_17_01
“Resistance to PARP inhibitors in High Grade Serous Ovarian Carcinomas: role of MET tyrosine
kinase” to MFDR.

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

https://www.mdpi.com/article/10.3390/ijms23105770/s1
https://www.mdpi.com/article/10.3390/ijms23105770/s1


Int. J. Mol. Sci. 2022, 23, 5770 11 of 13

References
1. Faraoni, I.; Graziani, G. Role of BRCA Mutations in Cancer Treatment with Poly(ADP-ribose) Polymerase (PARP) Inhibitors.

Cancers 2018, 10, 487. [CrossRef] [PubMed]
2. 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]
[PubMed]

3. 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]

4. Cleary, J.M.; Aguirre, A.J.; Shapiro, G.I.; D’Andrea, A.D. Biomarker-Guided Development of DNA Repair Inhibitors. Mol. Cell
2020, 78, 1070–1085. [CrossRef]

5. Konstantinopoulos, P.A.; Ceccaldi, R.; Shapiro, G.I.; D’Andrea, A.D. Homologous Recombination Deficiency: Exploiting the
Fundamental Vulnerability of Ovarian Cancer. Cancer Discov. 2015, 5, 1137–1154. [CrossRef] [PubMed]

6. D’Andrea, A.D. Mechanisms of PARP inhibitor sensitivity and resistance. DNA Repair 2018, 71, 172–176. [CrossRef]
7. Morrison, C.; Sonoda, E.; Takao, N.; Shinohara, A.; Yamamoto, K.; Takeda, S. The controlling role of ATM in homologous

recombinational repair of DNA damage. EMBO J. 2000, 19, 463–471. [CrossRef]
8. Balmus, G.; Pilger, D.; Coates, J.; Demir, M.; Sczaniecka-Clift, M.; Barros, A.C.; Woods, M.; Fu, B.; Yang, F.; Chen, E.; et al. ATM

orchestrates the DNA-damage response to counter toxic non-homologous end-joining at broken replication forks. Nat. Commun.
2019, 10, 87. [CrossRef]

9. Blackford, A.N.; Jackson, S.P. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage Response. Mol. Cell 2017,
66, 801–817. [CrossRef]

10. Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R.; Hurov, K.E.; Luo, J.; Bakalarski, C.E.; Zhao, Z.; Solimini, N.;
Lerenthal, Y.; et al. ATM and ATR substrate analysis reveals extensive protein networks responsive to DNA damage. Science 2007,
316, 1160–1166. [CrossRef]

11. Chaudhary, M.W.; Al-Baradie, R.S. Ataxia-telangiectasia: Future prospects. Appl. Clin. Genet. 2014, 7, 159–167.
12. Watson, I.R.; Takahashi, K.; Futreal, P.A.; Chin, L. Emerging patterns of somatic mutations in cancer. Nat. Rev. Genet. 2013, 14,

703–718. [CrossRef] [PubMed]
13. Choi, M.; Kipps, T.; Kurzrock, R. ATM Mutations in Cancer: Therapeutic Implications. Mol. Cancer Ther. 2016, 15, 1781–1791.

[CrossRef] [PubMed]
14. Hills, S.A.; Diffley, J.F. DNA replication and oncogene-induced replicative stress. Curr. Biol. 2014, 24, R435–R444. [CrossRef]

[PubMed]
15. Toulany, M.; Kasten-Pisula, U.; Brammer, I.; Wang, S.; Chen, J.; Dittmann, K.; Baumann, M.; Dikomey, E.; Rodemann, H.P.

Blockage of epidermal growth factor receptor-phosphatidylinositol 3-kinase-AKT signaling increases radiosensitivity of K-RAS
mutated human tumor cells in vitro by affecting DNA repair. Clin. Cancer Res. 2006, 12, 4119–4126. [CrossRef] [PubMed]

16. De Bacco, F.; Luraghi, P.; Medico, E.; Reato, G.; Girolami, F.; Perera, T.; Gabriele, P.; Comoglio, P.M.; Boccaccio, C. Induction of
MET by ionizing radiation and its role in radioresistance and invasive growth of cancer. J. Natl. Cancer Inst. 2011, 103, 645–661.
[CrossRef] [PubMed]

17. Torti, D.; Trusolino, L. Oncogene addiction as a foundational rationale for targeted anti-cancer therapy: Promises and perils.
EMBO Mol. Med. 2011, 3, 623–636. [CrossRef] [PubMed]

