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With increasing uses of poly(ADP-ribose) polymerase (PARP) inhibitors (PARPI) for
cancer therapy, understanding their resistance is becoming urgent. However,
acquired PARPI resistance in the phosphatase and tensin homolog (PTEN)-deficient
background is poorly understood. We generated 3 PARPi-resistant PTEN-deficient
glioblastoma U251 variants separately with olaparib (U251/OP), talazoparib (U251/
TP) and simmiparib (U251/SP). These variants displayed consistent resistance (2.46-
71.78-fold) to all 5 PARPI, including niraparib and rucaparib, and showed higher
degrees of resistance to the PARPi to which the parental cells were more sensitive.
The resistance was characteristic of fast emergence and high stability. However, the
resistance acquirement did not cause an increasingly aggressive phenotype. The
resistance was not correlated to various factors, including PTEN mutations. The
PARPi-treated variants produced less YH2AX and G2/M arrest. Consistently, loss of
53BP1 occurred in all variants and its compensation enhanced their sensitivity to
PARPi by approximately 76%. The variants revealed slightly different cross-resis-
tance profiles to 13 non-PARPi anticancer drugs. All were resistant to Ara-C (6-8-
fold) but showed differential resistance to 5-fluorouracil, gemcitabine and paclitaxel.
Almost no resistance was observed to the rest drugs, including cisplatin. SAMHD1
was overexpressed in all the variants and its knockout completely restored their
sensitivity to Ara-C but did not affect their PARPi sensitivity. The present study
demonstrates a consistent resistance profile to PARPi and a unique cross-resistance
profile to non-PARPi drugs in different PARPi-resistant U251 cells and reveals
53BP1 loss and SAMHD1 overexpression as the primary mechanisms responsible
for their resistance to PARPi and Ara-C, respectively. These effects probably result

from heritable gene change(s) caused by persistent PARPi exposure.
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1 | INTRODUCTION

Poly(ADP-ribose) polymerases (PARP) are important DNA repair
enzymes. PARP inhibitors (PARPI), including olaparib, rucaparib and
niraparib, have been used to treat ovarian cancers defective in DNA
homologous recombination repair (HRR) in the clinic.t™ Cancer cells
have been shown to develop drug resistance to PARPi,> suggesting
that their clinical resistance might inevitably emerge from persistent/
repeated treatments. Several mechanisms of PARPi resistance have
been reported, including restoration of HRR function due to sec-
ondary mutation on BRCA alleles, stabilization of BRCA1 mutant pro-
tein, loss of 53BP1, RIF1 or REV7, loss of PARP-1 and increased
drug efflux.! However, many issues on tumor drug resistance to
PARPi remain to be clarified.

The present knowledge about PARPi resistance comes primarily
from the studies on the olaparib-induced resistance in BRCA or ATM-
defective cancer cells.! We have only very limited understanding
regarding the characteristics of drug resistance of the same cancer cells
to different PARPI and their cross-resistance profiles. Moreover, little is
known about the characteristics and mechanisms of PARPI resistance
in non-BRCA/ATM-defective cancer cells. There have been 3 PARPi
approved for clinical cancer therapy and many others in clinical tri-
als.»*> Moreover, PARPi will probably be used to treat non-BRCA-
defective cancers in the future. Therefore, the answers to these issues
will be critical to understanding, monitoring, delaying and even prevent-
ing PARPI resistance in different clinical settings.

Phosphatase and tensin is one of the most frequently mutated
genes in a wide range of hereditary and sporadic human tumors,
including glioblastoma. Up to 70% of glioblastoma patients are
defective for PTEN due to loss of 1 allele of the long arm of chro-
mosome 10 on which PTEN is located.® PTEN is important for the
expression of RAD51, a critical HRR factor, and, thus, PTEN defi-
ciency results in defective HRR.” PTEN-deficient tumor cells are
sensitive to PARPi.2*! For example, PTEN-deficient glioblastoma
U87MG and U251 cells show different degrees of sensitivity to ola-
parib,*>1* simmiparib'® and mefuparib hydrochloride.** The U251
cell line has been used extensively and its sensitivity to PARPI,
including olaparib and simmiparib, is higher than that of the
U87MG cell line.® Olaparib is the first approved PARPi,® tala-
zoparib has been shown to be the most potent PARPi so far'® and
is undergoing phase Il clinical trials,*®> and simmiparib is one of
new PARPi developed by our institute and is currently in phase |
clinical trials.*® These 3 inhibitors may represent the existing PARPi
that possess different characteristics and are in different clinical
stages.

