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PARP inhibitors have been approved for treatment of tumors with mutations in or loss of BRCA1/2. The molecular
mechanisms and particularly the cellular phenotypes resulting in synthetic lethality are not well understood and
varying clinical responses have been observed. We have investigated the dose- and time-dependency of cell growth,
cell death and cell cycle traverse of 4 malignant lymphocyte cell lines treated with the PARP inhibitor Olaparib. PARP
inhibition induced a severe growth inhibition in this cell line panel and increased the levels of phosphorylated H2AX-
associated DNA damage in S phase. Repair of the remaining replication related damage caused a G2 phase delay before
entry into mitosis. The G2 delay, and the growth inhibition, was more pronounced in the absence of functional ATM.
Further, Olaparib treated Reh and Granta-519 cells died by apoptosis, while U698 and JVM-2 cells proceeded through
mitosis with aberrant chromosomes, skipped cytokinesis, and eventually died by necrosis. The TP53-deficient U698 cells
went through several rounds of DNA replication and mitosis without cytokinesis, ending up as multinucleated cells with
DNA contents of up to 16c before dying. In summary, we report here for the first time cell cycle-resolved DNA damage
induction, and cell line-dependent differences in the mode of cell death caused by PARP inhibition.

Introduction

Cells deficient in homologous recombination repair (HRR)
are hypersensitive to PARP inhibitors.1,2 While cells may toler-
ate either PARP inhibition or HRR defects alone, the combina-
tion is lethal and termed synthetic lethality. PARP inhibitors are
approved for monotherapy of patients with deleterious germline
mutated BRCA genes. Likewise, patients with tumors with com-
promised function of the HRR signaling protein ATM could
also benefit from PARP inhibitor treatment, including chronic
lymphocytic leukemia (CLL),6-8 lung cancer,9 breast cancer,10,11

and mantle cell lymphomas (MCL).3-5 MCL is an aggressive
subtype of Non-Hodgkins lymphoma with poor treatment
response, and the function of ATM is lost in 50% of the
patients. PARP inhibition may prove to be a treatment option
for ATM-deficient MCL patients since specific toxicity by
PARP inhibition in cells that lack functional ATM have been
found both in vitro and in vivo.12-18

Poly(ADP-ribose) polymerase 1 (PARP1) is an abundant
nuclear protein, and along with PARP2, is the only member of
the PARP protein family that bind to DNA. DNA binding of
PARP1/2 via its Zinc finger motif is known to be activated by
DNA damage.19,20 Upon DNA binding PARP1 will catalyze the
PARylation of itself 21 and other target proteins,22,23 finally
resulting in the electrostatic repulsion from DNA.24 Ninety per-
cent of all PARylation in a cell is caused by PARP1.23 In addition
to potently inhibit PARylation, Olaparib (AZD-2281), a small
molecular inhibitor of PARP1 (IC50D 5 nM) and PARP2
(IC50 D 1 nM), has been found to strongly inhibit the release of
PARP1 from DNA after binding.25 Olaparib is thus fixing
PARP1 to DNA lesions; this firm binding enhances the cytotoxic
effect of the inhibitor.

Originally, it was suggested that PARP inhibition impairs
repair of endogenous single-strand breaks (SSBs) which would be
converted into double- strand breaks (DSB) during DNA replica-
tion. The accumulation of DSBs is lethal for cells lacking
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essential factors in homologous recombination repair (HRR). In
later years this model has been questioned by the lack of increase
in SSBs after PARP inhibition.26,27 Recent work identified
PARP1/2 trapped onto DNA lesions as the major culprit behind
PARP inhibitor toxicity, along with the kinetic inhibitory
effect.25 Probably, PARP inhibitors (like topoisomerase 1 inhibi-
tors) physically prevent religation of SSBs as well as hinder
PARP-mediated repair. Screens for genes generating synthetic
lethality in combination with PARP inhibitor have revealed a
number of different candidates, mostly genes involved in differ-
ent aspects of DNA repair.28-30 The MRE11-RAD50-NBS1
(MRN) damage recognition complex seems to be important, as
enhanced PARP inhibitor sensitivity is conferred by both
MRE11-deficiency,30-32 and NBS1-deficiency.13,30 The MRN-
complex has been implicated as either a preceding or an indis-
criminate factor for both non-homologous end-joining (NHEJ)
and HRR.33-36

In the clinic, the response rates to Olaparib are below 50%
among breast and ovarian cancer patients with confirmed
BRCA1/2 inactivation.37-39 A better understanding of the func-
tion of PARP inhibition is needed at the molecular and cellular
level to allow stratification of patients for PARP inhibitor treat-
ment. Differences in cellular phenotypes like apoptosis, cell cycle
delay, and levels of DNA damage in different tumors after PARP
inhibition depend on genetic background. Such phenotypes may
predict the clinical efficacy of PARP inhibitors.