18. Cooper, C.S.; Park, M.; Blair, D.G.; Tainsky, M.A.; Huebner, K.; Croce, C.M.; Vande Woude, G.F. Molecular cloning of a new
transforming gene from a chemically transformed human cell line. Nature 1984, 311, 29–33. [CrossRef]

19. Comoglio, P.M.; Trusolino, L.; Boccaccio, C. Known and novel roles of the MET oncogene in cancer: A coherent approach to
targeted therapy. Nat. Rev. Cancer 2018, 18, 341–358. [CrossRef]

20. Bensimon, A.; Koch, J.P.; Francica, P.; Roth, S.M.; Riedo, R.; Glück, A.A.; Orlando, E.; Blaukat, A.; Aebersold, D.M.;
Zimmer, Y.; et al. Deciphering MET-dependent modulation of global cellular responses to DNA damage by quantitative
phosphoproteomics. Mol. Oncol. 2020, 14, 1185–1206. [CrossRef]

21. De Bacco, F.; D’Ambrosio, A.; Casanova, E.; Orzan, F.; Neggia, R.; Albano, R.; Verginelli, F.; Cominelli, M.; Poliani, P.L.;
Luraghi, P.; et al. MET inhibition overcomes radiation resistance of glioblastoma stem-like cells. EMBO Mol. Med. 2016, 8, 550–568.
[CrossRef] [PubMed]

22. Du, Y.; Yamaguchi, H.; Wei, Y.; Hsu, J.L.; Wang, H.L.; Hsu, Y.H.; Lin, W.C.; Yu, W.H.; Leonard, P.G.; Lee, G.R.; et al. Blocking
c-Met-mediated PARP1 phosphorylation enhances anti-tumor effects of PARP inhibitors. Nat. Med. 2016, 22, 194–201. [CrossRef]
[PubMed]

23. Chen, M.K.; Du, Y.; Sun, L.; Hsu, J.L.; Wang, Y.H.; Gao, Y.; Huang, J.; Hung, M.C. H2O2 induces nuclear transport of the receptor
tyrosine kinase c-MET in breast cancer cells via a membrane-bound retrograde trafficking mechanism. J. Biol. Chem. 2019, 294,
8516–8528. [CrossRef] [PubMed]

24. Ghandi, M.; Huang, F.W.; Jané-Valbuena, J.; Kryukov, G.V.; Lo, C.C.; McDonald, E.R.; Barretina, J.; Gelfand, E.T.; Bielski, C.M.;
Li, H.; et al. Next-generation characterization of the Cancer Cell Line Encyclopedia. Nature 2019, 569, 503–508. [CrossRef]

http://doi.org/10.3390/cancers10120487
http://www.ncbi.nlm.nih.gov/pubmed/30518089
http://doi.org/10.1038/nature03443
http://www.ncbi.nlm.nih.gov/pubmed/15829966
http://doi.org/10.1038/nature03445
http://doi.org/10.1016/j.molcel.2020.04.035
http://doi.org/10.1158/2159-8290.CD-15-0714
http://www.ncbi.nlm.nih.gov/pubmed/26463832
http://doi.org/10.1016/j.dnarep.2018.08.021
http://doi.org/10.1093/emboj/19.3.463
http://doi.org/10.1038/s41467-018-07729-2
http://doi.org/10.1016/j.molcel.2017.05.015
http://doi.org/10.1126/science.1140321
http://doi.org/10.1038/nrg3539
http://www.ncbi.nlm.nih.gov/pubmed/24022702
http://doi.org/10.1158/1535-7163.MCT-15-0945
http://www.ncbi.nlm.nih.gov/pubmed/27413114
http://doi.org/10.1016/j.cub.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24845676
http://doi.org/10.1158/1078-0432.CCR-05-2454
http://www.ncbi.nlm.nih.gov/pubmed/16818713
http://doi.org/10.1093/jnci/djr093
http://www.ncbi.nlm.nih.gov/pubmed/21464397
http://doi.org/10.1002/emmm.201100176
http://www.ncbi.nlm.nih.gov/pubmed/21953712
http://doi.org/10.1038/311029a0
http://doi.org/10.1038/s41568-018-0002-y
http://doi.org/10.1002/1878-0261.12696
http://doi.org/10.15252/emmm.201505890
http://www.ncbi.nlm.nih.gov/pubmed/27138567
http://doi.org/10.1038/nm.4032
http://www.ncbi.nlm.nih.gov/pubmed/26779812
http://doi.org/10.1074/jbc.RA118.005953
http://www.ncbi.nlm.nih.gov/pubmed/30962283
http://doi.org/10.1038/s41586-019-1186-3