In the present study, we separately exposed U251 cells to ola-
parib, talazoparib and simmiparib, and after approximately 4 months,
obtained their corresponding drug-resistant variants that were
denoted by U251/0P, U251/TP and U251/SP, respectively. Then
we examined their features of morphology, growth, migration and
invasion, resistance to different PARPi and cross-resistance to con-

ventional anticancer drugs. After that, we investigated the possible

mechanisms responsible for the drug resistance of PTEN-deficient
glioblastoma U251 cells to PARPi and non-PARPi drugs. Our results
reveal some important new aspects of PARPI resistance, which pro-

vide new insight into this promising class of anticancer drugs.
2 | MATERIALS AND METHODS

2.1 | Cell culture

U251 cells were purchased from the Institute of Cell Biology (Shang-
hai, China). KB/VCR cells were from the Sun Yat-Sen University of
Medical Sciences (Guangzhou, China). HUVEC cells were from Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA). All cell

lines were cultured at the conditions specified by the suppliers.

2.2 | Drugs

Details are provided in Document $1.1%%¢

2.3 | Proliferation inhibition assays

Proliferation inhibition was determined by sulforhodamine B (SRB)

assay, as described previously.t”

24 | Growth rate assays

The growth rate of both U251 parental and resistant cells was deter-

mined using SRB assays.'®

2.5 | Transwell migration and invasion assays

Details are provided in Document S1.

2.6 | DNA sequencing

Details are provided in Document S1.

2.7 | Western blotting

Western blotting was performed using the standard procedure.

Details are provided in Document S1.

2.8 | Cell cycle assays

Cell cycle arrest was analyzed by propidium iodide-staining-based

flow cytometry as described previously.*

2.9 | Immunofluorescence

Details are provided in Document S1.

2.10 | Transfection with 53BP1 plasmids

Details are provided in Document S1.
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2.11 | Quantitative real-time PCR

Details are provided in Document S1.

2.12 | Stable knockout of SAMHD1 with the
CRISPR/Cas9 technique

Details are provided in Document S1.

2.13 | Statistical analysis

All the data, if applicable, were presented as mean + SD. Compar-
ison between 2 groups was performed with Student’s t-test. P < .05
was considered statistically significant.

3 | RESULTS

3.1 | Modeling acquired resistance of phosphatase
and tensin homolog-deficient glioblastoma U251 cells
to poly(ADP-ribose) polymerase inhibitors

To investigate the acquired resistance of PTEN-deficient glioblastoma
cells to PARPI, we generated a series of PARPi-resistant cells by sepa-
rately exposing PTEN-deficient glioblastoma U251 cells to olaparib,
talazoparib and simmiparib. Their concentrations started from
5 umol L™ (olaparib), 0.5 pmol L™ (talazoparib) and 0.1 pmol L™!
(simmiparib) and then stepwisely increased up to 40, 2 and
2 umol L2, respectively (Figure 1A). After 112-day (olaparib), 117-
day (talazoparib) and 88-day (simmiparib) exposure, the cells acquired
10.07, 24.62 and 30.05-fold resistance to the corresponding PARPiI
and were denoted by U251/0P, U251/TP and U251/SP, respectively
(Figures 1A,B and S1A). Moreover, all 3 variants showed cross-resis-
tance to other PARPI that were not used to establish the correspond-
ing resistant cells, including olaparib, talazoparib, simmiparib, niraparib
and rucaparib, with resistance factor ranges of 8.32-9.85, 6.37-27.28,
51.09-71.78, 7.38-14.72 and 2.46-4.35, respectively (Figures 1C and
S1A). The averaged ICso values of talazoparib and simmiparib are
0.43 and 1.27 pmol L™, respectively, lower than those of olaparib
(7.74 pmol LY, (421 pmol L™ and
(3.30 pmol L™Y) in U251 cells; in contrast, the averaged resistance