We have developed an automated sample staining protocol
that allowed the accurate assessment of cell cycle distributions,
cell death and cell cycle-resolved DNA damage levels. The contri-
bution of ATM deficiency, both ATM mutation and pharmaco-
logical inhibition, to the time- and dose-dependent effects of
PARP inhibitor treatment was examined in 4 malignant lympho-
cyte cell lines. We resolved cell line specific phenotypic responses,
and discuss potentially clinical important genetic modulators that
may underlie the heterogeneous treatment response seen in
PARPi trials.

Results

The PARP inhibitor Olaparib reduces cell growth and
induces cell death

The effect of abolished ATM signaling during PARP inhibitor
treatment on cell viability and growth was monitored over 72 h.
Control cultures, as well as cells treated only with 10 mM KU-
55933 (ATMi) grew exponentially during the 72 h experiment
(Fig. 1). Inhibition of ATM in the absence of PARP inhibitor
(PARPi) resulted in a decrease in cell numbers, also for the par-
tially ATM-deficient Granta-519 cells. Cell numbers decreased
in a dose-dependent manner after treatment with PARPi, and
the growth curves were not exponential after 3 mM Olaparib at
the later times (Fig. 1). If cells were treated with ATMi in addi-
tion to PARPi, growth was reduced further compared to solely
inhibiting PARP. The dose-response curves for Olaparib at 72 h
in the absence and presence of ATMi were parallel and close to
each other for Granta-519 cells, indicating that ATM inhibition

in these cells is not synergistic with PARP inhibition (Fig. S1).
The latter figure also shows that the dose-response curves were
not parallel for the other 3 cell lines, most pronounced in U698
and JVM-2, indicating synergism/synthetic lethality.

The low increase in cell numbers at the highest concentrations
of inhibitors could indicate a complete cessation of proliferation.
Entry into mitosis was assessed after 24 and 72 h treatment by
measuring the fraction of mitotic cells after addition of the
microtubule-inhibitor nocodazole for the last 6 hours of the
treatment period. Cells entered mitosis under all treatment con-
ditions, although at lower rates at the highest concentrations of
PARPi and in the presence of ATMi (Fig. S2).

The fraction of dead cells, i.e. necrotic and late apoptotic cells,
was assessed by an inability of the cells to exclude propidium
iodide. ATM inhibition alone had little or no effect on cell death
(Fig. 2). 3 mM PARPi alone increased the fraction of dead cells
in a time-dependent fashion for Reh, JVM-2 and Granta-519
cells. During dual ATMi and PARPi treatments, cell death
increased compared to inhibiting PARP alone at all concentra-
tions of PARPi. However, the dose-response curves at 72 h
showed that there was no, or only a small, effect of adding ATMi
for Granta-519 (Fig. S3). In contrast, the 3 other cell lines were
characterized by diverging curves with and without ATMi.

Although all dying cells take up propidium iodide eventually,
apoptotic cells are characterized by DNA fragmentation detect-
able by the TUNEL-assay (See Fig. S4 for the assay used to
detect apoptosis, cell cycle distribution and DNA damage by
gH2AX). The fraction of apoptotic cells was unaffected by
increasing PARPi concentrations in U698 cells and only slightly
increased in JVM-2 cells (Fig. 3). In contrast, the apoptotic frac-
tions of PARPi-treated Reh and Granta-519 cells increased with
PARPi concentration. About half of the apoptotic cells were tet-
raploid, but some also originated from G1 and S. We tried to
determine whether the apoptotic cells with a DNA content of 4c
were originally in G2 or in M, but the degradation of pS10H3 in
apoptotic cells precluded such attempts. All cell lines, except for
Granta-519 with mutant ATM, showed significantly diverging
curves in the dose-response curves for apoptosis, indicating syn-
ergy between ATMi and PARPi (Fig. S5). The fractions of dead
cells (Fig. 2) and apoptotic cells (Fig. 3) were similar for drug-
treated Reh and Granta-519 cells, showing that almost all the
apoptotic cells were late apoptotic cells permeable for propidium
iodide. This was not the case for U698 and JVM-2, where most
of the necrotic cells were not apoptotic (Fig. S6). Lastly, we also
examined unfixed cells that were sorted on their inability to
exclude Hoechst 33258 dye, i.e., necrotic or late apoptotic cells.
Dead U698 and JVM-2 cells had ruptured cytoplasmic and
nuclear membranes (data not shown), which are among the hall-
marks of necrosis.