Int. J. Mol. Sci. 2022, 23, 5770 12 of 13

25. Bertotti, A.; Burbridge, M.F.; Gastaldi, S.; Galimi, F.; Torti, D.; Medico, E.; Giordano, S.; Corso, S.; Rolland-Valognes, G.;
Lockhart, B.P.; et al. Only a subset of Met-activated pathways are required to sustain oncogene addiction. Sci. Signal. 2009, 2, ra80.
[CrossRef]

26. Yang, W.; Soares, J.; Greninger, P.; Edelman, E.J.; Lightfoot, H.; Forbes, S.; Bindal, N.; Beare, D.; Smith, J.A.; Thompson, I.R.; et al.
Genomics of Drug Sensitivity in Cancer (GDSC): A resource for therapeutic biomarker discovery in cancer cells. Nucleic Acids Res.
2013, 41, D955–D961. [CrossRef]

27. Hafner, M.; Niepel, M.; Chung, M.; Sorger, P.K. Growth rate inhibition metrics correct for confounders in measuring sensitivity to
cancer drugs. Nat. Methods 2016, 13, 521–527. [CrossRef]

28. Stordal, B.; Timms, K.; Farrelly, A.; Gallagher, D.; Busschots, S.; Renaud, M.; Thery, J.; Williams, D.; Potter, J.; Tran, T.; et al.
BRCA1/2BRCA1/2 mutation analysis in 41 ovarian cell lines reveals only one functionally deleterious BRCA1 mutation. Mol.
Oncol. 2013, 7, 567–579. [CrossRef]

29. Burgess, B.T.; Anderson, A.M.; McCorkle, J.R.; Wu, J.; Ueland, F.R.; Kolesar, J.M. Olaparib Combined with an ATR or Chk1
Inhibitor as a Treatment Strategy for Acquired Olaparib-Resistant. Diagnostics 2020, 10, 121. [CrossRef]

30. Ledermann, J.A. PARP inhibitors in ovarian cancer. Ann. Oncol. 2016, 27 (Suppl. S1), i40–i44. [CrossRef]
31. Choi, Y.E.; Meghani, K.; Brault, M.E.; Leclerc, L.; He, Y.J.; Day, T.A.; Elias, K.M.; Drapkin, R.; Weinstock, D.M.; Dao, F.; et al.

Platinum and PARP Inhibitor Resistance Due to Overexpression of MicroRNA-622 in BRCA1-Mutant Ovarian Cancer. Cell Rep.
2016, 14, 429–439. [CrossRef] [PubMed]

32. Riches, L.C.; Trinidad, A.G.; Hughes, G.; Jones, G.N.; Hughes, A.M.; Thomason, A.G.; Gavine, P.; Cui, A.; Ling, S.; Stott, J.; et al.
Pharmacology of the ATM Inhibitor AZD0156: Potentiation of Irradiation and Olaparib Responses Preclinically. Mol. Cancer Ther.
2020, 19, 13–25. [CrossRef] [PubMed]

33. Lloyd, R.L.; Wijnhoven, P.W.G.; Ramos-Montoya, A.; Wilson, Z.; Illuzzi, G.; Falenta, K.; Jones, G.N.; James, N.; Chabbert, C.D.;
Stott, J.; et al. Combined PARP and ATR inhibition potentiates genome instability and cell death in ATM-deficient cancer cells.
Oncogene 2020, 39, 4869–4883. [CrossRef] [PubMed]

34. Al-Ahmadie, H.; Iyer, G.; Hohl, M.; Asthana, S.; Inagaki, A.; Schultz, N.; Hanrahan, A.J.; Scott, S.N.; Brannon, A.R.;
McDermott, G.C.; et al. Synthetic lethality in ATM-deficient RAD50-mutant tumors underlies outlier response to cancer therapy.
Cancer Discov. 2014, 4, 1014–1021. [CrossRef] [PubMed]