rucaparib niraparib
factors of the former two (19.42 for talazoparib and 50.97 for simmi-
parib) are greater than those of the latter three (9.41 for olaparib,
3.41 for rucaparib and 10.61 for niraparib) in the resistant variants.
The data show that the resistant variants are more resistant to the
PARPi to which the parental U251 cells are more sensitive. Notably,
once generated, the resistant cells did not need to be maintained with
PARPi and did not lose their drug resistance. This result indicates the
stability of their PARPI resistance, which, once acquired, will become
independent of their corresponding PARPi used to generate them.
There were no apparent differences in cell morphology observed
between parental and PARPi-resistant U251 cells (data not shown
but readers may refer to Figures 1E and S1B). However, all resistant

cells grew slightly faster than the parental cells with the doubling
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time of 17.94, 17.80, 18.22 and 20.17 hour for U251/0P, U251/TP,
U251/SP and U251 cells, respectively (Figure 1D), although they
were not statistically different. In addition, the migration abilities of
the resistant cells were increased by 1.93 (U251/0P), 1.59 (U251/
TP) and 1.87 (U251/SP)-fold relative to that of their parental cells
(Figure 1E,F), which had no statistical difference either. The invasion
capacity of the resistant cells was similar to that of the parental cells
(Figure S1C).

3.2 | Acquired resistance is not associated with
poly(ADP-ribose) polymerase inhibition, phosphatase
and tensin homolog deficiency and drug transporters

The majority of present PARPi can inhibit multiple members in the
PARP family, among which PARP1, PARP2, PARP3 and Tankyrasel/
2 have been revealed to participate in DNA repair and integrity
maintenance.>? In the PARPi-resistant variants, however, the base
protein levels of these PARP members were not found to change
(Figure 2A). In resistant and parental U251 cells, moreover, there
were no significant differences in the time-dependent PAR formation
driven by either MMS or H,O, and in the suppression of PAR for-
mation by the corresponding PARPi used to establish the resistant
variants (Figures 2B,C and S2A-C). The data suggest that these
PARP family members do not contribute to the acquired resistance
in these PARPi-resistant variants.

Secondary mutations on mutated BRCA1 or BRCA2 have been
shown to be potential PARPi-resistant mechanisms.>*%?° The U251
cell line harbors a protein-truncating ¢.720_721 insTT frameshift
mutation, which results in lack of PTEN expression.21 This frameshift
mutation on PTEN (c.720_721 insTT) was retained in all the 3
PARPi-resistant variants revealed by whole-exome sequencing (Fig-
ure 2D). Indeed, the resistant and parental cells did not express the
PTEN protein (Figure 2E). In these cells, moreover, all the exons of
BRCA1, BRCA2, ATM and TP53 showed no differences (Table S1).
PTEN regulates the Akt-mTOR-ribosomal protein Sé signaling axis
and phosphorylation of S6 has been reported to participate in PARPi
resistance.??> However, the levels of the components in this signaling
axis, including Akt, p-S473-Akt and Sé, p-S235/236-S6 or p-S240/
244-S6, showed no differences in the resistant and parental cells
(Figure 2F). The result indicates that PARPI resistance is independent
of the PTEN-Akt-mTOR-S6 signaling axis in these variants.

In addition, overexpression of drug transporters such as P-gp
might contribute to olaparib resistance.! However, all the PARPi-
resistant variants, just as their parental cells, did not express P-gp or
BCRP (Figure 2G).

3.3 | Poly(ADP-ribose) polymerase inhibitors
resistance leads to decreased cell cycle arrest and
DNA damage induced by poly(ADP-ribose)
polymerase inhibitors

Olaparib elicited G2/M arrest in the parental U251 cells. In contrast,
the PARPi caused reduced G2/M arrest in the corresponding
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FIGURE 1 Generation of poly(ADP-ribose) polymerase inhibitors (PARPi)-resistant variants and their resistance profiles to PARPI. A,
workflow flowcharts used to generate PARPi-resistant cells. Phosphatase and tensin homolog (PTEN)-deficient glioblastoma U251 cells were
separately exposed to increasing concentrations of olaparib (OP), talazoparib (TP) and simmiparib (SP). The resulting PARPi-resistant variants
were denoted by U251/0P, U251/TP and U251/SP, respectively. B,C, PARPi-resistance profiles. Cells were exposed to olaparib (OP),
talazoparib (TP), simmiparib (SP), niraparib (NP) or rucaparib (RP) for 7 days and then subjected to sulforhodamine B (SRB) assays. The ICsq