Prolongation of the G2 phase after PARP inhibition
Since PARPi treatment caused a substantial reduction in cell

growth, we investigated whether this could be caused by cell cycle
arrest or delay in specific phases. ATMi alone had no effects on
the cell cycle distributions, except that the fraction of mitotic
U698 cells increased, consistent with our previous work.42 The
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most pronounced change in the DNA distributions after PARPi
treatment was an increased fraction of cells in G2, even more pro-
nounced when additionally adding ATMi in Reh and U698 cells
(Fig. 4). The G2 fractions increased up to 24 h (JVM-2) and
48 h (3 other cell lines), and remained high during the experi-
ment. However, the G2 fraction of PARPi treated U698 cells
declined from 48 to 72 h, particularly pronounced in the pres-
ence of ATMi. This was probably due to the extensive endocy-
cling of U698 cells at the higher Olaparib concentrations (see
next chapter). Reh, U698, and to some degree JVM-2 cells

showed diverging dose response curves with and without ATM
inhibitor for the fractions of cells in G2 (Fig. S7). Considering
the increased cell cycle time in the presence of the inhibitors, as
indicated by the growth curves (Fig. 1) and the stathmokinetic
nocodazole-experiment (Fig. S2), the G2 phase had a much lon-
ger duration under these conditions than the 2-5 h observed in
the controls (Fig. S8, see also accompanying article in this issue).
The latter figure also shows that S phase was prolonged by PARPi
treatment, both in the presence and absence of the ATMi, but
not to the same degree as G2.

Figure 1. Cell growth during PARP and/or ATM inhibitor treatment. Cells were grown in the absence or presence of 10 mM KU55933 and/or the concen-
trations of Olaparib as indicated. Cell numbers were measured in a Coulter counter, and the fraction of viable cells (excluding propidium iodide) by flow
cytometry. Cell numbers were multiplied by the fraction of live cells to give live cell numbers. Mean values from 3 independent experiments are given
(§SEM).
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Binucleation and endocycling of apoptosis-deficient cells
Cell cycle-analysis of U698 cells treated with 3 mM PARPi

revealed an increase in the fraction of cells with DNA content
above 4c at 72 h, even more pronounced with addition of
ATMi. This was not the case for the other cell lines (shown for
U698 and JVM-2; Fig. 5A). The low number of dead cells after
72 h treatment in U698 cells was apparently in contradiction
with the severe growth retardation (Fig. 1) in this cell line. Since
endocycling (initiation of DNA replication in polyploid cells) do
not increase cell numbers, we treated U698 cells for 144 h to see
if the number of cells with high DNA content increased further

after 72 h. Diploid G1 cells accounted for only 5 § 3 % of the
U698 cells after 144 h, and the mean DNA content increased
from 72 h, establishing further the pronounced endocycling phe-
notype in this cell line (Fig. 5A).

Endocycling may occur with (acytokinetic mitosis) or without
division (endomitosis or endoreplication) of the nucleus. Cells
entered mitosis throughout the experiment (Fig. S2), which
could indicate that DNA replication was initiated in multinu-
clear cells. To this end, we investigated whether PARPi- and
ATMi-treated cells had more than one nucleus. For analysis by
microscopy, cells were stained for the nuclear membrane protein

Figure 2. The fraction of dead cells during PARP and/or ATM inhibitor treatment. Cells were grown in the absence or presence of 10 mM KU55933 and/or
the concentrations of Olaparib as indicated. Dead cells were measured by their inability to exclude propidium iodide. Mean values from 3 independent
experiments are given (§SEM).
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LMNB2 (Lamin B2). A substantial fraction of drug-treated, but
not control, U698 and JVM-2 cells were multinucleated
(Fig. 5B). We further investigated this by sorting cells with 4c
DNA content from cultures treated with 3 mM PARPi and/or
ATMi for 72 h (Table 1). While the frequency of binuclear cells
was independent of treatment for Reh and Granta-519 cells, it
increased from 19% in control U698 and JVM-2 cells to almost
60% in cells treated with PARPi and ATMi. The majority of the
“G2” U698 and JVM-2 cells measured in the previous paragraph
after 72 h dual inhibitor treatment were thus binuclear G1 cells.

PARP inhibitor Olaparib causes replication-induced DNA
damage

PARPi treatment has been suggested to cause DSBs during
replication although we have not yet seen accurate analysis of cell
cycle-resolved DNA damage. Therefore we employed gH2AX
foci counting by microscopy after sorting of treated cells from
the different cell cycle phases. Additionally, we employed
fluorescent barcoding to assess accurately cell cycle-resolved
gH2AX-levels by flow cytometry analysis. gH2AX focus num-
bers and EdU-tracking of gH2AX levels in control cells and cells

Figure 3. The fraction of apoptotic cells during PARP and/or ATM inhibitor treatment. The fraction of apoptotic cells was measured by the TUNEL assay
during the course of 72 h treatment with PARP and/or ATM inhibition. Mean values from 3 independent experiments are given (§SEM).
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treated with PARPi for 24 h are reported in the accompanying
article in this issue.