35. Smida, M.; Fece de la Cruz, F.; Kerzendorfer, C.; Uras, I.Z.; Mair, B.; Mazouzi, A.; Suchankova, T.; Konopka, T.; Katz, A.M.;
Paz, K.; et al. MEK inhibitors block growth of lung tumours with mutations in ataxia-telangiectasia mutated. Nat. Commun. 2016,
7, 13701. [CrossRef]

36. Ji, X.; Mukherjee, S.; Landi, M.T.; Bosse, Y.; Joubert, P.; Zhu, D.; Gorlov, I.; Xiao, X.; Han, Y.; Gorlova, O.; et al. Protein-altering
germline mutations implicate novel genes related to lung cancer development. Nat. Commun. 2020, 11, 2220. [CrossRef]

37. Mao, J.H.; Wu, D.; DelRosario, R.; Castellanos, A.; Balmain, A.; Perez-Losada, J. Atm heterozygosity does not increase tumor
susceptibility to ionizing radiation alone or in a p53 heterozygous background. Oncogene 2008, 27, 6596–6600. [CrossRef]

38. Yamamoto, K.; Wang, Y.; Jiang, W.; Liu, X.; Dubois, R.L.; Lin, C.S.; Ludwig, T.; Bakkenist, C.J.; Zha, S. Kinase-dead ATM protein
causes genomic instability and early embryonic lethality in mice. J. Cell Biol. 2012, 198, 305–313. [CrossRef]

39. Bakkenist, C.J.; Kastan, M.B. DNA damage activates ATM through intermolecular autophosphorylation and dimer dissociation.
Nature 2003, 421, 499–506. [CrossRef]

40. Bååth, M.; Jönsson, J.M.; Westbom Fremer, S.; Martín de la Fuente, L.; Tran, L.; Malander, S.; Kannisto, P.; Måsbäck, A.; Honeth, G.;
Hedenfalk, I. MET Expression and Cancer Stem Cell Networks Impact Outcome in High-Grade Serous Ovarian Cancer. Genes
2021, 12, 742. [CrossRef]

41. Sheta, R.; Bachvarova, M.; Plante, M.; Renaud, M.C.; Sebastianelli, A.; Gregoire, J.; Navarro, J.M.; Perez, R.B.; Masson, J.Y.;
Bachvarov, D. Development of a 3D functional assay and identification of biomarkers, predictive for response of high-grade
serous ovarian cancer (HGSOC) patients to poly-ADP ribose polymerase inhibitors (PARPis): Targeted therapy. J. Transl. Med.
2020, 18, 439. [CrossRef] [PubMed]

42. Zhou, S.; Dai, Z.; Wang, L.; Gao, X.; Yang, L.; Wang, Z.; Wang, Q.; Liu, Z. MET inhibition enhances PARP inhibitor efficacy
in castration-resistant prostate cancer by suppressing the ATM/ATR and PI3K/AKT pathways. J. Cell. Mol. Med. 2021, 25,
11157–11169. [CrossRef] [PubMed]

43. Rose, M.; Burgess, J.T.; O’Byrne, K.; Richard, D.J.; Bolderson, E. PARP Inhibitors: Clinical Relevance, Mechanisms of Action and
Tumor Resistance. Front. Cell Dev. Biol. 2020, 8, 564601. [CrossRef] [PubMed]

44. Van Leen, E.V.; Di Pietro, F.; Bellaïche, Y. Oriented cell divisions in epithelia: From force generation to force anisotropy by tension,
shape and vertices. Curr. Opin. Cell Biol. 2020, 62, 9–16. [CrossRef]

45. Gehmlich, K.; Haren, L.; Merdes, A. Cyclin B degradation leads to NuMA release from dynein/dynactin and from spindle poles.
EMBO Rep. 2004, 5, 97–103. [CrossRef]

46. Kotak, S.; Busso, C.; Gönczy, P. NuMA interacts with phosphoinositides and links the mitotic spindle with the plasma membrane.
EMBO J. 2014, 33, 1815–1830. [CrossRef]