value was expressed as mean + SD from 3 separate experiments and the

resistance factor was calculated as the ratio of the averaged I1Csq

value of the indicated PARPI in the given resistant cells to that of the same PARPI in the parental U251 cells. B shows the resistance of a
given PARPi-resistant variant to the PARPi that was used to establish the variant while C indicates the cross-resistance to the PARPi that were
not used to establish the indicated variant. D, Growth curves of the resistant and parental U251 cells. Samples were determined by the SRB
assay and their optic density (OD) values were normalized using that of the parental U251 group on day 1 (relative OD). E, representative
images of cell migration from 3 independent Transwell migration assays. 1, U251; 2, HUVEC; 3, U251/0P; 4, U251/TP; 5, U251/SP. Scale bar:

50 um. F, Quantification results of E. Relative migration was calculated in
as the positive control

resistant variants (Figure 3A,B). Consistently, the treatment with ola-
parib led to more apparent increase in the levels of YH2AX, a marker
of DNA double-strand breaks (DSB), in the parental cells than in
U251/0P cells (Figure 3C). Olaparib also promoted the formation of

yH2AX foci in the parental and resistant cells with significant

relation to the migration of parental U251 cells. HUVEC cells served

differences. At 1 uM olaparib, YH2AX-positive cells accounted for
37.63% in the parental group but only 7.75% in the resistant group
(Figure 3D,E). Moreover, when exposed to ionizing irradiation,
U251/0P cells accumulated much less YH2AX over time than U251
cells (Figure 3F). Similar results including G2/M arrest and yH2AX
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FIGURE 2 Poly(ADP-ribose) polymerase (PARP) expression and inhibition, phosphatase and tensin homolog (PTEN) deficiency and drug-
transporter expression in PARP inhibitor (PARPi)-resistant variants. A, protein levels of PARP1, PARP2, PARP3 and Tankyrasel1/2 detected by
western blotting in PARPi-resistant variants and parental U251 cells. B, PAR formation induced by the DNA damage agent MMS (0.01%). C,
PARPi inhibited the formation of PAR triggered by MMS (0.01%). D, DNA sequencing revealed the same homozygous ¢.720_721 insTT of
PTEN existing in all 3 PARPi-resistant variants and parental U251 cells. E,F, Protein levels of PTEN (E) and its downstream signaling factors (F)
determined by western blotting. KB/VCR cells served as the positive control of PTEN expression (E). g, protein levels of drug transporters P-gp
and BCRP were detected by western blotting. KB/VCR cells served as the positive control. OP, olaparib; SP, simmiparib; TP, talazoparib

accumulation were obtained in the other 2 PARPi-resistant variants
(U251/TP and U251/SP) when they were treated separately with
talazoparib, simmiparib or ionizing irradiation (Figures S3 and S4).

34 | Levels of 53BP1 are reduced in poly(ADP-
ribose) polymerase inhibitor-resistant variants and its
exogenous expression partially restored poly(ADP-
ribose) polymerase inhibitor sensitivity

Previous studies have shown that loss of 53BP1, REV7, KU70 or
PTIP is implicated in PARPi resistance. Other proteins that sepa-
rately participate in repairing different forms of DNA damage, such
as BRCA1, Rad51, SMC1, RPA32, Ku80, ATM, ATR, MSH2 and
MLH1, might also contribute to PARPI resistance.! In the 3 PARPi-

resistant variants, however, we found that only the levels of 53BP1

were reduced consistently while the levels of all the other examined
proteins basically remained unchanged (Figure 4A). Transfection
with the full-length 53BP1 cDNA completely restored the levels of
53BP1 in the resistant variants up to that in the parental U251 cells
(Figure 4B). The exogenous 53BP1 expression also enhanced the
levels of YH2AX in U251/0OP+53BP1 cDNA cells when exposed to
olaparib (Figure 4C). Consistently, the ectopic expression of 53BP1
restored, significantly although not completely, the sensitivity of
U251/0P cells to PARPI, including olaparib, talazoparib, simmiparib
and niraparib (Figure 4D,E). Their resistance factors reduced from
10.07, 27.28, 71.78 and 9.71-3.60, 6.68, 23.91 and 2.68, respec-
tively; in other words, 53BP1 compensation caused a resistance
reduction up to 64.25%-75.51%. Similar results were obtained in
the other 2 resistant variants (U251/TP and U251/SP) (Figure S5
and Sé).
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3.5 | Poly(ADP-ribose) polymerase inhibitor-
resistant variants are cross-resistant to Ara-C, which
is correlated to the increased SAMHD1