Sorting of control and PARPi treated Reh and U698 cells
based on DNA and pS10H3 content showed that the large
majority of G1 cells did not contain gH2AX foci after 24 h treat-
ment (sort gates shown in Fig. S4; see also Fig. 2 in accompa-
nying article in this issue). gH2AX increased in mid-S phase cells
in a dose-dependent manner after 24 h treatment with PARPi
(Fig. 6A, background corrected intensities relative to the
gH2AX-negative G1 population). ATMi alone caused only a
slight or no increase in gH2AX in mid-S phase. Additional

treatment with ATMi did not increase gH2AX in mid-S phase
in Reh, U698 and Granta-519, compared to the respective sam-
ples treated with PARPi alone. JVM-2 mid-S phase cells had sys-
tematically higher gH2AX content with the addition of ATMi,
but the differences were not significant. There was also a less pro-
nounced, increase in gH2AX in G2 cells after 24 h treatment
with increasing concentrations of PARPi, both in the presence
and absence of ATMi, but not for Reh cells (Fig. 6A).

Microscopic examination revealed that U698 cells in G1 had
several foci after 72 h treatment with 3 mM PARPi and ATMi,
hence normalization against the G1 cells was not applicable at

Figure 4. The fraction cells in G2 phase during PARP and/or ATM inhibitor treatment. Cells were fixed and stained for DNA and pS10H3 content, and mea-
sured by flow cytometry to obtain cell cycle distributions. The fractions of cells in G1, S and G2 were determined with the FlowJo software after exclusion
of mitotic cells. Mean values from 3 independent experiments are given (§SEM).
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that time. To accurately quantify treat-
ment-induced changes in gH2AX
intensities at 72 h at the highest PARPi
concentration, we added fluorescently
barcoded control cells as internal con-
trol to each of the treated samples prior
to staining (Fig. S4, top right). Addi-
tionally, necrotic/late apoptotic cells,
abundantly present after 72 h, were
labeled covalently before fixation, so
they could be excluded during analysis.
This experimental strategy revealed
that only U698 cells had increased
gH2AX staining in G1 (Fig. 6B).
gH2AX increased from 24 to 72 h in
mid-S and G2 Reh and U698 cells
treated with 3 mM PARPi (C/¡
ATMi; Fig. 6). However, gH2AX in
mid-S and G2 JVM-2 cells decreased
from 24 h back to control levels or
lower at 72 h, while the corresponding
levels in Granta-519 remained almost
unchanged (Fig. 6).

Analysis of metaphase spreads of
cells after 48 h treatment revealed
complex inter-chromosome rearrange-
ments in U698 and JVM-2 cells
treated with 3 mM PARPi and ATMi
(Fig. 7). Treatment-induced tri- and
tetra-radial chromosomes or telomeric
fusions were only found in these 2 cell
lines (Table 1).

Discussion

Inhibition of PARP in cells with
impaired function of certain DNA
repair gene products results in syn-
thetic lethality. While the genetic
determinants of synthetic lethality have
been extensively studied, there have
been few reports of the cellular pheno-
types involved when cells are treated
with PARPi. Here we have studied the
effects of PARPi, with or without func-
tional ATM, on DNA damage levels in
different phases of the cell cycle, cell
cycle distributions and cell death mechanisms. Novel findings of
this work include cell cycle-specific induction and repair of DNA
damage, cell line-dependent apoptosis, or mitosis with aberrant
chromosomes followed by necrosis.

We found that PARP and ATM inhibition decreased cell
growth synergistically in the 3 ATM-proficient cell lines. No
such synergy was observed in Granta-519 cells, which are

partially ATM-deficient. However, inhibition of ATM in
Granta-519 cells affected these cells slightly. The additive,
rather than synergistic, effects of ATM and PARP inhibition
in Granta-519 cells suggest that ATM is not involved in sens-
ing DNA damage in this cell line. Since treatment with
ATMi alone did not cause increased cell death in the cell
lines we have studied, prolonged cell cycle transit times in

Figure 5. Multinucleation and endocycling in U698 cells and JVM-2 cells. (A) Cells were treated as indi-
cated in the figure for 72 h or 144 h. The fraction of endocycling cells was measured after staining for
DNA content and apoptosis (region indicated in each histogram). Apoptotic cells were excluded before
analysis for the fractions of cells with a DNA content >4c. Mean values from 3 (72 h), or 2 (144 h) inde-
pendent experiments are given (§SEM). (B) Cells were stained for DNA content, LMNB2 (nuclear mem-
brane), and apoptosis. The non-apoptotic cells with 4c DNA content were sorted and examined for
LMNB2 staining by microscopy.
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the absence of ATM activity must be the cause of the slowed
cell growth. This is possibly due to decreased ATM-mediated
phosphorylation of AKT.40,41