47. Kotak, S.; Gönczy, P. NuMA phosphorylation dictates dynein-dependent spindle positioning. Cell Cycle 2014, 13, 177–178.
[CrossRef]

http://doi.org/10.1126/scisignal.2000643
http://doi.org/10.1093/nar/gks1111
http://doi.org/10.1038/nmeth.3853
http://doi.org/10.1016/j.molonc.2012.12.007
http://doi.org/10.3390/diagnostics10020121
http://doi.org/10.1093/annonc/mdw094
http://doi.org/10.1016/j.celrep.2015.12.046
http://www.ncbi.nlm.nih.gov/pubmed/26774475
http://doi.org/10.1158/1535-7163.MCT-18-1394
http://www.ncbi.nlm.nih.gov/pubmed/31534013
http://doi.org/10.1038/s41388-020-1328-y
http://www.ncbi.nlm.nih.gov/pubmed/32444694
http://doi.org/10.1158/2159-8290.CD-14-0380
http://www.ncbi.nlm.nih.gov/pubmed/24934408
http://doi.org/10.1038/ncomms13701
http://doi.org/10.1038/s41467-020-15905-6
http://doi.org/10.1038/onc.2008.280
http://doi.org/10.1083/jcb.201204098
http://doi.org/10.1038/nature01368
http://doi.org/10.3390/genes12050742
http://doi.org/10.1186/s12967-020-02613-4
http://www.ncbi.nlm.nih.gov/pubmed/33213473
http://doi.org/10.1111/jcmm.17037
http://www.ncbi.nlm.nih.gov/pubmed/34761497
http://doi.org/10.3389/fcell.2020.564601
http://www.ncbi.nlm.nih.gov/pubmed/33015058
http://doi.org/10.1016/j.ceb.2019.07.013
http://doi.org/10.1038/sj.embor.7400046
http://doi.org/10.15252/embj.201488147
http://doi.org/10.4161/cc.27040


Int. J. Mol. Sci. 2022, 23, 5770 13 of 13

48. Salvador Moreno, N.; Liu, J.; Haas, K.M.; Parker, L.L.; Chakraborty, C.; Kron, S.J.; Hodges, K.; Miller, L.D.; Langefeld, C.;
Robinson, P.J.; et al. The nuclear structural protein NuMA is a negative regulator of 53BP1 in DNA double-strand break repair.
Nucleic Acids Res. 2019, 47, 2703–2715. [CrossRef]

49. Palazzo, L.; Della Monica, R.; Visconti, R.; Costanzo, V.; Grieco, D. ATM controls proper mitotic spindle structure. Cell Cycle 2014,
13, 1091–1100. [CrossRef]

50. Sharif-Askari, B.; Amrein, L.; Aloyz, R.; Panasci, L. PARP3 inhibitors ME0328 and olaparib potentiate vinorelbine sensitization in
breast cancer cell lines. Breast Cancer Res. Treat. 2018, 172, 23–32. [CrossRef]

51. Boehler, C.; Dantzer, F. PARP-3, a DNA-dependent PARP with emerging roles in double-strand break repair and mitotic
progression. Cell Cycle 2011, 10, 1023–1024. [CrossRef] [PubMed]

52. Giordano, S.; Di Renzo, M.F.; Ferracini, R.; Chiado-Piat, L.; Comoglio, P.M. p145, a protein with associated tyrosine kinase activity
in a human gastric carcinoma cell line. Mol. Cell. Biol. 1988, 8, 3510–3517. [PubMed]

53. Prat, M.; Crepaldi, T.; Pennacchietti, S.; Bussolino, F.; Comoglio, P.M. Agonistic monoclonal antibodies against the Met receptor
dissect the biological responses to HGF. J. Cell Sci. 1998, 111 Pt 2, 237–247. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gkz138
http://doi.org/10.4161/cc.27945
http://doi.org/10.1007/s10549-018-4888-6
http://doi.org/10.4161/cc.10.7.15169
http://www.ncbi.nlm.nih.gov/pubmed/21358266
http://www.ncbi.nlm.nih.gov/pubmed/3211149
http://doi.org/10.1242/jcs.111.2.237
http://www.ncbi.nlm.nih.gov/pubmed/9405310

	Introduction 
	Results 
	MET Overexpressing Cells Are Made Susceptible to PARPi by MET Inhibition 
	Exogenous MET Activation Is Not Sufficient to Convert PARPi Susceptible Cells to Be Resistant 
	In MET Overexpressing Cells with ATM Mutation, Combined PARP and MET Inhibition Affects a Downstream Cascade Leading to the Phosphorylation of the Nuclear Mitotic Apparatus (NuMA) Protein 

	Discussion 
	Materials and Methods 
	Cell Lines and Reagents 
	Immunofluorescence 
	Western Blot Analysis 
	CellTiter-Glo® Viability Assays 
	Crystal Violet Cytotoxicity Assay 

	References