Some PARPiI-resistant cells have been reported to be cross-resistant
to conventional anticancer drugs such as cisplatin.?® Therefore, to
further understand the cross-resistance profile of PARPi-resistant
U251 variants to non-PARPi anticancer drugs, we evaluated the pro-
liferative inhibition of these drugs, including the antimetabolite drugs
Ara-C, methotrexate, hydroxyurea, 6-mercaptopurine, gemcitabine
and 5-fluorouracil, the RNA synthesis inhibitor actinomycin D, the
topoisomerase inhibitors doxorubicin, etoposide and SN-38, the alky-
lating agent temozolomide, cisplatin and the microtubulin inhibitor
paclitaxel in the resistant and parental cells. The results showed that
all 3 resistant U251 variants displayed similar cross-resistance to
Ara-C with 6.81-7.12-fold reduced sensitivity relative to the parental
cells (Figure 5A). The resistance of U251/0P cells to 5-fluorouracil

and paclitaxel and U251/SP cells to gemcitabine and paclitaxel
reached more than 3-fold; however, U251/TP cells were almost not
resistant to the 3 drugs with the resistance factors of 0.57 for pacli-
taxel, 1.55 for 5-fluorouracil and 2.44 for gemcitabine. In contrast,
the resistance of all the 3 resistant variants to the rest tested drugs
including cisplatin was lower than 2-fold (Figure 5A). In contrast to
the resistance profile of the PARPi-resistant variants to PARPI,
therefore, our data showed a unique cross-resistance profile to those
non-PARPi anticancer drugs.

Consistent with its drug resistance, Ara-C induced much less
yH2AX in the 3 resistant variants than in the parental U251 cells
(Figure 5B). SAMHD1, a deoxynucleoside triphosphate (dNTP)
triphosphohydrolase, has been shown to be a biomarker for Ara-C
sensitivity in acute myeloid leukemia.?®24 Interestingly, all 3 resistant
variants expressed much more SAMHD1 mRNA (Figure 5C) and pro-
tein (Figure 5D) than the parental cells. Importantly, depletion of
SAMHD1 by using the CRISPR/Cas9 technique (Figure 5E) almost
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FIGURE 4 Exogenous expression of 53BP1 partially restored the sensitivity of poly(ADP-ribose) polymerase inhibitors (PARPi)-resistant
variants to PARPI. A, Levels of DNA repair-related proteins in the parental and resistant U251 cells determined by western blotting. B, After
U251/0P, U251/TP and U251/SP cells were transfected with the full-length 53BP1 cDNA, the levels of 53BP1 protein were determined by
western blotting (upper) and immunofluorescence (lower). Scale bar: 5 pm. C, Accumulation of yH2AX triggered by olaparib was increased in
U251/0P+53BP1 cDNA cells relative to U251/0OP cells. D,E, Exogenous expression of 53BP1 in U251/0P cells partially restored olaparib
sensitivity. D, Survival curves of olaparib-treated U251, U251/0OP and U251/0OP+53BP1 cDNA cells. E, ICsq in the log scale. **P < .01

completely restored the sensitivity of U251/0P to Ara-C (Figure 5F).
Similar results were obtained in both U251/TP and U251/SP cells
(Figure S7A). However, depletion of SAMHD1 did not sensitize the
PARPi-resistant cells to PARPi (Figures 5G and S7B).