The present results show that the reduced growth caused by
PARPi was due to reduced proliferation, although cell death also
increased. Thus, a dramatic reduction in proliferation/viability
after PARPi treatment when measured by MTT/MTS assays or
colony forming assays might have been caused by slowed prolifer-
ation, and not necessarily cell death. Cell death mechanisms var-
ied between the cell lines, as Reh and Granta-519 cells were
found to die by apoptosis after PARP inhibition, while U698
and JVM-2 died by necrosis. This resembles ionizing radiation-
induced cell death, as Reh and Granta-519 die by apoptosis, and
U698 and JVM-2 die by necrosis after 4 Gy X-rays 43(and
unpublished). In response to nutrient depletion and prolonged
nocodazole treatment U698 cells do become apoptotic,43 dem-
onstrating that U698 cells have an intact apoptotic machinery.
Thus, the error must be in the upstream apoptosis-inducing part
of the DDR signaling. Weston et al. 15 reported negative results
of Annexin V-staining and proposed mitotic catastrophe as the
cause of cell death in PARPi-treated Granta-519 cells. Our results
of induction of apoptosis after PARP inhibition in Granta-519
cells are in agreement with the studies of Williamson et al.,16,18

who employed both Annexin V-staining and the TUNEL assay.
Our LMNB2-staining did not show increased multinucleation in
Granta-519 after PARPi treatment.

The most pronounced change in the cell cycle distribution
after PARPi treatment was an increase in the fraction of cells in
G2. Since the proliferation rate was decreased, the length of G2

was increased even more than indicated from the fraction of
cells in this phase. The increase in G2 length was cell line
dependent, with the most pronounced increase observed for
U698 cells. Inhibition of ATM was synergistic with PARP-inhi-
bition in Reh and U698 cells with respect to G2 accumulation,
but less so in JVM-2, and not at all in the ATM-mutated
Granta-519 cells. However, most interphase U698 and JVM-2
cells with a DNA content of 4c were in a binuclear post-mitotic
state after 72 h PARPi/ATMi treatment, and we may thus have
overestimated the fraction of G2 cells in these cell lines at the
later times. The length of S phase also increased (but to a lesser
degree than G2) and the prolongation of these 2 phases may
be related to the induction of DNA damage, which will be
discussed later.

Continuous ATM and PARP inhibition in U698 cells for
144 h revealed that more than 60% of the cells were multinucle-
ated and endocycling. Even in the absence of cytokinesis, U698
cells entered a new S phase in a binuclear state, obtained octa-
ploid DNA content, entered M again, skipped cytokinesis, and
so on. JVM-2 cells also became binuclear, but in contrast to
U698 cells, JVM-2 cells did not endocycle in response to PARP
and ATM inhibition. We have previously shown that U698 cells
lack a functional G1/S checkpoint in response to IR,43 which
may be due to the lack of TP53 and/or RB1 function. The role
of TP53 in prevention of polyploidy and endocycling has previ-
ously been reported44,45 JVM-2 cells have wildtype TP53 46 and
RB1,47 and have an intact G1/S checkpoint as they arrest in G1

after ionizing radiation (unpublished). Our results thus support
the notion that G1/S checkpoint activation after an aberrant
mitosis may inhibit DNA replication also in binuclear post-
mitotic cells with a tetraploid DNA content. Since these 2 cell
lines do not become apoptotic, multinuclear cells accumulate,
and in the case of U698, initiate several rounds of DNA replica-
tion. The possibility of uncoupling the order of cell cycle phases
has been seen in normal, although specialized cells, like hepato-
cytes 44 and during meiosis.

To our knowledge we are the first to present cell cycle-resolved
DNA damage induction after PARP inhibition, although replica-
tion dependent models-of-function have been suggested from the
start.1,2 DNA damage, as revealed by increased gH2AX content,
was induced during the traverse of control cells through S phase.
This result is in agreement with other reports in the litera-
ture.48,49 The gH2AX levels in S phase cells, and to a lesser
degree in G2 cells, increased further in a dose-dependent fashion
from control S phase levels after PARPi treatment. The prolonga-
tion of S phase may be caused by stalling and collapsed
replication forks struggling as they encounter the trapped PARP-
DNA-complexes, while G2 phase prolongation may be a conse-
quence of increased DNA damage in need of repair before entry
into mitosis. gH2AX levels were not further increased by addi-
tionally inhibiting ATM. This may be a direct consequence of
inhibiting ATM-mediated H2AX phosphorylation, as the
gH2AX levels did not parallel the decreased cell growth,
increased cell death, or the G2 fractions with the additional pres-
ence of ATMi (Figs. S1, S3, S5, S7).

gH2AX levels in PARPi treated (C/¡ATMi) S/G2 phase
Reh and U698 cells increased further from 24 to 72 h,

Table 1. The fraction of multinucleated interphase cells with 4c DNA content and mitotic cells with aberrations

Reh U698 JVM-2 Granta-519

Multi-nucleated Metaphases
with chr-ab

Multi-nucleated Metaphases
with chr-ab

Multi-nucleated Metaphases
with chr-ab

Multi-nucleated Metaphases
with chr-ab

Control 6% 0% 19% 3% (0.03) 19% 0% 17% 0%
ATMi 7% 0% 25% 7% (0.07) 25% 5% (0.05) 17% 0%
PARPi (3 mM) 7% 0% 43% 17% (0.26) 43% 0% 16% 6% (0.06)
PARPiCATMi 8% 7% (0.07) 56% 91% (2,86) 58% 42% (0.47) 15% 0%

Cells were treated for 72 h, cells with a DNA content of 4c were sorted, and multinucleated cells were scored as shown in Fig. 5B. The fraction of mitotic
cells with tetra- and tri-radial chromosomes or telomeric fusions were scored after 48 h treatment. The mean number of the before mentioned
chromosome aberrations per cell is shown in brackets. Examples of such aberrant chromosomes are shown in Fig. 7.
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indicating some accumulation of damage. This indication is fur-
ther strengthened by the steep increase in cell death at the later
times (Figs. 2, 3; compare with JVM-2 and Granta-519). Only

U698 cells had increased gH2AX levels and foci in G1 after
72 h, possibly due to incompletely repaired DNA damage from
the previous S phase. Since no increase in gH2AX levels was

observed in G1 Reh cells, the cumula-
tive DNA damage in Reh cells over
time must be of a type that is not acti-
vating phosphorylation of H2AX in
G1. In contrast to U698 and Reh cells,
S phase gH2AX levels remained
approximately constant in JVM-2 and
Granta-519 from 24 to 72 h. gH2AX
levels also remained constant in G2

Granta-519 cells, but decreased to zero
in G2 JVM-2 cells. The reduced
gH2AX levels may be explained by a
higher fraction of binuclear “G1” cells
among the JVM-2 cells with 4c DNA
content at 72 h.

Weston et al. showed that prolifera-
tion was necessary for cytotoxicity after
Olaparib treatment,15 in agreement
with our results of S phase dependent
induction of DNA damage. The
remaining DNA damage (as measured
by gH2AX) in G2 cells caused a pro-
longation of this phase, possibly so the
DNA damage was reduced to accept-
able levels before entry into mitosis.
gH2AX foci in G2 cells are signaling
the presence of double strand breaks,50

and the levels of such breaks are impor-
tant for activation of the G2/M check-
point. Homologous recombination
repair is compromised in the absence of
ATM activity.51 The DSBs in G2 may

Figure 6. The content of gH2AX in different
cell cycle phases after PARPi and/or ATMi
treatment. The gH2AX intensities in different
phases were determined as shown in
Fig. S1. (A) The G1 cells did not contain foci,
and the fluorescence of these cells was due
to autofluorescence and a low level of non-
specific staining at 24 h. The background
fluorescence of mid-S and G2 cells were
assumed to be 1.5 and 2 times the intensity
of the G1 cells, respectively. These back-
ground intensities were subtracted from the
fluorescence intensities of S and G2 cells to
give gH2AX content, which was normalized
to the fluorescence of the G1 cells. (B) After
72 h treatment, the G1 cells had enhanced
staining and number of gH2AX foci in some
cases. Barcoded control cells were therefore
added to each sample such that normaliza-
tion could be performed to untreated G1

cells in the same way as explained for A.
Mean values from 3 independent experi-
ments are given (§SEM, *p <0.05).
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under such conditions be repaired by NHEJ, thus bringing the
number of DSBs, and gH2AX levels, below a certain threshold.
NHEJ is error-prone, and may lead to inter- and intra-chromo-
somal translocations by non-faithful recombination. Aberrant
chromosomes were observed in PARPi and ATMi treated U698
and JVM-2 cells, but not in the other 2 cell lines. The simplest
explanation why such chromosome aberrations were not seen in
Reh and Granta-519 cells is that the cells leaving S phase with
the highest numbers of DSBs are eliminated by apoptosis from
G2. If the apoptosis-inducing checkpoint is deficient (U698,
JVM-2), the cells proceed through mitosis, but encounter prob-
lems when about to divide. An alternative, but not exclusive,
explanation is that U698 and JVM-2 cells are deficient with
respect to other DNA repair mechanisms. Our unpublished
mRNA expression array results have revealed that U698 cells
express reduced levels of FANCF and RAG1/2, while JVM-2 cells
have low levels of FANCI, RAD51C, CHK1, FEN1, SMC6 and
TOPBP1. There may be an intricate interplay between the differ-
ent repair mechanisms, and inactivation of certain actors may
affect the choice of repair pathway. Deficiency in Fanconi anemia
(FA) proteins, CHK1 and RAD51,13 and recently RAD51C52

and FEN125 has already been shown to cause sensitivity to
PARPi treatment. Sensitivity to other DNA-protein crosslinking
agents like 5-Aza-20deoxycytidine53 has also been reported in FA-
cells, in agreement with Murai et al.’s observation of PARP
trapping.25