4 | DISCUSSION

As PARPi are increasingly being used for cancer therapy, under-
standing their resistance is becoming more and more significant and

urgent. In fact, clinical resistance to PARPi, including olaparib,?® ruca-
parib?® and veliparib,®” has been reported. In addition, PARPi will
probably extend their application to non-BRCA/ATM-mutated can-
cers.t Although different PARPI, such as olaparib, rucaparib, niraparib
and talazoparib, have similar PARP1 inhibition activity, they display
differential capacity in trapping PARP1-DNA complexes.?® More-
over, different from other PARPI, niraparib elicits its anticancer
effects appearing in a manner of relatively low dependency on HR
deficiency in either animal models?’ or patients.>° However, current

studies primarily focus on the resistance to only one PARPI, for
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FIGURE 5 Upregulation of SAMHD1 was associated with the resistance of poly(ADP-ribose) polymerase inhibitors (PARPi)-resistant
variants to Ara-C. A, Cells were treated with the indicated drugs for 72 hours and then subjected to sulforhodamine B (SRB) assays. ICsq
values (left panel) were calculated from 3 independent experiments and expressed as mean + SD. The resistance factor (right panel) is the
ratio of the averaged ICsq value of the indicated drug in the given resistant cells to that of the same drug in the parental U251 cells. b, Levels
of y-H2AX induced by Ara-C reduced in the resistant cells determined by western blotting. C, mRNA level of SAMHD1 was detected by qRT-
PCR and normalized using that of the parental U251 cells. **P < .01; ***P < .001. D, Protein level (upper) and distribution (lower) of SAMHD1
detected by western blotting and immunofluorescence, respectively. Scale bar: 5 pm. E, CRISPR/Cas9-mediated knockout of SAMHD1 in
U251/0P cells was confirmed by western blotting. f,g, cells were treated with Ara-C for 3 days (F) or PARPi for 7 days (G) and then subjected
to SRB assays. Data from 3 independent experiments were expressed as mean 4 SD
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example, olaparib. Here, we present the first report on the resistance
of PTEN-deficient glioblastoma cells to three different PARPi simul-
taneously.

In this study, we generated 3 different PARPi-resistant variants
of U251 cells (U251/0P, U251/TP and U251/SP) with olaparib, tala-
zoparib and simmiparib by concentration-increased induction. In
addition to the PARPI that was used to establish the corresponding
resistant cells, all these variants were cross-resistant to the other
tested PARPI; that is, olaparib, rucaparib, niraparib, talazoparib and
simmiparib. Notably, the PARPi resistance profile reveals that the
resistant variants appear to possess higher degrees of resistance to
the PARPi to which the parental U251 cells are more sensitive.
However, this might not indicate that the cancers resistant to the
former can be treated with the latter because anticancer drugs are
generally used clinically at their maximum tolerated doses. It is also
worthwhile noting that the PARPI resistance in our case is character-
istic of fast emergence (approximately 4 months) and high stability
and, once acquired, it is persistent and independent of the resis-
tance-induced PARPI. This characteristic indicates that while acquir-
ing the PARPI resistance, the cells are likely to develop heritable
changes at their gene levels that contribute to their resistance to
PARPi. Fortunately, however, the acquirement of PARPi resistance
seems not to confer an increasingly aggressive phenotype to the
U251 variants because the resistant and parental cells showed no
significant differences in cell morphology, growth rate, migration or
invasion in vitro.

In contrast to their similar resistance to PARPI, the 3 PARPi-resis-
tant U251 variants display slightly different cross-resistance profiles
to 13 tested non-PARPi anticancer drugs. All 3 variants show consis-
tent resistance to the antimetabolite drug Ara-C but no apparent resis-
tance to methotrexate, hydroxyurea, 6-mercaptopurine, actinomycin
D, doxorubicin, etoposide, SN-38, temozolomide and cisplatin. How-
ever, U251/0P cells are resistant to 5-fluorouracil and paclitaxel, and
U251/SP cells are resistant to gemcitabine and paclitaxel but U251/
TP cells are almost not resistant to the 3 drugs. Understanding the
non-PARPi cross-resistance profiles and their differences might be
meaningful not only for clinical drug selections for patients with
PARPi-resistant cancers but also for explorations on the drug resis-
tance mechanisms. In contrast, some drugs in our test such as cisplatin
have been reported to be cross-resistant to PARPi in both clinical?”
and preclinical studies.3*3* However, cisplatin was shown not to be
cross-resistant to rucaparib in ovarian cancers defective for nonhomol-
ogous end joining.3> All our PARPi-resistant PTEN-deficient variants
are not resistant to cisplatin (resistance factor: 0.62-0.76) either. Such
inconsistent results further suggest that different genetic backgrounds
of cancers and different PARPi might have unique cross-resistance
profiles.