In summary, we have shown in this work that cellular pheno-
types after inhibition of PARP are dependent on the cell line
studied, likely due to the differences in genetic background. The
2 cell lines with t(11;14) driving transcription of CCND1, JVM-
2 and Granta-519, died by necrosis and apoptosis, respectively,
and the status of ATM and TP53 can neither explain the differen-
tial mode of death. Differences in cell cycle arrest and cell death
mechanisms may lead to differences in the in vivo response of

tumors when treated with PARP inhibitors, independent of the
known modulation by lack of DNA repair-associated proteins
like BRCA1/2 and ATM.

Materials and methods

Cell lines
Reh is derived from a pre-B cell acute lymphoid leukemia

(ALL) patient,54 while U698 is derived from a patient with dif-
fuse large cell lymphoma.55 U698 cells do not have functional
TP53 and RB1.56 JVM-2 is an Epstein-Bar virus (EBV)-trans-
formed B-lymphocytic leukemia (B-CLL) cell line57 (DSMZ,
Braunschweig, Germany). There are several studies indicating
that B-CLL s carrying the t(11;14) translocation may correspond
to blastoid MCL variants,58 and use of the JVM-2 cell line as a
model system for MCL is well established. Granta-519 is an
EBV-transformed cell line from a high-grade MCL relapse
patient with t(11;14) translocation.59 Granta-519 was also pur-
chased from DSMZ. Granta-519 has been reported to be ATM
deficient, with one ATM allele deleted,60 and the other allele con-
taining the missense mutation R2832C in the ATM kinase
domain.61 However, we (unpublished) and others have observed
low background levels of ATM 16 and low induction of
pS1981ATM in Granta-519 cells after ionizing radiation,17 so
these cells may not be entirely ATM deficient. All cell lines were
confirmed free of mycoplasma infection before use.

Antibodies and dyes
Primary antibodies used in the experiments were rabbit anti-

pS10H3, mouse anti-pS139H2AX (Millipore) and mouse anti-
LMNB2 (Merck Chemicals). Secondary antibodies used in the
experiments were goat anti-rabbit R-PE (Life Technologies) and
rabbit anti-mouse FITC (DAKO). Thiazole orange (TO) and
propidium iodide (PI) were purchased from BD Biosciences.
Pacific Blue and Pacific Orange NHS ester-reactive dyes were
obtained from Life Technologies. Hoechst 33358 was purchased
from Calbiochem and FxCycle Far Red and RNase A from Life
Technologies. TdT-kit and Biotin-16-dUTP together with
Amersham Streptavidin-Cy5 were purchased from Roche Diag-
nostics and GE Healthcare respectively.

Cytotoxicity studies
Cells were grown as described previously,43 except that the 4

cell lines were seeded at the following densities: JVM-2 at 1.0 £
105, Granta-519 at 1.2 £ 105, U698 at 2.0 £ 105 and Reh at
2.5 £ 105 cells/ml. The PARP inhibitor (PARPi) Olaparib/
AZD2281 62 and ATM inhibitor (ATMi) KU-55933 63 were
purchased from Selleck Chemicals and dissolved in DMSO to a
stock solution of 10 mM. The inhibitors were added directly to
cell cultures at different PARPi concentrations with or without
10 mM ATMi. Untreated controls (receiving vehicle alone) and
ATMi alone controls were also included, the final DMSO con-
centration in all cultures ranged from 0.10-0.13 %. Patients
receiving 200 mg or 400 mg of Olaparib twice each day were

Figure 7. Tri- and tetra-radial chromosomes and telomere fusion in U698
and JVM-2 cells. Cells were grown in the absence, or presence of 10 mM
KU-55933 and 3 mM Olaparib for 48 h. Nocodazole was added for the
last 6 h of incubation to increase the yield of metaphases. Metaphase
spreads were prepared by standard cytogenetic methods. Tri- and tetra-
radial chromosomes are indicated by filled arrows, telomere fusion is
indicated by an asterix.
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reported to have blood plasma concentrations of Olaparib rang-
ing from 1.38 to 20.0 mM.64 Thus, we employed clinically rele-
vant concentrations of PARPi (0.3 mM, 1 mM and 3 mM). To
assess the flux of cells into mitosis we employed the microtubule
polymerization-inhibitor nocodazole (1ug/ml; Sigma-Aldrich)
for 6 h before harvest.

Cells were harvested at 24, 48 and 72 h after start of the treat-
ment, and sampled for immediate Coulter Counting (Z2 Coulter
Counter; Beckman Coulter) and viability analysis (as described in
the BD Viability kit (#349483; BD Biosciences)), and for fixa-
tion. Sample pellets were fixed in ¡20 �C 100 % methanol, the
fixed samples were washed once in phosphate buffered saline
(PBS) before further staining.

Staining strategies, flow cytometry and microscopy
Fixed cells were simultaneously stained for apoptosis, mitosis,

gH2AX, and DNA content. Apoptotic cells were detected with
the TUNEL assay as described earlier,43 except that streptavidin-
Cy5 (1:500) was used for detection. Mitotic cells were discrimi-
nated from interphase cells by staining with anti-phospho-S10-
histone H3 (pS10H3; 1:500). Samples were also stained for
pS139H2AX (1:500), and appropriate fluorochrome-labeled
anti-mouse/rabbit antibodies were used for detection of the pri-
mary ones. The cells were blocked in 4% (w/v) non-fat dried
milk during the staining with the respective primary and second-
ary antibodies. The cells were finally stained for DNA content
with 1.5 mg/ml Hoechst 33258. Cells to be analyzed by micros-
copy for multinucleation after sorting were stained for LMNB2
(1:200) instead of gH2AX.

Alternatively, Pacific Blue barcoding was used to correctly
measure cell cycle-resolved DNA damage induction (gH2AX)
under conditions where the G1 cells were not negative (see last
chapter Materials and Methods, results in Fig. 6B). Cells were
stained with Pacific Orange (20 min, 48C, 0.475 ng/ml in PBS)
for dead cell discrimination, and thereafter fixed. Fixed control
cells were stained with Pacific Blue (15 min, RT, 0.015 ng/ml)
and mixed with fixed treated cells. The mixed samples were
thereafter stained for gH2AX, mitosis (as above), and DNA con-
tent with the FxCycle Far Red DNA stain (following the manu-
facturers recommendation).

Cells were analyzed in an LSRII or sorted in a FACS Vantage
SE flow cytometer (Becton Dickinson). Doublets were discrimi-
nated from the analysis by using the area and width of the DNA
signal. Excitation source and emission filter used for each fluoro-
chrome are listed in Table S1.

G1, S, G2 and mitotic cells were sorted using the regions and
gating strategy shown in Fig. S4. Counting of gH2AX foci in
cells sorted by cell cycle phase was performed in an Axio Z1
Imager microscope equipped with ApoTome, enabling struc-
tured illumination (Carl Zeiss). Z-stacks with a distance of 1mm
covering the complete depth of the cells were obtained. AxioVi-
sion LE software (Carl Zeiss; version 4.5) was used to process the
microscopy images. G2 cells were sorted from samples stained for
LMNB2 for analysis of multinucleation. The optical configura-
tions used in the microscope are listed in Table S1.

For cytogenetic analysis of chromosome aberrations after 48 h
treatment, nocodazole (1 mg/ml) was added 4 h prior to harvest-
ing the cells. The chromosomes were prepared as described
earlier.65

Data treatment and statistical analysis
The gating structures used to obtain the flow cytometry results

are shown in Fig. S4. Briefly, apoptotic cells were first quantified
and discriminated (after exclusion of doublets, not shown).
Thereafter, mitotic cells were quantified and excluded for analysis
of the distribution of cells in G1, S and G2. Analysis of the cell
cycle distributions was performed using version 7.2.4 of the
FlowJo software (TreeStar). The mean RMS value for the 288
samples was 2.4, with a standard deviation of 0.7. For estimation
of cell cycle-resolved gH2AX staining intensities, the G1, S, G2

and M regions shown in Fig. S4 were used for gating the
gH2AX distributions, from which median gH2AX intensities
were obtained. In the alternative approach, dead cells were
excluded, and control and treated cells (in the same sample) were
separated as shown in the right panel at the top in Fig. S4.

Since fluorescence microscopy revealed that the G1 cells did
not contain gH2AX foci after 24 h (see “Results”), the fluores-
cence measured from these cells by flow cytometry was probably
due to autofluorescence and non-specific staining. To avoid
problems with sample-to-sample variation in the gH2AX immu-
nofluorescence staining caused by differences in cell and/or epi-
tope numbers (http://onlinescientificpublications.blogspot.no/
2013/01/improved-surface-antigen-expression_23.html), we
normalized the fluorescence intensities of S, G2 and mitotic cells
to those of the G1 cells in the same sample. The G1 cells were not
devoid of foci in all cases after 72 h treatment with the highest
drug concentrations (see “Results”). The fluorescence was there-
fore normalized to the fluorescence of G1 control cells that was
fluorescently barcoded and stained together with the treated cells.
Specific fluorescence was calculated by subtracting 1, 1.5 and
2 times the fluorescence of control G1 cells in the sample from
the G1, mid-S, and G2 intensities of the treated cells, respectively.

The data are shown as the mean value § the standard error of
the mean. Student’s t-test was used to test treatment-induced dif-
ferences within a 95% confidence interval. Equal variances
between the groups were initially tested with the F-test.
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