Mechanistic studies reveal that all the PARPi-resistant variants,
when compared with the parental U251 cells, display no significant
changes in the levels of PARP1-3, and tankyrase1/2, the formation of
PAR, mutations on PTEN, BRCA1, BRCA2, ATM and TP53 genes, the
levels of PTEN and the members in the related Akt-mTOR-S6 signal-
ing axis and the expression of drug transporters P-gp and BCRP. The
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data indicate that these factors, some of which have been reported
to be correlated to PARPi resistance,* do not contribute to the
acquired PARPi resistance of U251 cells. Consistent with their
reduced proliferation inhibition, the PARPi-resistant variants, relative
to the parental cells, produce decreased DSB and G2/M arrest when
exposed to PARPi or irradiation. However, except 53BP1, the other
15 examined DNA repair and damage response factors are compara-
ble at their protein levels in both resistant and parental U251 cells.
The protein levels of 53BP1 are consistently reduced in the 3 PARPI-
resistant variants. The exogenous expression of 53BP1 completely
restores its cellular protein levels and enhances the sensitivity of the
PARPi-resistant variants to PARPi by approximately 76%. Previously,
loss of 53BP1 was primarily shown to cause PARPi resistance in
BRCA374° or ATM*-deficient breast®” 3?41 or ovarian cancer cells.*°
For the first time, our results reveal that loss of 53BP1 also domi-
nantly mediates the resistance of PTEN-deficient glioblastoma cells to
different PARPI, strongly suggesting that loss of 53BP1 is a relatively
universal mechanism responsible for PARPi resistance at different
conditions. The data also indicate a possibility of the combination of
53BP1 levels with PTEN deficiency, just as with BRCA1 deficiency, as
a biomarker to predict PARPi sensitivity.3”

In addition, we further demonstrate that SAMHD1 is responsible
for the resistance of all 3 PARPi-resistant U251 variants to Ara-C
evidenced by its knockout completely restoring the Ara-C sensitivity.
However, SAMHD1 seems not to be correlated to their PARPI resis-
tance because its knockout did not change the sensitivity of the
variants to PARPi. However, the exogenous expression of 53BP1 in
the PARPi-resistant variants did not affect their sensitivity to Ara-C
(Supplementary Figure S7C). This is interesting because the loss of
53BP1 and the increased expression of SAMHD1 coexist in a persis-
tent and stable mode in the PARPi-resistant variants that are not
maintained with PARPi. Together with the stability of PARPi resis-
tance, this further suggests that PARPi-resistant variants develop
heritable genetic change(s), which regulate the expression of 53BP1
and SAMHD1 in both negative (53BP1) and positive (SAMHD1)
manners. However, several important issues, such as what the heri-
table genetic changes are, how the persistent PARPi exposure causes
them and how they lead to the changes in the expression of 53BP1
and SAMHD1 need further investigation in the future.

At present, PARPI are being tested for the treatment of glioblas-
toma in clinical trials.*?>*® Recently, the PARPi olaparib was reported to
be found in the core of the tumors in 27 of 35 glioblastoma patients. In
10 of the 27 patients, moreover, olaparib was found to reach tumor
cells in the neighboring regions.** The results suggest a great possibility
of PARPI for the treatment of glioblastoma. In addition, other PTEN-
defective tumors, such as prostate and endometrial cancers, have been
shown to be sensitive to PARPi.%® 11 Therefore, our findings in this
study could lead in a second step to ancillary studies in clinical research
to evaluate PARPI in glioblastoma or other related tumor subtypes.

Together, our study demonstrates a consistent resistance profile
to PARPi and a unique cross-resistance profile to non-PARP conven-
tional anticancer drugs in 3 PARPi-resistant variants generated from
PTEN-deficient glioblastoma U251 cells induced by different PARPi.
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The drug resistance is persistent and stable but does not cause other

aggressive malignant phenotypes. The loss of 53BP1 and the

enhanced expression of SAMHD1 in all the PARPi-resistant variants

are the primary mechanisms responsible for their resistance to PARPi

and Ara-C, respectively. These findings provide new insight into this

promising targeted therapy.
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